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BBenenue

AKTyajbHOCTBb TeMbl. Ha mpoTshkeHnn Bceld HCTOPUH MCCIIEAOBAHHN YpaH «00emam yIeHbIM

peraTh Bce HOBbIE U HOBBIC 3a1aun (AnummmH, 2016). OTKpBITHE ATOTO 3JEMEHTA PACTIHYIOCH
Ha 50 ner. B 1789 roay usBecTHbIil HeMeukuil yueHslid Maptun KinanpoT nosiy4ui u3 ypaHoBOn
pynsl MetaimononooHoe BemectBo (Klaproth, 1789), okcun UO,, xoTOopoe OH MpUHSIT 3a
AIIEMEHTAPHBIN ypaH, ¥ Tobko B 1840 1. dhpaniy3ckuit xumuk DxeH [lennuro Bce-Taku moydu
anemeHT B unctoM Buae (Péligot, 1841a,b). JlanpHelimume uccieqoBaHUs COCIMHEHUM ypaHa
CIOoCOOCTBOBANU PSAY BaXKHBIX OTKPBITUN, HAPUMEDP TAKUX, KaK PaJUOAKTHUBHOCTD U SICPHBIN
pacnman (Becquerel, 1896a,b). Dtu cBoiicTBa JeriM B OCHOBY TEXHOJOTHH HWCIOJIB30BaHUS
aTOMHOM 3HEpPruM, YTO OMNPEIEIHJIO NEPBOCTENEHHYIO Ba)XXHOCTb M CEPbE3HOE BHUMAHHME K
ypaHcozaepkamuM coeauHeHusM. OnHa U3 3a/ad COCTOsUIa B ONTHMM3AIMHM BCEX IMPOLECCOB,
CBSA3aHHBIX C TOJYYEHHEM U HCIOJb30BAaHUEM SEPHOTO TOIUIMBA, a TaKKe XpaHECHHUEM U
nepepaboTkoit paaroakTuBHbIX 0TX010B. Eme B 1903 1. J[.U. MenneneeB B «OCHOBaX XUMUID)
nucan: «YOexJeHHbII B TOM, UYTO MHCCJIEIOBAaHUE YypaHa, HAdMHAs C €ro MPUPOJIHBIX
HMCTOYHUKOB, MIOBEJIET €I1le€ KO MHOTUM HOBBIM OTKPBITHSIM, 51 CMEJIO PEKOMEHAYIO TeM, KTO HILET
MpeIMeTOB JJii HOBBIX HCCIEIOBaHUM, 0C000 TIHIATENBFHO 3aHUMAThCS  yPaHOBBIMU
coequaeHusMm» (Menaenees, 1903). Criycts mouTH moaTopa Beka 3Ta (hpasa He yTpaTuia CBOeH
aKTyaJIbHOCTH.

Becbma TpyaHO mepeoleHUTh 3HaU€HUE ypaHa JijIsl COBPEMEHHOW IUBUIIM3ALUHU, U €CIH
paccMaTpuBaTh BECh SACPHBIA TOIUIMBHBIN LUKI, TO €r0 HavajdbHble U KOHEUHBIE CTaIuu (T.C.
pas3Be/ka YpaHOBBIX MECTOPOXJIEHHUH, MoObYa M mepepaboTka YpaHOBBIX Py, XpaHEHUE U
nepepadoTKa PaTUOAKTUBHBIX OTXOJIOB) HEPAa3phIBHO CBS3aHBI C MHHEPATOTHYCCKHMHU
UCCIIEIOBAaHUSMU: KaKie TOPHBIE MOPO/BI U ClIararollife WX MUHEpabl JIydille UCTIOIb30BaTh AJIs
I00BbIUM ypaHa, 9YTO MPOUCXOTUT C COCTUHEHHUSIMH YpaHa IPU KOHTAKTe ¢ OKpY’Karollel cpeioi,
YeM OTJHMYAIOTCS BTOPHYHBIE MHUHEpaJbl ypaHa IO CBOMM (U3MYECKUM M XMMHUYECKHM
cBorictBamM? B 9TOlf  CBsI3M,  KpallHe  BaXHBIM  TMPEJCTABISACTCA  MPOBEICHUE
KPUCTAJIOXUMUYECKIX UCCIIEJOBaHU, BOBJIEKass B HUX KaK MPUPOAHbBIE, TaK U CUHTETHUYECKUE
00BekThl. Benp ycToiiunBbie U MallOpacTBOPUMBIE COEAMHEHHUS ypaHa MOTYT MpPENsTCTBOBAThH
MUTPAUU PAAUOHYKIHUIOB U3 30H OKUCIICHUS YPAHOBBIX Py WM MOTHJIbHHKA PaMOAKTUBHBIX
OTXOJIOB, a HCCJIEZIOBaHUE OCOOCHHOCTEH BOJOPACTBOPUMBIX COCIUHEHHUN ypaHa HEOOXOIUMO
JUTsl IOHUMaHMsI POLIECCOB NIEPEHOCA PAAMOHYKIUIOB B YCIOBUSIX T€0JIOIMUECKUX OOBEKTOB.

Ha ceronnsimauii 1eHp B Mupe u3BeCTHO OK0J0 300 MUHEpasioB ypaHa, COJEpiKalIux

ypaH B pa3ziuuyHoi ¢(opme. Bce OHM SBISAIOTCS KHUCIOPOAHBIMH COEAMHEHUSMH. Takoe



MHOrooOpa3ne MHHEpaIbHBIX BUAOB BBI3BAHO TIJIaBHBIM 00pa3oM KPHUCTAIIIOXMMHUYECKHUMHU
0COOEHHOCTSIMHM ypaHa M aKTHHOWIOB B IIEJIOM, KaK IpyIIbl 3JEMEHTOB, codeTarolieil B cede
CBOWCTBA TMEPEXOJHBIX U PEIKO3EMEIbHBIX 3JIeMeHTOB. Hambonee CTaOMIBHBIMU CTENCHSIMHU
OKHCIICHHS YpaHa B TEOJOTHYECKUX YCIOBUSX sBisitorcss +4 u +6. TpexBajeHTHbIE W
NATUBAJCHTHbIE  (OpPMBI  MpPAKTHYECKHM  HeycToiuuBbl.  HecMoTps  Ha  HIMpOKYIO
pacrpoCTPaHEHHOCTh MUHEPAJIOB YETHIPEXBAJICHTHOTO YpaHa, B MPHUIOBEPXHOCTHBIX YCIOBHUSIX
OHH MMEIOT TEHACHIHNI0 K okucienuio g0 U (Burns, 1999; Krivovichev and Burns, 2007;
Lussier et al, 2016). MuHepaibl MECTHBAJICHTHOTO ypaHa OOpa3yloTcs Kak B IpoIecce
U3MEHEHHUs yPAHOBBIX Py (YpaHHMHMUTA, HACTYpaHa U T.J.) B 30HaX MIIEPreHe3a, sIBIAsACh, TAKUM
o0pa3oM, BTOPUYHBIMH MHHEpajlaMH ypaHa, TaKk M B IPOLIECCe HM3MEHEHHUs OTpabOTaBIIEroO
snepHoro TorwmBa (OST) B yenoBusix xpanunui OST u reonornyecknx MoruiabHUKOB (Finch
and Murakami, 1999). fueuex (Janeczek, 1999) ynomuHaer ypanua—cynbpaTsl cpenu
IPOAYKTOB BBIBETPHBAHMSA YpaHMHUTA B JPEBHUX NPHUPOIHBIX SAEPHBIX peakropax B I'aboHe.
bypaxos u ap. (Burakov et al., 1996) u Tetepun u np. (Teterin et al., 1994) onucanu akTUBHYIO
ypaHWI—KapOOHATHYI0 MHHEpalM3allii0 CpeAd BTOPUYHBIX HOBOOOpa3oBaHMl Ha 4—M
sreprodaoke YeprnoOwsuibckorr ADC. @unru u Ounr (Finch and Ewing, 1992), a Taxkxe MHOTHE
npyrue paboThl OTEYECTBEHHBIX M 3apyOE€KHBIX HMCCIEOBATENICH NEMOHCTPUPYIOT OCOOCHHYIO
BaXHOCTh MCCJIEIOBAHNS MUHEPAIOB U COCJUHEHUH IIECTUBAJIEHTHOIO ypaHa JUlsl MOHUMAaHUs
IPOLIECCOB OKUCIIEHUS YpaHOBBIX pya u OAT.

Cynb¢atsl ypaHuia — 3TO OJHa W3 HambOoJiee paclpOCTPAHEHHBIX TPYII BTOPUYHBIX
muHepasioB ypaHa (Gurzhiy and PIasil, 2019). Ha cerognst uzBectHo Oonee 40 MHHEpaIbHBIX
BUJIOB ATOH IPyHIIBI U €1Ie OKOJIO JECSITU HAXOJATCS Ha YTBEPKICHUN WIN OyAyT NPeICTaBICHbI
B Komuccuio 1mo HOBBIM MHUHepasiaM, HOMEHKJIAType M Kilaccuduxauuu MexayHapoIHOH
Munepanorudeckoid Acconnanuu B Oykaiiiiee Bpems (a BCero OTKpPbITO 0Koiio 250 MuHepaioB
[IECTUBAJIEHTHOTO ypaHa). CeneHaTsl ypaHWIa HE M3BECTHBI B Ka4eCTBE MUHEPAIbHBIX BHIIOB,
HO OHH 00pa3yIoT CaMyl0 MPEICTABUTEIbHYIO TPYIITY CHHTETUUECKUX COSTUHEHUN U®". B 10 %xe
BpeMsl, U3BECTHBI CEMb NPUPOJHBIX ypaHui-ceseHUToB (Gurzhiy et al., 2019a). KomuuectBo
CHUHTETHYECKUX CYJh(paTOB ypaHWIa HEMHOTO YCTyNaeT celeHaTaMm. B HayuyHOW nuTepartype
MPAaKTUYECKH OTCYTCTBOBAJIM CBEACHUS 00 M30CTPYKTYPHBIX COSIMHEHHAX B 3TUX JBYX Kilaccax,
a B MPUPOJHBIX CyJib(aTax ypaHuiIa He oOHapyKUBAJIM IMPUMECEH celeHa, M 3TO HeCMOTps Ha
pacrpoCTPaHEHHOCTh CEJI€Ha B MUHEPAIbHBIX accolanusix. B 3Toi CBA3M MHTEPECHBIM CTaJlo
OTKpBITHE HOBOTO MUHepana agoibpnarepaut, K(UO,)(SO4)(OH)(H,0) (Plasil et al., 2012a). 3a
HECKOJIBKO JIET IO OTKPBITHS TpyIa aMepUKAaHCKUX Y4YeHbIX W3 yHUBepcutTera Horp-am mox

pykoBoacTBoM Tipodeccopa II. bepHca momyumna CHUHTETHYECKHUN CyIb(aTHBIA  aHAJIOT
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munepana (Forbes et al., 2007), a HamMmu OBITO U3YYEHO N30CTPYKTYPHOE CEJICHATHOE COSTUHEHNE
(Gurzhiy et al., 2009).

OTKpbITHE OGONBIIOr0 KOIMYeCTBA HOBHIX MuHepanoB U®" 3a mocmemmme TombI
JEMOHCTPUPYET YHHUKAJIBHYIO 3BOJIONHUIO MPHPOJHOTO MaTepuaia B MpeiesiaX YPaHOBBIX
MECTOPOXKICHHA. BMecTe ¢ TeM, mporecchl HEMOCPEICTBEHHOTO MPEBpAIICHUs] MUHEPaIbHBIX

BUJ0B BO MHOI'OM OCTAKOTCA HC U3YHUYCHBI U HC 1O KOHIA IMTOHATHBI.

Heab padorbl. OCHOBHOM 1I€NBI0 pabOTHl MOYKHO CUHUTATh JETAIBHOE KPUCTAIIIOXUMHUYECKOE

UCCIIEIOBAaHUE HOBBIX CUHTETHUECKUX M MaJOU3YyYEHHBIX NMPUPOIHBIX CYJIb(aTOB, CEIEHUTOB U
CEJICHaTOB YpaHWJa Ui OIpenesieHus] (pakTopoB, BIUSIOIMIMX HA CTPYKTYPHOE U XUMHUYECKOE
pasHooOpa3re BTOPUYHBIX MUHEPAJIOB U CHHTETHYECKUX (ha3 IECTUBAJICHTHOTO YPaHa, a TaKkxkKe

nux 06pa3013aHHe 1 U3MCHCHHUC B XOJ€ NMPUPOJHBIX U TCXHOI'CHHBIX IMTPOLECCOB.

3agauu uccaeI0BaAHNS:

(1) cucremaTnueckuid aHaJIU3 HMEIONIMXCS B HAyYHOM JUTEpaType CBEACHHUH I10
XUMHYECKIM H CTPYKTYpPHBIM OCOOCHHOCTSIM MHUHEpPAJIOB W CHHTETHYECKUX COCIMHEHUI
Cynb(paToB, CEJICHHTOB M CEJIICHATOB ypaHWIA: aHalu3 TIEOMETPUYECKHX I1apaMeTpOB
(MeXaTOMHbBIE pPACCTOSHUS, BAJIECHTHBIE M TOPCUOHHBIE YIUIBI), CHUCTEMAaTHKa CTPYKTYpPHBIX
apXUTEKTyp (B TOM 4YHCIE, KOOPAMHAIMOHHBIX TI'€OMETPUIl YypaHWI-MOHOB MU CTPYKTYPHBIX
MOTHBOB) U YaCTOTa UX BCTPEUAEMOCTH CPEIU MPUPOIHBIX U CUHTETHYECKUX 00pa3IIoB.

(2) npoBeneHNE KCIIEPUMEHTOB 110 CUHTE3Y aHAJIOTOB MIPUPOIHBIX COEIMHEHUH ypaHUIIa
U3 BOJHBIX PACTBOPOB NP PA3IUYHBIX TEMIIEPATypax € LEJNbI0O MOAEIMPOBAHUS HMPUPOIHBIX
MHUHEpaJIO00pa3yIoUX TMPOLECCOB M  CPAaBHUTEIBHOIO HCCIIEAOBAaHUS HPUPOAHBIX U
CHUHTETHYECKUX COCTUHEHUH OJIM3KOro COCTaBa M CTPYKTYPHI.

(3) uccnenoBanus yCTOWYMBOCTH MUHEPAJIOB M COEAMHEHUN HIECTUBAJIEHTHOTO ypaHa C
UCTIOJIb30BaHUEM HKCIEPUMEHTAIBHBIX (xanmopumeTpus, TEpPMOTPaBUMETPUS u
TepMOpEHTreHorpadusi) M  TEOPEeTHUECKUX  (TOMOJIOTMYECKOE OIHUCAHWE  CTPYKTYPHBIX

KOMILJIEKCOB, TEOPHSI CIIOAKHOCTH KPUCTALTUYECKUX CTPYKTYP U JAp.) METOJIOB.

O0beKkThl _M_MeToAbl McciaenoBaHusi. OOBEKTHl HUCCIIEOBAHMS: MAaJOU3yYEHHBIE YpaHUII-

CyJib(aTHbIE U YPaHUJI-CEJICHUTHBIE MUHEPAJIbl, 0OTOOPaHHbIE U3 KOJUIEKIIUH MUHEpaJIornuecKux
Mmy3eeB (Munepanornueckuii Myseii um. A.E. ®epcMaHa M KOJUJIEKLUS PAaJAUOAKTHUBHBIX
MHHEpaIoB (hayiapTeTa TPa’kAaHCKOTO M 3KOJIOTHUECKOTO CTPOMTENBCTBA M HAayK O 3emie

Yuusepcurera Hotp-/lam (CIIA)) u wactueix kosutekiuii (A.B. Kacatkuna, f. Ilnammna), a



TaK)KE€ AHAJOTM MUHEPANIOB, IIOJYYCHHBIE B pE3YJbTaTe CHHTETUYECKMX HKCIEPHUMEHTOB B
nabopatopusax CIIOI'Y, MuctutyTa Qusnueckoil XuMuu U 3nekTpoxumun um. A.H. @pymkuna

PAH, Yuausepcurera Hotp-/lam (CILIA).

MeToabI UCCIIETOBAHU:

1. Metoasl uCCleAOBaHUS CTPYKTYpPbl MHUHEpPAJIOB U CHHTETHUECKUX COEAMHEHHM: MeTon
TUQPaKIUU PEHTTCHOBCKUX JIyded Ha MOHO- M noiukpuctamumax. O6opynoBanue PI]
«PeHTreHo M pakIMOHHbIE METOIBI HccienoBanusy Hayunoro mapka CIIOI'Y (PL] PJAMUN):
MoHokpuctanbHbie Tudpaktromerpel STOE IPDS 1II; Rigaku Oxford Diffraction Excalibur Eos,
SuperNova Atlas u XtaLab HyPix-3000; Bruker Smart APEX II u APEX II DUO; Rigaku R-
AXIS Rapid; mopourkossie nugppakromerpsl Rigaku Miniflex II u Rigaku Ultima IV.

2. MeTo/ibl McciIeI0BaHUs COCTaBa M YCTOMUMBOCTH MUHEPAJIOB M CHHTETUYECKUX COETMHEHUI:
a) Undpakpacuas cnekrpockonus. O6opynosanue PI] PZIMU: UK ®dypre-cnektpometp Bruker
Vertex 70 ¢ mukpockornom Hyperion 2000.

0) DNeKTpOHHO-30HAOBBIM MuKpoaHanus. OO6opynoBanue Hayunoro mapka CIIOIY:
CKaHUPYIOMUK 3NeKTpoHHBIM Mukpockon (COM) Hitachi S-3400N, 3/1C-ananmusarop
OXFORD, BJIC-anamu3atop INCA; COM Hitachi TM 3000, 3/1C-anaim3arop OXFORD.

B) BricokoTemmneparypHas peHTreHorpadusi mnonukpuctamioB. O6opynoBanue PL[ PIAMU:
UCCIIeI0BAaTENIbCKUI KOMIUIEKC ¢ BhICOKOTeMnepaTypHoi npuctaskoil Rigaku SHT-1500 na 6aze
mudpakromerpa Rigaku Ultima IV.

r) ACK u TT'A — nns u3yyeHUs] TEPMHUYECKON YCTONYMBOCTH MHUHEPAJIOB U CHUHTETHYECKHX
COCMHCHUH B  IMUPOKOM  uWHTepBaje Temreparyp. O6opynoBanue PI[ PIAMU:
muddepennmanbHbiil ckanupyromii kagopumerp NETZSCH STA 449 F3 Jupiter.

1) BeicokoTemnepaTypHas OKCHIHO-pacIuiaBHas kanopumerpus. OOopynoBaHue YHUBEpCUTETA
Hotp-Jlam (CILIA): sHTansnuu oOpa3oBaHUs psla CHUHTETUYECKUX CYIb(PATOB U CEJICHATOB
ypaHWIa W HENTyHWJIa ObUIM OINpENeNeHbl C MHCIOJIb30BAHUEM BBICKOTEMIIEPATypPHOTO

kajopumerpa Setaram AlexSYS 1000.

Hayuynass HoBH3HA. B HaydHON jMTeparype BO MHOIOM OTCYTCTBYIOT CHUCTEMaTHYECKHE

UCCIIEIOBaHMS PA3IUYHBIX (JaKTOPOB, BIUSIOIIMX HA CTPYKTYpPHOE M XUMHUUYECKOE pa3HOOOpasue
MPUPOJHBIX U CHUHTETHYECKHX (ha3 IIECTUBAJICHTHOTO ypaHa, a TakKe Ha MX YCTOWYUBOCTh U
MOBEJICHUE MPU MPOTEKAHUHM MPUPOJHBIX M TEXHOJOTMUECKHX MPOLECCOB, pACCMOTPEHHBIE B
nmaHHOU pabore. K opurnHaabHOCTH pabOThI MOXKHO TAaK)KE OTHECTH KaK JCTAIbHBIA aHAU3 H

THIATENbHYI0 O00pabOTKYy JHUTEpaTypHBIX JaHHBIX, HAKOIUIEHHBIX B Pa3IMYHBIX HAyYHBIX



obmactax (MHHEpAJIOTHs, MaTEepPHAIOBEIICHUE, PAJUOXMMHsS), TaK U B HCIOJB30BAHUHU
OKCMIEPUMEHTAJIbHBIX M TEOPETUYECKMX METOJOB M TMOAXOAOB, pa3padOTaHHBIX MpHU
HETOCPEJICTBEHHOM YYaCTHM aBTopa auccepranmu. Tak, ObUIM pa3paOoTaHbl OpUTHHAIIBHBIC
METOJIbl CHHTE3a; BIIEPBbIE IIOJYyUYEHbl M HCCIEIOBaHbl KPHUCTAUIMYECKUE CTPYKTYypbl 117
coequaenuit U(VI), comepkamuMu celieH B Pa3IMYHBIX CTEIEHSAX OKWCICHUS U Cepy, a TakkKe
YTOYHEHBl CTPYKTYpHBbIE MoAenu emié 4 CHHTeTUYECKUX COCIUHEHMIt; pacuIupoBaHbl WU
YTOUHEHBI CTPYKTYpbl 4 mpHpoIHBIX (a3 ypaHWIa; METOIOM TEpMOpPEHTTeHOTrpaduu
HCCIIEAOBAaHbl CTPYKTYPBl 6 aKTUHHI-COACPIKAIIUX COCTUHEHU; MPEI0KEHbI HOBBIE CTIOCOOBI

OMMCAHUS KPUCTAITMYECKUX CTPYKTYP.

IIpakTnyeckasi 3HAYUMOCTb. HecMOTpst Ha TOBOJIBHO BBICOKMI MHTEPEC B MOCIEAHUE TOMBI K

COCIMHEHUSAM AaKTHMHHUAOB, B T'€OXMMHUHU ypaHa 10 CHUX I[OP MHOTO€ OCTAE€TCS HEU3BECTHBIM,
IIO3TOMY IOJIyYEHHbIE PE3yJbTaThl OyAyT CIIOCOOCTBOBATh PACHUIMPEHHIO OOJIACTH 3HAHHUU O
reOXMMHMYECKUX TIpoLeccax C y4aCTMEM TOKCHYHBIX W PaJUOAKTHBHBIX DJIEMEHTOB,
NPOTEKAIOIMX B MPUPOAHBIX yciaoBusax. CucremaTuszanus u 0000IIeHNE IUTEPATYPHBIX TaHHBIX
CHOCOOCTBYET TNPHUOIIDKEHHIO TMOHMMAaHUS TPOLECCOB, TPOTEKAIONIMX B MPHPOIHBIX H
TEXHOJOTMYECKHUX YCIOBHUSAX U BIMSAIOIIMX Ha 00pa30BaHUS U YCTOWYMBOCTb KPUCTANIMYECKUX
COCIIMHEHUN ypaHa IPHUPOJHOTO M TEXHOICHHOIO NPOUCXOXAeHusA. Kpucramioxumuueckui
aHaJIN3 CTPYKTYPHBIX KOMIUIEKCOB C IPUMEHEHHEM TEOPETHYECKHX PpAacyeTOB CII0KHOCTH
KPUCTAJUIMYECKUX  CTPYKTYp  TO3BOJISIET  IIPEMJIOKHUTH HaIIpaBJICHUS  DJBOJIOLUU
MHUHEpaI000pa30BaHMs BHYTPH OTIEIBLHBIX TPYIIIT MHHEPAJIOB U BTOPUYHBIX MHHEPAIBHBIX (a3
TEXHOT€HHOI'O IPOUCXOXKAECHUA. JlaHHBIE O crmocob6ax oOpraHu3all  KOMILJIEKCOB B
KPUCTANIMYECKUX CTPYKTypaxX, IOJY4YEHHblE B pe3yJIbTaTe MHCCIEJOBaHUN, MOTyT OBITh
MCTIOJIb30BaHbl KaK B MpOIleccax MPOMBIIUIEHHON yTUIM3alMKd OOCAHEHHOTO ypaHa, TaKk U JUis
CO3J1aHUsI HOBBIX MATPHIl I KOHCEPBALUMU M 3aXOPOHEHUs PaJUOaKTHBHBIX OTXOJO0B. Tema
paboThl HAXOIUTCS HA CThIKE KpUCTAJIOrpaduu, paIiuOXUMHHM U MaTEpUATIOBEACHUS, TI0ITOMY
pe3yJbTaThl MPOBEAECHHBIX HCCIEAOBAaHMM OyIyT MCIOJIb30BaHbl B TaKUX JIEKIMOHHBIX MU
IIPAKTUYECKUX KypcaX, kak «Kpucrammoxumus», «Pamgnoxumus», «PeHTTeHOCTPYKTYpHBIN

aHAIM3» U JIp.

3amunaeMbie MOJ0KEHH:

1. Kpucramioxumuueckuil aHajaIu3 OPUPOIHBIX U CUHTETUYECKUX CEJICHUTOB U CYJIb(aToB
ypaHW/a yKa3blBaeT Ha TO, YTO OOpa30BaHME CTPYKTYp C IJIOTHBIMH TOIOJIOTHUSIMH

pEOEepHOr0 COWICHEHUS KOOPAWHAIIMOHHBIX IOJIMAJPOB CBSI3aHO C TIOBBIIIICHHBIMU
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temrnieparypamu (> ~ 70 °C), Torma kKak mpu KOMHATHOM TeMIiepaType HaOIr0maeTcs
o0pa3oBaHHE TOMOJOTUN C BEPIIMHHBIM THUIIOM TOJIMMEPU3ALUNA KOOPAHMHAIMOHHBIX
MIOJINA/IPOB.

2. Bximag TOMONOTMYECKOW CIIOKHOCTH YPaHWI-COIACPKAIMUX KOMILIEKCOB B OOIIYIO
MH(GOPMALIMOHHYIO  CJIOKHOCTh ~KPUCTANIMYECKOW CTPYKTYpbl Ui  OOJILIIMHCTBA
MPUPOJIHBIX CYyNb(aTOB M CEIIEHUTOB ypaHWia cocTtamiser He Ooinee 30%, Torma kak
OCHOBHOU BKJIaJl PUXOTUTCS HA MEKCIOCBOW/ MEKIEOUYCYHBI KATHOHHBIM KOMIUIEKC
(e menee 30%) u ymakoBky Monekyn H,O (me menee 35%). st cuHTETHYECKHX
COEJIMHEHUH POJIb TOMOJIOTHYECKON CIIOKHOCTH CYIECTBEHHO BO3pacTaeT (IIpHU CpeIHEM
BKiIaze 110 52%).

3. Ha ocHOBe 5SKCHEpMMEHTANBHBIX JaHHBIX I[OKA3aHO, YTO B CMEIIAHHBIX CyJbdar-
cemeHatax ypaHmia HOHBI Se’’  JIeMOHCTPHPYIOT —MPEANOYTHTENHHOE —3aceeHHe
TETPAdIPUUYECKUX TMO3UIUA C MEHBIIECH TOMOJOTHYECKON CBA3HOCTHIO. B psge ciyuaes
BXxOX/IeHHe Se’” MPHBOANT K BOSHMKHOBEHHIO HOBBIX CTPYKTYPHBIX TOIONOTHHA 1
U3MEHEHHUIO O0O0Iel CTPYKTypHOH apXUTEKTyphl (B YacTHOCTH, NpeoOpa3oBaHUSIM
MIOJIMTUITHOTO XapakTepa).

4. B TeMmiaTUpOBaHHBIX OPraHO-HEOPTAHMYECKUX CEJICHATaX U Cyib(parax ypaHuia oommas
apXUTEKTypa CTPYKTYp, a TaKKe TOIMOJIOTUYECKUE U FeOMETPUUECKHE (CHMMETPHITHBIE)
XapaKTePUCTUKU HEOPTaHUYECKOT0 KOMILIEKca 00YCIOBIEHBI KOH(UTypaIueil CHCTeMbI
BOJIOPOJIHBIX CBSI3€H 1 O6amaHcoOM HUIpOGMIBHBIX-TUAPO(POOHBIX B3aUMOICHCTBUH.

5. Pemaromyto poiab B TOHHKEHHUU PA3MEPHOCTH YPAHUJIIBHBIX KOMILJIEKCOB B
KPUCTAJIMYECKUX CTPYKTypaX CHUHTETHYECKUX U TMPUPOTHBIX COEAMHEHUU C oOuei
dopmynoit Ay(UO,)p(TO4)q(H,0)r (rme A™ = MOHOBaJIEHTHBIH KaTHOH; T =S, Se, Cr,
Mo; n = 2(q — p)), UrparoT OpraHUYECKUE U HEOPTaHMUYECKUE KATHOHBI U MOJEKYJIbI

BOJIbl, KOTOPBIE BBICTYNAIOT B POJIM PEAYLUPYIOLIMX PAa3MEPHOCTh areHTOB.

AnpoOauusi padorbl. OCHOBHbBIE pE3yJbTaThl AMCCEPTALIMOHHOW paboOThl, B TOM 4YHCIIE

PE3yNbTAThI 110 U3YUYEHUIO KPUCTAINIOXUMUYECKHUX OCOOEHHOCTEH MPUPOTHBIX M CHHTETUYECKUX
cynb(}aToB, CENEHUTOB U CEJICHATOB YpaHWUIIA, JOKIAAbIBATINCH U 00CYKIAINCh HA CIETYIONINX
POCCHICKHMX U MEeKAyHapoIHbIX KoH(pepenuusax: denoponckas ceccust 2006 (Cankr-IlerepOypr,
2006); Poccuiickas koHdepenius no paguoxumun «Pammoxumus-2006» (dyona, 2006); XVI
MexyHapoaHOE COBEIIaHHWE IO KPUCTANIOXMMHUU U peHTreHorpaduu MmuHepanoB (Mwuacce,
2007); MexnynapogHoe coBemnianue «Structural Chemistry of Actinide and Lanthanide

Inorganic ~ Compounds»  (Ilymkun, 2007); I ~ MexnayHapoaHas — KOH(epeHIHs
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"Kpucrannorenesuc u munepanorus” (Cankr-IlerepOypr, 2007); Munepasorndeckue My3eu
(Cankt-IletepOypr, 2008); Tperbs Poccuiickas mkoiga MmO pPagUOXUMHUU U SACPHBIM
texHonorusim  (Oszepck, 2008); Demoposckast ceccusi 2008 (Cankr-IlerepOypr, 2008);
Mexnaynaponnass UyraeBckass KoH(epeHIHs 1Mo kKoopauHanuoHHoi xumuu (Pemuno, 2009);
Cenpmas mexayHapomaHas koHpepenmmst mo f-anementam (KenwsH, 2009); MexmyHapoaHas
koHpepenmusa «Clays, clay minerals, and layered materials» (3Benuropon, 2009); 6-s
Poccuiickas konpepenuus «Pagrnoxumusn-2009» (Mocksa, 2009); 111 Poccuiickoe coBemnianue 1o
oprannueckoii  MuHepasorun  (CeiktbiBKap, 2009); 20-1 ['eHepasibHOE  coOBeElIaHUE
MexnynapoaHoir Munepanornueckor Acconnanuu (bynamemr, 2010); YerBepras Poccuiickas
IKOJa 10 PAJUOXMMUU U sifiepHbIM TexHosorusm (O3epck, 2010); denoposckas ceccus 2010
(Cankr-IletepOypr, 2010); VI HanmnoHanbHas Kpuctauioxumuueckas koHpepenuus (Cy3nans,
2011); 17-1 MexnayHnapoaHasi KOH(QEpEeHIUs 110 PEHTIeHOTpapuH U CIIEKTPOCKOIINY MUHEPAJIOB
(Cankt-IletepOypr, 2011); TIlepas EBpomneiickas Munepanornueckas Kondepenmus
(I'epmanus, ®pauxdypt, 2012); Ilaras poccuiickas 1IKOJIa-KOH(EPEHUUS M0 PaUOXUMHUH U
snepabiM TexHonorusm (O3epck, 2012); l'oguanoe cobpanne PMO u @enopockas ceccus 2012
(Cankt-IletepOypr, 2012); TI'ogumunoe coOpanue [eosnormueckoro u MuUHEPATOrHYECKOTO
obmects Kananet «GACMAC-2013» (Kanama, Bwunanammer, 2013); 28-1 xonpepeHnus
EBponeiickoii kpuctamiorpadudeckoit acconmanuu (BemukoOputanus, Yopuk, 2013); 23-i
KOHIpecC U TeHepajbHas accamOies MexayHapogHoro coro3a kpucramiorpagpos (Kanana,
Mounpeans, 2014); Illecras poccuiickas MOJIOAEKHAs IIKOJa 10 PagUOXUMHM U
pagnoxumuueckuM TexHosorusam (Oszepck, 2014); 'oguunoe cobpanne PMO u denoposckas
ceccus 2014 (Camkr-IlerepOypr, 2014); 18-1 MexayHapoaHas KOHGEpPEHIUs 10
peHtreHorpagun u crnektpockonun MmunepanoB (ExarepunOypr, 2014); 8-a Espomneiickas
KOH(epeHIMs 1o MuHepanorun u cnekrpockonuu (Hramus, Pum, 2015); XII Cwesn
Poccuiickoro munepanoruueckoro obmecrsa (Canxt-Ilerepoypr, 2015); VIII Hanumonanenas
kpuctauioxumudeckas konpepennus (Cys3nanb, 2016); MexayHaponnas koHpepeHmus «New
minerals and mineralogy in the 21* century» (Uexus, SIxumos, 2016); Bropas Esponeiickas
Munepanornueckass Kondepenuuss (Mramus, Pumunun, 2016); Denoposckas ceccus 2016
(Canxkr-IletepOypr, 2016); FOOwmielinblii che3n PoccHiickoro MUHEPaTOTHYECKOro OOIIecTBa
«200 ner PMO» (Cankt-IlerepOypr, 2017); IX HamumoHnanpHas KpHCTAITIOXUMHYECKAs
koHpepenuusa (Cyszmans, 2018); XXII Cosemanne MexayHapoaHoit MuHepagoruyeckon
Accoumarmu  (ABctpanus, MensOypH, 2018); 31-1  xoHdepeHuus  EBpomneiickoii
kpuctamuiorpagudeckot accounannu (Mcnanus, OBbeno, 2018); MexayHapoaHoe COBEIaHUE

M0 XUMHUYECKOHN KpucTauiorpadguu u cTpykTypHoi ouonorun «Bropeie CtpydukoBckue UTeHus»
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(Mockga, 2018); 19-1 MexayHapoaHass KOH(MEpPEHIUs MO PEeHTreHorpaduu U CIEKTPOCKOIUN
muHepanoB (Amatuthl, 2019); MexayHaponHas koHdepeHuus «MuHepaaoruyeckue My3eu
2019» (Cankt-ITerepbypr, 2019); V Poccuiickoe coBelianue Mo OpraHMYECKOd MUHEPaIOTUU
(ITymuno, 2019); IV Kondepenuusa u mkona s MOJOAbIX y4eHbIX TepMopeHTreHorpadus u
Pentrenorpadust HanomarepuanoB, TPPH-4 (Canxt-Iletepbypr, 2020); X HammonansHas
kpuctammoxumuueckass koHgepenuus (IIpudnbsbpycbe, 2021); demopoBckas ceccus 2021

(Canxt-IletepOypr, 2021).

Ilyoaukanuu. [lo teme muccepranuu omyOmukoBano 112 pabot, B Tom umcne 40 crarteil B
pedepupyeMbIX Hay4HbIX KypHasiax (39 u3 ux uucna B KypHanax u3 crnucka Scopus u Web of

Science) u 72 Te3uca NOKIAI0B HA POCCHICKUX M MEXTyHAPOIAHBIX KOH(PEPCHIINAX.

O0béM U _cTpYKTYpa padoThbl. Jluccepramusi COCTOMT M3 BBEICHHUA, 3 TJaB, 3aKIIOUYCHUS,

CIIMCKAa JIUTEPATyphl W MpuiokeHuid. Pabora obmum oOnéMoOM 224 cTpaHuilsl BkiItodaer 80
pucyHKoB, 40 TaOIUI, W CIHUCOK JIUTEPATYphl U3 295 paboT OTEYECTBEHHBIX M 3apyOeIKHBIX

aBTOPOB.

Baaroaapuoctu. /luccepranus BelnoyiHeHa Ha Kadenpe kpucramuiorpaguu MHCTUTYTAa HAyK O

3emsie CIIOI'Y mpu KOHCyJIbTalMM CO CTOPOHBI JOKTOpa T€oJl.-MHH. Hayk, wi.-kopp. PAH
Cepres Bnagumuposuua KpruBoBruueBa, KOTOpPOMY aBTOpP BbIpa)kKaeT UCKPEHHIOIO 0J1aroJapHOCTh
3a TIOMOII[b, LICHHbIE COBETHI U MOAJCPAKKY Ha BCEX ATanax NpOBEAEHUs uccienoBaHuil. Pabora
BBHITIOJTHEHA TipU PUHAHCOBOM moaaepx ke rpanta Poccuiickoro Hayunoro ®@onna (PH®) 18-17-
00018; rpantoB Ilpesunenta P® g Bemymumx Hayusbeix mkon HII-2526.2020.5, HII-
3079.2018.5, HIII-10005.2016.5, HII-1583.2014.5; rpantoB Ilpesunenta PD mis monomsix
kangunatoB Hayk MK-4810.2018.5, MK-6209.2016.5, MK-1737.2014.5; rpanToB Poccuiickoro
®onga Oynnamentanbubix UccnenoBanuit (PODU) 12-05-31344, 12-05-33097; Komurera mno
Hayke U Bblciieid mkosie IIpaBurenscrBa Cankt-IletepOypra. ABTOp Npu3HATENeH 3a
KOHCYJIBTAIMM ¥ TIOMOIIb B TPOBEJICHUU SKCIEPUMEHTOB BCEM COTPYIHHKAM Kadeapsl
kpuctauiorpadun Muctutyra Hayk o 3emne CIIOIY u komieraM W3 pecypcHOTO IICHTpa
«PeHTrenonu¢pakuvoHHble MeToabl HccienoBaHus» Hayunoro mapka CIIGI'Y. Asrtop
06e3MepHO OyaroapeH CBOMM COCEIsIM 10 KaOWHETHOI caMoM30isuuu AHIPE0 AHATOIBEBUUY
3onorapeBy u Cepreto HukonaeBuuy BbpuTBuHY 3a HHTEpecHble M IOJIE3HBIE AMCKYCCHU.
Beinmonnenne naHHONW paboOTHl CTaJl0 BO3MOXHBIM HPU COTPYIHUYECTBE C KOJJIETaMHU U3
yauBepcurera Hotp-/lam (CIHA) u ocobenno Ilutepom bepucom, Jxunmxkep CUTrMOH H
Jbxennudep llumaHoBckH, a Takxke ¢ corpyaHukoM HMHctutyta Ousukn Yenickod akaaeMHuH

Hayk SlkyOom Ilnammmom, KOTOPBIM aBTOP BBIPAXKAET CBOIO MCKPEHHIOKO OJ1aroapHOCTh. ABTOP
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MPU3HATENIEH 32 MOIJIEPKKY U COBETHI JOKTOPY XUM. HayK, wi.-kopp. PAH MBany I'ynaapoBuuy
TananaeBy. OcoOyI0 IpU3HATENLHOCTh aBTOP BbIpaxkaeT AHatonuio BuranseBuuy Kacatkuny 3a
IIOCTAaHOBKY B MUHEPAJIBHBINA pAJl ¢ TAKUM BEIUKUMHU Y4€HbIMH, kak M. Knamnpor, O. ®epmu, P.
Onmnenreiimep, JI. MelitHep u Ap., U MPOCTO 3a OYEHb NMPUATHOE TOBAPULIECTBO. be3ycioBHYIO
OmaromapHocTh aBTOop BhIpakaer Omnbsre CepreeBHe TromenneBoi, Mibe Bukropouuy
KopusikoBy, Bagumy Muxaiinosuuy KoBpyruny, 63 momouu KOTOpbIX IyOiauKanus 00ibIIon
YacTH PE3yJIbTaTOB CTajia Obl BEeChbMa 3aTpPyIHHUTEIBHOM, €cM He HeBO3MOXkHOH. Ha pasHbIx
sranax aBropy nomoranu Omner CepreeBuu ['pynckuii, Mapus I'eoprueBna KpxkuxkaHoBckas,
Haramus BnagumuposHa [lnatonosa, Jlapes BaneppeBna Cniupunonosa, Muxaun HukomaeBuu
Mypamko, Urops Bukropouu IlexoB, Hukura Bnagumuposuu YykaHOB, KOTOpPBIM aBTOpP
BBIPR)KAET HCKPEHHIOI TMpU3HATeNbHOCTh. Oco0yio O1arofapHocTb 3a BCECTOPOHHIOIO
NONJEPKKY W IOHMMaHHME aBTOP BbIpaXkaeT cBoel ceMmbe: Mame [lopmenunod Enene
BrnagumupoBue, xene M3atynuHoit AnmHe PocTaMOBHE M 3aMeuaresibHbIM JoukaM Mapuu,

Karepune u Bacuiuce.



13

I'maBal. QOOwmme cBeAeHUsI 0 MUHEPAJIAX U CHHTETHYECKHUX COCAUHECHUAX
ypana(VI)

1.1. Kpucranaoxumus U(VI)-coaepxkammx coequHeHNH

Jlis  aroMOB IIECTUBAJCHTHOTO ypaHa XapaKTepHOW OCOOEHHOCTHIO  SIBISETCS
00pa3oBaHUEe CUMMETPUYHBIX JIMHEHHBIX KOMIUIEKCOB [0=U=01*" ¢ amunamu casiseit U — O =
1.8 A, xortopble monyunnu HazBaHue ypanui-uoHos (Ur). Ycroitumsocts Ur oOwscHseTcs
HaJU4HEeM MTPOYHOM TpoitHOU cBsi3u Mexay atomamu U u Oyy. [Tockonbky atomer U(VI) umeror
AIIEKTPOHHYI0  KOH(UTypaluio, MPeallecTBYIONyl0 OJIarOpOJHBIM  Tra3aMm, SJIEKTPOHBI,
y4acTBYIOIIE B OOpa30BaHMM CBs3€dl B YpaHWJI-MOHE, NMPEAOCTaBIAIOTCS aTtoMamMu O JuIs
3amonHenns BakauTHBIX 6d' 7s® 5f° opburaneii. JlBe U3 STHX CBs3CH 00pa3ylOTCS 3a CUET JABYX
HenapHbIX 3JeKTpoHoB U U IBYX HeHapHbIX 3JeKTpoHOB O, TOrJa Kak TPETbs CBSI3b 00pasyercs
B pe3yibTare 0000I1eCTBICHHS HEMOEICHHO 3eKTpoHHOo# napsl O u cBoOoIHOM opbutamu U
(King, 2002).

B kpucramnMueckux CTpyKTypax pacCMaTpUBaeMbIX MHUHEPAJOB M CHHTETUYECKUX
coenuHeHuil Ur KOOpIUHUPOBAH YETHIPbMSI, MSATHIO WK MIECTHIO JOMOJHUTEIbHBIMU aHUOHAMU,
KOTOpBIE PACHONaraloTcsl MPUONHU3UTENFHO B OJHOM IUIOCKOCTH, mepneHaukyspHou Ur, uto
BeJIeT K 00pa3oBaHUIO TeTparoHaidbHBIX aunupamun Urdy, meHtaroHanbHbIx aunupamua Urds
M TeKcaroHanbHeIX umpamu Urdg (¢: OF, OH, H,0) (Puc. 1.1).

II. K. bepuc u ap. (Burns et al, 1997; Burns, 2005) paccuuranu cpeaHue
reOMEeTPHUECKUE TapaMeTpbl KOOPAMHAIIMOHHBIX TOJIMYAPOB YPAaHWIA HA OCHOBE JAHHBIX IO
Gonee wem 200 xopomo yrouHeHHbiM crpykrypaM (R; < 0.07). BamentHocts cBsism U*—Oy,
cocTaBisieT ~1.7 BaNeHTHBIX €IUWHUIBI (B.C.), TOTJa KaK BaJECHTHOCTHh CBS3H U6+—Om (Ouie —
aToOM KHCJIOpOJa B 3KBAaTOpUANbHOM mo3uiuu) paBHa ~0.5 B.e. Takum oOpazom, arombl Oyr
MIOYTHU TMOJHOCTHIO BAJIEHTHO HACHIIIEHBl U CyMMa BAJICHTHBIX YCWJIMH BIIOJIHE COOTBETCTBYET
TpeOOBaHUSAM, TOT/Ia KaK Ui BaJIEGHTHOT'O HACBIIIEHUS SKBATOPUAIBHBIX aHHOHOB HEOOXOAMMO
o0pa3oBaHHE NOMOTHUTENbHBIX XMMHUYECKUX CBsizel. Kak creacTBue, ypaHWUIbHBIE MOIUDIPHI
OOBIYHO TOJIMMEPHU3YIOTCS IPYT C APYTrOM U JIPYTMMHU MPOYHBIMHU TIOJIM3APAMH TOJBKO yepes
HKBATOPHAJIbHBIE BEPIIMHBI U pedpa, YTO MPHUBOAUT K MpeoOiaJaHHIO Cpeld MHHEpAoB U
CUHTETHUYECKUX COEIMHEHUI ypaHuia CIOUCThIX CTpYKTyp. Cpeanue 3HaueHus JUIMH cBsize U—
Our~1.79Au U—Ogq ~2.37 A st KOMITIIEKCOB Urds m U-Oyr ~ 1.78 Awu U—Ogq ~ 2.46 A st
komruiekcoB Urde. Torma xak mist komruiekcoB Urds cymmecTByeT HECKOJIbKO BapHaHTOB. Yarie

BCETO BCTPEYAETCS TETPArOHATBHO-IMIMpamMu ianbaas koopauHamus ¢ U-Oyr ~ 1.82 A n U-Ogq
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~ 226 A, HO BCcTpewaroTcs Takke NpaBUIbHAS (MM CIErKa HMCKAa)KEHHAs) OKTadIpHuecKas
KOOPJMHAIMS C HPUMEPHO paBHbIMH cBa3zamu U-O ~ 2.1 A, a Takke MHBepTHpOBaHHBIE
JUIHAPAMHUJIBI, KOTOPBIE COCTOSAT U3 TETPAOKCHIHOTO SApa ¢ KOPOTKUMH CBs3smu ~ 1.8 A m,
HA000POT, yIJIMHEHHBIMU MOISAPHBIME KOHTakTamu ~ 2.3 A (Wu et al., 2009; Unruh et al.,
2010).

Puc. 1.1. KoopamHanmoHHbIe TOJM3PHl aTOMOB ypaHa B COEJUHEHUSAX YypaHWIa B
aTOMapHOM H® TIOJUAJPHYECKOM TIPEJCTABICHUSX: TETparoHalbHas aunupamuaa (a,b),

NeHTaroHalbHas aunupamuza (c,d) u rekcaronanabHas aunupamunia (e,f).

+ +
B KpHCTAIMYECKHX CTPYKTypax Cyib(paToB M celeHato ypanuma atomsl S°° n Se’
pacrnojararoTcsi B LUEHTPE TETPa’apPUUYECKHUX OKCOAHMOHOB [TV'04]*. Torma xak B CTPYKTypax
4+ I\Y% 2—
CEJICHUTOB ypaHWiIa aToMbl Se*  (GOopMUPYIOT TpUrOHaJIbHBIE nupaMuibl [Se "Osz]” ¢ aTomoM
Se, pacnoJ0KEHHOM B alMKaJbHON BEpIIMHE U MMEIOIIUM HEMOJCNECHHYIO 3JIEKTPOHHYIO Mapy,
HAIpPaBJIEHHYIO B IPOTHUBOIOJOXHYI OT TPEYroJIbHOTO OCHOBaHUS W3 aTroMoB O CTOpOHY.
L VI VI v A
Cpennue 3HaueHus il cBsizet S -0 ~ 1.46, Se" O~ 1.64u S -0 ~ 1.69 A.
B crpykTypax coenumHeHUil ypaHuia C HEOPraHMYECKUMU KaTHOHAMH, CBSI3b YypaHUII-
CoJIepKaluX KOMIUIEKCOB B TPEXMEPHYIO MOCTPOUKY 00ECHeunBaeTCs 3a CUET OJTHOBAIIEHTHBIX
+ + +
katnoHoB (K, Na', Cs™ u zip.), Iuist KOTOPBIX KOOPAUHAIIHS OCYIIIECTBIISIETCS TIIABHBIM 00pa3oM
2—
3a CYET KOHIIEBBIX aTOMOB KHCIIOpoaa TeTpa’aApoB [TO4]" ¥ aTOMOB KUCIOPOAA YPaHUI-HOHOB,

¥ OKTa3PUUYECKH KOOPAHHHPOBAHHBIX JBYXBaneHTHBIX KatnoHoB ([M(H20)s]>", [MO(H20)4]%,
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u ap.) (I'ypxuit u KpuBouues, 2008; Gurzhiy et al., 2009, 2011, 2012a, 2014a, 2016a, 2017b,
2019b, 2020a; Kornyakov et al., 2020, 2021; Tyumentseva et al., 2019).

B cTpykrypax = CHHTETHYECKHMX  COCIWHEHWH  ypaHWia, TEMIUIATUPOBAHHBIX
OpPTaHWYECKUMH MOJICKYJIAMH, CBSI3b OpPraHWYECKHMX M HEOPTaHWYECKHX CYOCTPYKTYPHBIX
AJIEMEHTOB 00ECIIeYMBAETCS MPEMYIIIECTBEHHO 3a CUET BOJAOPOJIHBIX B3aumojeicTBui (Gurzhiy
et al., 2010, 2012b, 2015a, 2017a, 2018a, 2018b; Kovrugin et al., 2012a; Krivovichev et al.,
2010, 2011; Nazarchuk et al., 2018a), mprueM mogoO6HOE JOBOIBHO c1ab0€ MEKTPOCTATUIECKOE
B3aMIMOJICHCTBHE MOKET MPUBOJUTH K CYIIECTBEHHOMY TOHMKCHHIO CUMMETPHH CTPYKTYpHI B
IIEJIOM, BCJICJICTBHE OTKIOHCHHS MOCTHKOBBIX aTOMOB KHCIOpPOJAa OT «HICATBHBIX» (C TOUKH
3peus cummerpuu) no3unuit (Gurzhiy et al.,, 2014c, 2019c). CtouT Takke OTMETHUTH
oOHapy>XeHHE HOBOTO  KJlacca  OpraHO-HEOPTaHWYECKUX  COCIWHEHUH  ypaHWia ¢
AJIEKTPOHEUTPAIIBHBIMU MOJICKYJIAaMH KpayH-3(upa, B CTPYKTypax KOTOPBIX OTPHIIATEIHHBIN
3apsAll ypaHWI-CEJICHATHBIX KOMIUIEKCOB KOMIIEHCHpYyeTcsi moHamu okconus (Gurzhiy et al.,

2014b, 2015b, 2016a).
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1.2. Ilpuanuns! onucanus cTpykryp U(VI)-copepxamux coexnHeHUH

CocraBieHue HepapxudecKux KiacCU(PUKALUN KPUCTAJUIMYECKUX CTPYKTYpP MHUHEpaIoOB
BIiepBble ObUTO mpemioxkeno B.JL. Bparrom (Bragg, 1930) Ha ocHOBaHMM TOJIMMEpH3AIUU
KPEMHEKUCIOPOIHBIX TeTpaj’ipoB cuiukaToB. [lozgHee sTa cxema Obula JOMOJNHEHA IS
KJIacCU(UIUPOBAHUSA KPUCTAUIMYECKUX CTPYKTYp Ha OCHOBAaHUM IOJMMEpPU3ALUHN JHOOBIX
TETPadIPUUECKUX KOMILIEKCOB (Zoltai, 1960; Liebau, 1985). Hanee, ®. XayTopH mpemioKuI
CTPOUTH KJIACCU(PUKAIIMIO MUHEPAIOB Ha OCHOBE TMOJIMMEPHU3ALUHU TTOJIUIPOB BBICOKO3aPSIHBIX
katnoHoB (Hawthorne, 1983, 1985), - moxxon u3BecTHsIH eme ¢ padot B.JI. Bparra. Drta unes
Obuta wucnosnb3oBaHa @. XayTopHOM Ul NOCTPOCHMS KIacCHU(UKALMKM MHMHEPAJIOB,
KPUCTANIMYECKUE CTPYKTYPbl KOTOPHIX OCHOBAaHbl Ha TETPA3APUYECKH U OKTA3APUYECKU
KoopauHupoBaHHbIX KaTuoHax (Hawthorne, 1990). HeobGxomumo oTMETHTH, YTO MOAOOHBIE
npuHIUIBE ObLTH TipemiokeHsl eme panbimie I[ILH. Canpomupckum u H.B. benoBeim B
pa3paboTKe KpPUCTAUIOXMMHUHM MMHEPAJIOB CO CMEIIAHHBIMH aHMOHHBIMHM  paJuKalaMH
(Cannomupckuii u benos, 1984).

Ha ocnoBanuu BeimensnoxxeHHsix uzeit [1. bepuc u np. (Burns et.al., 1996) npemnoxunu
UEPAPXUUECKYIO CXEMY CTPYKTYPHOM CHCTEMAaTHUKH MHHEPAJIOB U HEOPraHMYECKUX COCAMHEHUN
ypaHWiIa, OCHOBAHHYI0 Ha BBIJEJIEHUM B HX CTPYKTYpax KOMIUIEKCOB C BBICOKUMHU
BAJICHTHOCTSIMHM CBsi3eil BHYTPH KOOPAMHAIMOHHBIX HOJIM3JPOB (BKJIOYAs IMOJIMYAPBI YPaHA).
ABTopamu Kiaccu(uKaluuy ObUT MPOBEIEH aHAINU3 KpUCTAIMUecKuX cTpykTyp 180 muHepanos
U CHHTETHYECKUX COCTUHEHUH (M3BECTHBIX K MOMEHTY HAIMCaHUS CTaThH), mo3nHee (Burns,
2005; Lussier et al, 2016), >Tu maHHBIC OBUTM JOTMOJMHEHBI JO 727 TPEICTAaBUTEIICH.
BosIbIIMHCTBO M3 PacCMOTPEHHBIX COEOUHEHUH O00J1afaloT CIOUCTBIMM CTpPyKTypamu. Taxoke
ObUIM BBIJICJIEHBl OCPOBHBIC, ILIETIOYEYHBIE, KApKacHbIE, a TAKXKe CTPYKTYpbl, COCTOSIIUE M3
M30JIMPOBAHHBIX KIJIACTEPOB.

CTpyKTypsl MUHEPAJIOB M COSIWHEHHI MIECTUBAJICHTHOTO YpaHa yJA00HO pa3leNuTh Ha
IUIOTHBIE M pa3pekeHHble. KpurTepuem Takoro mnoapasleneHusi MOXHO BbIOpaTh C€rocod
00BbeIMHEHNUs KOOPAMHALIMOHHBIX TIOJIMAAPOB. bynem cuuTaTh IUIOTHBIMH CTPYKTYpBHI, B
KOTOPBIX MpPEBATHPYET OOBEAMHEHHWE KOOPJAMHALMOHHBIX IOJM3APOB MO pedpam, a
pa3peKEeHHBIMU — T€, B KOTOPBIX MOJIUAIPbl 00BEAUHSIOTCS I1aBHBIM 00pa30M 110 BEPIIUHAM.

JUis TIIOTHBIX CTPYKTyp HauOojee yHOOHBIM METOAOM OIHUCAHUS SIBISIETCS TEOpuUs
aHMOHHBIX TOIOJIOTUH, TOTJa Kak A pPa3peKEeHHbIX — Teopus IpadUuyecKoro OIUCaHMA,

OCHOBaHHAas Ha MCIIOIh30BaHUM IPadoB.
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[In0THBIE CHOUCTBIE CTPYKTYpPbl SBISAIOTCS MPeoONaJalouMMH  CpeId MHUHEPAJIOB
ypanuna. [Tonusapuyueckue ciou MOTYT cOAepaTh KaK TOJBKO YpaHUIbHBIC MOIUAAPHI, TaK U
ObITb 00pa30BaHHBIMU OOBEIUHEHHWEM TOJMPAPOB ypaHWIAa C JPYTHMHU HOJH3IpaMu
BBICOKOBAJICHTHBIX KaTHOHOB (HAlpuUMep, YPaHWJI-CHIIMKATHBIE CIIOM B CTPYKType ypaHodaHa
uin ypanmi-pochaTHbie CIIOM B CTPYKType oTeHHuTa). [ ymoOcTBa CHCTEMAaTHKH KaTHOHBI C
HU3KoW BaneHTHOcThI0 (Takue kak K, Ca m H), a Takke CBfA3HM, KOTOpbIE OHHM OOpa3yloT,
UCKJTIOYAIOTCS U3 PACCMOTPEHH. JTa MpoLeaAypa IPOBOJUTCSA C LETIbI0 YMEHBIICHHUS CII0KHOCTH
CTPYKTYP M BO3MOXKHOCTH HMX CpaBHEHHs Mexay coboii. Ho 3To He o3HawaeTr, 4To CBS3H,
o0pa3oBaHHbIE TAKUMU KaTHOHAMH, SIBJISIOTCS MaJIOBaXHBIMU. AHHOHHASI TOTIOJIOTHSI CTPOUTCS
cnenyrommm oopazom (Burns et. al., 1996):
1) Bce annoHbI, KOTOpBIE HE 00pa3yIoOT CBA3EH, M0 KpaifHel Mepe, ¢ ABYyMsI KaTHOHAMU B
CJIOE M HE SBISIOTCS HKBATOPHAIBLHBIMU aHUOHAMHU ISl TUITHPAMHUJIBI T TTHPAMUIBI
B CJIO€, UCKITIOYAIOTCS U3 PACCMOTPEHHUS.

2) KaTtnoHbsl U Bce CBSI3U, KOTOpPHIE OHU OOpa3ylOT, UCKIIOYAIOTCS M3 PACCMOTPEHUS;
TaKUM 00pa3oM, OCTAeTCs HECBS3aHHBIN HA0OOP aHUOHOB.

3) AHUOHBI, KOTOpbIE MOTYT paccMaTpuBaTbCsi KaK  COCTAaBJSIOLIME  OJHOTO
KOOPAWHAIIMOHHOTO TIOJINY/IPa, COSTUHSIOTCS OTPE3KAMHU.

4) AHUOHBI MCKJIOUYAIOTCS W3 PACCMOTPEHHS; TaKUM 00pa3om, oOpa3yeTcsi HeKoTopas

cepus JTUHHM, KOTOpasi M Ha3bIBA€TCS AaHUOHHOM TOMOJOTHEH.

AHWOHHAs TOMOJOTUSA SBISETCA NMEPUOIUIECKUM pa30ueHHEeM IUIOCKOCTU Ha BBIMYKIIbIC
MHOTOYTOJIFHUKH, K KOTOPOMY NpPHMEHHM MaTeMaTHYECKHH amnmapaT TEeOpuu pa3OueHHi
wiockocTd. [loHsATHE aHHOHHOM TOMOJOTMU CcJIos oOO0JajaeT TeM MPEeUMYLIECTBOM, YTO
MO3BOJIIET CPABHUBATH CJIOU PA3IUYHBIX CTPYKTYp, Ha MEPBbII B3I HE MTOX0XKUX, KOTOPBIE Ha
CaMOM JIeJI€ UMEIOT CJIOU C OJHOM U TOM K€ AaHWUOHHOW TOIOJIOTHEM.

PaspexxeHHBIE CTPYKTYpHl yJOOHEe paccMaTpuBaTh C TOYKH 3PEHHS TEOpUH TpadoB
(Krivovichev, 2004). I'padudeckoe mpeacTaBieHne CTPYKTYPHOTO KOMILIEKCA, COCTOSIIETO U3
HECKOJIbKMX THUIOB KOOPAWHAIMOHHBIX MOJHU3JPOB, COCTOMT B COMOCTaBICHHUH KAaTHOHAM
BEPILIUH OIpeesieHHoro nsera. [lpu moctpoennu rpada uist coeAMHEeHUH ypaHuia HOIU3APHI
UO, (n =5, 6, 7) 0003HAYAIOTCSI YSPHBIMH BEPIIMHAMU, a KOOPAMHAIMOHHBIC TIOMUAIPEI 104 1
TOs; — OenpimMu. JIBe BepIIMHBI CBSI3BIBAIOTCS peOpoM (OTpE3KOM) B TOM cllydae, €Cld
COOTBETCTBYIOIIME MOMURIPHl MUMEIOT OOIMK aTtoM Kuciopoda. Takum o0pazoMm, KakIoMmy
KOMIIJIEKCY MOXHO COTIOCTaBHTb YEpHO-OEIbIi Tpad, KOTOpHI sABIsgeTcss BecbMa 3()(hEeKTHBHBIM
JUTSL BBISIBIICHUSI TAKUX OCOOCHHOCTEH CTEPEOXMMHUHU KOMIUIEKCHBIX aHHMOHOB, KaK CTPYKTYPHBIH

(Tomonoruveckuii) u reoMmerpudeckuii nzomepusm (Krivovichev, 2008).
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Jlis OLIeHKU BIMSHUS PAa3IMUHBIX KPUCTAIUIOXMMHUYECKHX (AKTOPOB HAa CHUMMETPHIO U
CTPYKTYPHYIO apXUTEKTypy NPUPOAHBIX U CHHTETHUYECKUX COCAMHEHUN YpaHWIa MPUMEHSIICS
pacyeT CIOXHOCTH KPUCTAUIMYECKUX CTPYKTYp, a TakXe aHajdu3 CTPYKTypHOU U
TOTIOJIOTUYECKON CIIOKHOCTH, C HCIIOJIB30BAaHMEM METOJOB Ha OCHOBE TEOpWUH HH(OpMAIUH
(Krivovichev, 2012, 2013a, 2014, 2015, 2016). CtpykrypHasi CIO0XHOCTb MOXET OBITh
KOJIMYECTBEHHO OIICHEeHa, Kak koiudecTBO lII3HHOHOBCKOW MH(MOpManuu, MpUXOIAIIeicss Ha
atoM (lg) u Ha snemeHrtapuyto stuelky (lgiotal). KommuectBo wunHpopmamum 3aBHCHT OT
CUMMETPUHM U KOJMYECTBA pa3JMYHBIX AaTOMHBIX TO3MLIMA B 3JIEMEHTApHOW suelke
KPUCTAJIIMYECKON CTPYKTYphl. PacyeT BkiIto4aeT uCHoab30BaHUE CIEAYIOMNX YPaBHEHHIA:

lc = -Xi; pi log, pi (6ut/aTom) (1),

lototal =—V I = —VYX . pilog, pi (Gur/aueiixy) (),
rae k — KOmMYecTBO pPa3NUYHBIX KPUCTALIOTpapUUecKuX OpOHUT (HE3aBUCHUMBIX TO3MIIHMI) B
CTPYKType, a Pi — BEPOSTHOCTh CIy4allHOTO BBIOOpA JJIsA aroMma i-i KpHCcTautorpaduaecKon
MO3UINH, YTO COOTBETCTBYET:

pi=mi/v 3),
rae Mj — KpaTHOCTh KpucTaiorpaduueckoil opOuTHl (TO €CTh YHUCIO aTOMOB KOHKPETHOW
MO3UIMN YailKoBa B TIPUBEJICHHOW JJIEMECHTApHOW sueiike), a V — oO0Ilee 4Yuciio aTOMOB B
MIPUBEACHHOMN AJIEMEHTAPHON sTYCHKeE.

JlocToBepHOE CpaBHEHHE MapaMeTPOB CTPYKTYPHOH CIOXKHOCTH BO3MOXHO TOJBKO JUIS
COCJMHEHUI C OJMHAKOBBHIM WIJIM OYEHb OJIM3KMM XUMHUYECKHM COCTAaBOM (Hampumep,
noauMopdHble MoAM(UKAIIUKM), TOrNa KaKk W3MEHEHHWS B CTENECHHM THUIpATAllMd, MPUPOJE
MEXKCIIOEBBIX KOMIUIEKCOB, pasMepe U (opMe OpraHM4ecKUX MOJEKYJT MOTYT CYLIECTBEHHO
MOBJIUATDH Ha OOIIYIO CJIOXKHOCTh. B CBSI3W ¢ 3TUM, mapaMeTpbl CTPYKTYPHOH CJIOXKHOCTU
ObUTM TaKXKe pacCuMTaHbl I Pa3lUYHBIX CyOCTpYKTypHBIX OnokoB (U-comepikaiiue
KOMIIJIEKCBI, MEXCIIOEBbIE OJIOKH, CHCTEMBbI BOJOPOJHBIX CBSI3€H) A aHaNM3a MX BKJIaga B
CJIOXHOCTh BCEH CTPYKTYpbl. [10100OHBIN MOAXO0I, MOJYYHBIINN Ha3BaHUE «HH(POPMAITMOHHBIX
nectHui (Krivovichev, 2018), mo3BonsieT BBIIBUTH (AaKTOPHI, BIHSIONIME HA COXPAHCHHUE WIIH
yMeHbllleHne cummetrpuu U-coaepikamuX KOMIIEKCOB M KPUCTAIIMYECKONW CTPYKTYpPHI B
IIEJIOM, @ TaK)Ke MOKA3bIBAET, KAKOW U3 CyOCTPYKTYPHBIX OJIOKOB UrpaeT Haubojee BaXHYIO POJib
B (OopMHpOBAaHMM KOHKPETHON CTPYKTypbl. IlapameTpbl CTpyKTYypHOH CIIO)KHOCTH AJisi BCel
CTPYKTYPbI paCUUTHIBAIM C HCTIOJIB30BaHUEM IporpaMmbl TOPOSPro (Blatov et al., 2014).

CTOUT OTMETUThH, YTO BCE pPacUeThl IS YK€ M3BECTHBIX KPHUCTAJUIMYECKUX CTPYKTYP
ObUIM OCHOBaHbl Ha OpPUTHMHANBHBIX cif-Qaiimax u3 CTPyKTypHBIX 0a3 [aHHBIX U

COOTBETCTByIOIIMX Tmyonukanuii. Kpome Ttoro, mosunuum Bcex aromoB H (ecom 3t
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OTCYTCTBOBAJIM B UCXOJHBIX cif-(aiinax) Obut Ha3HAYCHBI BPYYHYIO C YUYETOM pacipeneiieHus
cuctembl H-cBsizeit mo cxeme D — H -+ 4 (tne D u 4 = atomsl O), KoTOpas BKJIIOYAET

TPAAUIIUOHHBIC NUAINa30HbI JJINH CBSI3CH 1 YTJIOB.
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1.3. OxcnepuMeHnTaabHble UccaenoBanns U(VI)-conepxammx coexnHeHnii

OCHOBHBIM METOJIOM HCCIIEAOBAHUS MAJIOU3YYCHHBIX YPAHUII-COACPKAIIUX MUHEPATIOB U
CHUHTETHUYECKUX COCAMHEHUH, BIEPBBIC MMOJyUYEHHBIX B paMKaX JaHHOH pabOThl, MOKHO CUUTATh
METOJ PEHTICHOBCKOM AU(PPAKIIUK Ha MOHO- M TMTOJIMKPUCTAIUTUIECKUX 00pasIax.

[Moaxonsaume 1isi PEeHTTEHOCTPYKTYPHOIO aHall3a MOHOKPUCTAIIBI OTOUpANU TOA
MUKPOCKOIIOM, HaKJICMBAJIA Ha CTEKJISIHHBIE BOJIOCKU WIJIM KPETHIU HA KPUOTIETISAX U TOMeIalln
s cOopa AuQPaKIMOHHBIX JaHHBIX Ha OIMH M3 IIEPEUMCICHHBIX B TIyaBe «BBenenue»
MOHOKPHCTAIIBHBIX TU(PPaKTOMETpOB. CHEMKH MPOBOIWIM KaK NP KOMHATHOH TeMmmepaType,
Tak ¥ ¢ oxjuaxaenueM 1o 100 K.

Jlis KpucTanioB, HcciaenoBaHHbIX Ha audpakromerpax Rigaku Oxford Diffraction,
JaHHbIe ObUTM TPOMHTEIPUPOBAHBI C MoNpaBKkamMu Ha (oH, JlopeHIa, U NONSIpU3ALUOHHbIE
a¢dekter B mporpamMmmubix komiuiekcax CrysAlisPro (CrysAlisPro, 2013-2020). IMonpaBkay Ha
noryomenne Beoawid B CrysAlisPro ¢ yderom ¢opMbl KpUCTaaia WIH SMIHPHYECKHA C
MOMOIIbI0 chepuuecKuX TapMOHUK, pealM30BaHHBIX B anroputme mkanupoBanus SCALE3
ABSPACK.

Jisi  KpUCTa/uioB, HWCCIEJOBAaHHBIX Ha audpakromerpax Bruker, maHHble OBUIH
MIPOMHTETPUPOBAHBI ¢ TompaBkamu Ha (oH, JlopeHmna, W mospu3zanMoHHbIE 3PEGEKTH ¢
MOMOIIBIO AMMHUpHUEcKoi chepuyeckord moxaenu B mporpammax Bruker APEX2 u XPREP
(Bruker, 2009a). ITonpaBky Ha noriouienue BBoawin B nmporpamme SADABS (Sheldrick, 2013).

CrpykTypsl pemanu npsMeiMu Metonamu B mporpammax SHELXS (Sheldrick, 2008) u
SIR92 (Altomare et al., 1993) wnum mpu TOMOIIM aNrOpUTMa JBOMHOTO MPOCTPAHCTBA B
nporpammax SHELXT (Sheldrick, 2015a) u Superflip (Palatinus and Chapuis, 2007). YTouneuue
OpoBOIWIN € ucnoib3oBaHueM mporpammbl SHELXL (Sheldrick, 2015b) BctpoeHHO# B
komruieke WinGX (Farrugia, 1999, 2012) unu OLEX2 (Dolomanov et al., 2009).

[To3ummu aromoB Bomopoaa moiekyia H,O m OH rpynm nmokanu3oBbIBaiM Ha KapTax
pPa3HOCTHBIX cUHTE30B Dypbe U YTOUHSAIN ¢ orpaHuueHusIMU TerioBbIx napameTpoB (Uiso(H) =
1.5Ueq(O)) m pnun cBszeit (0.9 A). [To3uruu aTOMOB BOJOpOJIa OPTarMueCKUX MOJEKYI
pacCYUTHIBAIIM TI0 AJITOPUTMAM, 3aJI0KEHHBIM B nporpamMmmHoM komriuiekce SHELX, rae Uiso(H)
ycranoBieHo Kak 1.5Ug(C) u C-H 0.96 A st rpynn CHs, Uiso(H) ycranosneno kak 1.2Uegg(C)
1 C-H 0.97 A ans rpynn CHa, Uiso(H) yctanosneno kak 1.2Ueq(C) u C-H 0.93 A st rpynn CH
nukianueckux gparmentos, Uiso(H) ycranoBneHo kak 1.2Ueq(C) n C-H 0.98 A st TPETUYHBIX
rpynn CH, Uiso(H) ycranosneno kak 1.2Ug(N) u N-H 0.86 A nys rpynn NH u NHy, Uiso(H)
ycranoBieHo Kak 1.2Ugq(N) 1 N-H 0.89 A st rpymmn NHi.
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TepmopeHTreHorpaguueckue  UCCIEAOBAaHUS  MOJUKPUCTAIIMYECKUX  00pa3loB
IPOBOJWIN Ha BO3yXe ¢ UCHojib30BaHueM audpakromerpa Rigaku Utima IV (CuKa umu CoKay,
40 kV / 30 mA; reometpust bparra-bpentano; no3MIMOHHO-YYBCTBUTENbHBIN AeTekTop D-Tex
Ultra), ocHamerroro tepmornpuctaBkoit Rigaku SHT-1500. O6pa3ibl roOTOBWIM HA TUIATHHOBOU
MOJUIOKKE M3 CIOUPTOBOM CYCIEH3WH M HCCIeNoBaIM B auanazone temmeparyp 30-900 °C c
maroM 5-20 °C npu cpenHeit ckopoctu HarpeBanus 2 °C/MUH, MHTEpBal yIioB AU(pakiun S5—
70 °20, ckopocTh cbeMKku 2—5 °20/mMuH. Pa30BbIil aHANINU3 MPOBOIMIN C MCIIOJIB30BAaHHEM 0a3bl
nanHbix ICDD PDF-2 (Bepcust 2016). IlapameTpsl 3iieMEHTapHBIX SlUE€EK YTOUHSIM METOAOM
[Taynu B mporpammaom komiuiekce TOPAS 4.2 (Bruker, 2009b). KoaddunueHTtsl TeH30pa
TEPMHUECKOTO paclIupeHusi paccuutbiBanu B mporpamme TEV (Langreiter and Kahlenberg,

2015).
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I'naBa 2. Kpucrasmioxumusi u CTPYKTYPHasl CJI10KHOCTH MPHPOIHBIX
CyJb(aTOB YPAHUJIA, CEJIEHUTOB YPAHWIA U UX CHHTETHYECKHUX AHAJIOTOB

2.1. CTpyKTYpHasl CJ10KHOCTH YPAHUJI-CYJIb(ATHBIX MUHEPAJIOB

O0pasyromuecst B mpupoae cynb(aTsl ypaHHUIA, SBISIOTCS BaXHBIMU (hazaMu Kak C
MUHEPAJIOTHIECKOW, TaK M C JKojormdeckord Ttodek 3penus (Gurzhiy and PIasil, 2019).
CkoruieHus ypaHUI-CyJib()aTHBIX MUHEPAJIOB B OKHCIEHHBIX YacTSIX YPAHOBBIX MECTOPOXKICHUIN
pacmpocTpaHeHbl 1o Bcemy mupy. OHU 00pa3yroTcsl B Mpoliecce OKUCICHUS-TUApATalud TpU
BBIBETPUBAHUU TEPBUYHBIX YpPAHOBBIX MHUHEPAIOB, B OCHOBHOM YpPaHHUHHUTA, KOTOpHIE
B3aMIMOJICHCTBYIOT C KHCIOTHBIMU PacTBOpaMH, 00pa3yroNIMMHCS TIPU Pa3IoKEeHUU CYIbPUI0B,
Takux Kak mupuT win Xanekonuput (Finch and Murakami, 1999; Krivovichev and PIasil, 2013;
Plasil, 2014). 3meHnenne ypaHOBBIX PyJ MPU HU3KUX 3HaUYeHUsX pH mpuBoauT k 00pa3oBaHUIO
MOGHIIBHBIX KHCIOTHBIX PACTBOPOB, comepkaimx pactopertsie UO,™" B hopme Bommbix UO,—
SO, KOMIIJIEKCOB, KOTOPBIE OKA3bIBAIOT 3HAUUTEIBHOE BO3ACHCTBHE HA OKPYXKAIOIILYIO CPELy, B
YaCTHOCTH, BOKPYT cTapbix ydacTkoB noObrau (Fernandes et al., 1995; Brugger et al., 2003;
Johnson, 2003; Johnson & Hallberg, 2005). Cynsdarsl ypaHunsa AEMOHCTPUPYIOT OObIIOE
CTPYKTypHOE pa3HooOpaszue, OOYyCIOBICHHOE KOMOMHATOPHBIMH ¥  TOIMOJOTHMYECKUMU
BO3MOXXHOCTSIMU ~ CBSI3BIBaHHSI OCHOBHBIX CTPYKTYPHBIX JJIEMEHTOB: KOOPJIUHAIIMOHHBIX
MOJIMA/IPOB ypaHa U CyJb(aTHBIX TETPA3APOB, YTO MPUBOJIUT K HATMYMIO OOJIBIIOTO KOJIMYECTBA
TOMOJOTHYECKUX U T€OMETPUUECKIX H30MEPOB.

B ciydae OpHpPOMHBIX Cyib(aToB ypaHwia, atombl U®" HMEIOT HCKIIOYHTENBHO
MEHTarOHAJILHOAUIIUPAMUIATbHY 0 KoopauHanuio Urds (roe ¢ = 027, OH', H,0). AtomsI cepsl
pacrnoyararorcsi B IeHTpe Terpa’aApoB SOs4 U CBS3bIBaHUE U= n S6+—I_I€HTpI/IpOBaHHI>IX
MOJINAIPOB B OCHOBHOM OCYILIECTBIISIETCS uepe3 oO1Ire BEPUIMHBI (TOJIBKO JIUIIb 32 HEKOTOPBIMU
PEAKUMH  UCKIIOYEHMSIMHM,  OOCYyXXIZaeMbIMU  Jaiee 1o  Tekcry). [lomumepusanus
KOOPJMHAIIMOHHBIX TMOJHAPOB MPHUBOIUT K MPEMYIIECTBEHHOMY OOPAa30BAHHIO IIETIOYEUHBIX
(10) mnmu cnouctbix (22)cTpyKTyp, KOTOpBHIE 3HAYUTEIBHO MpeoOianaloT Hajx CTPYKTYpamH,
OCHOBAaHHBIMHM Ha OCTPOBHBIX TpymnmnupoBkax (5). B nauane 2019 ronma Obutm u3BecTHBI 38
MIPUPOJTHBIX CYJIb(ATOB YpaHUIIA C TOYHO OMPEICTHHBIMU KPUCTALTHYCCKIUMHE CTPYKTypamu. Mx
0030p U OCHOBHBIE CTPYKTYpHbIE M KPHUCTAUIOXUMHYECKUE XapaKTEPUCTUKU MPUBEIECHBI B
Tabnuiie 2.1, a Takke nmokasansl Ha Puc. 2.1.

[TapameTpsl CIOKHOCTH KPUCTALIHUYECKHX CTPYyKTyp U-comepKammx KOMIUIEKCOB B

CTPYKTYpax YpaHWJI-CyTb(aTHBIX MHUHEPAIOB, PACCUNTAHHBIC C WCIIOIB30BAHUEM METOJIOB Ha
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Pucynok 2.1. Pa3znooOpasue U-copepikaliux KOMIUIEKCOB B CTPYKTypaxX HPUPOIHBIX
cynbdatoB ypanwmia. Koopaunammonnsie nonaudapbl UO; mokaszaHbl KENThIM IBeTOM, SO4 —

OpaHXeBbIM, aTOMbI H — TEMHO-CEphIM 1IBETOM B IIAPO-CTEP>KHEBOI MOJIEIH.
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Tabauua 2.1. [lepeuens ypaHmi-cyinbhaTHBIX MUHEPAJIOB.

Crp. Tum  MuHepan ®dopmyia [p. rp. Ccblika

OctpoB 0OCIaKOBCKUHT Na,(UO,)(504)4(SO;0H)(H,0); P-1 Kampf et al. (2014)

Hple GIIIONH3AP AT Na;(UO,)(S04),CI(H,0), calc Plasil et al. (2014a)
KJIAIIPOTUT Nag(UO,)(S04)4(H,0)4 P2,/c Kampf et al. (2017b)
OTTOTAHHUT Nag(UO,)2(SO04)s(H20)g.5 P-1 Kampf et al. (2017b)
MEJIATOTHT Nag(UO,)(S04)4(H,0),4 P-1 Kampf et al. (2017b)

Lenoukun  amonbgraTepaut K(UO,)(SO4)(OH)(H,0) P2,/c Plasil et al. (2012a)
anyunkuacuT-(Y) Y[(UO,)3(SO4),0(0OH);](H,0)14 P2,2,2;, Kampfetal. (2017¢c)
0OOKYKHUT NaAl(UO,)»(SO4)4(H,0)8 P-1 Kampf et al. (2015a)
bepMuuT Nay(UO,)(S04);3(H,0); Pmn2, Kampf et al. (2015b)
MelccepuT Nas(UO,)(S04);(SO;0H)(H,0) P-1 Plasil et al. (2013b)
OTIIIEHTeUMEPUT Nay,(UO,)(S04),(H,0); P-1 Kampf et al. (2015b)
IIaMBEUT [(UO,)(S04)(H,0),],(H,0) P2,/c Kampf et al. (2017a)
CBOPHOCTHUT KoMg[(UO,)(S04),](H20)s Pmn2, Plasil et al. (2015a)
YPaHOTIMIHT (UO,)(S04)0,(OH)¢(H,0)14 P-1 Burns (2001)
YITEPHUIUAT Na,Mg(UO,),(SO4)4(H,0)15 P2,/c Kampf et al. (2015a)

Cnon aMMOHHOMATE3UYCHUT (NH4)5(UO2)4(SO4)4(VOs)(H,0)4 P4/n Kampf et al. (2019a)
aMMOHHUOLIUIIIIEUT (NH4)2[(UO,)2(S0O4)0,](H,0) Ccmb Kampf et al. (2018a)
Oermrayut (NH4)2(UO2)(SO4)2(H,0), P2,/c Pekov et al. (2014)
JETTHEHCUT Fe[(U0,)2(S04)2(OH),](H,0), Pnn2 Plasil et al. (2012b)
(beltHMaHHUT Na(UO,)(SO4)(OH)(H,0); 5 P2/n Kampf et al. (2019b)
remuoepuT K5(UO,)(SO4)(H20);, Pna2, Plasil et al. (2015b)
TPUHIIN3APIUT (NH4)Na(UO,),(S04),(OH),(H,0),4 P-1 Kampf et al. (2018¢)
HOTaHHUT Cu(UQO3)2(S0O4)2(OH),(H,0)g P-1 Mereiter (1982)
JIEHIETUT Fe(UO,)(S04)2(H,0)1y C2/c Plasil et al. (2013a)
MarHe3uoJIeHICTHT Mg(UO,)(SO4)»(H,0)14 C2/c Kampf et al. (2019¢)
MapenioTUT Mg;[(UO,)405(OH)(SO4),1(H,0)a8 P-1 Plasil & Skoda (2015)
MaTe3uyCHUT K5(U0,)4(SO4)4(VOs)(Hy0)4 P4/n Plasil et al. (2014b)

MeHTHepHT (NH,)(UO,)(SO,)(OH)(H,0), P-1 Kampf et al. (2018b)
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MAarHe3UOLHUIIeHT
HaTPOLUITIECUT
IUTALIHIAT
IUIaBHOUT
TICEBIOUOTaHHHUT
pabexaKuT
PHUTBEIBIUT
ceiikopaiit-(Y)
IITPACCMAaHHUT

LMIIIEAT

Mg[(UO,),05(SO4)](H20);3 5
Nas[(UO,)5(S04)405(OH);](H20)12
Na(UO,)(SO4)(OH)(H,0),

Ko sMn6[(UO,),02(8S04)1(H20)s 5
Cus(OH),[(UO,)404(S04),](H,0) 5
Ca,[(U0,)404S04),](H,0)s
Fe(UO,)(S04),(H,0)s
Y3(OH),[(UO2)sO7(OH)(SO4)4](H20)24
AI(UO,)(SO4),F(H,0);4

K5[(UO,)405(S04)2(0OH),](H,0)4

C2/m
P2,/n
P2,/c

C2/c

P-1

Pmn2,

C2/c

C2/m

Plasil et al. (2013c)
Burns et al. (2003)
Kampf et al. (2015¢)
Plasil et al. (2017)
Plasil et al. (2012c¢)
Plasil et al. (2014c)
Kampf et al. (2017d)
Plasil et al. (2011a)
Kampf et al. (2019c¢)

Plagil et al. (2011b)
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OCHOBE Teopuu mHpOpMaIuu, npeacraBieHbl B Tabmuie 2.2. PacueTsl ObUIM MPOW3BENCHBI B
HECKOJIbKO 3TanoB. CHavana ObL1a MpOaHaIM3HPOBAHA CIOKHOCTh CTPYKTYPHBIX KOMILIEKCOB C
Y4E€TOM UX peanbHOM cioeBoil miu crep>kHeBoi cumMmerpun (LG n RG coorBeTcTBeHHO). Bo-
BTOpPbIX, OblIa paccuuTaHa TOMNOJOTMYECKas CJIOXKHOCTh ([0 MaKCHUMAaJbHOW TpyIIe
cummerpun). [TapamMeTpbl CII0KHOCTH JUIsl KPUCTAJUIMYECKUX CTPYKTYpP MUHEPAJIOB PUBE/ICHBI B
Tabnune 2.2 1y1st cpaBHEHUS.

Pacuer mapameTpoB JIO)KHOCTH OBUT MpoBeaeH 171 38 ypaHUiI-cylb(aTHBIX MUHEPAJIOB €
XOpOILIO YTOYHEHHOW KPUCTAUIMUECKOM CTpyKTypoil. Hambosnee yacToe 3HaYeHHE CIOKHOCTU
BCEH KPUCTAJUTMYECKOW CTPYKTYphl (BKJIIOYash aToMbl Bojopozaa) coctaiser ot 500 mo 600
out/sueiiky (B cpeanem 629.49 out/sueiiky, a menuana 485.84 Out/sueliky). Pacnpenenenue
3HAYEHUH CII0)KHOCTU SBISICTCS ACHUMMETPUYHBIM, J€MOHCTPHUPYS MOJOXKHUTEIbHBIM YKIOH (=
2.431) (Puc. 2.2). BonapmIMHCTBO CTPYKTYp YpPaHWI-CYJIb(ATHBIX MUHEPAIOB IO CIOXKHOCTU
cieayeT OTHOCUTh K «cpearum» (100-500 out/sueiiky) wim «caoxxkabiM» (<1000 OuT/sdeiky).
Tem He MeHee, U3 3TOW TEHACHUMHU €CTh TpU UCKMoueHus: amyuwinkuHcuT-(Y) (Kampf et al.,
2017¢), ceiikopaiit-(Y) (Plasil et al., 2011a) u narporunment (Burns et al., 2003), cTpykTypsl
KOTOPBIX SBJISIOTCS «O0UeHb CIOXHBIMI» (> 1000 6ut/sueiiky) (Tabmuma 2.2). CTpyKTypBI 3THUX
MHHEPAJIOB CHIBHO THAPATHPOBAHbI, JTHOO COAEPIKAT BBICOKO-3aPS/IHBIE KATHOHBI MeTaiuToB (Y
1 REE®), m6o Gonblmee KOIMYECTBO KATHOHOB META/UIOB B MEKCIOCBOM IMPOCTPAHCTBE
(HampuMep, B CTPYKType HaTpouumnmneurta cojepxkurca 5 atomoB Na u 8 — U, B TO BpeMsl Kak
Marsesuonummnente conpepxkurc 1 arom Mg u 2 — U). [lanee npuBoautcst Oonee moapoOHOe
pPacCMOTpPEHHE TOMOJOTMYECKOM M CTPYKTYPHOM CII0)KHOCTH KPUCTAJUNIMYECKUX CTPYKTYp

MUHEPAJIOB.

Tononocuueckas u CmpyKmypHas C10#CHOCMb YPAHUN-CYIbDAMHBIX MUHEPALO8

Kpucrammmdeckne  CTpyKTypbl — O€TaKOBCKMWTA,  ONIOCTH3apauTa,  KJIAlpOTHUTA,
NEJIMTOTUTa U OTTOTaHUTAa OCHOBaHbl HAa OCTPOBHBIX ypaHWI-Cyib(aTHbIx Kommiekcax (Puc.
2.3a-d). Ypan-conepkaliuii CTPYKTYpHBIH KOMIUIEKC B OeJakoBCKMMTE coiepxkut: onuH U,
yeThIpe S, ABa ypaHwibHbIX O, mectHaauarh cyiabdataeix O, onun O u nsa H monekynst H,O, u
BCE C KpPaTHOCTBhIO | (IpHHKMMas BO BHUMaHHE €ro CTPYKTypHyl cummerputo pl). Bcero B
CTPYKType coAepKUTCs 26 opOuT ¢ KpaTHocThio 1 (26 atomoB). Ilapamerpsl CTpyKTypHOU
CJIO)KHOCTH ypaHMJI-CyJIb()aTHOTO KOMILIEKCa B CTpyKType OenakoBckuuta paBHbl lg = 4.700
out/atrom, lgia = 122.211 Owut/sueiiky. UToObI paccuuTaTh MHapaMeTPhl TOMOJIOTHYECKON
CJIO)KHOCTHU JUISL 3TOM K€ CTPYKTYPHOW €IWHHIIBI, HEOOXOIUMO YYHTHIBATH €€ MAaKCHMAaJIbHYIO

cuMMeTpui0. MakcumanbHas CUMMETpPHUS JaHHOM TOMOJOTHMH COOTBETCTBYET TIpymme Pmm2
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Pucynok 2.2. ['mctorpamma, mokasblBarollias pacupeiesieHue 3HAYEHUW CTPYKTYpPHOM

CJIO)KHOCTH /7151 38 MPUPOJHBIX CYIb(PATOB ypaHUIIA.

(Puc. 2.3a), T.e. OHa BBIIIEC peaqbHON CUMMETPHUH. Takas CHMMETpusl OyJIeT pealin30BaHa, €Cln
cynbdatHble TeTpad’Apsl OyAYT MMETh 3€pKallbHOE PACIONONKEHHE OTHOCHUTEIBHO TUIOCKOCTH,
npoxojsmie yepes monekynry H,O u Ur, m ecam nBa HecBs3HbIX atromMa O cynb(daTHBIX
TETPa’IpOB OYIyT PACIIONIOKEHBI OJIUH HAJ APYTUM BIOJb HAMpaBlIeHHS C, TAKUM 00pazoMm,
3epKajibHas IUIOCKOCTh MPOIIET Yyepe3 SKBaTOpUAIbHbBIE INIOCKOCTH YPaHWIbHBIX JunupaMu]. B
TakoM ciyyae, vV (KOJIMYeCTBO aTOMOB) paBHO 26, HO paclpeaeicHre OpOUT U3MEHUTCS: OJHA
op6ura U ¢ kpaTtHOCTBIO 1; onHa opbuTa S ¢ KpaTHOCTHIO 4; ogHa opouTa Oyr C KPATHOCTHIO 2;
mecth opout Os ¢ kpatHOCTsSIMU 2, 2, 2, 2, 4, 4; onHa opOuta Opyo C KpaTHOCTHIO 1; onHA
op6uta H ¢ kpatHocThIO 2. Takum 00pa3om, Bcero uMmeeTcsi 2 opOUTHI C KpaTHOCTHIO 1, 6 opOUT
C KpaTHOCTBIO 2 U 3 OpOUTHI C KPaTHOCTHIO 4. ypaHWI-CYNb()aTHOTO KOMILJIEKCA B CTPYKType
OenakoBckuuta paBHBL lg = 3.470 Out/atoM, lgioa = 90.211 Out/sueiiky. CnemoBaTenbHO,
CTPYKTYpHass WH(OpMAIHs, COIEpKaIlascs B ypaHWI-CylIb(AaTHBIX KOMILUIEKCaX B CTPYTKpE
OCJIaKOBCKMMTA BBINIE, YeM TomoJiornueckass uHpopmanusa, ¢ koddpdunuentom -~ 1.35.
Tomonoruyeckas CHUMMETPUS OCTPOBHBIX YpaHWI-CYJIb(aTHBIX KOMIUIEKCOB B CTPYKType
Onmronu3apanTa Takke omuchiBaeTcsa rpymmoit pmm2 (Puc. 2.3b), u cTpykTrypHas uHpopMaus
BBIIIIE, YeM TOmoJjoruueckas uHpopmamus, ¢ kodpdumuentoM ~ 1.15. OcTpoBHBIE ypaHUII-
Cynb(paTHbIE KOMIUIEKCHl B CTPYKTYpax KJIAMPOTHTA M TMEIUTOTUTa UMEIOT JOBOJBHO HHU3KYIO

TOMOJIOTHYECKYI0 cumMmeTpuio Pm (Puc. 2.3¢) u3-3a HalMuus TpeX HECBS3HBIX BEPIIUH Y



Tabauua 2.2. [TapaMeTpsl CI10KHOCTH KPUCTANTUYECKUX CTPYKTYP YPAHUI-CYIb(aTHBIX MUHEPAJIOB.

8¢C

CrpykTrypHas ci10xHOCTh US Tomonorudeckas cioxuHoctb US ITapameTphbI CIOKHOCTH KPUCTATITUYECKON
KOMILIEKCa KOMILIEKCa CTPYKTYPBI
Munepan IIp. rp.
LGwum |v I IG total LGwum |v 19 I total v I IG total
RG RG
Lunneumosasn mononozus
aMMOHHOLIUIIIIECUT Ccmb pbab 52 2.777 | 144.423 pbab 52 2.777 | 144.423 104 |4.085 [424.846
MarHe3uOLMIIEeUT C2/m p2/a 52 3.700 1192423 98 4.839 |474.242
IIABHOUT C2/c p2/n 52 3.700 |192.423 104 [4.777 |496.846
p2/a 26 2.777 72211
IICEBIONOTaHHUT P-1 p-1 26 3.700 96.211 69 5.123 353.488
pabexaKuT P-1 p-1 26 3.700 [96.211 55 4.800 |263.975
MaperoTUT P-1 p-1 54 4755 |256.764 p-1 54 4.755 ]256.764 141 |6.161 |868.677
HATPOLMIIICUT P2i/n pn 110 [5.781 |635.950 pn 110 [5.781 [635.950 384 |6.585 |2528.626
ceiikopaitt-(Y) P-1 p-1 106 [5.728 |607.160 p-1 106 [5.728 |607.160 264 |7.044 |1859.720
LUTIEUT C2/m p2/a 30 2974 189.207 p2/a 30 2.974 189.207 44 3.732  [164.215
Jletioemumosas mononozus
remnbepur Pna2, pn 32 4.000 |128.000 84 4392 |368.955
JERAETUT C2/c c2 32 3.125 [100.000 94 4.618 |434.131
c2mm 16 2.875 146.000
MAar"e3noJIeuIeTUT C2/c c2 32 3.125 100.000 94 4618 |[434.131
HITPACCMaHUT C2/c c2 32 3.125 [100.000 130 |5.069 [658.908




YITEPUIUIUT P2,/c pc 32 4.000 |128.000 |p2,am 32 3.500 |112.000 166 |5.387 |894.257

Docypanunumosasn

monoao2us

JIIINEHCUT Pnn2 pn 40 4322 | 172.877 168 [5.392 ]905.909
pmmn 40 3.122  |124.877

(eriHMaHHUT P2/n p2/n 40 3.322  [132.877 88 4.505 |396.430

TPUHIN3apAUT P1 pl 20 4322 |86.439 cmm2 20 3.122  62.439 76 6.248 |474.842

MOTaHHUT P-1 p-1 20 3322 |66.439 45 4514 |203.133

MEUTHEPUT P-1 p-1 20 3322 |66.439 c2/m 20 3.122  162.439 42 4392 |184.477

TUTALTAIAT P2,/c p-1 20 3322 |66.439 68 4.087 |277.947

Mamesuycumosas

monoao2us

aMMOHHOMATE3UyCUT P4/n p4/n 76 3.353  |254.842 |p4/n 76 3.353  254.842 150 14309 |646.323

MaTe3HyCUT P4/n p4/n 76 3.353  |254.842 |p4/n 76 3.353  254.842 110 |3.890 |427.950

OcmpogHbvle KOMNIEeKCbl

0ETaKOBCKHUT P-1 pl 26 4.700 |122.211 pmm2 26 3470 [90.211 91 5.519 |502.209

Osronm3apauT C2/c p2 46 4.524 |208.084 |pmm2 46 3915 |180.084 148 |5.236 |774.999

KJIaIpOTHUT P2,/c pl 23 4.524 |104.042 164 |5.382 |882.639
pm 23 3.915 ]90.042

MEJIUTOTUT P-1 pl 23 4.524 |104.042 82 5382 |441.319

OTTOT'aHHHT P-1 p-1 62 4954 |307.160 |p-1 62 4954 |307.160 126 |6.000 |768.000

Pa3p€()fC€HHbl€ yenoueldHvie

6¢C



KOMNJEKC bl

anonbdrarepaut P2/ |22 26 |3.700 96211  |#mc2; |26 [3.085 [80.211 56 [3.807 |213.212
depmuuT Pmn2,  |#m 36 4503 162117 | /5 m or 124 |5212  |646.320
36 [3.503 |126.117

MeficcepuT P-1 -1 36 (4170 |150.117 |AamaZ 64  |5.031 |322.000

600KyKuT P-1 -1 32 |4.000 |128.000 82 |5382 (441319

ONMeHTeMepHT P-1 -1 32 |4.000 |128.000 48 |4.585 |220.078
amam |32 2.875 |92.000

PHUTBEIbIHT Pmn2, |2, 32 |4.000 |128.000 116 |5.065 |587.526

CBOPHOCTHT Pmn2, |42, 32 |4.000 |128.000 106 |4.898 [519.160

LIaMBEUT P2/c  |sa 28 |3.807 |106.606 |4ma2 |28  |3.236  |90.606 124 4954 |614.320

Ilnomnuie yenodedrnvole

KOMnNJieKcol

anywknHeHT-(Y) P2,2:2, |22 52 4700 |244.423 |4mam |52 |3.547 |184.423 276 |6.109 |1685.953

YpaHOMHIUT P-1 2 55 5781 [317.975 4112 |55 |4.800 |263.975 158 |6.304 995.997

Pa3pleC€HHbl€ cioucmole

KOMnjieKcol

Gewrayut P2,/c p2/a |64 [4.000 [256.000 |pbam |64  [3.500 [224.000 116 |4.858 |563.526

0¢
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Cylnb(}aTHBIX TETPa’ApPOB, 3aHUMAIOIIKX {rans-mojio’keHWe OTHOCUTEIBHO pPeOepHO-CBA3HOIO
TETpadapa, TaKUM 00pazoM, 4yepe3 HUX HEBO3MOXXHO MPOBECTH ABE 3€PKAIbHBIE IUIOCKOCTH.
CaMbIil KpYTHBIN OCTPOBHOW KOMILIEKC CPEIH YPaHWI-CYNIb()aTHBIX MHHEPAIOB HAOIIOAAETCS B
ctpykrype orroranHuta (Puc. 2.3d). brmaromapss Hamu4wmio ABYX TPEXCBS3HBIX CYJIb()aTHBIX
TETPa’pOB BO3MOXKHBI JIBa T€OMETPUUYECKHUX H30Mepa. B Tom ciydae, korja 4YeTBepThIe
HECBSI3HBIE BEPIIMHBI TETPa’ApPOB OyIyT OPUCHTHPOBAHHBI 66epX W 6HU3 OTHOCUTEIHHO
AKBATOPUAJIBHBIX IUIOCKOCTEH MOJURAPOB YypaHWiIa, KaK 3TO HMEET MECTO B CTPYKType
OTTHTaHHWTA, TOMOJIOTHYECKAs CHMMETpPHUs OyneT cooTBeTcTBoBaTh rpymme pP—1. Eciau obe
BEpIIUHBI OyIyT OpPHETHPOBAHBI B OJHOM HAIPaBICHUU (TOJIBKO 66epX WU TOJBKO 6HU3),
TOMOJIOTHYECKasi CHMMETpHsI OyJIeT COOTBETCTBOBATh rpyiie P2, yTo (HaKTUYECKU HE MOBIHSIET
Ha MapaMeTphl CIOKHOCTH, MOCKOJIBKY YHUCIO OPOUT U MX KPAaTHOCTh 2 Oyay OJWHAKOBHIMH B
00ouXx ciryJasx.

CumMmeTrpusi OECKOHEUHBIX 1IETIOYEK PacCMaTpPUBAETCS B TEPMUHAX TEOPUU CTEP>KHEBBIX
rpynn (RG). CtpykrypHasi ciMMeTpHs CTEP>KHEBBIX Tpynn Ui Bcex 10 MUHEpanaoB, CTPYKTPHI
KOTOPBIX OCHOBAHBI HA DPAa3PEKEHHBIX (CTPYKTypHBIE THUMBI ajoibdrarepanta, (EepMHUHTA,

000KyKHTa M IIAMBEUTA) U IJIOTHBIX (AnyMIKUHCUT-(Y), YPAaHOIWINT) OJHOMEPHBIX YpaHHII-
Cynb(aTHBIX KOMIUIEKCaX, JOBOJbHO HHU3Kasl U BapbUPYET OT /I to ﬁn (Puc. 2.3e—j). B To x)e

BpeMs, HalU4ue OJHO- U JIBYXCBSA3HBIX CYJIb(ATHBIX TETPa’ApPOB MO3BOJSET MOIYUHUTH
3HAYUTEIBHO 00Jiee BBICOKYI0 POMOMYECKYIO TOMOJOTHYECKYI0 CHMMETpuio. MHTepecHo, 4To

MaKCUMaJIbHasl CUMMETPHS JIJISl TOIIOJIOTHYECKH TOCTATOYHO CXOXKHMX IETIOYEK B CTPYKTypax
dbepmunTa %maZ, Puc. 2.3h) u 600kykuTa %mam, Puc. 2.31), B KOTOpBIX MOJIEKyJia BOJBI

3aMEIIAeTCs] OJHOCBI3HBIM CyJb(GaTHBIM TETPA3IPOM, OTIUYAETCS TEM, YTO BO BTOPOM cCllydae
HEBO3MOXXKHO HMETh Oojee JBYX IUIOCKOCTEH, TMPOXOASIIMX Yepe3 TpPH HECBI3HbIC

TeTpa3puueckue BepIIMHbl. CTOMT TakKe€ OTMETHTb, YTO HAaWMMEHbLIAass TOIOJIOIMYECKas
CUMMETpUs CPEIU OJHOMEPHBIX KOMIIJIEKCOB UMEET LENOYKa B CTPYKTYpE yPaHOIIMIINTA %1 12,

Puc. 2.3f).

Kpucrannuueckue  cTpykTypbl — remubepura,  Jeiietuta, MarHesuoseierura,
IITPACCMAHNTA M YITEPHIUIHTA OCHOBAHBI Ha ypaHuI cyibhatabix ciosix [(UO,)(SO4)(H.0)]*
onHoi Tomosoruu (Puc. 2.4a,b). Byayun nByXcBsi3HBIMHU, BCE Cylb(haTHBIE TETPA3APHl MOTYT
BpalaTbcs BOKPYT ATOr0 pedpa, 4TO MPHUBOIUT K PA3TUYHBIM BO3MOXHBIM OPHETHUPOBKAM H,
CJIEJIOBATENIbHO, K MPOSIBICHUIO PAa3IMYHBIX ciaoeBbIX Ipynn cummerpun (LG). Ho Bce ciayuan B

uTore CcBOJATCS K MakcumanbHOW LG c2mm. Ha pucynke 2.4a mokazaHa peanbHas pPn

CUMMETpHsl ypaHWI-Cylb(aTHOro cj0s B CTpyKType remubepura. Bcero 16 opbur c
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Pucynok 2.3. VYpanwi-cynb(haTHbIE KOMIUICKCHI C HHU3KOW pPa3MEPHOCTBI0O W UX
MaKCUMaJbHBIE TPYIIBI CUMMETPUM JJIS CICAYIOIMIMX MHHEPAIOB: a) OEITaKOBCKHHT, b)
ONIONU3aPAUT, C) KIAPOTUT/TIENUTOTUT, d) OTTOTAaHHUT, €) ypaHonwiut, ) anyunkuacut-(Y), g)

anonbdrarepaut, h) Qepmunt/meiiccepur, i) OOOKYKHT/ONIEHI€MMEPUT/PUTBEIBIUT, J)

[IaMBEUT. Y CJIOBHBIE 0003HaUeHus: cM. Puc. 2.1.
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KpaTHOCThIO 2 (32 aTtoma B TpHUBEACHHOW sueiike). [lapamMeTrpbl CTPYKTYpHOM CIIOKHOCTH
ypaHUJI-cynb(PaTHOTO CIOs B CTpyKType remmbepura paBHbl lg = 4.000 6ut/atom u |G total =
128.000 Out/sueiiky. HauBpIciias cUMMETpUsi MOXKET OBITh IMOJyuyeHa, €clM 00€ HECBSI3HBIC
BEPIIMHBI CYIb(PATHBIX TETPAdAPOB OYAyT pacnojaraTbCs OJHA HAJI IPYToil BIOJIb HANPaBICHUS
C, MO3TOMY 3€pKajlbHasl IUIOCKOCTh OyJeT MPOXOAUTh Yepe3 3KBATOPUAIbHBIE IJIOCKOCTH
TUOUpPaMU]] ypaHWIa, 4TO MPHUBEAET K JBYKPATHOMY YMEHBIIECHUIO 0a30-lIeHTPHUPOBAHHOU
sueiiku. B 3ToM citydae v (KOTU4ecTBO aTOMOB) paBHO 16, a pacmpeenenrue opouT clieayroliee:
omHa opbura U c kpatHOocThIO 1; omHa opbura S ¢ KpaTtHOCTBIO 2; omHa opbuta Oyr €
KpaTHOCTBIO 2; Tpu opouTtsl Og ¢ KpatHOCTsAMH 2, 2 U 4; ogHa opobuta Oppo € KpaTHOCTBIO 1;
onHa opbuta H ¢ kpatHocThio 2. Takum 00pa3om, Bcero uMeercs 2 opOUTHI ¢ KPaTHOCThIO 1, 5
opbur ¢ kpatHocThio 2 U 1 opbuta ¢ kpaTtHOCThIO 4. [TapamMeTpsl TOMOJOTHYECKOH CI0KHOCTH
ypaHUJI-Cylb(aTHBIX CJIOEB B CTPYKTypax reimmdepuTa, MarHe3uoJeiHaeTuTa U MTpacCMaHuTa
paBHbIL: lg = 2.875 out/atom, lgota = 46.000 Out/staeiiky. [[pyruMm MHTEPECHBIM MOMEHTOM
ABIIETCS CHUMMETpHUSl YpaHWI-CYyNb(aTHBIX CIOEB B CTPYKType YyITEPWILINTA, KOTOpHIC
TOTIOJIOTUYECKH MJCHTUYHBI CTPYKTypaM, ONHMCaHHBIM Bbimie. OAHAKO, 3TH CIOUCTHIE
KOMIUIEKCHI OTIIMYAIOTCS M3-32 pa3inyHou opueHTHpoBKH Mojekynd H,O (Puc. 2.4¢) (cM. Takke
Krivovichev et al., 2005a; Krivovichev, 2008). Xors oOmas Tomonorust U OyAeT TOH ke,
TEKyIIHI reoMeTprUIecKuii n3oMep OyAeT UMETh APYTYIO TOMOJIOTHYECKYI0 CHMMETPHIO P2;am ¢
BJIBOE OOJIBIITUM KOJMYECTBOM aTOMOB B IIPUBEJICHHON sueiike.

Bonee cnoxkHas TOMONOTHS YpaHWI-CYJIb(PATHOTO CIOS B CTPYKType Oemrayura c
YAJMHEHHBIMU |2-4JIEHHBIMU [HKJIAMH MPUBOAWT K YBEIUYEHHUIO PAa3MEPHOCTH NPUBEICHHOU
SYEHKH, HO JIBYCBS3HBIA CIIOCOO PACIONIONKEHHSI TETPa’IpPOB BCE €IIE€ COXPAHSIET BBICOKYIO
MaKcHMaJIbHYI0 cuMMmeTpuio pham (Puc. 2.4d).

Kpucrannmuueckue CTpyKTypbl AeTHEHCUTa, (peiHMaHHNUTA, TPUHIM3APANTA, HOTAHHUTA U
MEHTHEpPHUTAa OCHOBAHBI Ha CIOUCTBHIX YPAHWI-CYIb(PATHBIX KOMIUIEKCAX OJHOTO M TOTO JKe
TOMOJIOTHYECKOro TUMNa. TOMOJOTUS 3TOr0 THMAa UMEET TPEXCBS3HbBIE CyIb(paTHbIE TETPAdAPHI C
YeTBEPTON HECBA3HOM BEPIIMHOM, OPUEHTUPOBAHHOM 66€pX WIIA 6HU3 OTHOCHUTENIBHO INIOCKOCTH
cnosi. IlomoOHast M3MEHYMBOCTH MOPOXKIACT TEOMETPHUECKUE M30MEpPhl €  Pa3IUYHOU
OPUEHTUPOBKOH cynbdaTHbIX TeTpadapoB (Krivovichev and Burns, 2003a; Krivovichev et al.,
2005a; Gurzhiy et al., 2015a). YtoOs1 naeHTUPHUITUPOBATH U KIACCU(PHUITMPOBATH U30MEPHI 3TOTO
TOTOJIOTHYECKOTO THIA, OMPENCNSIIOT MaTpullbl opueHTanmuu. COrIacHO ASTOMY MOAXOIY,
KaXJIOMY CyJIb(paTHOMY TeTpa3Jpy CHUMBOJIBI U (68epx) wnu d (6nu3) HazHavaoTcsa. B
pe3ysbTaTte ObUIM ONPENENIEHbl TPU PA3IMYHBIX FEOMETPUUYECKUX H30MEpa, KOTOPBHIE HMEIOT

CBOIO MH/IUBHIyaJIbHYI0 MAaKCUMAJIbHYIO TPYIIy CUMMETpUu. MloraHHUT U MEHTHEPUT UMEIOT
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Pucynok 2.4. Cnouctble KOMIUIEKCHI, JIEMEHTBl CHMMETPUHU M COOTBETCTBYIOINE
CJIOEBBIE TPYIIIBI CHMMETPHH B CTPYKTypax a) remubepur (peansnas LG), b) makcumanbras LG
JUIs TOTO K€ u3Mepa, ¢) MakcumanbHas LG mis ysrepwiiuta u d) makcumanbHas LG s

Oemrayura. YciaoBHble 0003HaueHus: cM. Puc. 2.1.
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MOCJIeI0BaTeIbHOCTh OpueHTUPOBKH BepinH (dudu) u LG cummerputo ¢2/m (Puc. 2.5a). Cnoun
B TPUHIM3APIUTE HUMEIOT TIOCIEeI0BAaTEIbHOCTh OPHEHTUPOBKM BepmnH (uuuu) u LG
cummerpuro cmm2 (Puc. 2.5b). [enuencut u (eWHMaHHUT HMMEIOT MOCIEA0BATEIHLHOCTh
opueHTupoBkH BepiivH (uddu) u LG cummerpuro pmmn (Puc. 2.5¢).

[TpucyrctBue nupamua (VOs) B ypaHuiI-cyab(haTHBIX CIOSIX B CTPYKTypax MaTe3nycHTa
U aMMOHHOMaresnycuta ctabunmsupyeT LG ¢ HauBbICIIEH CTPYKTypHOM M TOMOJOTHYECKON
cummeTpueld p4/n cpenu mpupOAHBIX ypaHuicyiabpatoB (Puc. 2.5d). XoTh cummerpus u
BBICOKA, crlefayromiee pacnpeneneHue opout (1 opbuta U ¢ kpatHocThiO 8, 1 opbuta S ¢
KpatHOCThIO 8, 1 opbuta V ¢ kpatHocThiO 2, 1 opObuta O ¢ kparHocThiO 2 M 7 opout O ¢
KpaTHOCTh §) MPUBOAUT K V = 76 U JOBOJBHO BBHICOKHM MapaMeTpaM CIOKHOCTH ISl ypaHWUII-
CyJb(aTHBIX CIIOEB B CTPYKTypax MaTe3MyCUTa U aMMoHHOMarte3uycura: lg = 3.353 Ourt/atom,
lGtotal = 254.842 OuT/s9eliKy.

Munepansl TPYNIbl HUINEUTa MOKHO CUMTATh HauOoliee NMPEeACTaBUTEIbHBIMU CpEAU
BCTpeUaroluxcs B mpupone cyiabpatoB ypanuna. Kpome Toro, ux MOXHO CUUTAaTh HaNMEHEE
TPUBHAIBHBIMH H3-3a TiepeMeHHoro coaepxkanus OH ™ ciioeB, 4To HEOOXOIUMO YUUTHIBATH MPU
pacdere TOMOJOTUISCKON CIoXHOCTH. Cpeu CIIoeB, HE COACPIKAIINX TUAPOKCHUIIBHBIC TPYIIITHI,
MUHEPAITBI MOKHO Pa3JIeIUTh Ha JIBE TPYIIIBI BCICICTBUE TEOMETPUICCKONH H30MEpPHUH, KOTOpast
BbI3BaHa cMelleHHeM Ienodek U-cofepkalux MOJU3APOB BIOJb YUIMHHEHUs wnemouek. K
MEpBOM TPYNIE OTHOCITCS MArHE3UOIUMIEHT, TUIABHOUT U TICEBAOUMOTAHHUT, OJS CTPYKTYP
KOTOPBIX HAaWMEHbINAs MpHBeJIeHHas suelika obnmamaer LG cummerpuel p2/a u onpeaensercs
CIICTYIOIIMMHE TTapaMeTPaMH TOIIOJIOTHYECKUMU CIIOKHOCTH: v = 26, lg = 2.777 out/atom, |G total
= 72.211 Owur/sueiiky. Ha pucynkax 2.6a um 2.6b mokazana peambHas LG cummerpus B
CTPYKTypax MAarHe3UOILMIINEeUTa ¢ TICEBIOMOTAaHHUTA, a MaKCHUMallbHas TOIOJIOTUYECKas
CUMMETPHUS JUISL CJIOEB, HE COJEPIKAIIMX THUAPOKCUIBHBIX TPYIII I JAHHOTO U30Mepa, ToKa3aHa
Ha puc. 2.6¢c. Bropoit reoMeTprueckuii H30Mep MPEACTABICH CTPYKTYPO aMMOHHUOIIMITIICUTA, a
ero CTpykTypHas cummerpusi pbab paBua Ttomosmorwmueckoi (Puc. 2.6f): v = 52, Ig = 2.777
out/atom, lgiotal = 144.423 Out/sueiiky. XoTh KOIUYECTBO WMH(OPMALIUU, COAEpIKAIIEHcs Ha
aToOM, PaBHO i1 000MX M30MEPOB, KOJMYECTBO MHPOPMAIUHN HA DJIEMEHTAPHYIO SYCHKY B JBa
pa3a BBINIE I BTOPOTO THIIA W3-3a BIBOE OOJBIIETO KOJHMYECTBA ATOMOB B TPUBEICHHOU
sueiike. [losiBlneHre ruIpOKCHIIBHBIX TPYI OKa3bIBa€T CUIILHOE BIUSHUE, IIOHUXKAsi CAMMETPHUIO
CIIOUCTBIX KOMILUIEKCOB. CTaTUCTHUECKOE paclpejaeneHrue aroMoB H B CTpykType mummenTa
MO3BOJISIET TMPEACTABISITE  BJEKTPOHEUTPAIIBHBIE CJIOU [(UOz)z(SOL;)(OH)z]0 C «IIOJHBIM
THJIPOKCHIIBHBIM ~ HAIOJIHGHHEM» B OTJIMYHE OT CJIOEB 0€3 THUIPOKCHIBHBIX TPYIII

[(U02)202(SO4)]2*. Oka3sbIBaeTcs, YTO 3acCeJICHHE BCEX MO3HIMI aToMOB O, KOTOPBIC SBIISIOTCS
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Pucynok 2.5. Ciouctble KOMIUIEKCHI, 3JIEMEHTBl CHUMMETPHUM U COOTBETCTBYIOIINE
CJIOEBBIE TPYIIBI CHMMETPUH B CTPYKTYpax a) HOTAaHHUTA, b) TPUHIM3APANTA, C) JEITUCHCUTA U
d) maresmycura. YcioBHbIe 00o03HaueHUs: cM. Puc. 2.1; mupamuasl VOs ToKa3aHbl CHHUM

OBETOM.
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Pucynok 2.6. Ciouctble KOMIUIEKCHI, JIEMEHTBl CUMMETPUHU M COOTBETCTBYIOILNE
CJIOEBBIE TPYMIBI CHMMETPUU JJIi MHUHEpPAIOB TPYMIBl IMIIEUTA: a) MarHe3WOIHMIIIEHT
(peanvHas LG), b) nceBnonorannut (peanbHas LG), ¢) MakcuMaibHas CUMMETPHS ISl CIIOCB
6e3 OH rpynn, d) nunmeut (MakcumanbHas LG), e) ceiikopaiit-(Y) (peanbHas LG) u f)

amMmMoHHOIUIIENT (MakcuManbHas LG). YcnoBable 0003HadueHus: cM. Puc. 2.1.
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o0muMH I TpeX YpaHWIBHBIX monmdpoB, Tpymmamu OH, mpuBegeT k Takod ke
makcumanbHOH LG cummerpun p2/a (Puc. 2.6d), HO Heckoabko Oosiee BHICOKMM MapameTpam
cnoxHoctu: v = 30, lg = 2.974 out/arom, lgim = 89.207 Out/sueliky. Bece mpomexxyTouHbIe
BapHaHTHl THPATAIlMA MOTYT MPUBECTH K CTPYKTYPHO M TOTOJOTMYECKH PA3IHYHBIM CIIOSIM.
Hampumep, Ha pucyHke 2.6€ TMoka3aH ypaHWI-Cylb(aTHBIA CcJIoM ¢ cuMmmerpuend p-—1 B
CTpyKType celikopaiitTa-(Y). YBenudeHHass B 4eThIpe pa3a NpUBEICHHAs s4eiika sBIsETCS

xopoueil niroctpanueit cootHomenus U:OH = 8:1.

Unghopmayuonnvie necmuuysl 015 ypaHui-cyibhamHuuix MUHEpaios

Jlis  KOMMYECTBEHHOW OIIGHKM BKJIaJa pa3lUYHBIX CTPYKTYPHBIX (hDparMeHToB,
OTPENIeISIOUX  CIOXKHOCTh IPUPOAHBIX CyJIb()aTOB ypaHWiIa, ObUT NPUMEHEH MOJXO0J
«uHpopmaroHHbIX JecTHUI» (Krivovichev, 2018). PaccMoTpuM HECKOIBKO CTPYKTYp
MUHEpAJIOB C HHM3KOHW pa3sMEpHOCThIO, Hamupmep, OemakoBckuut (0D), xmamporut (0D),
nemurotut (0D), otrorannut (0D), amyunkuucut-(Y) (1D) m ypanomunut (1D). beum
pPaccMOTPEHBI TPH OTJIENbHBIE KAaTEerOpWH, BHOCSIIUE BKIJIAJ B WH(POPMAIMOHHOE COJEp)KaHUE
BCEM CTPYKTYyphl: Tomojoruyeckass ciaokHOocTh (TOPO), cTpykTypHas CIOXKHOCTh YpaHWII-
coaepxkanux cTpykKTypHbix equHuIll (STRU) U CI0KHOCTh MEKCIOEBOT0 KOMILIEKCA, BKIIIOUAs
ceth BomopoaHbix cBszeit (INT). PesynpraThl Takoro aHamm3a mpeacTaBieHbl Ha Pucynke 2.7.
Cpenu BBIICOTMEUYEHHBIX MpPEACTaBUTENEH, HAUOOJBIIYI0 TOMOJOTUYECKYIO CIOXKHOCTh HUMEEeT
KOMIUIEKC B CTpyKType orroranHuTa (Puc. 2.1 u 2.3d), KOoTOphIif HA NaHHBI MOMEHT SIBIISIETCS
CaMOM CJIOXHOW YpaHWI-COJIEPKAICH OCTPOBHOW CTPYKTyTHOU enuHuIeH (> 300 OUT/STICHKY).
HuTepecHo, 4To MUHEpasbl MEIUTOTUT U YPAHOIMIUT UMEIOT OJWHAKOBYIO JIOJIO YBEIMUEHUS
uHpopmauuu npu aeccumerpuzanuu (STR / TOPO na Puc. 2.7). Tem He MeHee, HauOOJIbIINHA
IOPUPOCT B YBEIMUYCHUH MH(OPMAIMK CBS3aH C BKJIAJOM MEXKOCTPOBHOTO M MEXKLENOYEUHOTO
HAIOJIHEHUSI CTPYKTYp O3THUX MHHEPAJIOB. 3/1€Ch MOXXHO BBIICIHTH HECKOJIBKO (PaKTOPOB,
CIOCOOCTBYIOIIMX BBICOKOH CIIO)KHOCTH 3TOTO MPOCTPAHCTBA, CPEOu KOTOPBIX, CTENEHb
THIpaTallid, TO €CThb KOJHYecTBO MouekyspHoi H,O, sBusercs Hambonee BaXKHBIM.
Kommuecto H,O TecHO CBS3aHO C HANMYHEM BBICOKO3APSIHBIX KATHOHOB (TakuxX Kak Y B
ciydae anywikuHcuTa-(Y)) WIH U3-32 HATAYIHS OOJBIIOT0 KOJMYECTBA MEKCIIOCBBIX MMO3HIIAN
ITeIOYHBIX METauIoB (Takmx kak Na' B cllydae OTTOTaHHMTA M KIampoTHTa). IIpuMedarensHO
yBEJIMUYEHUE KOJMuYecTBa HMH(OpMalMu B CTPYKType amywikuHCUTa-(Y), KOTOPBIH SBISETCS
caMbIM BBICOKUM cpenu BblOpanHoi Tpymnmbl (cM. INT / SU wa Puc. 2.7), uro sBusercs

PE3YJIbTATOM BKIIOUCHHUA BBICOKO3APAAHBIX TPCXBAJICHTHBIX KATUOHOB UTTPH.
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3HAYMMOCTh POJIM MEXKCII0eBO ceTu moiiekysl H,O u ee Bkiaa B OONIYIO CIOKHOCTh
CTPYKTYp MHHEPAJIOB, COAEPIKAIIUX BBICOKO3apSAHbIE KATHOHBI, HATJIATHO MPEICTaBICHBI Ha
Puc. 2.8. Cpeau u3ydeHHBIX Ccynb(})aToB ypaHWIa, pedb MPEXkae BCEro HIET 00 aTyMIKHHCUTE-
(Y), Y[(UO2)3(S0O4),0(OH)3](H20)14 (Kampf et al., 2017¢), 000KyKHUTE,
NaAl(UO,)2(S04)4(H,0)15 (Kampf et al., 2015a), neitnerure, Fe(UO;)(SO4)2(H,0);; (Plasil et
al., 2013a), wmarnesuoneiigerure, Mg(UO,)(S04)2(H,0);; (Kampf et al, 2019c) wu
mrrpaccmanute, Al(UO,)(S04),F(H,0);6 (Kampf et al., 2019¢).

Kak Obuto oTMEuUeHO BbINIE, MAaTE3MYCHUT, aMMOHHOMATE3WyCHT W LUMIEHT 00JaJatoT
CTPYKTYPaMHU C CaMbIM BBICOKMM KOJMYECTBOM MH(POPMAIMN OTHOCUTEIHHO UX TOMOJIOTHYECKON
cnoxHoctu (Puc. 2.8). B cnyuae maresmycuta ¥ aMMOHHOMATE3WYCHTa, 3TO CBSI3aHO C
BKJIIOYeHHEM Moau3IpoB VOs ¢ BBICOKOW CUMMETpHeil ToueuHol rpymmbsl (4mm). B ciyuae

LUIIENTA, ITO CBA3aHO ¢ pacupenenenneM OH rpymnm B ypaHun-cyib(aTHOM ciioe.

Pucynok 2.7. JlecTHuuHble AuarpamMMbl, IOKa3bIBAIOIINE YBEIUYEHHE KOJUYECTBA
MH(POPMALIMU B KPUCTAINIMYECKUX CTPYKTYpax HEKOTOPBIX ypaHUII-cylibdaTHbIX MUHEpasioB (0D
u 1D cTpyKTypsl) 3a cHeT BKJIQJOB Pa3IMYHbIX CTPYKTYpHBIX 010k0B: TOPO = Tononoruueckas
cnoxHocTe U-comepxaiuero komiuiekca, STR = crpykrypHas cnoxsHocts U-comepxkaluero
koMIuiekca; INT = Bkiaz MeXCI0€eBOro NMpOCTPaHCTBA, BKIIOYas cucreMy H-csszeir. BeraBku
STR/TOPO wu INT/STR rpaduuecku AeMOHCTPUPYIOT YBEIHUYEHHs WHPOpMAIMUA B

paccMaTpuBaeMBbIX CTPYKTYpax.
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Pucynok 2.8. /Ilnarpamma napaMeTpoB CTPYKTYTHOM CIIOKHOCTHU Ul KPUCTAJNIMYECKUX
CTPYKTYp TNPHUPOJAHBIX CYJIb(paToB ypaHHIA, MepeuncieHHbIX B Tabmuie 2.2, mokasbIBaromas
MH(POPMALMOHHBIA BKJIAJl Pa3IMUHBIX CTPYKTYPHBIX OJIOKOB. Y CIOBHBIE 0003Ha4YeHHUs: cM. Puc.

2.7.
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2.2. Kpucra/u1oXuMusl ¥ CTPYKTYPHas CJI0KHOCTH NPUPOJAHBIX H CHHTETHYEeCKUX

CCJICHUTOB YpaHUJIa

Bce npupoansie coemunenus U (VI) u cenena sBisroTcs ceneHuTaMu. CeleHUTHI
ypaHWla 10 TpaBy MOXXHO OTHECTH K pPEAKMM MHUHEpalIbHBIM BHIaM. B HacTosimiee Bpems
U3BECTHBI TOJBKO CEMb YpPAaHWI-CEJICHUTHBIX MHUHEpaja, YTBEPKICHHBIX MexayHapogHou
MUHEPATOTHYECKON acconmanueid mo coctosHuto Ha 20 okTsa0psa 2019 roma (nns cpaBHEHus,
u3BectHO > 40 cynbdaTtoB ypanumna u ~ 50 ¢docdaroB ypanmna) (Gurzhiy et al., 2019a;
Krivovichev et al., 2019): ruitmenur, Ba[(UO;);(Se03),0,](H,0); (Pierrot et al., 1965),
nemecmakeput, PbyCus[(UO,)2(Se03)s(OH)s](H20), (Cesbron et al., 1965), wmapro3sur,
Cu[(UO,)3(S€03)202](H20)s  (Cesbron et al. 1969), neppukcut, Cus[(UO2)(SeO3)2](OH)es
(Cesbron et al., 1971), xaitnecur, [(UO,);(SeO3)2(OH),](H,0)s (Deliens and Piret, 1991),
mupetut,  Ca(U0,)3(Se03)2(OH)4-4H,O  (Vochten et al, 1996) wu  nmapucawr,
Na(H30)[(UO,)3(Se03),0,](H20)4 (Chukanov et al., 2004). Onu Obutn 0OHAPYKEHBI BCETO HA
HECKOJIbKMX MECTOpOXIeHUsX. B mepByto ouepens — 310 maxTtel Myconou u llluakono6se B /[P
Konro (Vochten et al., 1996). /IBa u3 nepeuncieHHBIX MHHEPAIOB ObUTH 00OHApPYKEHBI TOJIBKO B
mraxte Penere (rpadcrBo Can Xyan, FOta, CIIIA) (Deliens and Piret, 1991). Taxxe M0HO
OTMETHUTH HECKOJIbKO TposiBiecHHi B EBpone (HEOOJbIIOe ypaHOBOE MECTOPOXKICHUE 3alecH B
UYexun, JInazyn Bo @pannuu u Jla Kpeysa B IlIseiinapun) (Sejkora et al., 2006). Tem He menee,
MOMHMO MHHEPAJIOTHH, CEICHUTHl YpaHWUJIA MPEACTaBISIOT OOJIBIION MHTEPEC ¢ TOUYKHU 3PEHUs
TEOXUMUH U paAoXUMuH. Tak U3BECTHO, YTO B MPOIYKTAX ACICHUS CONEPKUTCS 53 T HA TOHHY
(Gelfort, 1985) nonroxwusymero n3oroma "~ Se ¢ mepuoxoM momypacmaga 1.1 x 10° et (Chen et

al., 1999) nocne Tpex jeT o0myueHus AAepHOTO TOIJIMBA B PEAKTOPE.

Ypanun-cenenummnuvie munepansi

Imitmenut, Ba[(UO,)3(Se03),0,](H,0); (Pierrot et al., 1965; Cooper and Hawthorne,
1995) u nemecmakepur, Pb,Cus[(UO,)2(Se03)s(OH)s](H,0), (Cesbron et al., 1965; Ginderow
and Cesbron, 1983a) sBHsOTCA HEPBBIMU OTKPBITHIMH TMPHUPOJHBIMH CEJICHUTAMHU YpaHHIIA
(Tabmuma 2.3). JlaHHbIE MUHEpalbl BCTPEYAIOTCS B HMXKHEM 4acTH OKUCIICHHOM 30HBI MEIHO-
KoOasbToBOr0 MectopoxaeHuss Mycornon (Karanra, JIP Konro). IlepBeiii Munepan ObuT Ha3BaH
B UeCTh reHepanbHOro aupekropa ['opHoro coroza Bepxueit Karanru (Union Miniére du Haut-
Katanga UMHK), coyupenutens MexayHapoaHOH  MHMHEpaJOrMUECKOM  accouualui,

¢paniy3ckoro xumuka 1 MuHepanora JXana-Knoga ['mitMena. ['miiMeHUT KpHCTalIM3yeTcss B
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Tabauna 2.3. Kpucrammorpaduueckre XxapakTepUCTUKH MPUPOTHBIX CEIICHUTOB

ypaHuia.

Ne TomoJsior Ilp.

®opmy.ia / Munepa ot a,A/a,° b,A/B,° c,A/y,° Ccbuika

Menouku
Cuy[(UO,)(Se03),](OH)s

121 Proym >-370Q) 7 19.088(8)/ 5.965(2)/

Pb,Cus[(UO2)2(SeO3)s(OH)s] 11.9663(9) 10.0615(14) / 5.6318(8)/

2 (H>0), cel-1:3-2 P-1 29 891(8) 100341(11) 913399) >3
AEeMECMIKEpPUT
CJiou ¢ pedepHO-CBSA3ZHBIMH
MOJIHIAPaAMH
Cu[(UO,)3(Se053),0,](H,0)s 6.9879(4)/ 16.454(1)/ 17.223(1)
3 Pbn2, 4
MapTO3UT 90 90 /90
Ba[(UO,)3(Se05),0,](H,0), 16.762(1)/  7.2522(5)/ 17.0629(4)
4 N Pmn2, 2,5
THiiMEeHuT 90 90 /90
Na(H3O)[(UOz)3(SeO3)202] 17249(2)
5 (H,0), Pl1m 6'9888(9)/ 7.646(1) / 90 / 6
JapHCcauT 6'5%4°3 90.039(4)
Pnc2
6  L(UO):(5e0:):(OH)](H0)s wm 6.935/90 8.025/90 1430/ 7
XaWHeCHT 90
Pncm
Ca[(UO,)3(Se03),(OH),](H,0), PMN2 5 0103)/  17.135(7) 7 17.606(4)
7 HJIH 8
NUPeTUT PmAMm 90 90 /90

1 — Cesbron et al., 1971; 2 — Gurzhiy et al., 2019a; 3 — Cesbron et al., 1965; 4 — Cooper and
Hawthorne, 2001; 5 — Cooper and Hawthorne, 1995; 6 — Chukanov et al., 2004; 7 — Deliens and
Piret, 1991; 8 — Vochten et al., 1996.

poMOHMYeCcKOW CHUHTOHUHM, Tp. Tp. Pmn2;, m oOpasyeT MeIKHe IUIACTHHYATHIE KPUCTAIUIIBI H
KaHapeeuyHO-KeNThle KOpKH. BcTpewaercs B accoluandyd C MallaxUTOM, YpaHO(aHOM-a.,
ByJIb(eHUTOM M Jp. BTOpoil MuHepan Ha3BaH B YeCTb JUPEKTOpA TEOJOTHYECKOro OTHeNa
UMHK, o6enpruiickoro reosiora ['acrona [lemecMdkepa. JleMEeCMIKEpPUT KpPUCTAUIM3YETCS B
TPUKIMHHON CUHTOHUHM, mp. Tp. P-1, B BuIEe IIACTUHYATHIX M YJUIMHEHHBIX KpPUCTAJJIOB OT
OyTBUTOUHO-3€JIEHOTO JI0 TEMHO-OJMBKOBO-3€JICHOTO I[BETa B AaCCOLMAIMU C MallaXUTOM,
ypaHopaHOM-0, XaTbKOMEHHTOM, a TaKXe APYTHMMU YpPaHUJI-CEICHUTAMH: MapTO3UTOM H
JEPPUKCUTOM U THIIMEHUTOM.

Maproszur, Cu[(UO,)3(Se03),0,](H,0)s (Cesbron et al., 1969; Cooper and Hawthorne,
2001), O6b11 Taroke HaleH B maxTe MyCOHOHM Yepe3 HECKOJIBKO JIET MOCJE MEePBBIX OTKPHITHHA U
Ha3BaH B 4ecTb OMe Maprosa, ObBmiero aupekropa UMHK. Mapto3uT kpucramiusyercs B
pomOuyvecKol cuHroHuu, mp. rp. Pbn2;, B Bume Xopoimo orpaHeHHBIX 3€JCHBIX KPHCTAJUIOB B

acconyanuvu ¢ JpyrumMu CCJICHUTAaMH, BKIIIO4YasA THIMCHHT U ACMECMAKECPUT, 4 TAKIKC Ka30JIMTOM,
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KyIPOCKIIOIOBCKUTOM, MAJIAXUTOM, XaJIbKOMEHUTOM U CEHXKbepUTOM. MuHEpan U30CTPYKTypEeH
TUAMEHUTY .

Emé depe3 HECKONIBKO JIeT, HA TOM e MecTopokiaeHuu B KoHro Obul oOHapykeH
neppukent, Cus[(UO;)(Se03),](OH)s (Cesbron et al., 1971; Ginderow and Cesbron, 1983b),
Ha3BaHblii B uecTh JKan-Mapu ®pancya XKozeda Jleppukca, Oenbruiickoro reoyiora Hu
anmuumucTtparopa UMHK. JleppukcuT KpucTaniausyercss B poMOMYECKON CHHIOHUM, IIp. Tp.
Pn2;m, B Buie KpUCTAJUIOB OT CBETJIO-3€JIEHOTO 10 OYyTHUIOUHO-3€JICHOTO IBETA, YATMHEHHBIX
no [001] unu B BuAE MENKO- WM CKPBITO-KPUCTAIIIMYECKUX KOPOK Ha JIUT€HUTE, B aCCOLMALIUU
C MapTO3UTOM, JE€MECMIKEPUTOM, Ka30JIUTOM, MATAXUTOM U JP.

Crnenyromuii ypaHWI-CENCHUTHBIM MHUHEpal OblT OTKPHIT 20 JIeT COycTs Ha IpyroM
KOHTHHEHTE uepe3 ATIaHTUYeCKHil okeaH, B maxTe Penere (rpaderBo Can Xyan, FOrta, CILA).
Xaitrecur, [(UO,)3(Se0s),(OH),](H,0)s (Deliens and Piret, 1991; Cejka et al., 1999; Frost et al.,
2006), Ha3BaH B uecTh amepukaHckoro reosiora Ilarpuka MOmxwmHa XaifHeca. XaWHECHUT
o0nasaer poMOMYECKOW CUMMETpUEH, BCTpEYaeTcsl B BHUJAE SHTAPHO-XKENTHIX TaOIUTUATHIX
KpPUCTAJIJIOB, OT MPO3pauHbIX 10 MOJIyIpPO3pauHbIX, YUIMHEHHBIX mo [001], a Taxke B BuUze
UTOJIbYATHIX MPU3MATUYECKUX PO3ETOK JUAMETPOM A0 3 MM M acCOLUUPYET C aHJIEPCOHUTOM,
OONTBYIUTOM, THUIICOM M KaJbLUTOM B BHJE KOPOK Ha aprujulMTax M I[ecYaHHUKaXx.
Kpucrannuueckas cTpykTypa He OIpe/eieHa.

Mupetur, Ca(UO,)3(Se03)2(OH)4-4H,0 (Vochten et al., 1996), u3 maxter [lluakonoOse
(Karanra, JIP Kounro) Ha3Ban B yectb Oenbruiickoro kpucraiorpaga Ilons [upera. [Tuperur
KPUCTAJIIIM3YETCSI B POMOMYECKON CHHIOHUM, B BUJE YJUIMHEHHBIX TaOIUTYATBHIX KPHCTAJUIOB
JUMOHHO-)KEJITOTO 1BETa, HEMPABWJIBHBIX O4uepTaHuil 10 3 MM, yromeHHbIX 1o (001), niu B
BUJIE UTOJbUATO-MPU3MATUYECKIX KpPUCTAIOB A0 5 MM. BceTpewaeTcs B acconuanuu ¢
MacCIOMTO-TI0IOOHBIM OKCHJIOM YPaH-CBHUHIIOBBIM OKCHJOM B BHJE KOPOK [0 YpaHUHHTY.
Kpucrannuueckast cTpyKTypa NUpPETUTA TaKXKe 10 CUX IOp HE ONpeJeeHa.

Jlapucant, Na(H30)[(UO,)3(S€03),0,](H,0)s (Chukanov et al., 2004), nocnequuii u3
OTKPBITHIX HA CETOTHSIIHUNA J€Hb YPaHHII-CEJICHUTHBIX MUHEpaNoB. bbul oOHapykeH B IIaxTe
Penere (IOta, CIIIA) u nazBan B uecth Jlapucel HuxomaeBHwsl benoBoii, poccuiickoro
MUHepaJiora 1 Kpuctaiuiorpada, BHECIICH 3HAYUTENBHBIA BKJIal B U3y4YeHHE MUHEPAJIOB ypaHa.
JlapucanT kpucTamIM3yeTcss B MOHOKJIMHHON CHHTOHUH, mp. Tp. P11m, u BcTpeuaeTcss B BUjE
KaHapEeeUHO-KENThIX TUIACTUHYATHIX KPUCTAIJIOB JUIMHOM 10 1 MM M paanaibHBIX arperaToB 10
2 MM B TMONEpEYHHKE; OOJBIIMHCTBO KPUCTAIJIOB TPEIIMHOBAaTO-peOpucThie. MuHepai

MPEACTABISIET COOO TUIEPTeHHBIM MPOAYKT, CBSI3aHHBIA C KaJbLIUTOM, KBapIIEM, THIICOM,
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MOHTMOPHWJIOHUTOM, BOJIbCEHIOP(GUTOM, aHAEPCOHHUTOM, XaMHECUTOM WU YypaHodaHOM-0 B

0CaJOYHBIX TOPOJAAX.

Cunmemuuyeckue coeOuHeHUs YPanuia ¢ celeHum-uoHamu

[lepBbIii cuUHTETHYECKHH W HamWOoOJee TPOCTOM TO COCTaBy YpaHWJI-CEIICHHUT,
[(UO,)(Se03)], 6bu1 monyuen B 1978 roxy (Loopstra and Brandenburg, 1978) (nemaBHO ObL1
TaKXe MoJyueH ero HenTyHuIbHbIN anasor (Diefenbach et al., 2014)). Jlanee, cnenyer OTMETUTD
uccienoanusi, nposeneHnsie B.E. MuctprokossiM 1 FO. H. Muxaiinosa us ucturyTa obmei u
Heoprannueckord xumuu uM. KypnakoBa PAH (Poccuiickas ®epepanms), a Taxke B.H.
CepexknabiM u  JLb. Cepexkunoit u3z Camapckoro TrocyJapcTBEHHOTO YHHBEPCHUTETa
(Poccuiickaa denepanns), N3y4aBIIuX CEIEHUTHI ypaHUiIa C 3JEKTPOHEHTPAIBbHBIMU JIMTAHIaMHU
u nepBble Na-colepikalle CHHTeTHYecKHe coenuHeHus. [louTu mojloBMHA CHHTETHYECKHX
COCIMHEHUHN, PACCMOTPEHHBIX B paMKax JaHHOro o0030pa, OblUla CHHTE3UpOBaHa U
oxapakrepuzoBana npod. T.E. AnsOpext-LlIMutToM 1 ero xomuteramu (Tabmuna 2.4). Oco6o
ClelyeT OTMETHTh 3HAYUTENIBbHOE BIMSHHE WX pabOT Ha pa3BUTHE CTPYKTYPHOH XUMUU
CEJICHUTOB ypaHUJIA.

CHHTeTHYECKHE COEQUHEHMs, YbH CTPYKTypbl OCHOBaHbl Ha HEOPraHUYECKHX
KOMIUIEKcaX, B KOTOphIX Ur cBsi3aHBI C CeNCHUTHBIMH OKcoaHnoHamu (Tabmmma 2.4), MOXXHO
pa3fenuTh Ha JBE TPYNMbl: YUCTO HEOPTaHWYECKHEe U OpPraHMYeCKH TEeMIUIaTHPOBAaHHBIC
COEJIMHEHMUS.

BonbIIMHCTBO HEOPraHUYECKUX CEIEHUTOB YpaHUIIa ObIJIO CHHTE3UPOBAHO B XOJ€ HU3KO-
WIM CpeTHETeMIIepaTypPHBIX THAPOTEPMAIbHBIX SKCIEPHMEHTOB B JHAalla30HE TEMIEpaTyp OT
100 mo 220 °C c¢ wucmonb30BaHHEM CTAalbHBIX aBTOKIABOB C Te(IOHOBHIMH BCTaBKamu. B
Ka4yecTBE MCTOYHHUKA ypaHa HCIOJBb30BATUCH pasnuuHble peakTuBbl (okcua U(VI), ruapokcun
ypaHuia, TeKcarujapaT HHUTpaTa ypaHWia, AWTMApPAT aleraTa ypaHuia), B TO BpeMs Kak
cenenuctas kucinora (H,SeOs;) Oputa eguHcTBeHHBIM HcTOYHHKOM Se(I1V). Ecnam OmiTh Gonee
TOYHBIM, TO B PEAKIUAX MCIOJIb30Balach JH00 cama KucioTa, 1ubo SeO,, Ho auokcun Se(IV)
pearupyer ¢ BOJIOH ¢ oOpa3oBaHueM celeHUCTor KucioTel. H;SeOs — odeHp cimabasi KUCIIOTa,
KOTOpasi MpakTUYECKHM HE AMCCOUMHUPYET IpPU KOMHATHOM TemmepaType, 4To OOBACHSET
HEOOXOUMOCTh HarpeBaHus Uil TpoTekaHusi peakiuuu. OTOeNbHO ClenyeT YIOMSHYTh
HECKOJIBKO COEMHEHUM, TOMyUYeHHBIX 0co0biMU criocobamu. Coenunenus 22 (Marukhnov et al.,
2008) u 23 (Krivovichev, 2009) ObuiM moyydeHbl METOJOM HWCHApEHHUs] TP KOMHATHOU
temrnieparype. [leppoe u3 Hux Obuio momyudeHo npu peakiuu UO,(NOs3),-6H,O ¢ cenenoBoit

kucioron (H,SeO4) B BOmHOW cpeme B TeueHne | Toma, 4YTO MOXKHO OOBSICHUTH
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Tabauua 2.4. Kpucramiorpagudeckne XapakKTepUCTUKH CHHTETUYECKHX CEJIICHHTOB M

CCJICHUT-CCJICHATOB YpaHWJIA.

Tomosor Ilp.

° o o o
Ne ®opmy.ia s p. & Ala,° b,A/B,° c,A/y,° Ceblika
Ienouku
6.354(1)/ 12.578(2)/ 9.972(2)/
8 [(UO:)(HSeO3)x(H;0)] ccl-12- A2 90( : 82.3521; 90( : !
1 9.924(5)/ 12.546(5)/ 6.324(5)/
9 [(UO,)(HSeO5),](H,0) coe PIHO) 98.090((5)) o 2
L 55502(6)/ 6.6415(7)/ 11.013(1)/  ,
10 Cal(U02)(Se0s)] P-1 04.055(2) 93.342(2) 1105892)  °
cel-l:2- 11.2622(8)
14 5.6722(4)/ 6.7627(5)/
1 Sr{(U0:)(S¢05).] P-1 04 69%()1) 93 708((1)) / 4
_________________________________________________________________________ O D r094s0)
7.0545(5)/ 7.4656(5)/ 10.0484(6)
12 SUO)SeONH0) oy 15 Pl 1660051y 108.028(1) /98.875(1)
15 9.543(6)/ 9.602(7)/ 11.742(8)/
13 Nas[H;OJ[(UO:)(5e0s):](H0) P-1 66.69((2)) 84.10((2)) 63.69%1; >
CJ'IOI/I C BCPUIMHHO-CBA3SHBIMU
NOJTHIAPAMHA
7.193(5)/ 10.368(5)/ 13.823(5)/
8.348(2)/ 10.326(2)/ 9.929(2)/
15 [NH4][(UO,)(SeOs)(HSeO;)] P2,/n 90( ) 97.068 90( ) 6
8.4164(4)/ 10.1435(5) 9.6913(5)/
16 K[(UO,)(HSeO5)(Se0;)] P2,/n 90( ) 19755 68 90( ) 7
8.4167(5)/ 10.2581(6) 9.8542(5)/
17 Rb[(UO,)(HSeOs)(Se0)] P2 SHSTC) /96.8258 AR
10.6153(6)
18 Cs[(UO,)(HSeO0s)(Se03)] P2,/c 13'359209(7) / 12'5/99201(7) 7,8
cc2-1:2— 101.094(1)
4 8.4966(2)/ 10.3910(3) 10.2087(3
19 Cs[((U,Np)O)(HSeO3)(SeOs)] pan S4750C) /93.6938 W10 g
8.364(3)/ 10.346(4)/ 9.834(4)/
20 TI(UO,)(HSeOs)(Se0s)] P2/ 530 97'269((8)) o 7
8.673(2)/ 10.452(3)/ 13.235(4)/
21 Cs[(UO,)(SeOs)(HSe0s)(H,0); pajn SODD 104 4(7(2‘) 2@
10.4610(7)
22 Na[(UO,)(SeOs)(HSeO3)|(H;0)s payn SSOR2GN T BARRM)yg
105.054(2)
8.668(2)/ 10.655(2)/ 9.846(2)/
23 [H;0][(UO,)(Se0s)(HSeOs)] P2,/n 90( ) 97‘888 90( ) 11
"""""""""""""""""""""""""""" cc2-1:2— __ . 5.8555(6)/ 6.5051(7)/ 21.164(2)/ .
24 AZ[(UO,)(Se03),] S P2 90( ) 96.796((2)) 90( .
CJiou ¢ pedepHO-CBSI3HBIMH
MOJIMIAPAMH
cc2-1:2— 11.9911(7) 5.7814(3)/ 11.2525(6
25 P[(UO,)(SeOs).] o7 pmeg, MOV TSI/ HL2383(0) g
"""""""""""""""""""""""""""" cc2-1:2— . . 73067(6)/ 8.1239(7)/ 13.651(1)/ .,
26 Ba[(U0,)(Se0s),] 5 page 10T 100'372_()2) AR



17.014(2)/ 7.0637(7)/ 7.1084(7)/

28 Sr[(UOz)3(5603)202](H20)4 1524237 C2/m 90 100.544(2) 90 4
. 7.5213(9)/ 7.0071(8)/ 17.328(2)/
2 LelUODEOROI0) P20 90 988 90 B
L3 765 10.913(3)/ 12.427(3)/ 18.448(4)/
30 ColUONGOIMO, 6593 PN o0 903933) 90 b
Cs2[(UO2)7(Se04)2(Se05)2(OH)s 126 4646 9.1381(3)/ 15.0098(5) 15.1732(5)
o o0 O2F PEM e Joniziay /o0 b
1248 . 9.4052)/ 11.574(2)/ 6.698(2)/
32 U0,8¢,05 8573 P-1 93.01(3)  93.66(3)  109.69(1) 14
Oprannyeckn
TeMHJIaTHPOBaHHLIe
ccl-1:2— 21.888(3)/ 6.950(1)/ 8.350(1)/
23 LCHRNIUOIGOINON  —yy M o0 97618G) 90 P
34 LCHIN:]os[(UO,)(HSeO3) pnma 13-086(1)/ 17.555(1)/ 10.5984(7)
(Se03)](H,0)0.5(CH3CO,H) 5 90 90 /90
35 [CaHiNJos[(UO,)(HSeOs) Py e 10.9378(5) 8.6903(4)/ 9.9913(5)/ |
(Se03)] : /90 90.3040(8) 90
36 UCHN)H][(UO,)(Se03) phea 13-17003)/ 11.055(2)/ 18.0094)/ -
(HSeO3)](NO3)(H20)05 90 90 90
cc2—-1:2— 11.553(2) / 10.645(2)/ 12.138(2)/
37 [CsHuN][(UO,)(SeO4)(HSeO0;)] 4 P2,/n %0 108.05(2) %0 18
8.475(3)/ 12.264(2)/ 10.404(3)/
38  [CoHsN][(UO,)(SeO4)(HSeOs)] P2,/n 90 95.23(3) %0 19
8.993(3)/ 13.399(5)/ 10.640(4)/
39 [CsHN][(UO,)(SeO4)(HSeO0s)] P2,/n %0 108.230(4) %0 20
40 [CoHuN[(UO,)(SeOs)(HSe0s)] .y 10.748(1)/ 13.885(1)/ 14.636(1)/
e ANOs) 109.960(1) 103.212(2) _90.409(1) =~ . . . _.
41 [CHNJ[(HsO)(H0)|[(UOy), - co2-1:2- o) 14.798(1) 7 10.024(1) / 16.418(1)/
____________ (SeOs)s(HSe09)IH0) 14 """ 90  111.628(1) 90 7
4 [CsHisN:I[H:0Jos[(UO2)x(SeOs),, €C2-2:3— o o 11.1679(4) 10.9040(4) 17.991(1)/ .
___________ 93(5€02)0,07(H20){NOs)os 4 """ /90 /98.0191) 90 7T
43 [CsHiNL[(UO2)3(Se04):(HSeOs) by 11707(1)/ 14817(1)/ 169772)/
(H,0)](H,Se05)(HSeO,) 73.90(1)  76.22(1)  89.36(1)
44 [CHNL(CHN(UOy)y(SeOs)s cc2-3:5- o 11.659(1)/ 14.956(2)/ 22.1942)/ .
(HSeO3)(H,0)] 3 90 90 90
45 [CHsNL[H:OJ[(UO2)s(SeOs)s Py m 8:3116(4)/ 18.636(1)/ 11.5623(5) o
o (HSeO3)(H:0)J(H2SeO3)o2 7 %0 97.582(1) /90 T
46 [CeHLN,L(UO)(SeO0s]  6'5°43° Prma 18.860(2)/ 18.010(2)/ 11.140(1)/

90 90 90

1 — Mistryukov and Mikhailov, 1983; 2 — Koskenlinna et al., 1997; 3 — Almond et al., 2002; 4 —
Almond and Albrecht-Schmitt, 2004; 5 — Serezhkina et al. 2009; 6 — Koskenlinna and Valkonen,
1996; 7 — Almond and Albrecht-Schmitt, 2002a; 8 — Meredith et al., 2012; 9 — Burns and Ibers,
2009; 10 — Marukhnov et al., 2008; 11 — Krivovichev, 2009; 12 — Loopstra and Brandenburg,
1978; 13 — Wylie and Burns, 2012; 14 — Trombe et al., 1985; 15 — Liu et al., 2006; 16 — Almond
and Albrecht-Schmitt, 2003; 17 — Liu et al., 2015; 18 — Krivovichev et al., 2005a; 19 — Gurzhiy et
al., 2017a; 20 — Jouffret et al., 2012; 21 — Gurzhiy et al., 2010; 22 — Kovrugin et al., 2012a; 23 —
Gurzhiy et al., 2015a; 24 — Krivovichev et al., 2006a; 25 — Wylie et al., 2014.
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BoccranoBieHueM Se(VI) no Se(IV) B pactBope Bo BpeMs dkcriepumenTa. bosee Toro, kak Ob110
MOKa3aHO B HenaBHUX paborax (Gurzhiy et al., 2016a, 2017a, 2018a), HOHBI THIPOKCOHUS
OOBIYHO TIOMAAIOT B CTPYKTYPY Ha CaMbIX MOCIEAHHMX CTAAMSIX KPUCTALTU3AllMU, KOTJa B
pacTBope OoJibllie HET JAPYTrUX KaTHOHOB. Na-cojepikaiee COCIWHEHHUE OBLJIO TOJYy4YEeHO B
MPUCYTCTBUU OKcajaTra HaTpus, KOTOPbIM, BEPOATHO, MOKHO OBLIO paccMaTpUBaTh Kak
KaTajgu3aTop Npolecca KpHUCTallIM3allud celeHuTa ypanwia. Eme nare coemunenuit: 11
(Almond and Albrecht-Schmitt, 2004), 21 (Burns and Ibers, 2009), 27 (Loopstra and
Brandenburg, 1978), 28 (Almond and Albrecht-Schmitt, 2004) u 32 (Trombe et al., 1985) —
ObUIM TOJY4YeHbl B TMPOLECCE Ta30TPAHCHOPTHBIX WM TUAPOTEPMATbHBIX peaKIuil ¢
WCIIONb30BAaHMEM 3alasHHBIX aMIyld. B ciydae mociemHUX TpeX COeIUWHEHUI TemrmepaTrypa
cuHTe3a npesbimana 425 °C.

BonbmIMHCTBO OpraHNYEeCcKH TEMIUIATUPOBAHHBIX COCTMHEHUNM HA CaMOM JIeJie SIBIISIOTCS
CeJICHUT-celieHaTaMu ypaHuia. CeleHUT-aHUOHBI B CTPYKTYpaxX TaKUX COCAMHEHUN HaXOJATCS B
HE3HAYUTENbHBIX KOJMYECTBAaX MO OTHOIICHHIO K CEJICHATHBIM TpynmnaMm. Takas TeHACHUUs
MPOUCTEKAET U3 AKCIICPUMEHTAIBHBIX YCIOBUHM, B KOTOPBIX MCTOYHHKOM Se Oblla CeleHOBas
kuciota. CeneHoBasi KHCIOTa MEHEE YCTOMYMBA B YCIOBUAX OKPYKAIOIIEH Cpeabl, 4YeM
CEJICHHUCTasi KUCIIOTa, U MPH XPAaHEHUH BOCCTAaHABIIMBAETCS 10 MocieaHeil. MI3HadanbHO YUCTHIN
peaktuB H)SeOs mocne HECKOJIBKUX MECSIEB XPAaHEHHS YK€ COJEPKUT CYIIECTBEHHOM
KOJINYECTBO [SeOg]zf u [HSeO;] wnOHOB, KOTOpble HAYMHAIOT Y4acTBOBAaTh B OOpa3oBaHHUU
KPUCTAJUIMYECKUX CTPYKTYp Hapsay ¢ [SeO.4]* rpynnaMu. M3BeCTHBI TOJIBKO ISITH CTPYKTYD
OpraHWYECKU TEMIUIATPUPOBAHHBIX CEJICHUTOB ypaHWIIA, KOTOPBIE HE COJEpPKAT OKCOAHWOHBI
[SeO4]* (Tabnuua 2.4). Tpu u3 rux (34 (Almond and Albrecht-Schmitt, 2003), 35 (Almond and
Albrecht-Schmitt, 2003) u 46 (Wylie et al., 2014)) ObiM mnOXY4YEeHBI BO BpeMs
CpeHETEeMIIEPATYPHBIX TUApOoTEepMaIbHbIX 3kcnepuMeHToB (130-150 °C), rae uctounukom Se
Obla ceneHoBasi KUcCioTa. B maHHBIX ciydasx Temmeparypa, MOJIEKYJIbI aMHUHA WM HMOHHBIC
KUJKOCTH JEUCTBOBANIM Kak BoccTaHOBUTEND sl HSeOy, MOCKOIbKY U3BECTHO, YTO CEJICHOBAS
KHUCJIOTa JIETKO BOCCTAaHABJIMBACTCS IO ste4+03 1 Kucaopoaa npu HarpeBaHuu Bbime 160 °C
(Kovrugin et al., 2017). /IBa apyrux opraHM4YecKd TEMIUIATUPOBAHHBIX CelIeHUTa ypaHwia (33
(Liu et al., 2006) u 36 (Liu et al., 2015)) ObUIM TOMY4YEHBI B TPOIECCE HUCHAPEHUS IPHU
KOMHATHOU Temriepatype u3 BogHoro pactsopa UO,(NOs), 6H,0, SeO,, 1 cOOTBETCTBYIONIETO
amuHa. [lockonbky SeO, B Boje mpeBpamiaerca B Cil1a0yl0 CEJICHOBYIO KHUCIOTY, HHU3Kas
JMCCOIIMAaTUBHAs CIIOCOOHOCTh mocienHeil u npucyrcreue rpyni [NOs;] B cTpykTypax oboux
COEIMHEHUIN OOBACHAIOT UINTEIbHBIA MPOLECC KPUCTAIM3ALMUHU, COCTaBIsAOmMUNA oT 1 1o 2

MmecsieB. Ckopee Bcero, AMCCOIMAIMS HUTpaTa ypaHWIa U MPUCYTCTBHE aMUHA, B KOHEYHOM
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cyere, MOMOTJIM CO3JaTh CPeAy, JOCTATOUHYIO JJIsl IUCCOIMALUM CEJIEHOBOM KHUCIIOTHI, U, TAKUM
00pa3oM, Ha4YaTh KPUCTAIIM3AIUIO CEIEHUTOB ypaHuiaa. HUTpaTHbIE TpyMIbl B ATHX CIy4asx
JNEHUCTBYIOT KaK JOMOJHHUTEIbHBIE OKCOAHHUOHBI, YYaCTBYIOIIHE B (OPMUPOBAHUU CTPYKTYPHI

npu HexBatke rpym [SeOs]” .

Tononozuyeckuii aHanU3 ypaHun-celeHUmublx CImpyKmypHblX KOMNIEKCO8

[Monassroniee OOMBIIMHCTBO KPUCTATUIMYECKUX CTPYKTYP CEJICHUTOB YpaHUJIa OCHOBAHO
Ha CIIOMCTBIX KOMIUIEKcax pa3nuyHoil Tomojoruu (Tabmwmbl 2.3 u 2.4), U TOIBKO AEBSATH
COEIMHEHUIN MMEIOT KPHUCTaUIMYECKUEe CTPYKTYpbl Ha ocHOBe menouek. OIHAKO cpeau 3THX
JIEBSATU — JIBA COCTMHECHHUSI SBIIIOTCSI MUHEPAJIaMHU.

Kpucrannuueckue CTpyKTypbl IE€PpPUKCHTAa U €LIE JABYX CHUHTETHMUYECKHUX COECIUHEHUM
(Tabmuupr 2.3 u 2.4, Puc. 2.9a—), xoTopsie (HaKTHUECKH WUICHTHYHBI, HO OBUTH YTOYHCHHI B
Pa3HbIX MPOCTPAHCTBEHHBIX I'PYIINAX, OCHOBAHbI Ha OJJHOMEPHBIX KOMILIEKCAX TOMOJIOTHHU CCl—
1:2-1 (rpad mpencraBnsier coO0i OECKOHEUHYIO IIEMOYKY YETBIPEXWICHHBIX IIHKIJIOB,
00BEeIMHEHHBIX Yepe3 o0mue BepmuHbl). I'pad coOTBETCTBYET THIY LIEMOYEK, KOTOPBIE OBLIH
obOHapysxeHsl B kponkure (Hawthorne, Ferguson, 1975). Dra Tomomorusi sBisieTcsi OTHOU U3
HanboJjiee PACIPOCTPAHEHHBIX M MPOCTEHIIMX 1enoueyHbix Tomojoruit cpenu  U(VI)-
comepxamux coeauHenuii ¢ rpymmamu [TOn]" (m = 3,4; T =S, Se, P, As). Takue 1enouxu
ObUTH ONpENEeNeHbl B CTPYKTypax TaKUX YpPaHUJI-CYIb(PaTHBIX MHUHEPAJIOB, KaK CBOPHOCTHT,
KzMg[(UOQ)(SO4)2]2(H20)8 (Pla'.éll et al., 20158.), PUTBCIIBAUT, FG(UOZ)(SO4)2(H20)5 (Kampf et
al., 2017d), n ux cunrernueckux anamorax M [(UO,)(TO4),(H,0)](H20)s (M = Mg, Mn, Fe,
Co, Ni, Zn; T =S, Se) (Gurzhiy et al., 2019b; Kornyakov et al., 2021). XoTs TOmoyorus 1enovex
U OJUHAKOBA, UX CTPYKTYPHI Pa3UTENbHO OTJIMYAIOTCS, MPEACTaBIss ABa pa3HbIX u3omepa. B
ciayuyae naeppukcura (Puc. 2.9¢), atombl U®" maxomsrcst B TE€TParoHajJbHO-JUITUPAMUAAIBHON
KOOpJMHALIMM, T/I€ BCE YEThIPE SKBAaTOpPHAIbHbIX aToMa O ABIAIOTCA OOIIMMHU C TpyNIaMu
[8603]27, a KakJasi CeJICHUTHAs TPyMIa, B CBOIO ouepeb, MMeeT TOJbKO JBa aroma O, obmue ¢
nByms coceqHuMu Ur. YpaHu-ceneHUTHBIE IENOYKH B CTPYKTYpE ACPPUKCUTA OPUEHTUPOBAHBI
Brosb [001], a sxBaropuanbHbIEe INIOCKOCTH IUIIMPAMM] YpPaHWJIA PACIOJIOKEHBI MapalieIbHO
(101). Mexny menoykamMu pacroiOKEHbl TPUOKTadApuueckue cion u3 Cu-lIeHTPUPOBAHHBIX
OKTa’poB, opueHTHpOoBaHHbIe TapauieabHO (010), B KOTOPBIX Kaxablii aToM Cu UMEET YeThIpe
BepmnHbl U3 rpynn OH obmumu ¢ cocegaumu atomamu Cu, a ele JBe BEpPHIMHBI B trans-
OpUEHTAIINK SIBJISIFOTCS TPEThUMHU BEPIIMHBI CEIIEHUTHBIX THPaMUJ, HE CBSI3aHHBIX C
qunupaMugamu - ypanwia. CelleHUTHBIE TPYIIbl  PACIOJIOKEHBl TakUM 00pa3oM, 4YTO

HEMO/JIeJICHHbIE JJIEKTPOHHbIE Mapbl C OJHOW cTOpoHBbl U-Se 1Lenoyku HampaBieHbl B OJHY
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Pucynok 2.9. IlenodyeuHble KOMIUIEKCHI B CTPYKTypax NPUPOAHBIX U CHUHTETUYECKHX
CeJICHUTOB ypaHmia (a-k: cM. TekcT mnsa naeranei). YcioBHble oOo3HadeHus: U-comepskainue
KOOPJAWHALIMOHHBIE MOJUAIPBI = KENTHIN; aTOMbI S€ = OpaH)KEeBbIN; aTOMbl O = KpaCHBII; aTOMBbI
H = Geunplif; atombl N = cunuil; Ha rpadax: yepHble BepluHbl = aroMbl U, Oesble BepIINHbI =
atoms! Se. Tpuronansusie mapamumsl Se' Oz u NO; TPyl MOKa3aHBl B IAPO-CTEPIKHEBOM

MOICIIN.
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CTOPOHY, a C JPYroi CTOPOHBI — B IPOTUBOIIOIOKHOM HampaBleHUH (66epx WU 6Hu3 = UP WU
down = u wiu d) OTHOCHTEIBHO 3KBATOPHAIBHBIX IUIOCKOCTEH MUMUpaMHUI ypaHwia. Takum
00pa3oM, MOCIeI0BaTEeIbHOCTh CHMBOJIOB OPUEHTAIIUH, HIMHYyEeMasi OPUEHTAIIMOHHON MaTpHIIeH,
MoxeT ObiTh 3ammcaHa kak (u)(d). B CTpykTypax CHHTETHYECKHMX COCIWHEHHN
[(UO,)(HSeO3)-(H,0)] (Mistryukov and Mikhailov, 1983; Koskenlinna et al., 1997) aromsr U®"
pacToJOKEeHbl B LIEHTPE MEHTaroOHAJIbHBIX AUMUPAMU, B KOTOPBIX UYEThIpE SKBATOPHUAIBHBIX
aroma O sBistroTes oOmmmu ¢ rpynmamu [HSeOs] , a msitast BepiunHa 3acenena monekynoi H,O.
['mapoceneHuTHBIE TPYMIBI UMEIOT aBa atoma O obmumu ¢ cocexHumu Ur, Torga Kak TpeTbs
BepiinHa coorBercTByer rpymnne OH . CBs3biBaHHME LEMOYEK B TPEXMEPHYIO CTPYKTYpPY
OCYUIECTBIIICTCS TOCPEICTBOM BOJOPOAHOW CBSI3U TOJNBKO MEXKAY COCEIHHMHU LIETISMHU.
PacnionoxeHne Hero/eNeHHBIX 3JIEKTPOHHBIX Nap OTHOCUTEIIBHO SKBATOPHANIBHBIX IIOCKOCTEH
TUTHPaMHU]] YPaHHUIIa YepeayeTcsi ¢ 00enX CTOPOH LENOYKH, II03TOMY OPHUEHTAIMOHHAS MaTpPHIIA
JUISl JAHHOTO TeOMETPHUECKOro n3omepa coorercByet (ud)(du).

Kpucrannuueckas cTpyKTypa JeMECMAIKEpHUTa OCHOBaHA Ha IEMOYKax TOMOJOTUU CCl—
1:3-2 (Puc. 2.9d,e), xoTopass BO MHOTOM CXOa C MpeaslayuM TumnoMm. ['pad mpexacrasnser
c000¥ OECKOHEYHYIO IIETIOUKY M3 YETHIPEXWICHHBIX KOJIEI] CBSI3aHHBIX Yepe3 0OIIe BEPIINHBI U
JIOTIOJIHUTEIbHOW OJHOCBSI3HOM CEJIEHUTHOM TpynmnoW, MNpuMBIKaromen Kk kaxaomy Ur.
Tomnonorust sBiseTCs AOBOJBHO PEOKONl M OblJa OTMEUYEHa B CTPYKTypax JBYX XpOMAaroB
ypanuna Nas[(UO,)(CrOy);] (Krivovichev and Burns, 2003b) u Ks[(UO;)(CrO4);](NO3)(H20)3
(Krivovichev and Burns, 2003c), nByx monu6natos ypanuina NazTls[(UO,)(Mo0O4)3]2(H20); u
Na;3Tl5[(UO,)(Mo00Q4)3]4(H20)s (Krivovichev and Burns, 2003d) u B oqHOM ceneHare ypaHuia
(CoHgN);3[(UO,)(SeO4)2(HSeOy)] (Gurzhiy et al., 2017a). Atomer U®" pacmonoskeHs! B rieHTpax
MEHTAarOHAJIBHBIX TUIUPAMUI, TaK YTO YETHIPE SKBATOPHAIbHBIC BEPUIMHBI KOTOPBIX SBISIOTCS
OOIIMMHU ¢ JBYXCBS3HBIMU CEJICHUTHBIMH Tpynmnamu (Kak B TMPEABIAYIIEM THIIC), a MsATas
BEpIIMHA, KOTOpas paHee Obuta 3acenena wmousekynoit H,O, Ttemepp 3aceneHa apyrou
OJHOCBS3HOM MUPaMUIION [SeO3]2*. YpaHWI-CETEHUTHBIN LEMOYKH BBITSHYTHI BHodb [101] u
pacmosoKeHbl Jpyr MOA ApyroMm, obpasys ONoku, opueHTHpoBaHHbIe mapamiensHo (010).
Jannpie Omoku paszzgeneHbl cinosMu U3 Cu- u  Pb-meHTpupOBaHHBIX KOOPAWHAIIMOHHBIX
TIOJTH3/IPOB, CBS3AHHBIX Uepe3 obmme pedpa. B cTpykType memecMakeputa ecTh Tpu trma Cu’'-
neHTpupoBaHHbIX mommdapoB  [CuO4(OH),]*, [CuOs(OH);]”™ u [CuO,(OH);(H,0)]*, wu
C/IMHCTBCHHBII THII JCBSTH-BEPIINHHOTO mommapa ceuHna [Pb’ Og(OH)s]"*". HemoxeneHHsie
AIIEKTPOHHBIE Maphl OJJHO- M ABYXCBSI3HBIX CEJICHUTHBIX TPYIII ¢ 0JHOM cTopoHbl U-Se nernouku
OPUCHTHPOBAaHBl B OJHOM HAIlpaBJICHUH, TOTJa Kak C JAPYrod CTOPOHBI OPHUEHTHPOBKA

MIPOTHUBOIIOJIOXKHAS, IOATOMY OPHEHTAIIMOHHYIO MaTpHUIla MOHO 3anucaTh kKak (u)(d).
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Kpucramnuueckas cTpyktypa coeaviHeHus 33, TEMIUIATUPOBAHHOTO OPTraHUYECKUMH
monekyinamu (Liu et al., 2006) ocHoBaHa Ha OJHOMEPHBIX YpPaHUI-CEICHUT-HUTPATHBIX
KOMILJIEKCaX, OTHOCSIIMXCA K Tomosnorudeckomy Ttumy CCl—-1:2—-12 (Puc. 2.9f,g). [lannas
TOTIOJIOTHS OblJIa OTMEYEHA B CTPYKTYpax psiJa CEJIEHATOB M CyJIh(PaToB ypaHWIA M HENTyHHIIA,
Harpumep (Grigor’ev et al., 1999; Norquist et al., 2003b; Forbes and Burns, 2005; Gurzhiy et al.,
2014b) u mpeacrasnseT cob0ii 6ECKOHEUHYIO IETIOYKY M3 YETHIPEXWICHHBIX IIUKJIOB, CBSI3aHHBIX
yepe3 odurre pedpa, B KOTOPBIX KAl MONKUYAP ypaHUIIa UMEET TpU OOIIMe SKBaTOpUAIbHBIC
BEPIIMHBI C TPEMS CEJICHUTHBIMH TPYyNIIaMH, a OCTaBIIascs mapa aToMoB O, pacroyioKeHHBIX B
AKBATPHUAJILHON TIJIOCKOCTH IUIUpaMuibl, uMmeer obmiee pedbpo ¢ [NOs]| rpymmoit. byayuwn
TPEXCBS3HBIME ¢ cocemanumu Ur, mHpaMuiaibHbie KOMIUTEKeh! [SeO3]” HMEIOT HEemoAeIeHHYO
AIIEKTPOHHYIO Tapy, OPUEHTHPOBAHHYIO BBEPX JIMOO BHHU3 OTHOCUTEIHHO 3KBATOPHAIBHBIX
MJIOCKOCTEH TUMMUPAMU/I, YTO COOTBETCTBYET MOCIEA0BATENHLHOCTH (Ud ).

Kpucrannmaeckue cTpyktypsl u3ocTpyKTypHbIX Ca- (Almond et al.,, 2002) u Sr-
cogepxamux (Almond and Albrecht-Schmitt, 2004) ceneHuToB ypaHWIa OCHOBaHbBI Ha
[EMOYEYHBIX KOMIUIeKcax ¢ Tomonoruei tuma CCl—1:2—14 (Puc. 2.9h,1). llemoyku mocTpoeHsI
U3, CBA3aHHBIX Yepe3 odlee pedpo, AMMEPOB MEHTArOHAIBHBIX AUMUPAMUJ YpaHUIIa, KOTOPbIE B
CBOIO OuY€pe/b, CB3aHbl Mapoll peOepHO- U BEPIIMHHOCBSA3HBIX CEJIEHUTHBIX rpymi. Emle onHa
OJIHOCBSI3HAs CEJICHUTHAs IpyINa AeKOPUPYET KKIAYI0 U3 AUMUPAMU uyepe3 MATYI0 CBOOOAHYIO
HKBATOPUATIFHYIO BEpIIMHY, (OPMHUPYS, TaKUM 00pa3oM, Kpasl IIUPOKON TBOWHON IEMOYKH.
Crout OTMETHTb, uTo B mupamumax [SeO:]”, koTopsle cBsa3pBaroT U IMMEpH B LEMOUKY,
HEMO/JICJICHHbIE 3JIEKTPOHHBIE NTapbl OPUEHTUPOBAHBI 86€pPX C OAHON CTOPOHBI LIETIOUKHU, U 8HU3 —
C JIpyroii, 4To COOTBETCTBYET IocCienoBareabHOCTH (ud),. J[aHHBIH THUIT TOMOJOTHU OBLI
oOHapyXeH B JBYX MuHepanax ypaHuia: napcoHcute, Pby[(UO,)(POs4);, (Burns, 2000) u
xamMonuauTe, Pby[(UO,)(AsO4),](H,0),, (Locock et al., 2005).

Kpucrammuaeckne cTpykrypsl eme nByx Sr- (Almond et al., 2002) u Na-ruapoKCOHMIA-
coaepxkantux (Serezhkina et al. 2009) coequHeHUt OCHOBaHBI HA YPaHUII-CEJICHUTHBIX IIETIOYKaX
C pebepHO-CBSI3HBIM MOTHBOM, AHAJIOTWUYHBIM MpebIaAyIIeMy Tuily. Llemouku OTHOCSTCS K
tornojorudaeckomy tumy CCl—1:2—-15 (Puc. 2.9j,k) u cioxeHsl auMepamu MEHTaroOHAIbHBIX
TUMAPaMH]  ypaHWia, OOBEIMHEHHBIX 10 oO0meMy pedpy, KOTOpble, B OTIHYHE OT
BBIIIEYIOMSIHYTOM TOTIOJIOTMH, CBSI3aHBI MEXAY COOO0M Mmapoi CeIeHUTHBIX TPy TOJIBKO Yepes
o011re BepIINHBI, B TO BpeMsl KaK CEICHUTHBIC MTUPAMUIBI, JEKOPUPYIONIHNE OOKOBBIE CTOPOHBI
LIETIOYKH, CB353aHbl C IUMTUPaMUIaMu yepe3 oourue pedpa. JlanHble coeMHEHNS PEICTaBIISIOT
JIBA PA3IUYHBIX TEOMETPUYECKHX H30MEpa, MPHUHHMAas BO BHUMAaHHE OPHEHTHPOBKY

HEMOJIEICHHOM  3JIGKTPOHHOM  mapel. Tak, Sr  CEJeHUT  ypaHWwIa  ONMUCHIBAECTCS
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nocneaoBareabHOCThI0 (ud),, TOrna Kak B CTpykType Na coeluHEeHUs Bce Mapbl B IETOYKU
OpUEHTUPOBAaHBl B OJHOM HAIPABJICHUU, IMMOITOMY MaTpulla MMeeT BHA (U),. Tomomorus
JAaHHOTO THIAa ObllIa OTMEYEHA B HECKOJIBKMX CHHTETHYECKHX XpomaTax, (ocdarax u apceHaTax
ypaHWIa, a TaKxke B MuHepaie neiikGorant, CaNa(Fe’ )2[(H(UO,)2(PO4)s(OH),](H,0)s (Mills et
al., 2008).

Kpucrannuueckue cTpykTypbl 17 CHHTETHYECKMX CEIEHHUTOB YpaHWJIa OCHOBaHBI Ha
CIOSIX, OTHOCAIIUXCS K Tomojorudeckomy Tumy CC2—-1:2-4 (Puc. 2.10a,b), nambonee
pacrpoCTpaHEHHOMY CPEIM CEJICHUTOB YpaHWJa W CPEIu CIOUCTHIX COCAMHECHHH ypaHWsa, B
nenoM. Tomoynorus COCTOMT U3 IUIOTHBIX YETHIPEXWIECHHBIX IIMKIOB U OOJBIIMX MOJIBIX
BOCBMHUYICHHBIX Kosiell. CTOUT OTMETUTH, YTO CJIOM MPAKTHYECKH BCEX COCAMHEHUN TaHHOU
Ipynmnsl — cojepkaT TuapoceneHuTHele aHuoHbsl [HSeOs;] ¢ BOJOpOAHBIMHM  CBSI3AMH,
OPUEHTUPOBAHHBIMH BHYTPH BOCHBMHUWICHHBIX KOJICI. XOTS TOIOJIOTHS CJIOEB W SIBJISCTCS
OJIMHAaKOBOM, MX peaJbHOE CTPOCHHE JOBOJBHO pPa3HOOOpPAa3HO, 4YTO MPOUCXOIUT H3-3a
pa3HoOOpa3usi KATHOHHBIX OJIOKOB, YYacTBYIOIIUX B (OPMUPOBAHUU CTPYKTyphl. Tak,
CTPYKTYPBI 3THX COCTUHEHHUI 00pa3yroTcs 3a cueT 00beAMHEHUS KOOPIMHAIMOHHBIX MTOJIMAPOB
[UO;]*, [HSeOs], [SeOs]* u [SeOs]* yepe3 o0mue aroMbl kuciopojaa. IlentaronanbHbie
JTUTTUPAMUJIBI YPAHWIIA JIEJISAT BCE CBOM ISTh YKBATOPHATBHBIX aTOMOB O C CEJICHUTHBIMH WA
CeJICHaTHBIMH TPYIIIIaMH, B TO BpeMsl Kak Se-cojepiKaliie OKCOAHUOHBI EHCTBYIOT KaK JIByX-
WIH TpPEXCBs3HbIe KOMIUIEKChl. [lomoOHOe pa3zHOOOpas3ne CTPOUTETBHBIX OJIIOKOB OTKPHIBAET
BO3MOXXHOCTh CYIIIECTBOBAHHs OOJBIIOTO KOJWYECTBA TEOMETpUYECKUX wu3omepoB. Cpemu
YPaHWI-CEJICHUTHBIX U CEJICHUT-CEJICHATHBIX COCAMHEHHUH TOMOJOTUU CC2—1:2—4 BBIIEIAIOTCS
TPU H30Mepa: CJOU, COAepallhe TOJIbKO CEJICHUTHBIC TPYIIbI, WMEIOLIUE CEJICHUTHBIE U
THJIPOCETICHUTHBIE TPYMIBL; a TaKkKe CJIOU C TUAPOCEICHUTHBIMU TPYIIAMU U CElIeHATHBIMU
teTrpadapamu. Ho, 4T0 camoe mHTEpecHOe, Bce TPU M30MEpa MMEIOT OJMHAKOBYIO OPHUEHTAIUIO
HETIOJICIICHHBIX AJICKTPOHHBIX Tap (CENICHUTHBIX TPYIIT) U YeTBEPTHIX HECBSA3HBIX BEPIIHH (s
TETPa’APOB), KOTOpas OMHUCHIBACTCS MOBOJIBHO mpocToil Martpuiied (ud). EnuHCTBEHHBIM
uckioueHueM siBisiercs coeaunenue 36 (Liu et al. 2015), mis KOTOporo opueHTAIlMOHHAs
Marpuna umeet By (ud)(du).

Kpucranmuaeckass crpykrypa Ag-coaepkamiero cenenura ypanwna (Almond and
Albrecht-Schmitt, 2002a) ocHoBaHa Ha CJIOUCTBIX KOMILIEKcax Tomoyioruu CC2—1:2-5 (Puc.
2.10c,d). Takoif TUnm TOMOJOTHUH OBLT OTMEYEH B CTPYKTYypax HECKOJbKHUX CHHTETHUYECKHX
MONIMOAATOB ypaHuiIa U HenTyHuia, Hanpumep, Nay(UO,)(MoOsy), (Krivovichev et al., 2002a) u
K;3NpO2(MoOy), (Grigor’ev et al., 1992). Ciion, oTHOCSAITHECS K TOMOJOTHSAM THITIOB CC2—1:2—4

1 CC2—1:2—5 UMEIOT MOYTH UIACHTUYHBI XUMHUYECKUH COCTAaB M BHEIIHE OYCHb MOX0XKHU. [ padsr
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Pucynok 2.10. CrnoucTble KOMIUIEKCHI B CTPYKTypax CHHTETUYECKUX CEJICHUTOB U
CEJICHUT-CEJICHATOB YPaHWJIa, OCHOBaHHBIC Ha BEPIIMHHO-CBA3aHHBIX MOJUAIPAX (a-j: CM. TEKCT

IUIs ietaneit). Y cioBHble 0003HaueHus: cM. Puc. 2.9; rpynmsl SeV'0, = OpaH>KEBBIE TETPASIPHI.
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ATUX TOTMOJOTHH MOCTPOEHBI U3 OJUHAKOBBIX YETHIPEX- U BOCBMUUWICHHBIX KOJIEI[ M 1a)Ke UMEIOT
OJIMHAKOBYIO CBSI3HOCTh YEPHBIX M OeJbIX BepiinH (MHOrorpaHHukd U U Se COOTBETCTBEHHO),
HO TOINOJOTMU PAa3HATCS M3-32 OTIMYMA B KOOPAMHAIMOHHOM IOCJIEA0BATEIIBHOCTU
(Krivovichev, 2008). Takue XUMHYECKH UACHTHYHBIC, HO TOMOJIOTHYECKH Pa3HbIC, CTPYKTYPHBIE
€IMHHULIl Ha3bIBAlOT TOMOJOTMYECKHMMH WM CTPYKTYpPHBIMU H3oMepamu. ClenyeT OTMETHUTh,
yT0 Tomosorust CC2—1:2—4 ropaszno Gosee pacnmpocTpaHeHa cpeAr HEOPTraHUYECKHX OKCOCOJIEH,
gyeMm CC2—1:2—-5. Eciu HENoAeNeHHYI0 AIEKTPOHHYIO Napy CEJIEHUTHON MUpaMU/bl IPUPABHATH K
YETBEPTOM HECBSI3HOW BEPIIMHE CEJICHATHOTO TETpal’apa, TEKYIIUd H30MEp MOYKHO OIKCATh
Matpuiieii (uddu)(dduu).

Kpucrannuueckast crpykrypa coeaunenus 41 (Kovrugin et al., 2012a) ocHoBaHa Ha
JIBYMEPHBIX KOMIUIEKCaX, 00JIaaloNINX YHUKAILHOW TOMOJIOTHEH KaK sl CTPYKTYPHOU XUMHUU
ypaHa, TaK U JJisi XAMUHU HEOPTaHUYECKUX OKCHUCOJICH B 11€JI0OM, KOTOpast OTHOCUTCS K TUITy CC2—
1:2—14 (Puc. 2.10e,f). ATomsr U pacmnosiokeHsl B IICHTPE MEHTaroHaIbHBIX qunupamui. Kaxnas
rpynmna [SeO4]* sBIseTcs TPEXCBS3HOM, KOOPAMHHPYIOIUISH TPH YPAaHHI-HOHA, TOTAA KaK
MPOTOHUPOBAHHBIE TUAPOCEICHUTHBIE TPYIIbl KOOPAUHUPYIOT ToJbko oauH Ur. Tomonorus
npuMeYaTesibHa HATMYUEM OJTHOCBA3HBIX BETBEH BHYTPHM BOCHMUUJICHHBIX ITUKJIOB, KOTOPHIC Ha
CaMoOM JieJi€ SIBJISIOTCS IPyIIaMy CEJIEHOBON KUCIIOTHI.

Kpucranmnmaeckas ctpykrypa coemunenus 25 (Almond and Albrecht-Schmitt, 2002a)
OCHOBaHa Ha CJIOHUCTHIX KOMIUIEKcax C¢ Tomojorueil tuma cc2—1:2—-19 (Puc. 2.11a,b), koTopas
SBIIIETCS MPOM3BOAHON oTeHuTOBOM Tomonoruu (Krivovichev, 2008), rtme xkaxnas
NEHTAaroHAbHAS JUIUpaMHU/Ia YpaHWiIa HWMEEeT TOJbKO OJHO pedpo, oliiee ¢ CEeNeHUTHOU
rpymnmoi. ['pad cmosi COCTOWT TOJIBKO W3 BOCBMHYJICHHBIX KoJsien. TeKyIuil u3oMep MOXKHO
onucath Matputiell (uudd)(uddu)(dduu)(duud).

Coenunenne 26 (Almond et al., 2002) sBAsieTcst €TUHCTBEHHBIM U3BECTHBIM CEIICHUTOM
ypaHuia, CTpyKTypa KOTOPOTrO OCHOBAaHa Ha CJIOMUCTHIX KOMIUIEKCAX C TOMOJOrHMeM Tuma CC2—
1:2-21 (Puc. 2.11¢,d). I'pad U-comeprkamiero ciiosi COCTOUT U3 IIOTHBIX 4-UJICHHBIX W OOJIBIINX
12-uneHHbIx Kkomer. JIBOWHbBIE CBSI3U MEXIy 4YEepHbBIMH W O€nbIMM BepIIMHAMU B Tpade
YKa3bIBaIOT Ha TO, YTO KOOPAMHALMOHHBIN MOJUAAP YpaHUJIA U CEJICHUTHAs MUPaMK/ia CBA3aHBI
gepes obmee pebpo. Hecmorpst Ha TO, uto rpymmsl [SeO3]” SBISIOTCS IBYXCBSI3HBIMI,
o0peArHEHHEe 1O pedpaM co3/laeT BO3MOXKHOCTH JUISI OPHEHTALMOHHOW  U30MEpUU
PacToJIOKEHUST HETOAENEHHONW 3JIeKTPOHHOM mapbl. [laHHBIA H30Mep MOXKET OBITh OMUCAH C
nomoitnbio Matpuilbl (ud). VIHTEpecHO, YTO «MEXCIIOEBbIE)» KATHOHBI Ba’" ma camom aene

PacrosoKeHbl BHYTPHU CJIOSl — BHYTPU 12-4JIEHHBIX KOJIEL.
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Pucynok 2.11. Cnoucrtele KOMIUIEKCHI B CTPYKTypax IPHUPOJIHBIX U CHHTETUYECKHX
CEJICHUTOB M CEJCHUT-CEICHATOB ypaHHUIa, OCHOBAHHbIE HA pEOEPHO-CBI3aHHBIX MONIM3Apax (a-

n: CM. TEKCT TSl netajei). Y cimoBHble o0o3HaueHus: cM. Puc. 2.9 u 2.10.
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Coenunenue 42 (Gurzhiy et al., 2015a) nomano B TeKyuii 0630p ¢ TOBOJIBHO OOJIBIINM
JOTYCKOM. B CTpyKType UMeroTcs TpH HEIKBUBAICHTHBIEC MO3ULIUU S, TOJIBKO OJIHA U3 KOTOPBIX
3aceneHa kak Se(VI), rak u Se(1V), npudyem konnyecTBo nociaeaHux oueHb maio (~ 0.07 atoma
Ha (QOPMYIBHYIO €IUHHITY). TOMmONOrus cjI0oeB OTHOCUTCS K Tumnmy CC2—2:3—4 (Puc. 2.10g,h) n
ABIIIETCS OJJHOW U3 HauboJiee paclpOCTPAHEHHBIX CPEIU CUHTETUYECKUX CYJIbh(haToB, XpOMAaTOB
U CelleHaTOB ypaHuia (u3BecTHO > 30 CTpyKTyp), HO OHA He ObliIa OTMEUYEHA HU pa3y Ui OJHOTO
COEIMHEHUH ¢ 60JIee BRICOKUM CO/ICPIKaHUEM CEIICHUT-UOHOB, YEM B JTAHHOM CTPYKTYpe.
Kpucraimmdeckne CTPYKTypsl TpeX COSAWHCHHI, TEMIUIATUPOBAHHBIX OPTaHHYECKUMU
monekyinamu, 43 (Krivovichev et al., 2006a), 44, u 45 (Gurzhiy et al., 2015a) ocHOBaHBI Ha
cinosix ¢ cootHomenueM U:Se = 3:5, oOpa3oBaBIIMXCS B pe3ylbTaTe MMOJTMMEpPU3ALNN
KOOPJAMHALIMOHHBIX TOJHAIPOB [U02]2+, [UOz(HzO)]2+, [Se¥'04]* u [HSe"V O] gyepe3 oOrrue
aToMbl kuciopoza. ['pad ciost COOTBETCTBYET TOMOJIOTHH THIAa CC2—3:5-3, CIIOKEHON YeThIPEeX-
u mectu-wieHHbIMU 1ukiamu (Puc. 2.101,j). Takas Tomojorus HEOPraHMYECKUX KOMILJICKCOB
SBIIICTCS TUMMYHOM JIJISl CENIEHUT-CEeNICHATOB ypaHUia, HO TaKke Obllla OTMEYEHa B HEKOTOPBIX
YUCTBIX ceJeHarax ypanwna, Hampumep, Rbs[(UO;);(Se04)s(H,0)] (Krivovichev and
Kahlenberg, 2005a). Hamuume MABYCBS3HBIX CEJICHUTHBIX TPHUTOHAIBHBIX MUPAMUA H
TPEXCBSI3HBIX  CEJICHATHBIX  TETPA’ApPOB NPUBOAUT K  BO3MOXKHOCTH  CYIIECTBOBAHHS
reOMETpUUYECKONM M30oMepuu. Takum oOpa3om, opueHTarMoHHas maTpuna s 43 u 44 mMoxer
ObITh 3anucaHa Kak (ududud)(udodun), a g coequaenus 45 kak (duuudd)(udoduno).

[IpocTeimmii CeaeHUT ypaHWwIa, MO KpaWHEH Mepe C XUMUYECKOM TOYKH 3pEeHus,
[(UO,)(Se0;)] (Loopstra and Brandenburg, 1978), umeer crnouctyio crpykrypy (Puc. 2.11e,f).
ITo nanubeim Jlycebepa u ap. (Lussier et al., 2016) aHMOHHAS TOTIOJIOTHS CJIOST TOTO COSAMHEHUS
OTHOCHUTCS K TOTIOJIOTUH, COCTOSIIIIEN U3 TPEYTOJIbHUKOB M MIECTUYTOIbHUKOB. Tomonorus cios B
coenuHeHnH 27 Takas ke, Kak ¥ B MuHepane pesepdopaun [(UO,)(CO;)] (Christ et al., 2005;
Finch et al., 1999), mo3TomMy JaHHYIO TOTIOJIOTHIO €IIIe HA3BIBAIOT «pe3ephopaAnHOBO». JlaHHas
TOMOJIOTHSI COCTOMT W3 MapajlieNbHBIX IEMOYEeK pPeOepHO-CBI3HBIX IIECTUYTOJBHUKOB,
pa3eNieHHbIX JUMEpaMU peOepHO-CBA3HBIX TPEYTrONbHUKOB. Kak/Iblil 11eCTHYTONBHUK 3aCeNieH
Ur, a oiuH U3 TPEyrojbHUKOB B JUMEPE 3aCENIeH TPYIIOon [Se03]2_. OcraBmiascsi oJIOBUHA
TPEYTOJILHUKOB BaKaHTHA. DJIEKTPOHEUTPAIBHBIE CIIOW CBA3aHBI MEXKAY COOOH TOJBKO 3a CYeT
BaH-JIep-BaabCOBBIX B3auMojelcTBUi. CrieyeT OTMETHTh, YTO HEJaBHO ObUIO MOIY4YEHO
U30CTpYKTypHOE coeannenne HenTyHuia (Diefenbach et al., 2014).

Opnnoli 13 Hambosiee MPUMEYATEITHHBIX TOIMOJIOTHA CPEAH CEIIEHUTOB YpaHWIA MOXKHO
cuntath (ocPypaHWIHTOBYIO aHHOHHYIO Tomonoruio (Puc. 2.11gh): kpucrammueckue

CTPYKTYpBI MapTO3UTa, TMHAMEHUTA U JapucauTa OCHOBAHbI Ha CJIOSIX TAKOT'O TOMOJOTHYECKOIrO



57

tuna. bonee Toro, m3-3a cX0ACTBA CUMMETPUU M MApaMETPOB AJIEMEHTAPHBIX SYEEK MOMKHO
MPEONIOKUTh, YTO XaHECUT U MUPETUT (XOTS UX CTPYKTYPHI O CUX TIOP HEM3BECTHBI), UMEIOT
AHAJIOTUYHYIO apXUTEKTypy. KpoMe MHUHEpanoB, M3BECTHBI €Ille JIBa CHHTETUYeCKUX Li- u Sr-
COJIEpKallIMX CEJIEHUTAa ypaHWJa, KOTOPbIE HUMEIOT CTPYKTYpy, OCHOBAHHYIO Ha JBYMEPHBIX
KoMILIeKcax ¢ (ochypaHUIUTOBOM aHMOHHOW Tomojioruei. DocdypaHUIUTOBAST TOIOIOTHS
COCTOUT U3 JBYX THUIOB YepEAYIOIUXCS OECKOHEUHBIX IIETIOYEK: MEePBbIi TUIT — 3TO AUMEPHI U3
CBSI3aHHBIX depe3 oOlmiee pedpo MATUYTOJBHUKOB, YEpEAyIOUIHecs C pedepHO-CBA3HBIMU
IIECTUYTOJIbHUKAMH; BTOPOM — 3Ur3aroo0pa3Hble HENOYKH U3 YEPEIYIOIIUXCS TPEYTOJIbHUKOB U
KBaJpaToB, CBs3aHHBIX uepe3 obmume pedpa (Lussier et al.,, 2016; Demartin et al., 1991).
TONOIOrHsS MOXET OBITh ONMHCAHA LUKIMYECKHM CHMBOIOM 6'5°473% rme Bce mectd-
MATUYTOJBHUKU  COOTBETCTBYIOT — MOJURJApPAaM  YypaHUia, TPEYroJbHUKH COOTBETCTBYIOT
CEJICHUTHBIM TpYyIIIIaM, a KBaJpaThl OCTAIOTCS BAaKaHTHBIMHM. B KpHCTaNIM4ecKuX CTPYKTypax
MPUPOJIHBIX U CUHTETUYECKUX COCAMHEHUHN JOMOIHUTENbHBIE OJJHO-, IByXBaJICHTHBIE KATHOHBI U
monekyisl HyO pacronaratroTcsi B MEKCIOEBOM MPOCTPAHCTBE, 00pa3ys CUCTEMbl KOBAJIEHTHBIX
U BOJOPOAHBIX CBsI3€d [UI IIOCTPOEHUs TPEXMEPHOU CTPYKTypbl. B KpucTammueckon
CTPYKType MapTo3uTa KaTHOHbI Cu’’ pacronmaraioTcss MeXIy ypaHHI-CTCHHTHBIME CIOSMH 1
OKTa3/IpUUECKH KOOPAMHHUPOBaHbI ABYyMs atoMamMu O, NpHUHAUIEKAIIMX ypaHWI-UOHAM U3
BbIIlIe- U HIDKEJIEXKAUMX clioeB, U 4eTbipbMs aromamu O Mmonekyn H,O u3 mexcimoeBoro
mpocTpancTBa.  Takke B MEXKCIOEBOM  TPOCTPAHCTBE  PACIONOKEHBI  YEThIpe
«ueonuTonoio0HbIe» Mosekynbl HyO, KoTopble HE CBSi3aHbl KOBAJIEHTHO C KaTHOHAMH H
YIAEPKUBAKOTCA B CTPYKTYPE TOJBKO 3a CUET BOAOPOAHBIX B3auMoiecTBui. [To3ummm Na" u K'
B CTPYKType JlapHcauTa XapaKTepHU3YyIOTCsS YaCTUYHOM 3aCEIeHHOCTBIO, TaKKe KaK W MO3ULIUU
monekyn1 HyO u ruapoKCOHHS, KOTOpbIE CTATUCTUYECKU PACHPEEICHBI MO IIECTH MO3UILIUSIM,
PAacIoNIOKEHHBIM B MEKCIOEBOM MPOCTpaHCTBE. TakuM 00pa3oM, B CTPYKTYpe CYILIECTBYET JIBa
tuna Monekyn H,O, Takxke Kak M B CTPYKType MapTO3UTa: KOOPAMHHUPYIOIIME ILEIOYHbIE
KAaTHOHBI U «II€OJUTONON00HBIEY. B KpHCTamImaeckoii cTpykType napucanTta kaTnoHsl Na' n K
MOOYEPETHO 3AMOTHIIOT MYyCTOTHl B COCEHUX MOJOCTAX MEXKCIOEBOTO MPOCTPAHCTBA, TOT/Ia KaK
B CTPYKType THMMEHUTAa 3TU TMOJIOCTU SBISIIOTCA SKBHUBAJICHTHBIMU M 3aCEJICHBI TOJBKO
karnonamu Ba®’. CTOMT OTMETHTB, 9TO B pesysibTare MPeAbLAyIINX HCCICIOBAHil CTPYKTYPHI
ruitmenuta (Pierrot et al. 1965; Cooper and Hawthorne, 1995) Obumn onpesienieHsl TOIBKO JIBE
no3uEr  Moieky1 HoO, KOOPAMHHPYIOUIMX KaTHOHBI Ba’’, OCTaBisis, Takum 06pasom,
3HAUUTENbHYIO TOJIOCTh BakaHTHOW. CTpPyKTypHBIE HUCCIEJIOBAHMS, MPOBEJACHHBIE B paMKax
JMAHHOM pPabOThl TPU HU3KHUX TEMIIEpPaTypax, IO3BOJIMIM ONPECIUTh TPEThIO IO3UIHIO

mouekyisl H,O, pacnonoskeHHy10 B TOM MOJOCTH, YTO MO3BOJISIET U3MEHUTH (hOpMYITy MUHEpasia
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ruiimenuT Ha Ba[(UO,)3(Se03),0;](H20)4. IlogoOHass HEOMHO3HAYHOCTH IO3BOJISET CUHUTATH
KosndyectBo MoJiekysl HyO B JaHHBIX CTPyKTypax HEpEeMEHHBIM, KOTOPOE€ MOXET 3aBUCETh OT
XMMHUYECKOTO COCTaBa, a TaKXKe OT TEMIEpPaTypHbIX W BIAKHOCTHBIX YCJIOBUH XpaHEHHUs
o0pa3uoB. Emie ogHol MHTEpEeCHON 0COOEHHOCTBIO ABIISETCS TO, YTO CTPYKTYPbI PUPOAHBIX U
CHHTCTHYECKUX COCOUHEHHH OTHOCATCS K Pa3HBIM T'€OMETPUYEeCKHM u3oMepam. M3zomep
(ud)(du) Obul ompeneneH B cTpykTypax Li- m Sr-copepkalMx CHUHTETHYECKHUX CEJICHHTOB
ypaHUIIa, a B KPUCTALNTMYECKUX CTPYKTypax BCeX Tpex MUHepanoB oOHapyxeH nzomep (ud)(ud).
CrnenyeTr oTMETUTB, 4TO peanu3anus uzomepa (ud)(du) npuBoauT Kk 00pa30BaHUIO CTYIEHUYATHIX
CJIOEB, B KOTOPBIX KaKAas IOCIexyomas Iernoyka U3 MOJU3POB YPAaHWIIA, CBSI3aHHBIX deep3
o0mue pedpa, pacmooKeHa BbIIIE YPOBHS MpeabIayIiel enovky, Toraa kak nzomep (ud)(du)
NPUBOAUT K 00pa30BaHHIO 3UI3aro00pa3HBIX ypaHHI-CEJICHUTHBIX CIIOEB, B KOTOPBIX LIEMIOYKU

M3 IOJU3APOB YpaHHJIa MOMCPEMCHHO PACIIOJIIOKCHBI BBIIIC WJIW HUXKC CpCZ[HGfI IIJIOCKOCTH CJIOA

(Puc. 2.12).

Pucynoxk 2.12. [Ipoekiuu KpHCTALIMYECKUX CTPYKTYpP BIOJb CIOEB, ypaHHI-
CCJICHUTHBIC CJIOH, 3JICMCHTBI CUMMCTPHUHU U COOTBCTCTBYIOIIHC CJIIOCBBIC I'PYIIIbBI CUMMCTPUHA
st TuviMenuTa (a u b) u Sr[(UO,)3(Se03),0,](H20)4 (c u d). YcnoBHble 0003HaueHus: cM. Puc.

2.9.

Emé omna Tomonorus, cocTosimias W3 IMIECTH-, MATH-, YETHIPEX- U TPEyTOJbHUKOB
. 123 1645
SIBIIICTCSL IOBOJILHO PEAKOW, M MOXKET OBITh OMHCAaHA IUKINYECKUM CUMBOIIOM 6 57°4°3° (Puc.

2.111,j). MI3BecTHBI BCETO TPU COCNWHEHHS, CTPYKTypa KOTOPHIX OCHOBAaHA HA CIIOSIX JaHHOTO
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tuma. JI[Ba w3 HuX mnpencraBiusaoT coboit Cs-comepkammii (Wylie and Burns, 2012) u
oprannuecku TemruiatupoBansbiil (Wylie et al., 2014) ceneHuTsl ypanuia, a TpETHIl — JOBOJIBHO
sk3otudeckoe Csy[(UO,)4(Co(H20),)2(HPO4)(PO4)] ypanun-docharnoe coenunenue (Shvareva
and  Albrecht-Schmitt, 2006). Crmoun 00pa3oBaHbl CHEHUPHUESCKUMH TelTaMepaMu:
reKcaroHajJbHas JUIUpaMUJa YpaHHWJIa pacrojiaraeTcss B ILEHTpe, Jeisl KakJIoe 4YeTHOe
HKBATOpUATILHOE PedpO € TpeMs MEeHTAaroHAIbHBIMU TUIUpPAMUIAMHU ypaHUIa, B TO BpeMs Kak
HEYeTHBIE pebpa ABISIOTCS oOmmMu ¢ rpymmamu [SeOs]” . CBs3bIBaHHE THX IelTAMEPOB B
CJIOM TIPOMCXOMUT 4Yepe3 TPETbU BEPIIMHBI CEJCHUTHBIX TPYMI, W JBE JOTOJTHHUTEIbHBIC
CEJICHUTHBIE TPYIIIbI, CBSI3aHHBIE C KaKIOM MEHTaroHAJIbHON TUIUPAaMUJIbI, KOTOPbIE EST BCe
Tpu atoMa O ¢ Tpemsi coceTHUMU rentamepamu. Takum o0pa3om, BCe MIECTU- U TMSATHYTOIbHUKA
B QHMOHHOU TOTIOJIOTHH 3aHATHl HOHAMHU YpaHUIIA, TPEYTOJbHUKHA — CEJICHUTHBIMH TPyIIamMu, a
YEeTBIPEXYTOJIbHUKHA  OCTAlOTCSI BakaHTHBIMU. ClelyeT OTMETHUTh, YTO pPAaCIOJIOKEHHE
HETOCIICHHON SJIEKTPOHHOW Taphl B CTPYKTypax OOOMX CEJICHHTOB ypaHWia pa3indHo. B
cTpykType Cs-colepikaliero CeleHHuTa ypaHuia OPUEHTHUPOBKA HETOJECICHHBIX 3JEKTPOHHBIX
nap BOKpYT KJIacTepa u3 AUMHUPAMU YPaHIIA HEPABHOMEPHA M MOXET OBITh ONKCaHa MaTpULIEH
(nuudduuuuudd), Toraa Kak B CTPYKType OPraHUYECKH TEMIUTATHPOBAHHOTO CEJICHUTA ypaHUia
pactipenenenue paBHoMepHoe (uududuuddudd). Ognako, 3TO HE NPUBOAUT K BHUAMMBIM
pa3INursiIM B UCKKEHUSIX WM U3THOax CI0eB.

Kpucrannuueckas ctpykrypa Cs-coaepskamiero ceneHuT-ceneHata ypanuia 31 (Wylie
and Burns, 2012) ocHOBaHa Ha CJOSX YHHKAJIbHOW aHUOHHOW TOTOJOTHUU C MUKINYECKUM
cumBooM  6'5%4%3° (Puc. 2.11k,1), xotopas MOXeT OBITh MpEACTABIICHA, KAK MOJYJIbHAS
CTPYKTypa, COCTOAIIAs W3 4YEpPeAyIIHMXCs OJOKOB (PochypaHUTUTOBOM U IUIIIEUTOBOU
aHMOHHBIX Tomoioruil. Ilocmenmusis, Kak W3BECTHO, SBISETCA OAHOM U3 Haubomee
pacrpoCTpaHEHHBIX TOMOJIOTUN Cpelu MPHPOIHBIX CyibdaroB ypanwia (Gurzhiy and Plasil,
2019). llunmewToBBId  (parMEeHT TOMOJIOTUM  BKJIIOYACT CEJICHATHBIC TETPadAphL, a
dhochypaHIIUTOBBIN (hparMeHT COJCPIKUT CEICHUTHBIE TPYTIIIBI.

Kpucrannuueckas cTpykTypa €AMHCTBEHHOTO aAuceneHuTa ypanuia (Trombe et al., 1985)
OCHOBaHa Ha CIIOAX aHMOHHOMW Tomooruy tuma 8'5°3% (Puc. 2.11m,n), cocrosieii U3 BOCbMH-,
ISTH- U TPEyrodbHUKOB. CIIOMCTBIE KOMILIEKCA TOCTPOCHBI W3 TUMEPOB IIEHTarOHaJbHBIX
TUIUpaMU]] yYpaHWUJia, CBSI3aHHBIX yepe3 odiiee pedpo, KOTOphIE OPraHU30BaHbl aHATOTUYHO
CTPYKTypaM TakuxX MuHepanoB, kak naeiueHcut, Fe[(UO;)2(S04)2(OH),](H,0); (Plasil et al.,
2012b) wnu tmanmmmt, Na(UO,)(SO4)(OH)(H20), (Kampf et al.,, 2015c), HO xapakTep ux
CBSI3BIBAHHS 3aMETHO OTIMYAETCsA. BMECTO M30MPOBAaHHBIX TPYII, AUMEPHl ypaHHUIA CBA3aHBI

MeXx1y coO0H Mo yATMHHEHHIO U ¢ OOKOBBIX CTOPOH 4epe3 OOIIHe BEPIIMHBI C AUCEIECHUTHBIMU
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rpynnamMu. Kpome TOro, HemojeJI€HHbIE SJEKTPOHHBIE MApbl BHYTPH OKCHUAHMOHOB [Se,0s]*
COHampaBJeHbl. B TeX IUCEeNeHUTHBIX TpyNMax, KOTOPHIE PACHONOKEHbI MO YUIMHHEHUIO
JUMEPOB U3 JUMHUpPaMUJ YpaHUIIa, HEMOAEICHHbIE DIIEKTPOHHBIE APl OPUEHTUPOBAHEL B OOHY
CTOPOHY OTHOCHUTEJNBHO IUIOCKOCTH CIJIOS, TOTJa Kak B TpYIaxX, pPacloJIOKEHHBIX COOKY
TUMEpPOB, HaIlpaBJICHWE  HEMOAENEHHOW  DSJEKTPOHHOM mapbl —  MPOTHUBOMOJIOKHOE.
Kpucrannuueckas ctpykrypa 32 sBnsercss 0e3BOJHON U HE COACPKUT JOMOIHUTEIHHBIX HOHOB,
TakuM 00pa3oM, DJJICKTPOHEHTpANTbHBIE CIONCTHIE KOMIUIEKCH CBSI3aHBI B TPEXMEPHYIO
CTPYKTYpy IIOCPEACTBOM  AJIEKTPOCTATHYECKUX B3aUMOJEHUCTBUM € Y4YacTHEM  TOJBKO

HEMOACIICHHBIX 3JICKTPOHHBIX IIap.

CmpykmypHas u monono2uieckas Cl04CHOCMy CeIeHUMOo8 YpaHud
Kpucrannuueckast CTpykTypa J€ppUKCHTa OCHOBaHa Ha OJHOMEpHBIX YpaHWI-

CEJICHUTHBIX KOMIUIEKCaX, CHMMETPHSI KOTOPBIX OMUCHIBAETCS CTEP>KHEBOM IPYNION CUMMETPUN

/cmll. Bwmecte ¢ tem, MakcumanbHas (TOIMOJOTHYECKAs) CHMMETPHUS IIETIOYEK OMHMCHIBACTCS

LIEHTPOCUMMETPUYHON CTEPKHEBOU I'PYIIION /32/m11 (Puc. 2.13a). YnakoBka LIETIOYEK BIBOE

YBEJIIMYMBAET BKJAJA ypaHHI-celeHUTHoro Osioka (68.107 Out/suexka) B CIIOKHOCTh BCEi
CTPYKTYpBI, HO 3TO BCE paBHO OCTAETCS MEHBUIMM 3HAYCHHEM B CPABHEHUH C BKIIAJIOM
Mexiennoyeqnoro Cu-O kommiekca (96.370 Out/sdeka) W TNPAKTHUYECKH PABHBIM BKJIATY
MEXKIIETIOYEUHON CHUCTeMBbl BOJOpPOMIHBIX cBsized (64.287 Owut/sueka; Puc. 2.14 u 2.15).
3aMmelnieHue TETparoHaJdbHBIX AWIMHUPAMUJ YpaHWIA Ha T[EHTAaroHAJIbHBIE U MOSBICHUE
JononHUTeNbHOU Mosiekynbl HoO B skBatopuanbHON miockocTd Ur coxpaHsieT TONOJOTHIO, HO

yABaWBaeT pa3Mep DJIEMEHTAPHOTO (parMeHTa NPUBEICHHOW SYEHKM W HW3MEHSET ero
TOTOJIOTHYECKI0O CHMMETPHUIO Ha CTEP)KHEBYIO TPYIIITY %12/a1 (Puc. 2.13b). OrcyrcTBuUE

MEKIIEIOYEUHOU MOJCTPYKTYPhl B COCNMHEHUAX 8 M 9 nenaer mapaMeTpbl TOMOJIOTHYECKOMN
CJIOKHOCTHU PaBHBIMU MapaMeTpaM CTPYKTYPHOM CII0)KHOCTH VISl BCEH CTPYKTYPBHI.

Tononornyeckass CHMMETpUS YPaHUII-CEJIEHATHON LENIOYKU B CTPYKTYpE IEMECMIKEpPUTa

OIMCBHIBAETCS MOHOKIMHHOM CTEPXKHEBOM TIPYNIION /a21/m11, YTO BBIIIE, YE€M peajbHas

CUMMETpHUs 1IENOYKH, OMHChIBaeMasi TpyHrnou %1 (Puc. 2.13c). B cnydae nmemecmikepwura,

YpaHWI-CETICHUTHBIN CyOCTpyKTypHBIH KoMruiekc (117.207 Out/sueliky) BHOCHT HAMOOBIIHI
BKJIaJ] B TapaMeTpbl CIOKHOCTH BCEH CTPYKTYphl. MEXKIENOUYEUHbI KOMILJIEKC BHOCHUT
HECKOJIbKO MEHBIIMN Bk (85.926 Out/sueiiky), v gaxke emé MEHbIINN BKJIAJl MPUXOJUTCS Ha

cucremy H-cBsseit (60.842 out/sueiiky; Puc. 2.14 u 2.15).
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Pucynok 2.13. YpaHum-cejleHUTHbBIC LIENOYKH U X MAKCUMaJIbHbIE CTEPKHEBBIE TPYIIIIbI
CUMMETpUU B cTpykTypax neppukcuta (a), [(UO2)(HSeOs3)2(H,0)] (b) u gemecmakeputa (c).

VYcnoBHable 0003HaueHus: cm. Puc. 2.9.

Kpucramnnueckne cTpykTypbl 17 CEIEHUTOB M CEJICHUT-CEJICHATOB ypaHUIa OCHOBAHBI
Ha CJIOSIX TOIMOJIOTHYECKOTo Tumna CCl1—1:2—4, u OHM MOYTH PABHOMEPHO PaACHpPENENICHbl MEXIY
HEOPraHWYECKUMH M OPraHUYeCKH TEeMIUIATUPOBAHHBIMU  COEJIMHEHUSIMH, HMEIOLUUMU
pa3InuHbIe OJIHOBAJICHTHBIE HEOPTAaHUUECKHE KATHOHBI U MPOTOHHUPOBAHHBIE MOJIEKYJIbl aMUHOB
pa3anuHbIX (OpPM U pa3MEPOB B KauecTBE MEXKCIOEBBIX 0JI0KOB. bonee Toro, JaHHast TOMOIOTHA
COXpaHSAETCS U MPU U3MEHEHHH XMMHUYECKOTO COCTaBa yPaHWII-COAEPKAIIMX CIIOEB, YUUTHIBAs
HaJM4KMe CEJICHUTOB, CEJICHUT-TUAPOCEICHUTOB U TUAPOCEICHUT-CEJICHATOB YpaHuila B JaHHOU
rpymnie coeauHeHnid. VIHTepecHO Takke U TO, 4TO BCE H30MEPHI B 3TOM CEMEWCTBE COCIMHECHMI,
BKJIIOYasi XMMHYECKHUE 3aMELICHUs] U HaJudue ABYX T'€OMETpUYECcCKUX n3oMepoB (cM. ['maBy 2.2
Tononocuyeckuii ananus...), AMEIOT TOMOJIOTHYECKYI0 CHMMETPHIO CIIOS, KOTOpasi OMUCHIBACTCS
cinoeBoii rpynmoi P2;/b (Puc. 2.16). bonee Toro, Tomosiornyeckas CHMMETPHUS COXPAHSETCS B
pEATbHOM CTPYKTYpE MPAKTUYCCKH BCEX COCIUHCHHMIA, 32 UCKIIOUCHHEM ABYX U3 HuX (Tabmmia
2.5). Bce Tpu BBIIIEYNOMSHYTBHIX XapaKTEPUCTHUKHU YKa3bIBAIOT HA TO, YTO JIaHHBIN
TOMOJIOTMYECKUH  THUN  HEOOBIYaHO yCTOMYMB W  SBJISETCS OJHUM W3  Haumbosee
MPEIMOYTUTENbHBIX B cUcTeMax ¢ cooTHomeHuemM U:T = 1:2. Yrto kacaercs pacyeToB

CJIO)KHOCTH, TO, KOHEYHO, OHM OyAyT B IEpBYIO OdYepe/lb 3aBHCETh OT KOJIMYECTBA OpPOUT



Tabauna 2.5. [TapameTpsl CTPYKTYPHOH U TOMOJIOTHYECKOM CIOKHOCTH AJIsl CEJICHUTOB U CEJICHUT-CEJIEHATOB YpaHUJIA.

ITapameTphl C10:KHOCTH CTpykTypHas c10kHOCTh Tomosornyeckas cjoxHocTsb U-
KPHMCTANIMYECKOH CTPYKTYPHI U-Se komIuiekca Se koMmIeKkca
CioeB
ast W CinoeBast
Ne ®opmyna TonoJsiorus WIN
CTePIKH
Hp. Fp. 14 IG IG,totaI eBast IG IG,totaI CTep)KHe 14 IG IG,totaI
Basf Ip.
p.
CHMM.
CHUMM.
Ilenouku
1 Cuy[(UO,)(Se0;),](OH); / neppuxcent Pn2;m 54 4236 228764  4mil 11 3.096 34.054 42/mll 11 2187  24.054
8 [(UO,)(HSeO5),(H,0)] ccl-1:2-1 A2/a
I JUONHSeOLIH,0) . Cye 22 312 100000 Alal 323025 100000 Aldal 32 3125 199000
2 PoaCusl(U02(5e05)s OH)e)(HO), / ccl-1:3-2 Pl 55 4800 263975 41 30 3907 117207 42/mll 30 3374 101207
e _______meMecMOKepWT T
33 [CHLNI(UO,)(Se0)(NOy)] ccl-1:2-12 C2/m 56 4236 237212 42/mll 22 3.096 68.108 42,/mll 22 3.096  68.108
10 Ca[(UOZ)(SCO3)2] 19
I SHUOSeO] certes L2 OB S0 AL 2234 T8 AL 22 34 76108
12 St[(UO,)(Se05),](H,0), o 36 4170  150.117
3 Nas[H:0][(UO)(SeOm h(F,0) ccl-1:2-15 P-1 64 5000 320000 A1 223459 76108 41 22 3459 76.108
CJ104 ¢ BepIIMHHO-CBSI3HBIMU
MOJIHMApaMH
14 [NH4,[(UO,)(Se05),](H0)o.5 P2,/c 94 4576 430.131  p2,/b 44 3.459 152.196 44 3459  152.196
15 [NH,4][(UO,)(SeO;)(HSeO;)] P2,/n 68 4.087 277.947 p2/b 48 3.585 172.080
16 K[(UO,)(HSeO;)(Se0s)] P2,/n 52 3700 192423  p2,/b 48 3.585 172.080
17 Rb[(UO,)(HSeO;)(Se03)] P2,/n 52 3700 192423  p2,/b 48 3.585 172.080
18 Cs[(UO,)(HSe05)(Se03)] P2,/c 104 4700  488.846  p2, 48 4.585 172.080
19 Cs[((U,Np)O,)(HSeO5)(Se03)] P2,/n 52 3700 192423  p2/b 48 3.585 172.080
20 TI[(UO,)(HSeO05)(Se0s)] 2124 P2,/n 52 3700 192423 p2/b 48 3.585 172,080 o
21 Cs[(UO,)(Se03)(HSe03)](H,0); ' P2,/n 88 4459 392430 p2/b 48 3.585 172080 P 48 3585  172.080
22 Na[(UO,)(SeO3)(HSeO;3)](H,0), P2,/n 100 4.644 464386  p2,/b 48 3.585 172.080
34 [CothaNalos[(UO)(HSeO5)(Se03)](H0)o 5 Phma 228 4991 1137.899 p2/b 48 3.585 172.080
(CH3CO,H)o s
35 [C4H 12N3]o0s[(UO,)(HSeO5)(Se0s)] P2,/c 84 4392 368955 p2/b 48 3.585 172.080
36  HCHMNIH]I(UO)(Se05)(HSe05)I(NOs) Pbca 264 5044 1331720 p2/b 48 3.585 172.080

(H20)s




23 [H30][(UO,)(Se04)(HSeOs)] P2,/n 68 4.087 277.947

37 [CsHN][(UO,)(Se0,)(HSe0s)] P2/n 132 5.044  665.860
38 [C2HgN][(UO,)(Se04)(HSeOs)] P2/n 96 4585 440156  PA/P 32 3.700 192423 52 3700 192423
39 [CsHEN][(UO,)(SeO4)(HSeO3)] P2/n 100 4.644  464.386
40 [CHuN][(UO,)(SeO4)(HSeO5)J(NOy) P-1 208 6.700  1393.691  p-1 52 4700 244423
24 Ag[(UOy)(SeOs)]  ee2-1:2-5 P2/n 523700 192423  p2/b 44 3459 152215 p2/b 44 3459 152215

[C.HsN][(Hs02)(H20)][(UO,)2(SeOq)3 1 10 10
IR (HSeON(HO) ceotatd Pa/n 204 5672 NISTATS - pnb oy 4735513528 pa/b o, 4755 513528

[C4H,5N3][H30]os[(UO,)2(S€04)1.03
42 0C2-2:3-4 P2/c 212 5728 1214319  p2, 48 4585 220.078 p2, 48 4.585 220.078
__________________ (Se0oH0)(NOys . o= Pak 2 e GeRe T Ph WA AANE pa B AR AT

[CsH1aN14[(UO2)3(Se0,)4(HSeO3)(H,0)] -
43 (H,Se0;)(HSeO,) P-1 258 7.011 1808.897 p-1 74 5.209 385.500
44 [CHNBGHMNI(UO1(Se00)s(HSeOs) () 5.5 5 Phma 364 5.629 2048837 p2/m 74 4399 325.500

(H,0)] p2/m 74 4399 325.500
45 [CHNLIHON(UO,)y(Se0,)y(HSeOs) P2/m 134 5200 696856
(H,0)](H,8€03)02
CJiou ¢ pedepHOo-CBII3HBIMH
NOJIM3APAMHM
25 POlUONSeO] 21219 ] Pmc2,____48__ 3835184078 p2ma_44 3641 160.215_p2ma_44_ 3641160215
26 Bal(UO.(Se0:) o122l P2,c_ 48 3585 172078 _p2/a_ 44 3459 152215 _p2/a__ 44 3459 152215
T [(UO(Se0)) 6y P2/m 14 2236 31303 __p2/m 14 2236 31.303_ p2/m__14_ 2236 31303
3 Cu[(U01)x(Se05),0,](H,0)s / mapTozur Pbn2, 176 5459  960.860  pn 38 4248 161.421
4 Bagzj(gzg()?(eggz)o(zs]géz)og/]{gnga)el;nT PmMN2, 70 4386 307050 p2mn 38 3511133420 o o0 0
5 3 2ADFLII2 A 6'5%4%3? Pllm 73 5395  393.857 pm 38 4.511 171.421
JIapuCauT

28 SI[(UO,)(Se05),0,](H,0)4 Com 28 3450 96606  c2m 193090 S8 L o 3000 sl
29 ] Lij[(UO(Se0 00N P2/c____ 784311 336261 __p2/a_38 3301 125421 M 19 3 090 8T
30 Csa[(U0»)4(Se05)s](Ho0)s o3 r6es P2/n 160 5322 851.508  pn 64 5.000 320.000
46 [CHNL(UO)(Se0s] o Phma___ 328 5455 1789.277__p2mn_e4 4250 272,000 PAM" 6% 4230 272000
31 Cl(U0:)(Se0a(Se0:):(OM01(L0); . 615%%3% P2/m 1325226 689.860 _ p-l__49 4,635 227121 _p-1_ 49 4635 227.121

32 UO,5e,05 8'5%3" P-1 40 4322 172.877 pl 20 4.322 86.439 p2 20 3422  68.439




Pucynok 2.14. JlecTHWYHBIE AMAarpaMMbl, MOKa3bIBAIOIIME BKIAJ PA3TUYHBIX (DAKTOPOB B CTPYKTYPHYIO CJOXKHOCTH C TOYKU 3pPEHUS
KOJIMYECTBA OUT Ha dJIEMEHTAPHYIO SUYEHKY, Ui CTPYKTYp Ha OCHOBE IIEMOYEK (a), cloéB ¢ pedepHO-CBsI3HBIMU TIonudipamiu (b), cJI0€B ¢ BEpIIHHHO-
CBSI3HBIMU TIOJIM3IpaMH (C) ¥ OpraHUYECKH TEMIUTATUPOBAaHHBIX coenuHeHui (d). YcnoBHbie 0003HaueHus: T1 = Tomonorudeckast napopmanus; SI =

cTpykTypHas uapopMmanus; LS = ymakoBka cnoés; IS = mexxcnoeBoii 610k; HB = cuctema H-cBszeit. Cm. Tabnuiry 2.5 u TeKCT 118 neTanei.

¥9



Pucynok 2.15. JlecTHUYHBIE AMarpaMMbl, OKa3bIBAIOLINE HOPMAIM30BaHHBINA BKiIad (B %) pa3nuuHbIX (DAKTOPOB B CTPYKTYPHYIO CIOKHOCTH IS
CTPYKTYp Ha OCHOBE IICTIOYEK (@), CIOEB ¢ pedepHO-CBSI3HBIMU MoymdaApaMu (b), CIOEB ¢ BEPIIMHHO-CBSI3HBIMHU TOJURIPaMH (C) U OpraHUYCCKH

TeMIUIaTUPOBaHHBIX coeauHeHui (d). YcmoBHbIe 0003HaueHus: cM. Pucynok 2.14. Cm. Tabnuiry 2.5 1 TEKCT 15 ACTaJICH.

S9
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Pucynok 2.16. YpaHWI-CEICHUTHBIE CIOH, 3JIEMEHTHl CHMMETPUUA U COOTBETCTBYIOIINE
CJIOEBbIE TPYMIBI CHUMMETPHUH AJSl Pa3IMYHBIX MU30MEpOB Tomosioruu tuma ccl-1:2-4 (a-d: cm.

TEKCT JJis JeTalnei). Y cinoBHbIe 0003HaueHus: cM. Puc. 2.9 u 2.10.

(atomoB). Takum 00pa3oMm, YypaHUJI-CEJICHUTHBIA CIIOH, HE coaepkamuid H, comepxut
HauMeHblee KonuuecTBo nHpopmanuu (152.196 6ut/sueiiky), cieayOmuUM M0 TOPSAKY Oyner
ypaHUII-CENICHUT-TUAPOCETCHUTHBIH KoMIuteke (172.080 Owut/dueiiky) u, HaKOHEL, TE, 4YTO
colepXar celieHaTHble OKcHaHWOHBI (192.423  Out/sdeliky). AHaJIOTMYHBIM  00pa3oM,
apaMeTphl CIOXKHOCTH JJIsl BCEM CTPYKTYpbl BO MHOTOM 3aBHUCST OT pa3Mepa aln(paTHUecKOH
YaCTU OPraHUYECKUX MOJIEKYJI.

Kpucramnmmueckue CTpyKTyphl TpeX YpaHWI-CEICHHUTHBIX MUHEpPAIOB U  JIBYX
CHUHTETHUYECKUX COEJIMHEHHA OCHOBAaHBI HAa IUIOTHBIX CIOSX ¢ (pochypaHHIMTOBOW aHMOHHOU
tonosiorueil. [IpuuemM nHTEpECHO, YTO MPUPOJIHBIE U CUHTETUYECKUE COEITMHEHNS OIMCHIBAIOTCS
pasHbIMH opueHTanuoHHbIMU MaTpunamu (Puc. 2.12). Opuentanus (ud)(du) HemoaeneHHBIX
ANIEKTPOHHBIX AP B CTPYKTypaxX CHUHTETUYECKUX CEIEHUTOB ypaHwia 28 u 29 mpuBoauT K
00pa30BaHUIO CJIOEB C TOIOJIOTUYECKON cummerpuert €2/m (58.711 Owut/aueiiky), Toraa Kak

MakCuMalibHasds CHMMCETpPUA CI0EB B MNPpUPOAHBIX COCAUMHCHUAX, KOTOPBIC OIMMCBIBAIOTCA
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Matpurieii  (ud)(ud), omuceiBaeTcs poMOWYecKoW cioeBod Tpymmod  pmmn  (121.421
out/sueiiky). Cnenyer OTMETUTh, YTO TOJBKO Sr-cofepiKaliee CUHTETUYECKOe coeluHeHue 28
UMEET pealbHYI0 CHMMETPHIO CJIOS, pPaBHYIO TOMoOJIoOTHYeckoi. B cmyuae Mapros3ura,
rHMEHNTa, JlapucauTa M Li-cofepiKamero CHHETHYECKOTO COEAWHEHHsS, CTPYKTypHas
CJI0)KHOCTb 3HAYMTEIbHO MOHMKAETCS MEXKCI0EBbIMU KaTHOHaMu U Mosekyinamu H,O (Tabmuna
2.5, Puc. 2.12 u 2.14). CymMMapHbIii BKJIaJ BCeX KOMIIOHEHTOB JeJaeT MapTO3UT Hambosee
CIIO)KHBIM HEOpraHMYecKHUM celeHHuToM ypanuia (960.860 Out/sueiiky; Puc. 2.14 u 2.15).
WuTepecHo, dro o00pa3oBaHME TOTO WJIM HWHOTO H30Mepa BBHI3BIBAET OIPENEICHHOE
pacriosioxenue cioeB. Tak, (ud)(ud) uzomep ¢ochypaHHUIUTOBON TOIMOJIOTHH TPHUBOIUT K
00pa30BaHUIO 3UI3aro00pa3HbIX CIIOEB, SBISAETCS, M0 BCEW BUIUMOCTH, Oojee cTaOUIIbHBIM, H,
CKOpee BCEro, TePMOAMHAMHUYECKU NPEANOYTUTENIbHEE B CPAaBHEHHM C JIPYTHMH, MOCKOJIBKY

TOJILKO TAaHHBIN M30Mep HaOIr0MaeTCs B CTPYKTYpax MPUPOIHBIX CIIOUCTHIX CEJICHUTOB ypaHUIIA.

Tepmuueckoe nosedenue ypanui-cereHUmHbIX MUHEPAI08 0ePPUKCUMA U
demecmaKepuma

JlaHHbIE pEeHTTEHOBCKOW MU(paKIInu MOHOKPHUCTAIIOB AeppukcuTa (1) u remecmakepura
(2) OplIM MOJIyYEHBI MIPH Pa3IMYHBIX TeMIlepaTypax 0e3 U3MEHEHUs OPUEHTUPOBKU KPUCTAJIIOB
B auana3oHe oT —173 mo +87 ° C (Gurzhiy et al., 2020b). Kpucramiorpadpudeckue naHHbie u
napaMeTpbl yTOYHEHUS CTPYKTYp npuBeaeHbl B Tabnuie S2.1.

B crpykrype neppuxcura (1) xarnon Ur xoopauHupoBaH 4eThIpbMs aToMaMH Ogq,
PacroI0KEHHBIMU B AKBATOPUATIbHON MJIOCKOCTU U MPUHAAJIEKAIMMU CEJIEHUTHBIM IpyMIaM, C
o0pa3oBaHMEM TETPAroHAJbHOM IUIUPaMUIbl KaK KOOPIHWHAIMOHHOTO mojudapa aromoB U.
Atomsr S¢*” B cTpyKType 1 pacIiooKeHb! B AHKAIBHBIX BEPIIMHAX TPHTOHATBHBIX IHPAMHI, B
OCHOBaHMM KOTOpbIX Haxoxaarcs Tpu aroma O. CeleHUTHBIE OKCOAHHOHBI O00JIAAI0T
KJIACCUYECKOW KOOPAMHALUMOHHOW T€OMETPHEH, MPU ATOM HEMOACIEHHAs 3JICKTPOHHAs mapa
yaepkuBaeT Juranabl O ¢ ITPOTHUBOIMOJIOKHOW CTOPOHBI KaTHOHA Se*’, B 1O BpeMs Kak cama
HemoJel€HHas Tapa pacrojaraeTcs M BeleT ce0s M0 aHAJIOTMHM C YeTBEPTOW BEpPUIMHOU
HpaBUWIBHOIO TeTpadzpa. Bee uetsipe atoma Ogq mommaapa Ur sBisitoTcst 00IKUME ¢ TpyHIaMu
[SeOs]*, Toraa KaKk KaXKias CCICHUTHAS TPYIIA MMEET TONBKO aBa atoma O, 0OMX ¢ ABYMS
cocenaumu  Ur, 49ro TpPUBOAWT K 0Opa3oBaHWI0O OECKOHEYHOW IIETIOYKH, KaK OCHOBHOTO
cTpoutenbHoro 6moka ctpyktypsl 1 (Puc. 2.9a,c, 2.17a,b). Llenouku BeiTsHyTH Brosb [001], a
HKBATOPHAJIBHBIE IUIOCKOCTH TETparoHajJbHBIX aunupamun Ur pacnoiokeHbl NHapayjienbHO
(101). Atombr Cu B ctpykType 1 001anar0T MCKa)KEHHOM OKTa’JpHUYECKONW KOOpIMHAIUEH C

MOYTH KBAJPATHON 3KBATOPHAIBHON MIIOCKOCTHIO M3 Tpynn OH ¥ BBITSHYTHIMU almMKaJIbHBIMHU
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Pucynok 2.17. Kpucramnuyeckas crpykrypa aeppukcura (1): mpoekuus Bmoss b (a);
npoekiusa Baoiab C (b); opuenTupoBka (urypsl TeHzopa tepmudeckoro pacmmpenus (TTP)
OTHOCHUTEIILHO MPOEKIUHU CTPYKTYpHI (¢,d). YcmoBHble 0003HaueHus: cM. Puc. 2.9; Cu nonudapsl
= TEMHO-CHHHUI; aToMbl Se = cepblif; atombl H = HebOonpmue Oenbie cdepsl; ¢purypst TTP:

pacIIupeHne = 3eJIEHBIN, CKATUE = KPACHBII.

koHTakTamu ¢ aromamu O, BcienactBue s dekra Ana-Temnepa. Kaxaprit atom Cu umeer obmue
HKBAaTOPHAJbHBIE TUAPOKCHIIBHBIE TIpymnmbl ¢ cocenHumMu  atromamu  Cu, oOpasys
TpuokTadapudeckue ciou (Puc. 2.17a,b), mapamrensabie (010). MemnHO-KUCIOPOIHBIE CIIOH
CBA3aHbI C YPaHUJI-CEJICHUTHBIMU LIETIOUKaMH Yepe3 anuKajibHble aToMbl O, KOTOpBIE SBISIOTCS
TPETbUMH BEPIIMHAMU CEJICHUTHBIX TPy, HecBA3HBIX ¢ Ur. JlomonHurenbHoe 0OBeAMHEHUE
OCYIIECTBIIIETCS Uepe3 cuctemy H-cBsizeit, KoTopast BKIIIOUAET TUAPOKCHIbHBIE Tpymibl u3 Cu-
cojepxamero cios, a takke atomMbl Oyr U O¢q 3 U-coenepxkamux wnenouexk (OH7---O3,
OHS8:--O1, OH9---0O5, OH10---O5). CtrepeoXuMHUYECKH aKTUBHBIC HEMOACIEHHBIE AJICKTPOHHBIC

4+
napbl KATHOHOB S€ ' HalpaBJICHBI B CTOPOHY COCEIHHUX YPAHUII-CEICHUTHBIX LIETIOYEK.
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B crpykrype nemecmskepura (2) Ur okpyXeH B SKBATOPHAIBHON IUIOCKOCTH TIATHIO
aroMaMu Ogq, NPUHAUICKAIIMMHI CEJICHUTHBIM IpyMnnaM, ¢ 00pa30BaHUEM IE€HTArOHAIbHOM
JUTTUPAMUJIBI, KaK KOOPIWHAIMOHHOTO mmoyimdapa aromMoB U. B cTpykType 2 HaXomsTCs Tpu
KPUCTAIIOrpahUueckl HEIKBHBATCHTHBIX aToMa Se'', pACIIONOKEHHBIX B  AMMKANBHBIX
BEpIIMHAX TPUTOHAIBHBIX THUPAMHI, OKpPYXKEeHHbIX Tpems aromamu O. Sel- u Se2-
[EHTPUPOBAHHBIE TPYMIBI UMEIOT 1Ba aromMa O, o0mmx ¢ aByms cocequumu Ur, B To Bpems Kak
TpeThst Se3-IeHTPUPOBAHHAS TPYIINA UMEET TOIbKO ouH atoM O, obmuit ¢ Ur, 9410 mpuBOIUT K
00pa3oBaHUIO0 OECKOHEYHOH ypaHwiI-ceneHuTHOW nenouku (Puc. 2.9d,e, 2.18a,b). Ur wnonsr
nensat 4detsipe aroMa Oeq € OBYXCBS3HBIMU CEJICHUTHBIMU TpyNIaMH, TOTAa Kak IsTas
HKBaTOpUAJIbHAsS BEPIIHUHA SBIAETCS 00IIeH ¢ emé 0HON MOHOJACHTATHON MUPaMUIOM [SeO3]27.
VYpaHun-celeHUTHbIE LENOYKH OpHeHTHpoBaHbl Baoab [l101], mpuuem »sKBaropuaIbHbIE
IUIOCKOCTH TMEHTaroHajabHbIX aunupamua Ur opuentupoBanbl napamienbHo (101). Ilenouku
YJIOXKEHBI JPYT HaJ ApPyroM, oOpas3yst OJoku, opueHTHpoBaHHBbIC mapaiienbHo (010) (Puc.
2.18a,b). Otu On0KM, B CBOIO ouepenb, pasaeneHbl ciaosMu u3 Cu- u Pb-neHTpupoBaHHBIX
KOOPJIMHAIIMOHHBIX MOJMAIPOB yepe3 obmme péOpa. B crpykrype 2 pacmonaraiorcs Tpu
KpUCTaJIJIOrpauuecku HedKBUBaJIEHTHBIX atroma Cu, KOTOopble 00JafatoT TpeMs pa3InYHbIMU
KoOpaMHAMOHHBIMA TeoMetpusimu [CulO4(OH),]*, [Cu203(OH);]" 1 [Cu30,(0H);(H,0)]%, a
TAK)KE OJWH HEIKBHBAICHTHBIA KAaTHOH Pb’’, PacIONOKEHHBIH B IEHTPE ACBATHBEPIIMHHOTO
xommrekca [PbOg(OH)2(H20)]'*". Atomsr Cul oGmamaror (2 + 4) HCKaKeHHOI reoMeTpHei, a
atombl Cu2 u Cu3 umerot (4 + 2) KoOpAMHAIMIO, KOTOpas cuuTaercs Oosee cTabmibHOW. B
pabore (Hathaway, 1984) Gbuto mokasamo, urto Cu’’-comepxarme mommdapsl ¢ (2 + 4)
reoMeTpueid MoryT OBITh ciydaeM auHamudeckoro s¢ddekra fna-Temnepa psma (4 + 2)
KOMILIEKCOB, KOTOPBIE OBICTPO MEHSIOT OPUEHTHUPOBKY TP pa3INyuHbIX TeMreparypax. OmHako,
COTJIACHO IOJIyYEHHBIM JaHHBIM, TOJOOHBIN A dexTa oOHapyx eH He Obl1. Cu-IIeHTPUPOBAHHBIC
MOJIMAIPEl 00pa3yrOT JBa THUMA IIEMOYEK, HampaBlIeHHBIX BAOJb [100] M CBS3aHHBIX MEXIY
coboii Pb-tienTpupoBanHbIMU KOMITIekcamu u oomiei rpymmoi O13H. Iepserit Tun o6pa3oBan
yepenyromumucs ...—oauH Cul— aBa Cu3 — ogun Cul-— nBa okrtasgpa Cu3—... , CBSI3aHHBIMU
yepe3 obmue pedpa. B nannom cimydae okrasap Cul umeer yetbipe oOmuX pedpa ¢ YeTHIPbMS
nommmaapamu Cu3, a Cu3 umeer aBa obmmx pedpa ¢ nByms oktadapamu Cul u omHO pedbpo ¢
cocenuuM Cu3. DTOT TUIN COENMHEHUS SBISETCS COKpAIlEHUEM TPHOKTa3APUYECKOrO CIIOS B
ctpykyTpe 1. BTopoii THm — 3TO y3Kas, IIUPUHON B OJUH OKTa’JAp IETOYKa, MOCTPOCHHAS U3
Cu2-1eHTpUPOBAaHHBIX MOJIUAIPOB, KOTOPHIE 00BEIUHSIIOTCS TOJBKOUEPE3 Ba 00IUX pedpa.

Cnenyer OTMETHTb, 4YTO JEPPUKCUT U JEMECMAKEPUT — E€IUHCTBEHHBIE YpaHWII-

CEJICHUTHBIE MHHEpaibl, CTPYKTYypbl KOTOPBIX MOCTPOEHbI Ha OeckoHeuHBIX U-coaeprkammx
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nenoukax. Kpucraminueckue CTpyKTyphl THHMEHHTa, MapTO3UTa, XaiHeCWTa, MUPETUTA U
JapucauTa OCHOBaHbl Ha IUIOTHBIX YypPaHWI-CEJICHUTHBIX closiX ¢ ¢ochypaHHUINTOBOU

tononorueit (Demartin et al., 1991; Gurzhiy et al., 2019a).

Pucynok 2.18. Kpucraminueckas CTpyKTypa AeMecMIKepuTa (2): mpoeKIus BA0b b (a);
npoekius Baosib a (b); opueHTHpOBKA (DUTYpHl TEH30pa TEPMHUYECKOTO PACITUPEHUS/CIKATHUS
(TTP) oTHOCUTENBHO MPOEKLUUHU CTPYKTYpHI (C,d). YcnoBHble 0003HaueHus: cMm. Puc. 2.9 u 2.17;

aToMmsbl Pb = TémHO-cepbie, cBsa3u Pb—O = TéMHO-cepble MyHKTUPHBIC JTUHUH.

TepMuueckoe TOBENEHUE CTPYKTYp coeauHeHuii 1 w2 uMeeT CyIIeCTBEHHO
anu3oTponHblii xapaktep (Tabm. 2.6). Kmaccuueckas Teopusi TEpPMHUYECKOTO TOBEICHUS
Kpuctamaecknx Bemiects (Oumaros, 1990; Hazen and Downs, 2001; Filatov, 2011) yka3siBaer
Ha TO, YTO MAaKCHUMaJIbHOE TEIJIOBOE PACIIMPEHUE PEATU3YETCs] B HAINPABICHUU CaMBIX CIIa0BIX
MEXaTOMHEIX B3aUMOJIEUCTBUM.

B kpucrannmueckux CTpyKTypax ACPPUKCUTA U JIE€MECMAIKEPUTa MOKHO BBIACIUTH JIBA
TUIMA TBEPABIX CTPYKTYPHBIX KOMILIEKCOB. OJTO YpPaHUJI-CEJICHUTHBIC LEMOYKH M CIIOUCTHIC
KOMIUIEKCHI, TocTpoeHHbIe U3 Cu- u Pb-mleHTprpoBaHHBIX MOIH3POB. TakuMm 00pa3oM, MOKHO

ObBLII0 OBI OXHWAaTb, YTO HAIIPaBJICHUA BIOOJIb 3THUX CTPYKTYPHBIX CIHHHIL 6YILYT HanMMCHEC
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MOJABEPKEHBI pacmpennro. M 3To aeictBuTenbHO Habmomaercs B ctpykrype 1. Haumenbiee
TEIUIOBOE PACHIMPEHUE B CTPYKTYpPE AECPPUKCHUTA pealn3yeTcsl BAOJIb HAIMpaBICHUS ypaHWII-
ceneHuTHBIX nenodek [100]. HenmocpeacTBeHHO KOOpAMHALMOHHBIE MTOIM3/PHI ypaHUia, CeJlieHa
U MEIU HUCHBITHIBAIOT MPAKTUYECKH HJICHTUYHOE IO BEJIMYMHAM pacCIIMPEHHE, YTO BHUJHO U3
Tabmumpr S2.2. Takum o00pa3oMm, OpPYCHTO-TIOJOOHBIM CJIOM HCHBITHIBAET PABHOMEPHOE
pacumpenre kak Brosb [100], tak u Baoaes [010]. Ciom u3 OoKTa’apoB Menu, nmapajjieibHbIe
mwiockoctd (010), cBsA3bIBalOTCA C YpaHWI-CEJIEHUTHBIMU LIENOYKAMU IOCPEACTBOM CHCTEMBI
BOJIOPOJHBIX CBSI3€H, OPUEHTHPOBAaHHBIX TpuMepHO BAOIL [001]. TlpouHoe cBsi3bIBaHHE B
CTPYKTYpE 3a CUET KOBAJICHTHBIX B3auMOJIecTBUM B HamnpaiieHuu [010] peanusyeTcs TOJbKO B
npenenax TPUOKTadApuueckoro ciosi u3 mnoiamdapoB Cu. Cremyer TakKe OTMETHUTh, YTO
3HAYEHHS HEKOTOPBIX U3 CiS-yriaoB Cu—O—Cu yMEeHbBIIAOTCS C TEMIIEPATY PO, YTO MOXKET OBITH
CBA3aHO C pEaKUUeil IIOTHOM CTPYKTYpbl TPUOKTA’APUUYECKOrO CJIOS Ha YBEIMYEHHUE IJIUH

cesser Cu—-O.

Tadanua 2.6. 3HaueHust KOOPPUIMEHTOB TEH30pa TEPMUIECKOTO pacimpenus o; (1 = 1—

3) x 10° °C™' i OpHeHTHPOBKA OTHOCHTETHHO TIIABHBIX OCEH B cTpykTypax 1 1 2.

Coeamn T(°C) an az as3 <apa <aynb <a33C
eHue
-100 2.5 17.6 44 0 0 0
1 -50 8.2 29.3 15.7 0 0 0
0 13.9 40.9 27.0 0 0 0
50 19.5 52.4 38.2 0 0 0
-100 36.6 12.3 -3.9 252 24.8 5.9
5 -50 32.6 14.5 -3.9 323 30.7 9.2
0 29.8 16.3 4.7 42.4 39.6 15.1
50 28.5 17.6 -6.5 55.1 51.8 22.4

Tepmuueckoe NOBEACHUE CTPYKTYPHl JI€MECMIKEpPHTa HECKOJIBKO 0oJiee CII0XKHOE,
HEXXEMH CTPYKTYpHl Aeppukcuta. [lepBoe, 4To HEOOXOAMMO OTMETUTh, MpPH HArPEeBaHHUU
MEHSIETCS OPUEHTUPOBKA (DUIypbl TEH30pa TEPMUYECKOro paclmMpeHus. Tak, NMpu HHU3KUX
Temneparypax Ko3()(UIUEHT o033, COOTBETCTBYIOIIUI CKaTHIO CTPYKTYpbl, HPAKTUYECKH
cosnazaer ¢ [001], a 3areM cMmelaeTcst B CTOPOHY TEJIECHOM AMArOHAIN JIEMEHTAPHOM SAUYEHKU.
XOTs 3TO HaNpaBJICHUE COOTBETCTBYET MPOCTPAHCTBY MEXK/IY yYPaHUI-CEICHUTHBIMU LETOYKAMH
¢ Ie(HUIHUTOM IPOUYHBIX CBA3EH, CKATUE CTPYKTYphI U MOBOPOT (PUIYpBI TEH30pa TEPMHUUECKOTO
paclIMpeHuss B OCHOBHOM CJIEJyeT OTHECTH K OpPTOIOHAIM3ALUU TPUKIMHHBIX YIJIOB
aneMeHTapHOl sueiiku. Taxoi >dext Ob1 onmcan B (Filatov, 2008) u oOHapykeH B cepuu
HempaBHUX pabor (Izatulina et al., 2018, 2019). Ces3p Mexay U-comepkaniuMu [EMOYKaAMH U

MexcaoeBbiM Cu—Pb kommtekcom Baoms [010] mpoucxoaut yepes obue atoMbl O CeICHUTHBIX
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rpynn, 4Yto OOBSCHSET HE3HAYMTENIbHOE pAaCUIMpEeHUE CTPYKTYpbl B 3TOM HaIlpaBJICHUU.
Tepmuueckoe pacmpeHue KoopAuHaIUOHHBIX monmdapoB U, Se, Cu u Pb skBuBasieHTHO, YTO
BUJHO W3 JWHAMUKU JJIMH CBs3ed W yrioB npu HarpeBanwu (Tabn. S2.3). MakcumanbHOE
TEPMHUECKOE PACIIUPEHUE CTPYKTYpbl 2 HaOiomaercs MpUMEpHO BAoib HampasieHus [100],
YTO COBNAAAE€T C OPUEHTUPOBKOW TOHKUX wenouyek Cu-LeHTPUPOBAHHBIX OKTA3pOB H
npoMexyTkamu Mexay Cu 1ernoykamu, 3aroJeHHbIMU KaTuoHaMmu Pb.

B pesynbrare wuccinenoBaHus TEPMUYECKOTO IOBEJECHUS CTPYKTYp JAEPPUKCUTA,
CU4[(U02)(8603)2](OH)6, n ACMECMakKepurTa, szClls[(U02)2(8603)6(OH)6](HzO)z, MOXKHO
chopmyupoBaTh HEKOTOphIE 0OmMe BBIBOABI. HanmMensblnee pacmmpeHue HabmomaeTcs B
HANPaBIICHUU YPAaHUJI-CETICHUTHBIX IIETIOYEK, a HauOOIbIlIee paCHIMPEHUE MPOUCXOTUT B
HAIPAaBIIEHUH, HOPMAJIbHOM WJIM HAKJIOHHOM K IEMNSM, C HU3KOH IJIOTHOCTHIO paclpeesieHuUs
KOBaJICHTHBIX CBsA3ei. Kpucraminueckas CTpyKTypa I€MECMAIKEpPHUTA UCHBITHIBAET CXKAaTUE MpPU
HarpeBaHWM, 4YTO CBA3AHO C OPTOTOHAIM3ALMUEH OCTPBHIX YIJIOB TPUKIMHHON 3JIEMEHTapHOM
SYECUKH.

Pesynbratst JTAHHOTO WCCIICIOBAHHUS TIO3BOJISIOT pacHIMpuTh TPaHUIIBI
KPHCTaIIIOXUMIYeCKoro BocnpuaTus U -comepkammx MHHEpanoB, W OLCHHTH OCTATOYHO
pPEAKO H3ydyaeMmble NapaMeTphl, TaKue KaK MPOYHOCTHBIE XapPaKTEPUCTUKHU KPUCTATIIMYECKUX
cTpyKTyp. Tak, HampuMmep, ObLIO SKCTIIEPUMEHTAIILHO MOATBEPHKACHO, YTO KOMILUIEKCHI YpaHHiia
ABIISIOTCS OJHUMHU M3 CaMbIX CTaOWJIBHBIX U KECTKHX OJOKOB B CTPYKTYpHOH apXUTEKType
MPUPOJHBIX U CHUHTETHUYECKUX COCAMHEHUN ypaHWJa U ONpPENENsiOT TEPMUUYECKOE IMOBEJCHUE
BCEH CTPYKTYpBI, UYTO COTJIACYETCS C pe3yibTaTaMH HemaBHUX uccienoBanuii (Gurzhiy et al.,
2018c, 2020; Kornyakov et al., 2019). [Ipnuém manHbIe BEIBOABI CIIPABEIJIUBBI HE3ABUCUMO OT:
1) pasmeproctn U -copepkammx CTPYKTYPHBIX KOMILIEKCOB; 2) KaK YCTPOMCTBO, TaK M
XUMHYECKOTO COCTaBa U OPTaHU3AINH MEKCIIOCBOM/ MEKIETOUCTHON CTPYKTYPHI.

JlaHHBICe HAGMIOACHNS, TTOMHMO MPOYEro, MOAYEPKHBAIOT PasyMHOCTh BhiaeeHms U’ -
CoJlep)KalMX eIWHUIl B KauyecTBE (PyHIAaMEHTaJbHBIX CTPOUTENBHBIX OJIOKOB BCe
KPHCTaIUTHYecKoil cTpykTypbl U -cofepKammx COeIMHEHHII W, TeM CaMbIM, OOOCHOBBIBAIOT

CTPYKTYpPHbIE HEepapXuH, OCHOBaHHbIC Ha OMHCcaHuM 3Tux 010Kk0B (Burns, 1999, 2005; Lussier et

al., 2016).
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2.3. CTpyKTYypHBIE HCCJIeOBAHUS MPUPOAHBIX COeIMHECHN YPAHIJIA U H3yYeHHEe HX

NnpeBpalleHui

Hosas npupoonas ¢paza, Ca(U0O2)s(S04)202(0H)6-12H,0, cmpyxkmypro-bauskas
ypaunonuaumy

Pa3nooOpasue HOBBIX MPHPOAHBIX CYIh(})ATOB ypaHWJIA MPEICTABIACT OCOOBI MHTEPEC
(Gurzhiy, Plasil, 2019), nockonbKy OOJBIIMHCTBO U3 HUX HE UMEIOT MPSAMBIX CHHTETHYECKHX
aHAJIOTOB W, CIIEJOBATEIbHO, SBISIOTCS HOBBIMU JUISI CHHTETUYECKOW HEOPTaHWYECKOW XUMUHU.
BombmmHCTBO  HOBBIX ~ Cynb(paToB  ypaHa  SBISIOTCS  NPOAYKTAMH  BTOPHYHBIX
HU3KOTEMIIEPATYPHBIX ~ THAPOTEPMANbHBIX  IPOLIECCOB, KOTOPbIE  YacTO  CBSI3aHBl C
KpUCTAIM3AlMEl  OYeHb CIOKHBIX MHUHEpaJbHBIX BEIIECTB, TAaKUX KaK IOWHTHT,
MgsCag(UO;)24(C0O3)3004(0OH)12(H20),38, oOmanaronuii Haubosee CI0XHON CTPYKTYpOH, cpenu
M3BECTHBIX Ha ceroansiHui aeHs muHepanoB (Olds et al., 2017). CtpykTypHast apXUTEKTypa
HOBBIX TNPUPOJHBIX CYIb(PATOB ypaHWIa JEMOHCTPUPYET MHOIO OOHIEr0 C CHHTETHYECKUMU
cynbdaraMu, XxpomMaTamMu, MOJIHOJaTaMH U CelIeHaTaMy ypaHUJIa, YTO HAILIO OTPaKEHUE B psizie
0030pHbIX padot (Krivovichev and Burns, 2007; Krivovichev, 2010). B GonbmmHCTBE U3 HHUX
MOHBl ypaHWiIa, CBs3bIBasChb C TeTpadapuueckumu rpymmnamu 104 (T = S, Cr, Se, Mo),
(GOpMHUPYIOT OCTPOBHBIE KOMILJIEKCHI, IIETIOYKH WM CJIOW, B KOTOPBIX B3aUMOJECHCTBHE MEXKIY
COCE/IHAMH HOHAMH ypPaHWIA OCHA0ISeTcs MIECTHBATCHTHBIMH KaTHoHamu T0. Jlmst oToif
Ipynnbsl MUHEPAIOB W CHHTETHUYECKHUX coenuHeHUil cooTHomeHue U:T 0OBIYHO cocTaBisieT
MeHble 1, 1, moxanyii, HanOosnee pacnpocTpaneHHbIM sBisgercs 1:2 = 0.5. OxHako, CyniecTByeT
rpynna CTpyKTyp NPUPOAHBIX CyJb(paToB ypaHuia ¢ cootHomeHueMm U:S > 1 (manpumep, 2:1
s muHepanoB rpynnsl mumnmenta (Frondel et al., 1976; Burns et al., 2003; Brugger et al. .,
2003; Plasil et al., 2011a, 2012c, 2014c, 2017; Kampf et al., 2018a)) unu paBHbIM | (Hampumep,
B muHepanax agonbpnarepautr K(UO;y)(SO4)(OH)(H,O) (Plasil et al., 2012a) u woraHHwWT,
Cu(U0O,)2(S04)2(OH),-8H,0O  (Mereiter, 1982)). B atux cTpyKTypax HMOHBI ypaHHWIIa CBS3aHbBI
gepes obmue annonsl OF win (OH)', co3nasast, TaKUM 0Gpa3soM, OKCO / THAPOKCO yPaHHIIATHBIC
CyOCTPYKTYpBI, COCTOSIIIINE U3 MOJIUMEPU30BAHHBIX KOOPIWHAIIMOHHBIX monudapoB UO, (n =5
wim 6). Hanpumep, B KPUCTAUIMYECKHX CTPYKTypax MUHEPAIOB TPYMIbBl IUMIICHUTA,
nerraroHanbHeie aunupaMuasl (UO7) umerotr obmme pebpa, oOpa3ys OECKOHEUHBIE IICTIOYKH,
cszanmbie B cion [(UO,)x(SO4)d:] (¢ = OF, (OH)) mocpencteom (SO4) Terpasapos (Burns et
al., 2003). HauGosee BBICOKME W3 HM3BECTHBIX Ha CETOMHAIIHUNA JIeHb cooTHomeHuid U:S

coctaisatoT 8:1 mist (UO;)s(SO4)(OH) 4 13H,0 (Cejka et al., 1996), u 6:1 ana ypaHonuiauTa
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(U02)6(804)02(OH)6'14H20, n MCTaypaHOIIUIINTA, (U02)6(804)(OH)10'5H20 (‘7) (Frondel,
1952).

OO6pa31pl HOBOTO MPUPOIHOTO KAJIBIIMEBOTO OKCO-THApara cyibdara ypaHuia (47) Obut
cobpansl B gekadpe 1985 r. H. Meiicepom (Krivovichev et al., 2018) B moa3eMHBIX TOMCKOBBIX U
ropubix BbeIpaboTkax U-mectopoxaenus Jla Kpeysza nemameko ot Jle-Mapkorr, Bane,
[Beiinapus. HecMoTpsi Ha MHTEHCHUBHBIE TIOJIEBbIE HCCIEAOBaHuUs, poBoAuBIIMecs ¢ 1988 mo
2015 roxpl, Ha CETOMHSIIHUI I€Hb U3BECTEH TOJIBKO OJMH 00pa3el TaHHOH MUHEpaIbHOH (a3bl,
coOpaHHBIH Bcero d4epe3 4 TojAa TOCIEe OKOHYAHUS TOPHBIX padOT M JEMOHUPOBAHHBIA B
KanTtonansHoM my3ee reosnoruu Jlozanusr (IlIBeiiniapus) mojgq HOMEpOM B HCCIIEIOBATEIHCKOM
koutekuun: XRD-NM-0005. Jlanubie 00 5ToM MUHepase, U3BECTHBIE B HACTOSIIEE BpeMs, HE
MO3BOJISIFOT TOJTHOCTBIO ONKCATh €ro KaK HOBBIA MUHEPAIbHBIM BUJ, IO T€X MOp, MMOKa HE OyaeT
oOHapy>keHO 0oJIbllIe MaTepHana.

C MoMmeHTa OKOHYAaHHUS TOJ3eMHBIX BBIPaObOTOK B 1981 TOMy BCKpBITHE >XHJI |
CKJIagupoBaHue BeicokocopTHOU U-pyniel (B cpeanem no 3 ananuzam: U 0.8 mac.%, S 0.5 mac.%,
Bi 0.1 mac.%, Pb 870 ppm, Cu 680 ppm, Zn 300 ppm u As 200 ppm) moaBepraiuchk
BO3ICUCTBUIO KHUCIBIX JIPEHAXHBIX BOJ IIAXT M aTMOC(HEPHOTO KHCIOpOJa B 3a0pOIICHHBIX
ranepesix. OxucieHue cyiabQuaoB (B OCHOBHOM NHpPUTAa U XaJbKONUPUTA) B MPHUCYTCTBUU
CHUJIbHOM OaKTepHalbHOM aKTUBHOCTH TNPHUBENO K oOpa3zoBanmio Kuciaeix (pH = 3,1), GoraTeix
cynb(dar-uoHaMu BOA. DTH BOJBI BCTYIHIH B PEAKIIHUIO C YPAHHHUTOM, KIMHOXJIOPOM, HILITUTOM,
KaJbIIUTOM U CHUACPUTOM U, IOCIIE €CTECTBEHHOIO MCIAapeHHs, Ha MecTe 00pa3oBaiu OOraTyio
acCcOLMAlMI0 BTOPUYHBIX MUHEPAJIOB CyJNb(aTOB ypaHWiIa, BKIOYas (B MOPSAIKE YMEHbIICHUS
KOJIMYECTBA): MIPEKUHIEPUT, YPAHOMNWIUT, MapEeKOTTUT, MAarHe3UOLUNNEeUT, HOraHHUT,
MICEBJOUOTAHHUT, PA0EKAKUT, ITUNICHUT, HATPOIUIIEHUT, KOKOHUHOUT, SIXUMOBUT U (aza 47.

Coenunenne 47 BBIIBSIIUT KaK JUMOHHO-XENTbIe, NONychEepUdyecKre BBILIBETIINE
arperatbl pa3MepoM 10 4 MM Ha PyJHOH MaTpULE U COCTOUT U3 KPOILIECYHBIX IJIACTHHYATBIX
MPU3MATHYECKUX KPHUCTAIJIOB C THIMMYHBIMA MOHOKIUHHBIMHU ¢opmamu 10 0.1 mm (Puc. 2.19).
[Ipuponnas ¢a3za He QuyopecuupyeT. Jlpyrue BHIbI THUINEPTCHHBIX MHHEPAJIOB,
HETOCPEJICTBEHHO CBsi3aHHBbIE ¢ 47 B TOM jk€ o0Opasue — 3TO YpPaHONWIHT, pabexakur,
Mar"e3uoLHUIIIEUT U TUIIC.

[TonykonnuecTBEHHBIH XUMUYECKUI aHAIM3 MPOBOAMICA C MOMOIIbIO CKaHUPYIOIIETO
AIIEKTPOHHOTO MHUKPOCKOIA, W, HECMOTpPS Ha pa3jHuHble aHaJUTHUYECKHE MPOoOJIeMbl H3-3a
MHTEHCUBHOM JIeTUApATALUU O] MIyYKOM 3JIEKTPOHOB, ObUTH 0OHapykeHsl Tosbko Ca, U, S, Ca
u O co cpemgaum cootHomeHnuem Ca:U:S ~ 1:5.6:2.2. CuHXpOTpOH-THU(PPAKINOHHBINA

HKCIEPUMEHT TMPOBOJIWJICS TPU CTAaHJAPTHBIX KOMHATHBIX YCJIOBHUAX Ha IIBEHIIApPCKO-
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HOpBEekKCKOM KaHaiie BMO1 Espomeiickoro meHntpa cuHXpoTpoHHBIX uccienoBanuii (ESRF).
Kpucrannorpaduueckas unpopmanusi ¥ mapaMeTpbl YTOYHEHUS CTPYKTYpbl 47 MpPHUBEACHHI B

Tabaure S2.4.

Pucynok 2.19. SEM-BSE wu3o0paxenne munepanbHOi (a3el 47. OOpamaror Ha ceds

BHUMAHUEC TUITMYHBIC MOHOKJIMHHBIC (bOpMBI KpucTaJljioB.

[Mentaronaneupie qunupamuasl (UO7) genar obmue pedpa Oy --Oy ¢ oOpasoBaHmeM
reKcaMepoB, OPUEHTHPOBAHHBIX MapayienbHO MIOCKOCTH (010) m BHITSHYTBHIX BHoib [20-1]
(Puc. 2.20). T'excamepbl cBsi3aHbl uepe3 cCylab(aTHble Tpynmbel, oOpaszys IEMOYKH
[(UO,)6(SO4)202(0H)6(H20)4]%, OpUEHTHPOBaHHBIC BAOJIbL OcH C. CoceqHNe EMOYKH YI0KEHBI
B ciou mapamrensao (010) (Puc. 2.20). Monst Ca** koopamuupoBansl cembio aromamu O,
KaX/IbIif, ¥ PAacIOIOKEHBl MEXAY CIOSIMH, obOecreunBas MX OOBEIMHEHHE B TPEXMEPHYIO
crpyktypy (Puc. 2.21). B pe3ynpTaTe yTOYHEHHS KPUCTAUIMYECKOW  CTPYKTYPBHI,
KPUCTAITIOXUMHUYECKAst bopmyna 47 MOXET OBITh 3amMcaHa KaK
Ca[(UO2)6(S04)202(OH)6(H20)4]- (H20)s.

Kpucrannuueckas crpykrypa 47, B IUIaHEe apXUTEKTYpbl, TECHO CBSI3aHA CO CTPYKTYpOM
muHepana ypanormwiuT, ((UO;)s(SO4)O2(0OH)s- 14H,0 (Deliens and Piret, 1993), koTtopas takxe
OCHOBaHAa Ha YPaHWI-CYyJTb(QaTHBIX IETMOYKAaX, COCTOSIIMX W3 T'eKCAaMEpPHBIX 3BCHBEB,
00pa3oBaHHBIX MOIMMEpH3aIeil mectu nsatuneHTaronanbHpix aunupamua (UO7) (Puc. 2.22).
OpHako, B ypaHomuiaute Kaxaslidi Terpa’ap (SOs) umeer Bce yerbipe aroma O obmue ¢
munupamugamu (UO7) (duro Takke HabmogaeTcsi B MuHepanax rpynmsl munmnenta (Gurzhiy and
Plasil, 2019)), Toraa xak B cTpykType 47 Kaxmas cyiabdaTHas rpyIia CBsi3aHa TOJBKO C TpeMs

v +
ypaHuwi-MoHaMu ¥ uMmeeT oauH atoM O (O16), cBs3aHHBIM ¢ KATHOHOM Ca®". Ilemouky TaKKe
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paznuyarorcsi cootHomenueM U:S, kotopoe paBHO 6:1 nys ypaHonuiuta u 3:1 11 coe JUHEHUS
47.

PacueTsl CIIOXKHOCTH TOKAa3bIBAIOT, YTO KPHCTANIMYECKYIO CTPYKTypy 47 cienyer
ommcaTh KaK OYCHb CJIOXHYI0, coaepxkamyro 6.304 oOut/atom u 1991.995 Owurt/saeiiky
uHbpomarmu. Jlng cpaBHEHUS, KPHUCTAJUIMYECKYIO CTPYKTYpYy YypaHONMIUTA  CIIETYyeT
paccmatpuBaTh Kak cioxkHyio (6.304 Out/atom u 995.997 Out/sdeiiky), B TO Bpems Kak
HanOoJiee YacTble 3HAYEHUS CTPYKTYPHOM CIIO)KHOCTH MPUPOAHBIX Cyinb(aroB ypaHuia (c
yuérom aromoB H) Haxomsarcs B muama3zoHe 500-600 owut/suciiky (Gurzhiy and Plasil, 2019).
Bricokast cTpyKTypHas CIOXHOCTh coeauHeHHs 47 MoXeT OBITb OOBSICHEHAa BBICOKOM
TOTOJOTHYECKON CIOXKHOCTBIO YPaHUJI-CYIb(paTHON IEMOYKH, OCHOBAHHOW Ha OKCO-THJIPOKCO
reKkcaMepax ypaHuia, U BBICOKOH cTemneHbio ruapatanuu ¢a3pl. O06e 0cCOOEHHOCTH XapaKTepHBI
JUIS  HU3KOTEMIEPAaTYPHBIX MHHEPATbHBIX (a3, oO0pa3ylomuxcs B 30HAX OKHCICHHS
MECTOPOXKICHUHN TMoyie3HbIX Hckomaembix (Burns et al., 1997; Gurzhiy et al., 2017a,2018b;

Pankova et al., 2018).

Pucynox 2.20. CioucThld KOMILJIEKC, COCTAaBJICHHBIN u3 Eeno4YeK

2- .
[(UO2)6(S0O4)202(0H)6(H20)4]” B kpucTammmyeckoit crpykrype 47. YcioBHbIE 0003HAYCHUS:
KOOpJAWHANMOHHBIE TomudApel U W S T1OKa3aHbl JKEITHIM M OPAH)KEBHIM  IIBETAMH,

COOTBETCTBEHHO; aToMbl O MOKa3aHbl KPaCHBIMU ChepamH.
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Pucynok 2.21. Kpucramiuueckas cTpykTrypa 47 B mpoekiuu Ha IuiockocTh (100).

VYcnoBHble 0603HauyeHus: cM. Puc. 2.20; atombl Ca moka3aHbl TEMHO-CUHUMU CpepamH.

PucyHnok 2.22. Ypanun-cynb(aTHbIC IETTIOYKHA B KPUCTATUIMUECKUX CTPYKTypax 47 (a) u

ypanonuiurta (b).
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Kpucmannuzayus Hoswix ypanun-cynvghamos yesus 6 pesyivmame usmeHeHus CKynuma

[Ipupoanbie OKCO-TUIPOKCO-TUAPATHI YpaHHUIA CUMTAIOTCSA MPOIYKTAMU MEPBLIX CTaIH
U3MEHEeHUs ypaHMHUTa B okuciutenbHbIX ycnoBusx (Finch and Ewing, 1992; Finch and
Murakami, 1999; Plasil, 2014, 2018a; Krivovichev and Plasil, 2013). Byay4uu o6pa3oBaHHBIMU B
pe3ynbTaTe peaklUuu KOPEHHBIX MOpPOA C BOIHBIMHU PpAcTBOpPAMHU, 3TH MHUHEpAllbl HIPaIOT
BaYKHYI0, €CIIM HE KJIFOUEBYIO, POJIb B BBIHOCE ypaHa B OKpY’Karolyo cpery. Kpome Toro, okco-
THJIPOKCO-THPATHI ypaHUIa MOKHO pacCMaTpUBaTh MPEIIIECTBECHHUKAMU 00pa30BaHUs JPYTHX
BTOPUYHBIX  YpaHCOJEP)KallMX MMHEpPAJIOB B pe3yjbTaTe peakUUh C PacTBOPAMHU,
00orameHHbIMHA PA3IMYHBIMU KaTHOHAMHU (OOBIYHO OJTHO- U IBYXBAJICHTHBIMH) U OKCOAHHOHAMU
(CO327, SO427, PO427 u 7ap.). Onucanue HOBBIX MUHEPAIbHBIX BUIOB PEIKO COMPOBOXKIAETCS
AKCIIEPUMEHTATBLHBIMUA HMCCIICOBAHUSMH, KOTOPBIE MOTJIM OBl TMPOJIUTH CBET HA YCIOBHUS HX
oOpa3oBaHus. BcrencTBue CIOKHOCTH YypaHWICOAEPKAIIUX KOMILJIEKCOB, 00pasylolmxcs B
BOJHBIX pPAacTBOpax B MPHUCYTCTBUU OMNPEEICHHON KOMOMHAlMM KaTHOH — OKCOAHHOH M B
3aBHCUMOCTH OT pH cpespl, TouHble MEXaHU3MbI 00pa30BaHNs MUHEPAJIOB ypaHUIa JI0 KOHIIA He
W3y4eHbl. B MaHHOW Tri1aBe MpeCTaBIICHBI Pe3yIbTaThl IKCIIEPUMEHTOB MO0 CHHTE3Y CYJIb(aToB
ypaHuia, KOTOpble MOTYT MPOJIUTh CBET Ha HEKOTOPbIE OCOOEHHOCTH 00pa30BaHUs MPUPOIHBIX
COCIMHEHUH TaHHOW I'PYIIIIBIL.

B pesynpraTe THIpPOTEPMANBHOTO W3MEHEHHS CHHTETHYECKOrOo aHajlora MHHepaa
ckymuT [(UO2)302(0OH)12](H20)12  (Walker, 1923; Plasil, 2018b), mnomyueHsl 4eTbIpe
KpUCTATNIMYCCKUC (1)331:1 CS[(UOQ)(SO4)(OH)](H20)025 (48), CS3[(U02)4(SO4)203(OH)](H20)3
(49) (Serezhkina et al., 2015), Cse[(UO2)2(SO4)s5](H20)3 (50), 1 Cs,[(UO2)(SO4),] (51), Tpu u3
KoTopbIX (48, 50 u 51) sBsitorcs HoBbIMU (Puc. 2.23; Tabn. S2.5; Tyumentseva et al., 2019).

AHanor MOPUPOAHOTO  OKCO-TUAPOKCO-TUApATa  ypaHwWia, MHHEpala  CKYMHT
([(UO,)302(0OH)12](H20)12 (Walker, 1923; Plasil, 2018b)) Obu1 cHHTE3WpOBaH MO METOMIMKE,
ommcannoit B (Nipruk et al.,, 2011), a ero yucrora mpoBEepeHa METOJOM PEHTreHO(])A30BOTO
aHaIM3a MOJIMKPUCTAIUIMYECKOT0 00pa3iia; B KaueCTBEe peakTUBOB ucmoiab3oBanu HySO4 (Sigma-
Aldrich, 98%) u Cs,SO4 (Bekron, Poccus, 99%). 0.2 t cuntetnueckoro ckymnuta (0.03 Mmmors),
0.12 r cynedara ne3us (0.33 mmonb) u 0.01 i (0.19 Mmmons) cepHOit KUCTIOTHI pacTBOpsun B 10
MJI JCMOHHM3UPOBAHHOW BOJBI. PacTBOp mepeMemmBany M 3arpy’kajyd B CTAJIBHOM aBTOKJIAB C
Te(I0HOBOM BCTaBKOW 00BEMOM 23 MJI, KOTOPBIM MOMENIAIA B CYIIMIBHBIN MKad W HarpeBaIH
1o 110 ° C. Yepes 24 4 cymmibHbIN mKag oxiaxaaim co ckopocThio ~ 20 ° C /4 10 KOMHAaTHOM
temnepatypbl. Ha qHe TedmonoBo# Karcynbl ObU1 0OHAPYKEH MEIKOKPHUCTAIIMUYECKUH 0CaIoK,
MOKPBITBIA  TOJYNPO3PAaYHbIM  CBETJIO-)KEATHIM  pacTBopoM. [locie 3TOoro  mponykr

THAPOTEPMAIIBHONM PEaKIMd TEpeImiid B YacoBO€ CTEKIO. JleTanpHOE wHccleqoBaHUE TIOJ
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ONTHYECKUM MHKPOCKOIIOM ITOKa3aj0 HAJIWYUE ABYX THMOB KpucTawioB (Puc. 2.23): ocHOBHas
YacTh OCaJKa MPEeJCTaBisia cOO0N MEJIKHE KEeNTOBAThle M30METPUUYECKUE KPUCTAIIBI C MOYTH
anMa3HeIM OsieckoM (coenuHeHune 48), uepenyromyecss ¢ OpPaHXKEBBIMH IJIACTHHYATBIMU
KpUcTaulaMu poMOndeckoi (popmel u OobIero pazmepa (coenunenue 49), HO BHEIIHE TOpa3io
xynmero kadectBa. [locme orGopa HECKONBKMX KPUCTAJUIOB JUIsl JalbHEWIIEH NHAarHOCTUKU
MPOAYKT THAPOTEPMAIBHON pEakluu OCTaBsUIM B YAaCOBOM CTEKJI€ Ui HUCHApeHus Npu
KOMHAaTHOW TeMmmeparype. Yepe3 HECKOJIBKO JHEH IO KpPOMKE pacTBopa B HEOOJIBIIOM
KOJIMYECTBE ObUTH OOHApy KeHBI emie JaBa Buaa KpuctaiwioB (Puc. 2.23): 3eneHble po3eTKH U3
TOHKHUX IUTacCTUHOK (coenuHeHue 50) u cBeTo-3eneHble YIUIOMIEHHbIE POMONYECKHE KPUCTAIIIIBI

(coemunenue 51).

Pucynok 2.23. Kpucramnel coenunenuii 48 (a u b), 49 (a u b), 50 (c) u 51 (d),

06pa3OBaHHI>I€ B OITMCAHHOM CUHTCTHYCCKOM SKCIICPUMCHTC.
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Pucynok 2.24. 1D u 2D KOMIIJIEKCHI U COOTBETCTBYIOIINME UM TOIOJOTHUH B CTPYKTYpax
48 (a,b), 49 (c,d), 50 (e,f), m 51 (gh). VcmoBusie o6o3HaueHus: U-comepxaiime
KOOPJAMHALIMOHHBIE ITOIUAAPBI = JKENTBIN; S-UEHTPUPOBAHHBIE TETPAdAPHl = OPAHKEBBIN; ATOMBI
O = xpacHblif; atombl H = cBetso-cepslii; uépHble BepIMHbl = aToMbl U, Oenble BEpIIMHBI =

aTOMEI S.
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[lemoueuynble ¥  CJIOUCThIE ypaHUJI-COAEpKAIIUE CTPYKTYpHbIE KOMIUIEKCHl U
COOTBETCTBYIOIIUE UM TOIOJOTUU B CTpYKTypax 47—50 nokazansl Ha puc. 2.24.

AHUOHHAsI TOMOJIOTHS YpaHWI-cyiabpaTHoro ciotcroro komiiekca [(UO,)(SO4)(OH)] B
cTpykType 48 (Puc. 2.24b) Opu1a onpeneneHa ¢ IOMOIIBIO OX0/1a, onucaHHoro B (Burns et al.,
1996). OHa OTHOCHUTCS K  TOIOJOTHYECKOMY THITY 5%'3%. cormacuo Kiaccuukanuu,
npemioxenHod B (Krivovichev, 2008), um Obula paHee oTMeueHa B CTPYKTypax psna
cuHteTnueckux cyibdaroB (Grechishnikova et al., 2005; Nazarchuk et al., 2018b), xpomaToB
(Unruh et al., 2012), u docharos (Ok et al., 2006) ypanwmia. Tomosoruss COCTOUT U3 IETOYCK
MSATUYTOJIbHUKOB, MOJIOBUHY KOTOPBIX 3aHUMAaIOT pEOEpHO-CBsI3HBIE AuMephl Ur, pa3aeneHHbIX
rpynmnamM U3 OAHOTO KBapaTa U IBYX TPEYTroJbHUKOB. Kakaplil TPEYroibHUK COOTBETCTBYET
TPEXCBSI3HOW TpaHU CyJb(paTHOrO TeTpadApa, a KBAApaThl OCTAIOTCS  BaKAHTHBIMH.
OpHeHTHPOBKA HECBA3HON TETPA3JpUUYECKOI BEPILNHBI B CTPYKTYype 48 uepeayercs Mo cTpokam
(Puc. 2.24a): B mepBoii CTpOKE BCE BEPIIMHBI UMEIOT OPHUEHTHUPOBKY 6HU3, BO BTOPOH — 88epx,
3aTeM CHOBa 6Hu3 U T. . Takum 00pa3oM, Te€OMETPUUYECKUN H30Mep, MPEACTABICHHBIN B 48,
onmchiBaics marpuiieil (u)(d). CTOUT OTMETHTh, YTO CIOUCTBIA KOMIUIEKC, OOHApYKEHHBIA B
CTpYKType 48 0ueHb IOX0X Ha TAaKOBBIE, ONMCAHHBIC B TAKUX YpPaHHWI-CYJIb(aTHBIX MHUHEpaaX,
kak gemueHcuT, Fe[(UO,)2(SO04)2(OH),](H20); (Plasil et al., 2012b), mmamwmr,
Na(UO,)(SO4)(OH)-2H,0O (Kampf et al., 2015¢), u np. (Gurzhiy and PIasil, 2019). Ho ux
TOTOJIOTHH CYIIECTBEHHO OTJIHYAIOTCA M3-32 PA3IMYHOTO PACIOJIOKEHHUS AUMEPOB YypaHWUIa
BHYTpH cliosi. B cTpykType 48 nmumepsl yJI0XKeHbI CTYNEHYaTO, B TO BpeMsl KaK B CTPYKTypax
BBIIICYTTOMSIHYTHIX MHHEPAJIOB AMMEPHl PACIOJIOXKEHBI MapaJuieNbHO APYr ApYry, o0Opasys
TUTTMYHYIO JUIs MUHEPAJIOB, TaK Ha3bIBaeMyto, hochypanmmToByto Tonosnoruto (Demartin et al.,
1991). Paznuumst Mexay STUMHU TOMOJOTHYECKHMMH H30MEpaMH ObUIM HEJIaBHO OMUCAHBbI B
(Nazarchuk et al., 2018Db).

Crpykrypa coequaenus 49 (Serezhkina et al., 2015) ocHOBaHa Ha CIIOMCTHIX KOMIDICKCAX
cocraBa [(UO,)4(SO4)205(OH)]® (Puc. 2.24c,d). TomoIOrHs KOMIUIEKCOB OIMCHIBACTCS
KONBIEBBIM CHMBOJOM 5°4°3% U OTHOCHTCS K OZHOMY W3 HamOOlee pacIpOCTPAHCHHBIX
TOTIOJIOTUYECKUX THIIOB CPEeau NPUPOAHBIX cyibdartoB ypanmwna (Gurzhiy, Plasil, 2019), tak
Ha3bIBAEMOM IUIIIEUTOBOM TOMOJIOTHH. TOIONOTHSI COCTOUT M3 OECKOHEYHBIX 3Ur3aroo0pa3HbIX
nenoyek pEOEPHO-CBA3HBIX MMATUYTOJILHUKOB, pa3/eleHHBIX LEMOYKaMH KBaJApaTOB U
TPEYTOJIbHUKOB.

Tononorust BoTHOOOpa3HBIX OECKOHEYHBIX YPaHWI-CYyNb(ATHBIX LEMOYEK COCTaBa
[(UO,)2(S04)s]1® B crpykrype 50 (Puc. 2.24f) MoxeT GbITH BH3YaIM3HPOBAHA C IOMOLIBIO

teopun rpadudeckoro npeacrasienus (Krivovichev, 2004). JIBoiiHbIE CBSI3U MEXTYy YEPHBIMU H
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OeJIbIMU BepITMHAMU B Tpade YKa3bIBaIOT HA HATMYHME 00IIeTo pedpa MeX Ty KOOPAMHAIIMOHHBIM
MOJIUAAPOM ypaHa  CyJIb(haTHBIM OKCOAaHHOHOM. TOMONOTHs IETOYKH B CTPYKType 50 sBrsercs
HOBOHM JJISi CTPYKTYPHOM XMMHU HEOPTaHUYECKUX OKCOCOJEW M MPHHAUICKHUT K HOBOMY THUITY
ccl-2:5-1 type.

I'pad croncroro ypaHui-cymbdarHoro komriexca cocrasa [(UO,)(SO4),]* B cTpykType
51 otHocuTcsa K TomonoruueckoMmy tumy C€C2—1:2-21 (Puc. 2.24h) u cocTOUT U3 IUIOTHBIX 4-
YICHHBIX U OONBIIMX 12-4IE€HHBIX LHMKIOB. DTa TOIMOJIOTHS JOBOJILHO pejaKas, HO BCE Xe
HaOo1anach B CTPYKTypaxX HEKOTOPHIX aKTUHUA-COAEPXKALUX COeauHEHHH. Brepsbie oHa
Obl1a 0OHapy’KeHa B CTPYKTYpe M30CTPYKTYpHOro HenTyHuJ cyibdata 1ie3us (Fedoseev et al.,
1999), u mozgHee B cTpykTypax Ba ypanmn-cenenuta (Almond et al., 2002) u opranudecku
TEMIUIATHPOBAHHOTO cynb(aTa ypanuia (Norquist et al., 2003a).

[lapameTppl  CTPYKTYpHOH CIIO)KHOCTH, pacuMTaHHblE Ha OCHOBE KOJHUYECTBA
undopmarnuu s 48—51 npuBencHsl B Tabmwuime 2.7 U Ha pucyHke 2.25. OOmas TeHIACHIUS
KPUCTATIM3AIMOHHON SBOMNIOIMK HEAaBHO Obula cOpMyIHMpOBaHA CIEAYIOMIUM 00pa3oM
(Gurzhiy et al., 2016b, 2017a, 2018a, 2019b): cioXHOCTH CTPYKTYp, CPOPMHUPOBAHHBIX Ha
MO3/THUX CTA/IUSAX KPUCTAJUTM3AIINH, BBIIIE, YeM y (a3, pacTyIlnX Ha MEPBUYHBIX CTaIUAX, TOT/IA
KaK OYCHb CIIOKHBIE CTPYKTYPBI MOTYT (DOPMHUPOBATHCS, KaK MEPEXOIHBIE APXUTEKTYPHI 10 WA
Mexay (azaMu C OTHOCHUTEIbHO HEOOJBIIMMU KOJUYECTBAMU CTPYKTYpPHOH HHGOpMALUU.
PacueTbl CIOXHOCTM MOKa3ajau, 4YTO KpuUCTauIMueckue cTpykTypbl 48, 49 u 51 crnepyer
OIKCHIBATh KaK CPEIHECIOXHbIe, NMetole 3HaueHus: Hwke 500 Out/sueiiky, B TO Bpems Kak
coenuHeHue S50 mUIp HE3HAYUTENHFHO MPEBOCXOANUT Yepe3 ATy rpanully (508.168 Out/sueiiky) u
JOJIKHO ~ OIUCHIBAThCS, Kak cioxHoe. CTOUT OTMETUTh, YTO THapaMeTpbl CIOKHOCTU
CHHTETHUYECKUX COCIMHEHUH B IIEJIOM HIDKE, YEM Y MUHEPATIOB, CTPYKTYPhI KOTOPBIX OCHOBAHbBI
HAa KOMIUIEKCaX C OJMHAKOBOM WM TeHeTHYecku Onm3koi Tomonorueir. Kpome Toro,
TOTIOJIOTUYECKAsT CIIO)KHOCTh ypaHHWI-CYyJNb(aTHBIX CTPYKTYPHBIX €IHHHI BHOCHUT OCHOBHOM
BKJIaJ] B HMTOTOBYIO CJIOKHOCTh CHUHTETUYECKHMX COEAMHEHUH, B TO BpeMs KakK CJIOXHOCTb
ONMU3KMX MO CTPOCHUI0O MHUHEPAOB B 3HAUYUTEIBHOW CTEMEHH OMPENENsIeTCsS CTPYKTYypOi
MEKCIIOEBOI0 KOMILUIEKCA U CUCTEMOM BOJOPOIHBIX CBS3EH.

Hcxonuplii  pacTBOp B TUAPOTEPMAIBHOM 3KCHEPUMEHTE COJEpPKal  MOJISIPHOE
cootnomenue Cs:U:S ~ 1:1:1, dro oObsicHseT mpeobmaganue B ocaake (aswl
Cs[(UO2)(SO4)(OH)](H20)0.25 (48). Menblliee KOIUYECTBO KpUCTAIIOB 49 MOXKHO OOBSCHUTH
Ooslee HU3KOH TemImepaTrypoil SKCIEpUMEHTa, YeM Ta, KOTopas NpeAnouTUTeNbHa s

00pa3zoBaHus CTPYKTYP IIUITIEUTOBOTO THIIA.
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Taoiuma 2.7. IlapameTpsl CTPYKTYpHOW U  TOMOJOTMYECKOW CIOXKHOCTH A

CHUHTETUYECKUX ypaHWI-CYIb(paTHBIX coennHeHUH 48—51 U cTpyKTypHO-O0JIM3KUX MUHEPAJIOB.

IMapaMeTpbI C10KHOCTH CTpyKkTypHas c10:kHOCTh TomoJioruyeckasi cJI0:KHOCTh
KPHUCTAJIMYECKON CTPYKTYPHI U-S kommjiexkca U-S kommiekca
CaoeBa CiaoeBa
1 WJTH s1 WA
Coeaunenue
Tp. v Ig 16 total crepaa le IG total CTEpaKH 1 IG total
rp. ' eBas : eBast :
rp. rp.
CHMM. CHMM.
48 Pnma 100 3.844 384386 p2i/a 40 3.322 132.877 p2i/a 40 3.322 132.877
49 P-1 78 5285 412261 p-1 54 47755 256.764 p-1 54 4755 256.764
50 P-1 92 5524 508168 4-1 62 4.954 307.160 famam 62 3.599 223.160
51 P-1 141 6.161 868.677 p-1 54 47755 256.764 p-1 54  4.755 256.764

K4[UOy(SOy4);] Pnma 176 4.641 816.860 pm 36 4.337 156.117 pmm2 36 3.892 140.117
Mapekorrutr P2;/n 60 3.907 234413 p2i/a 52 3700 192423 p2i/a 52 3.700 192.423
Ileaurorur P-1 82 5382 441.319
Jlyccbepur Cc 104 5700 592.846 p-1 23 4524 104.042 pm 23 3915 90.042
Kaanporur P2,/c 164 5382 882.639
Otroranuur P-1 126 6.000 768.000 p-1 62 4954 307.160 p-1 62 4.954 307.160

[IpucyrcTBue [(UO,)(SO4)4]" KJIACTEPOB C MOBBIMIEHHBIM cofepkanueM S (50 u 51) B
HarpeToM pacTBOPE MOXKHO BEPOSTHO OOBACHHUTH JIOKAIBHBIM HApYLIICHHEM KOHIEHTpAIUU
Cs:U:S ~ 1:1:1, xotopoe BBI3BAJIO 00pa3oBaHUE S-«OOCTHEHHOTO» IHITIIEUTOINOI00HOTO
coenuHeHust 49. M3Becten eme oawH cuHTeTHueckwit K-comepkammii cynbdaTr ypaHuia,
CTPYKTypa KOTOPOTO OCHOBaHa Ha CIABOCHHBIX KilacTepax kiampoTtutoBoro tumna (Mikhailov et
al., 1977). DTOoT psAn MOXeT ObIThb MPOAODKEH IMyTeM JajJbHEHIIero yABOCHHS KiacTepa,
oroHapyxkeHHOTO B CTpykType B K4(UO2(SOs);) (Mikhailov et al., 1977), 94T00BI TIOMYyYHTH
OCTPOBHOM TeTpaMmep B CTpyKType oTroranHuta (Puc. 2.26). [lanpHeinee yBenudeHUe pazmepa
KJIacTepa MPUBOJIUT K (OPMUPOBAHUIO OECKOHEUHBIX IIETIOYEK, MOJOOHBIX OOHApPYKEHHBIM B
cTpykrype 50, KoTophle, B CBOIO odepeln, B mpoiecce aerunaparanuu (Gurzhiy et al., 2017a)
NpeBpaTATCsl B CIIOW, OOHApYKeHHBIH B cTpykType 51. OTcyTcTBHE coenuHeHmi Ha ocHOBe 0D
CTPYKTYPHBIX €IMHHI] B HallleM 3KCIIEpUMEHTE MOXKET OBITh CBS3aHO ¢ TpeOoBaHHUsMHU Ooiee
JUTUTETILHOW BBIJEP’KKU TP MOBBIIIEHHBIX, HO HE BBICOKUX, TeMIIepaTypax, U 0ojiee BBICOKHX

+ j—
KOHLIEHTpalusix KaTuoHOB CS™ ¥ OKCOAaHMOHOB [SO4]* B HCXOTHOM pactBope.
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PucyHnoxk 2.25. JlecTHUYHBIE AMArpaMMbl, MMOKA3bIBAIOIIUE BKJIAJ M HOPMAaTU30BAaHHBIN
BKJIaJ1 (B %) pa3nn4HbIX (PAKTOPOB B CTPYKTYPHYIO CIOXKHOCTH C TOUKH 3PEHHUS KOJIMYECTBA OUT
Ha JIEMEHTApHYIO sYCHKy. YcioBHBIE o0o3HaueHus: TI = Tonmomorndeckas uHpopmarus; SI =
cTpykTypHas uHpopmanwms; LS = ymakoBka cnoé; IS = mexcnoeBoit 6i0k; HB = cucrema H-

cBszeil. Cm. Tabnuiry 2.7 u TEKCT [JIs IeTae.
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Pucynok 2.26. Cxema crpykTtypHOd »sBomtouuu 1D wm 2D ypanHun-cynbdatHbIx
KOMIUIEKCOB, KOTOpBIE COJEpaT CBA3aHHBbIE uepe3 obiiee pebpo AMMUpaMUAY ypaHWIa U

Cynb(aTHBIA TETpadIp.
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Deomoyus pazmepHocmu cmpykmypHuix komnaexcog 6 K*-codepacawux cynvpamax
ypanuia

Hamu HenaBHHMe uccienoBaHMs MOKa3aid, 4TO MHOrue BropuuHble MuHepaisl U(VI),
BKJTIOYast CyJb(aThl ypaHuia, 00pa3yroTcs U3 BOJHBIX PACTBOPOB MPU aTMOC(HEPHOM JTaBICHHU
W pa3UuyHBIX TemmeparypHbeix ycioBusx (Sejkora et al., 2006; Gurzhiy et al, 2019a;
Tyumentseva et al., 2019). MccrnenoBanue daszoobpasoBanus B K'-comepikameii ypaHmi-
cynb(paTHON cucTeMe B HHM3KOTEMIEPAaTYpHOM [HMala3oHE IMpeACTaBiseT OcoObI MHTEpeC B
CBSI3U C TEM, YTO KaJIMEBBIC CyIb(AThl ypaHHUIa U3BECTHBI KaK MUHEPAIIbI, HAIIPUMED IIHIIIEHT,
remmbeput, anonbpmnarepaut u ap. (Plasil et al., 2011b, 2012a, 2014b, 2015a, 2015b, 2017;
Olds et al., 2019).

Cwmech (UO,)(NO3),'6H,0 (0.1890 r, BektoH, 99%), KNOs (0.0947 r, BektoH, 98%) u
Ca(NOs3),4H,O (0.1202 g, Bexkron, 99%) Obula pacTBOpeHa B JIE€MOHHU30BAHHOU
JUCTUIMPOBaHHOM Bojie (4 mi) ¢ nobasienuem HrSOy4 (0.2 mi, Aldrich, 98%) u 2% pactBopa
KOH (0.2 miu, Bekron, 99%) (Kornyakov et al., 2020). Ilomy4eHHBIi BOAHBIA pacTBOP
nepeMeIInBalId 70 TOMOTCHM3ALMHU, MOMEIAIM B CTaJbHOM aBTOKJIaB oO0beMoM 23 Mi ¢
Te(I0HOBOM BcTaBKO# M HarpeBanu 110 55 © C B cymmiabHOM 1kady. Yepes 8 nHel cymInabHbINA
mKad OXJAKIAIA JO KOMHATHOM TeMIepaTtypbl co ckopocthio ~ 20 °C/a. B pesynbrare
THAPOTEPMAIIBHOTO  AKCIIEPUMEHTa Ha JHE Te(JIOHOBOM Kamcydbl ObUI  OOHApy’KeH
MEJKOKpHUCTaNIndecKuit ocaaok, cocrosmuii u3 CaSO42H,0 (Boeyens and Ichharam, 2002).
Jlanee, pacTBOp C OCaIKOM OCTaBISUIM HCHAPSATHCS B YaCOBOM CTEKJE IPH KOMHATHOM
temneparype. Kpucrammmzanuss HOBeIX (a3 Havamack uepe3 4 ausa (Puc. 2.27): chauana
obpazoBasnch Kpuctamibl Ko[(UO,)(SO4)2(H20)]-H,0 (52), cuaTeTHYecKOro aHaiora MuHepasia
remnOepuTt (Ninstd et al., 1979; Alekseev et al., 2006; Plasil et al., 2015b) u KHSO4 (Swain and
Guru Row, 2008). Uepe3 ~ 12 yacoB oT Hayaja BU3yaJbHOrO HAONIONEHUS KPUCTAIIM3AUU B
pacTBOpe 00pa30BaIMCh MHOTOUYMCIICHHBIE KEITOBATO-3€JIeHbIe KpucTaIel 53, 54 u 55. B To
BpeMsi Kak KpucTtamibl 53 u 55 ocratorcsi B pacTBOpe A0 HECKOJBKHX JHEH, KPUCTAILIbI 54
HAYMHAIU PACTBOPSIThCS MPUMEPHO Yepe3 12 yacoB mocie ux obpazoBanus. Cienyromias cTaaus
CHHTe3a BKJIIOYala 00pa30BaHHE KPUCTAIUIOB 56 u 57, KOTOpOe MPOM30ILIO OJHOBPEMEHHO C
pacTBopeHHeM KpucTtaioB 54. Kpuctamisl 56 Hauanu pacTBOPSATHCS MPUMEPHO yepes3 2 JHs, B
TO BpeMsl Kak coeAMHEHHe 57 ocraercsi CTAaOWIbHBIM Ha MPOTSXKEHUM BCEro CHHTE3A.
OnHOBpEMEHHO ¢ pacTBOpeHHeM 56 oOpazoBanuchk kpuctauibl 58 u 59. Kpucramisr dassr 59
Hayald PacTBOPATHCS MPHUMEPHO uepe3 15 dacoB mocne obpa3oBaHusi, B TO Bpems Kak (asza 58
ocraercs ctabuibHOU. Ilocie Tpex Henenb Mpoliecca BBIMAPUBAHUS B PACTBOPE MOXKHO OBLIO

00HapyxuTh ciaeayomue kpuctaummdeckue ¢aspl: CaSO42H,0 (Boeyens and Ichharam, 2002),
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KHSO4 (Swain and Guru Row, 2008), a Taxke ¢azbr 52 (Ninsto et al., 1979; Alekseev et al.,
2006), 57 u 58. Xumuueckuid cocTaB MOHOKPUCTAIIOB 53—59 ObLT MOATBEPKAEH C MOMOIIBIO
SEM (Tabnuma S2.6). Kpucramnorpaduueckast uHpopMaryst 1 napaMeTpbl yTOUHEHHS CTPYKTYP

5359 npusenenst B Tabnune S2.7.

Pucynok 2.27. Kpucramisl coequHennii 52 — 59 (a—h, cooTBeTcTBEHHO).

Pucynok 2.28. Ypanun-cynbdartHsiii cioit B CTpykType 52 (a), ¥ ero TOnojorus B BUJE
peanibHOoTO (b) M WMAeanmuzupoBaHHOTO (c) rpada. YcioBHbie oOo3HaueHus: U-copepixkaiiue
KOOPJMHAIIMOHHBIE MOIU3IPHI = KENTHIN; S-IEHTPUPOBAHHBIE TETPAYAPBl = OPAHIKEBBIN; aTOMBI

O = kpacHublif; aroMbl K = romy06oii; u€pHbie BepmmHbl = aToMbl U, Oeble BEpITUHBI = aTOMBI S.

[lepBeIM ypaHHI-COAEPKAIIMM COSAMHEHHEM, 3aKPHCTaUIM30BABIIMMCS B JTaHHOU
cucreme, siBisiercs Ki[(UO,)(SO4)2(H,0)]-H,O (52), 06 mccnenoBaHUM KOTOPOTO COOOIIANIN
panee (Ninisto et al., 1979; Alekseev et al. 2006). Ero kxpucrammueckas CTpyKTypa OCHOBaHa Ha
crosix [(UO,)(SO4)2(H,0)]%, cocrosimmx u3 BEPUIMHHO-CBSI3HBIX MEHTArOHAIBHBIX TUIIAPAMUL
(UO2)04(H20) u TerparapoB (SO4), ¢ moHAMU K" v jnomoaHUTEBHBIME monekyinamu HO,
pacToOJOKEHHBIMA B MEXKCJIOEBOM TPOCTPAHCTBE, M OOECIICUUBAIONIUMHU CBSI3b  MEXKIY
COCETHUMHU CJIOSIMU. TOIOJIOTHS CIIOSI B CTPYKType 52 yHUKanbHA CpeAW OCTAIBHBIX,

00pa3oBaBIIMXCs B JaHHOUM cucTteme, Oaromaps cootHomeHuto U:S = 1:2. Tomonorus cocTout
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HCKIIFOYHMTENILHO U3 BOCBMUWICHHBIX Kouerl (Puc. 2.28), oTHocHuTCs K Tuiry CC2-1:2-2 u siBisieTcs
OJIHOHM W3 Hambojee pacHpoCTpaHEHHBIX B Kpuctamnoxumuu ypanmna (Alcock and Roberts,
1982; Mikhailov et al., 1997a; Krivovichev et al., 2005a).

OcHoBHoll cTpykTypHoi enununerd B coenunenu K;(H3;O)[(UO;)3(SO4)s(H20)2](H20)s
(53) sBwsiercst yparmn-cynbdatasii cnoit [(UO2)3(SO4)s(H,0),]", cocrosimuii u3 BepumHHO-
cB3ubix U= SU-IeHTPHPOBAHHBIX KOOPAMHAMOHHBIX  IOMMAIPOB. MEKCI0eBoe
TIPOCTPAHCTBO 3aceleHo KatmoHamu K', Momekymamu H,O W HOHAMH THAPOKCOHHS,
CBSI3BIBAIOIIUMH COCEIHUE CJIOW TMOCPEACTBOM BOAOPOAHBIX U MOHHBIX K—O cBsizeit. Tomonorus
ypaHwI-cynbhaTHOTO cjos B coeauHeHuu 53 (Puc. 2.29a) aBisieTcst HOBOM 11 HEOPTaHUYECKUX
okcocoseil. Tormomoruto MOKHO onucaTh Kak coctosityto u3 10- u 4-unennsix xoner (10MR u
4MR, cootBercTBeHHO). KOCTAKOM rpada MOXKHO CUMTATh LETIOYKY U3 PEOEPHO-COUTCHEHHBIX
4MR 1ukioB, KoTopele cBsizaHbl depe3 aumepbl 4MR, Tak yro 10MR nuknel obpasyrorcs
MeXy nersiMu koctsika (Puc. 2.30a).

Cas3biBanre U -IeHTPHPOBAHHEIX IEHTArOHATBHBIX AMIHPAMUL 1 TETPasapoB (SO4)* B
ctpykrype Kj5(H30)05[(U0O2)3(SO4)s(H,0)](H20)15 (54) mpuBoauT K 0Opa3OBaHUIO CIIOEB
cocraa [(UO,)(SO4)s(H,0)]", opuentuposannbix mapamtensso (010). Cion roprpoBaHbl ¢
BEKTOPOM MOJAYJISILIUUA, OPUEHTHUPOBAHHBIM BIoyb [001] U paBHBIM mapameTpy 3JeMEHTapHOU
Aueiikn C, aMILTUTya MOAYIAmy paBHa ~ 4.78 A (Puc. 2.31a). OTpHIaTeNbHbIHA 3apsa 105
xommnencupyercs katnonamu K™ n H;O', pacrionokeHHBIME B MEKCIIOEBOM TIPOCTPAHCTBE.

Kpucrammmaeckast  ctpykrypa  Ks(HsO,)3(H30)[(UO2)6(SO4)10(H20)4](HSO4)(H20)3 25
(55) ocmoBana mHa cimosix cocraBa [(UO,)3(SO4)s(H20):]", o6pasoBammsix U- u  S-
LHEHTPUPOBAHHBIMU KOOPIUHAIIMOHHBIMH TOJMAIPAMH, CBSI3aHHBIMH 4epe3 OO0IIue BepUINHBI —
atrombl O. Crou 1iockue opueHTHpoBaHbl napamuienbHo (100) u, B oTnuune oT CTpYKTYphl 54,
UMEIOT IJIOCKYI0 KOoHpopManuio. B ctpykType 55 comeprkarcst 4eThIpe MO3UIUH S, kaxmas u3
KOTOPBIX TETPASAPHUCCKH KOOPAMHAPOBAHA YETEIPbMs aroMamu O : TPy TeTpas/pa yqacTBYIOT
B (hopmupoBanuu U-comepkaimx CI0eB, TOT/Ia Kak Mo3uius S(4) pacroioKeHa MeXIy dTUMHU
CJIOSIMH, B KaXKJIOM BTOPOM MPOMEKyTke, npudéM cBasb S(4)-O(17)H yanunena mo ~ 1.7 A
(Gurzhiy et al., 2016b), uro nmo3BossieT e€ ornectn k OH rpymnme, a camy MOJIEKyJIy OUcaTh, Kak
(HSO4). Otpuuarensusii 3apsig  cnoes  [(UO,)3(SO4)s(H20)2]"  kommercupyercst Tpemst
KpUCTaIorpadudecky HeIKBHBANCHTHBIMH KaTHOHaMH K', OJHMM HMOHOM THADOKCOHHS H
JIBYyMSI KaTHOHaMH 3yHJEls, PaCIOJOKEHHBIMU B MEXCIOEBOM MPOCTPAHCTBE BMECTE C TpeMs
JOTIOJTHUTEIBHBIMU MoJieKynamMu H>O.

Ha pucynke 2.29 moka3aHO CpaBHCHHE JBYXMEPHBIX TOIIOJIOTHA, HAOJFOaeMbIX B

cTpykTypax 53, 54 u 55. Bce Tpu rpada mocTpoeHsI IyTeM CBS3bIBAHUS 4-UJICHHBIX KOJICI Yepe3
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Pucynoxk 2.29. Ciom ¥ COOTBETCTBYIOIIME UM TOMNOJOTMM B KPUCTAITIMUYECKHX

cTpykTypax 53 (a), 54 (b) u 55 (c). Ycnosnsle 0003HaueHus: cM. Puc. 2.28.
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Pucynoxk 2.30. lneanu3npoBaHHbIE TOMOJOTHMH CIOUCTBIX KOMIUIEKCOB B CTPYKTypax
coenuHeHuit 53 (a), 54 (b), 55 (¢), 56 (d), 57 (e,f), S8 (g) u 59 (h). bonbmue MUKIBI 3aKpalICHBI
CBETJIO-KPaCHbIM IIBETOM JJsi SICHOCTH. [IpumeuaHue: JOMOJHUTEIbHBIE MEXCIOEBbIE
JTUIMHUPaMUIbI ypaHHUia B CTpyKType 58 (g) 0603HaueHbI MOMyNPO3pavyHo, YTOObI MOKa3aTh oo1ee

cXoACTBO ¢ Tomoyiorueit 56 (d). YciaoBHble 0003HaueHus: cM. Puc. 2.28.
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obmue péopa u BepmuHbL. Tonosoruu B 53 u 55 taxke comepxar 10-4wieHHBIC IUKIIBI, XOTS U B
IpyroM mopsinke, torma kak 54 cogepxut 8MR. HpeanusupoBaHHble Tpadbl TOMOJIOTHUN
nokaszaHsl Ha pucyHke 2.30a-c. Tonosorust cio€B B CTPYKType 55 oTHOCUTCS K Ty CC2—3:5-5
(oOBeguHEHUE TEeTpaMepoB M3 4-IUKIIOB, oOpa3ytomux Ooisbiive 10-4ieHHBIE «KOPOHBI»), U
SABJISIETCS. HOBOM ISl CTPYKTYPHOW XMMHMHM HEOPTraHWYECKHX OKCOCOJIEH, NPUYEM CYIIECTBEHHO
oTauuaromencs ot apyrux tomosoruit ¢ M:T = 3:5 (Gurzhiy et al., 2016b). Tononorus
CJIOMCTBIX KOMIUIEKCOB B CTPYKTpe 54 MOKET OBITh JIETKO IOJIydY€Ha U3 TOIMOJIOTUH 55 mpu
nob6aBieHun ogHOTO pebpa BHYTpH 10-wiennsix 1ukioB (Puc. 2.29b), yto mpuBenmer kK X
npeoOpa3oBaHUI0 B 8-WICHHBIE W TOSBICHUIO €II€ OJHOTO 4-4JI€HHOTO IMKIA. TomoJjorus,
Habmoaemasi B 54, OTHOCUTCS K TUIly CC2—3:5-6 u Obla HenaBHO ommcaHa B (Gurzhiy et al.,

2018b).

Pucynok 2.31. Kpucrammudyeckue cTpykrypsl coenunenuit 54 (a) u 58 (b). YcnoBHbie

o0o3HaueHus: cm. Puc. 2.28.

Coenunenus 56 u 57 UMEIOT OJMHAKOBBIM COCTaB U KPUCTALIOXUMUYECKYIO (popMymy
K5[(UO2)2(S04)3(H20)2](H20)3. OcHOBHOM CTpYKTYpHOM eauHuLEed B 56 sBisieTcs ypaHuWiI-
cynb(daTHBIE CIIOH COCTaBa [(UOz)z(SO4)3(HZO)2]2', opueHtupoBaHHbie napawiensHo (010).

Cocennue ciaon O0OBEAUHSIOTCS TTOCPEICTBOM CHCTEMBI BOJIOPOJHBIX CBSI3€M M MOHHBIX CBS3EH
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K-O, B 06pa3oBaHMe KOTOpHIX BOBIeueHsl Monekymsl H,O u monsl K', pacmonoxeHHbIe B
MEKCIIOEBOM MPOCTPAHCTBE.

[Tosumus S(2) B ctpykrype S7 3aceneHa TOJIbKO HamojoBUHY. M3-3a pasynopspodeHus
OJIMH W3 aToOMOB Kucjopoaa Tterpadapa S(2)Os pacuierusieTcss Ha JBE€ HEIKBUBAJICHTHBIC
nosry3acenerable mo3uiuu, O(7)W u O(7)S. Tlozumusa O(7)S npunaminexut terpadapy S(2)Oq4
(S(2)-O(7)S = 1.486(13) A), a Bropas mosumus npuHaAIeKuT Monekyne H,O(7)W. O6e
MO3HILIMU KOOPAWHUPYIOT KaTHOH ypaHuia ¢ obpaszoBanueM cBszeit U-O(7)W umu U-O(7)S =
2.371(13) u 2.481(13) A, coorsercrBenno. Takum 00pa3oM, pasyHopspOYeHHE MPUBOAUT K
obpazoBanuto  meHTtaroHanbHBIX  gunupamua  [(UOy)O03(H,0);] u  [(UOy)Os] wim
[(UO2)04(H20)]. OObenuHeHue munupamu]l ypaHwia H TerpasapoB SOs HPUBOAUT K
00pa3oBaHUI0 OECKOHEYHOI'0 YypaHWJI-CYJb(aTHOrO ciios, B KoTopoM TeTpadapel S(1)Os u
S(2)O4 sBASIIOTCA TPUIEHTATHBIMU M OWIEHTATHBIMU, COOTBETCTBEHHO. [[Ba HEOKBHBAJICHTHBIX
atoma K u Tpu monekynsl H,O pacmonararoTcss B MEXCIOEBOM IMPOCTPAHCTBE, OOBEAHHSISA
COCEJTHUE CJIOW U KOMIIEHCUPYS MX OTpULIATeNbHbIN 3aps. CiaenyeT OTMETUTh, YTO COSAMHEHUS
56 u 57 MOXHO paccMaTpuBaTh Kak nosumMopdHsle Moaudukanuu, npuuém 57 obnagaer Gosee
BBICOKOW CUMMETpHEN U BABOE MEHBIINM 00bEMOM 3JIEMEHTAPHOU AYelKu, ueM 56.

Tormosorust ypaHuiI-cyIb(PaTHOTO CJIOS B CTPYKTYpe 56 COCTOUT M3 8-WICHHBIX IHKIIOB,
CBSI3aHHBIX Yepe3 o01ue pedpa Tak, 9To 00pa3yrTCs CIOKHBIE KJIACTEPh, B IICHTPE KaXJA0T0 U3
KOTOpBIX pacnonoxkeH 4-uneHHbll 1mukn (Puc. 2.32). IlpocTpaHCTBO MEXOYy KlacTepaMu
3all0JTHEHO TpUMepaMu pEOEPHO-CBSI3HBIX 4-4IEHHBIX IUKIOB. Kaxaplii Tpumep uepes oOriue
BEPIIMHBI CBS3aH C JABYMS COCETHHMH, 00pa3ys, TakuM 00pa3oM, OCCKOHEYHYIO ILEMOYKY.
CBsi3pIBaHHE COCEIHHX LIETIOYEK U3 TPUMEPOB OCYLIECTBIISETCS MMOCPEICTBOM JIOMOIHUTEILHOTO
4-4JeHHOTO IMKJa, 4Yepe3 JIBe ero BepiiuHbl B trans monokenuu. Tomomorus ypaHuWiI-
Cynb(paTHOTO cJ0s B 56 sBIIsSETCS HOBOW M MOXKET ObITh 0003HaueHa Kak CC2—2:3—18.

Kak yxe ymoMuHAIOCH BBINIE, YpaHWI-CyIb(paTHBIE CIOM B CTPYKType 57
XapaKTepU3YIOTCS pa3yHnopsI0YEeHHOCTRIO M3-3a IOJIY3aCEIeHHOIO CyIb(aTHONO OKCOAHHOHA.
EcTth nBe BO3MOXHBIE MPOCTEUIINE YMOPSIOYCHHBIE TOMOJIOTUU, W300paKEHHBIE HA PHUCYHKE
2.33(a,b), kaxgas W3 KOTOPBIX CONEPXKHUT 8- W 4-uJieHHbIC UHUKIbL. 8-UJCHHBIC ITUKJIBI,
00BeANHSISICH Uepe3 o0mue péopa, 00pa3yroT OECKOHEUHBIC JICHTHI M CBS3BIBAIOTCS C COCCTHUMU
JIeHTaMu 4epe3 oOmue BepiuHbl. [[Ba 4-uieHHBIX MK, 0OBEAMHSACH dYepe3 ollee pedpo,
o0pa3ytoT numep. JluMepsl, B CBOIO OYepelb, CBA3BIBAACH Yepe3 OOIIue BEpIIMHBI, 00pa3yioT
OeCKOHEUHbIE LIETIOYKH, PACIIOJIOKEHHBIE MEXIy IBYMS COCEIHUMH JICHTAaMH U3 8-UJICHHBIX
kosierl. OCHOBHOE pa3iiMuue MEXIy IBYMs albTEPHATHBHBIMH TOMOJOTHSMH 3aKJIIOYaeTCs B

CBA3M MexIy aumepamu. OOmias dyepHas BeplMHA ABYX 4-4JIEHHBIX IIMKJIOB, 00pa3yloNINX
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Pucynok 2.32. Ypauun-cynbdaTHblil ci10i B cTpykType 56 (a) u rpad ero Tomnonoruu

(b). YcinoBubie 0003HaueHus: cM. Puc. 2.28.

Pucynok 2.33. BeposTHBIE cXeMBl yHOpSIOYEHUS B CIOSX, (POPMHUPYIOIIHX

KPUCTAJUTMUECKYIO CTPYKTYPY coequHeHus 57. Y cinoBHble 0003HaYeHHs: cM. Puc. 2.28.
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JTUMED, CITYKUT CBSI3YIOIIMM 3BE€HOM MEXAY ByMSI COCETHUMHU TMMEpPaMH B MEPBOM TOIMOJIOTUU
(Puc. 2.33a), torma kak BTOpas TOMOJOTHS COICPKUT IUMEpPHI, KOTOPHIE COCAUHSIIOTCS B
IEMOYKY 4Yepe3 KOHIIEBbIE BEPUIMHBI Kaxaoro u3 4-wieHHbx 1ukioB (Puc. 2.33b). Eme oxHO
BRXHOE PAa3IMYNe MEXIY 3TUMHU JIByMsI TOIOJIOTHUSIMH — 3TO KOOPIWHAIMOHHBIE COCTOSIHUS
yepHbIX BepuiuH. [lepBasi TOMOJNIOTHS CONEPKUT OIUH 3-KOOPAMHUPOBAHHBIA M OJUH 5-
KOOPJAMHHUPOBAHHBIA YEpHBIE Y3/bI, TOTJa KaK BTOpas TOMOJOTUSA COAECPKHUT TONBKO 4-
KOOPJMHUPOBAHHbIE YepHbIE y37bl. [IpHpona MaHHOTO pa3ymnopsIOoYCHHUS OCTAeTCS HESICHOM.
CTOUT OTMETHTH, YTO 00€ TOTIOJIOTHY SIBJISIOTCS HOBBIMH.

Crpyxkrypnas apxurektypa K;[(UO2)2(S04)3(H20)](H,0) (58) 3ameTHO oTinMyaeTcsi OT
JIPYTUX COCTUHEHHUH U3 3TOM cepuu M3-3a (POPMHUPOBAHUS KOOPAUHAUMOHHBIMU Hodudapamu U
u S TpexmepHoro kapkaca (Puc. 2.31b), KoTOpbIif MOKHO IPEACTaBUTh, KAK COCTOSIINN U3 CIIOEB
YPaHWIBHBIX JAMTUPAMUI B CYJIb()AaTHBIX TETPAdAPOB, OPUEHTPUPOBAHHBIX mapauieiabHo (111) u
CBA3aHHBIX 4Yepe3 JONOJHUTENbHYI U-IEHTPUPOBAHHYIO IEHTArOHAJIbHYIO JUIHPAMULY.
Atombl U(1) ydacTByIOT TOJBKO B 00pa3oBaHMM cj0eB, Torna kak aTtoMmbl U(2) CBs3bIBAIOT
MEXIy co0OW CcoceaHHEe CIIOM B KapKacHyI0 NOCTpoiky. Kapkac comepxHuT OecKOHEuHbIe
TpéXxMepHBle KaHAaNbl, 3acenéHHble KatmoHamu K~ u wmomexymamm H,O. Tomomormdecku
uacHTHYHBIA Kapkac omucadH B (Ling et al.,, 2010) B crpykrype (H3z0)[(UO;)2(SeO4);(H,0)].
Hecmotpst Ha 1O, 4TO Kapkac B obeux (pasax MMeeT OJUHAKOBYIO TOIMOJOTHIO, XMMHYECKUN
COCTaB U COJep)kaHue KaHaioB paznuyatorcsi. CTpykTypa coenuHeHus 58 ocHoBana Ha 3D
KapKace, KOTOPbIii MO’KHO pacCMaTpUBaTh KaK OCHOBAHHBIN Ha CIIOSX IyTEM yAAJCHUS JIBYX U3
geTeipex aromoB U(2) Ha rpade. IlomyuuBmmiicss B pe3yabTaTe CJIOH TOMOJOTHYSCKH ITOYTH
UJEHTUYCH CJIol0, HabmomaeMoMy B 56. Tomosoruio cilio€B B CTPYKType 58 MOXKHO JIeTKO
BBIBECTH U3 TOMOJOTUHU 56 MyTEM CMEIICHHs U3 MJIOCKOCTH YEPHOTO y37a, KOTOPBIH CBSA3BIBACT
cocenuue 10-unennble nukiel (Puc. 2.34a). B pesynbprate TpEXCBSA3HBIN YEpHBIN Yy3€l TEpseT
OJIMH KOHTAKT B TOM € CJIO€ U MPUOOPETaeT TPH JOTOITHUTEIFHBIX KOHTAKTa C OCIBIMH Y3JIaMH
u3 cocenuero cios (Puc. 2.30d,g).

Kpucranmuueckas crpykrypa K(HsO2)[(UO2)2(SO04)3(H,0)] (59) ocHoBaHa Ha ciosix
cocraBa  [(UO2)2(SO4)3(H,0)]*, CIOKEGHHOM  CBS3aHHBIMH  4epe3  OOIIMe  BEpIHHBI
NEHTarOHAIBHBIMU JHUIUPAMUAAMU ypaHWiIa W CyJb(aTHBIMH TeTpa’apaMu. B MexcioeBoM
IpocTpaHcTBe pacnonaraiorcs HoHsl K n xationsr 3ynaens (O(18)W—-O(19)W = 2.479 (4) A),
KOMIIEHCUpYIOIIHEe oOTpuiartenbHblii 3apsa  U-comepkammx crnoés. Tomonorus ypaHui-
cynbdaTtHoro ciosi B ctpykrype 59 (Puc. 2.34b) xoporo u3BectHa u Habronanack paHee (CMm.,
Hanpumep, Thomas et al., 2003; Doran et al., 2003; Krivovichev et al., 2006b). Tomnomorus

COCTOUT W3 6- W 4-4JCHHBIX IMKIOB. O-WICHHBIC ITMKIBI CBS3aHBI 4Yepe3 ooOmme pedpa B



95

Pucynok 2.34. Ypauun-cynbdaTHble CIOHM, a TaKK€ COOTBETCTBYIOLIME WM Tpadbl
TOMOJIOTHM B CTpykTypax coeauHeHuit 58 (a) u 59 (b). CmeméHHble U3 TUIOCKOCTH CIOS
TUOUpaMUIbl ypaHWIa B CTPYKType 58 mnoka3zaHbl MOJYIPO3pauyHbIM ILIBETOM. Y CIIOBHBIE

o0o3HaueHus: cM. Puc. 2.28.

Taouauna 2.8. [lapameTpbl CTPYKTYPHOH CI0KHOCTH COEAMHEHUN 52—59.

Coemuuenne U:S Huinseckui v . lo IG’tOtalu
CHUMBOJI (aTomoB/sueiiky)  (Out/aToMm) (6uT/sueiiky)
52 122 8! 84 4392 368.955
53 3:5 4%10° 244 5.931 1447.100
54 3:5 41982 186 5.550 1032.284
55 3:5 48107 118 5.239 618.152
56 2:3 4%8* 296 6.209 1837.998
57 2:3 48? 148 4.345 642.999
58 2:3 - 116 4.858 563.526

59 2:3 4%6! 128 5.000 640.000
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OeCKOHEYHbIE IIEMOYKH, pa3/ejeHHbIE JIEHTAaMH IUIOTHBIX 4-4YJIEHHBIX IIUKJIOB.
Tononorust OTHOCUTCS K TUIy CC2—2:3—4.

Pesynpratel pacuéra mnapaMeTpoB CIIOXKHOCTH KPHUCTAUIMYECKUX CTPYKTyp S52-59,
MpoBeACHHBIE HA OCHOBE KOJWYecTBAa WH(OpManuu, mpuBeaeHbl B Tadmuie 2.8. Pacuérsl
MO3BOJIAIOT pa3aenuTh (a3000pa3oBaHie B CUCTEME Ha YEThIPE OCHOBHBIX dTama:

1. Kpucramnmuzanus HaunHaetcs ¢ Gas3sl 52, cTpyKTypa KOTOPOM OCHOBaHAa Ha JOBOJBHO
npoctoii Tomosioruu ¢ cootHomeHuem U:S = 1:2 u obnamaer cinoxHocTbio B 368.955
OuT/stueiKy (CpeaHsIsl CIOKHOCTB).

2. ObpazoBanue ¢a3z 53, 54 u 55, KOTOpbIE OCHOBAaHBI Ha YPaHWJI-CYJIb(aTHBIX CIOAX
CXO0XHX TOMOJIOTUYECKUX THMOB ¢ cooTHomeHueM U:S = 3:5; cTpyKTypbl TUO0 OYEHb CIOXKHBIC
(1447.100 Out/suetiky ans 53 u 1032.284 Out/sueiiky mns 54), mubo cioxuble (618.152
out/srueriky mis 55).

3. Kpucrammmzamus ¢a3z 56 u 57, KoTOphie NPEACTaBISAIOT COO0W MOJIUMOPQHBIE
moauduxammu ¢ obuieit hopmynoit Kr[(UO2)2(S04)3(H20),2](H20)s. B 10 e Bpems ClI10KHOCTh
da3 ortnmuaetcs: 56 — 3ro Hambonee cinoxHoe coenuHeHue B cucteme (1837.998 OGut/sueiiky),
TOTAa KaK CTPYKTypa 57 — 3Ha4MTENbHO MeHee cloxHas ¢ 642.999 Out/sueiiky. DToT sTanm
TaK)Ke€ BKJIIOYAET KPUCTAJUIM3ALUIO COEAUMHEHUS S8 ¢ TpexMepHOM KapKacCHOM CTPYKTypOou Ha
OCHOBE CJIO€B, MOAOOHBIX TEM, KOTOpbIE HAOIIOIAl0TCS B CTPYKTYpe 56; cTpykTypa S8 — BTOpas
o npoctote (563.526 6ut/sueiika) B cucTeMe.

4. Kpucrammuzanus ¢assl 59 co CTpyKTypoil Ha OCHOBE CJIOEB, KOTOPHIE €IMHCTBEHHBIC
U3 BCEX COECIUHEHHM CUCTEMBI COAEpKAT 6-WICHHbIE LUKJIIbI; TOIMOJIOTHS JOBOJIBHO MpOCTas —
640.000 OuT/sTUeHKy.

OO01mast TeHASHINS XUMHYECKOM BOIIIOIIMU B CUCTEME 3aKIII0YAETCS B YBETUUCHUU JIOJIN
U B KpUCTAJUIMYECKOM BELIECTBE B IMPOIECCE IOCIEA0BATENbHOrO (ha3000pa3oBaHMUsL.
Cootnomenue U:S uzmensiercst ot 1:2 (ctaaus (1); 33% ypana) x 3:5 (cranus (2); 37,5% ypana)
u 1o 2:3 (craguu (3) u (4); 40% ypana). Habmogaemble XUMUYECKUE U3MEHEHHS CBSI3aHBI C
u3menenueM pH ot ~ 0.5 B Hayane kpuctanauzanuu 10 ~ 2.0 B KOHIIE KPUCTAIIIOTEHETHIECKOTO
IKCIIEPUMEHTA.

Kak ye ynommuHanoch B Hauajie pasfena, B KOHIE 3KCIIEPUMEHTa B CHCTEME OCTAIOTCS
TonbKo (ha3er 52, 57 u 58, Torna kak daswr 53, 54, 55, 56 u 59 pactBopsrorcs. [IpumeuarensHo,
yto (asel 52, 57 u 58 uMmeroT camoe HU3KOe KOJIMYECTBO CTPYKTYpHOM nHpopmanmu Ha atoMm (Ig
< 5 owut/arom). Ilockombky, cormacHo (Krivovichev, 2016), xoHpurypaumoHHass SHTPONHUs
KOppenupyeT co 3HaueHueM lg, Hambosiee cTaOWIBHBIMH (ha3aMd B CHCTEME SIBIISTIOTCS T€,

KOTOpBIE 00J1a/Ial0T HAaUOOJBITUMU KOH(PUTYPAITMOHHBIMH YHTPOIUSMH, TOT/Ia KaK Apyrue (has3sl



97

MO’KHO PaccMaTpUBaTh KaK METaCTa0MIIbHBIE CTPYKTYPBI C IEPEXOJHON apXUTEKTYPOH, KOTOpBIE
KPUCTANIU3YIOTCd M HCYE3al0T B CHUCTeMe B Ipolecce (a3oobpasoBanus. Takum obOpazom,
OCHOBHOMW JABMXKYILEH CHION KPUCTAJLUIN3ALMOHHON 3BOJIOLMY B CUCTEME SIBJISIOTCS BbI3BAHHBIC
HCIIApEHNEM M3MEHEHUsS B €€ XMMHUYECKOM cocTaBe, HaunHasa ¢ U:S = 1:2 u 3akanuuBas U:S =
2:3. HavanbHasg M KOHEYHas (a3bl SBJIAIOTCS CaMbIMU NPOCTBIMU B CHCTEME (C TOYKH 3pEHHUS
MHpOpPMALIMU Ha aTOM U Ha sueiiKy), Torjga Kak CJI0KHOCTb MPOMEKYTOUHBIX (a3 Koiediercs,
nocrturas 3HadueHus 1838 out/saueiiky (56) ams npomexyrounsix (as. Takum obpazom, Hanbomee
CIIO)KHBIE COCIMHEHHS MOXXHO pPaccMaTphBaTh Kak MeTacTaOmibHbIE (a3bl C TEPEXOIHOU
apXUTEKTYypOH, KOTOPbIE pAacTyT MEXAY OTHOCUTEIIbHO CTaOWIbHBIMM COEIMHEHHUAMU C
MEHBIIUM KOJMUYECTBOM CTPYKTYpHOH MH(popMaruu. Takas TEHIEHLUS XOPOIIO COrjacyercs ¢
HE/IaBHO MOJyYeHHBIMH pe3yibTatamu (Gurzhiy et al., 2016b, 2017b, 2019b; Tyumentseva et al.,
2019).

Coenunenue 58 3acmyxuBaeT 0co0Oro BHUMaHUS Onarojapsi CBOEHM KapKacHOM
cTpykType. Ha ceropHsmHuii JeHb M3BECTHO OTHOCHUTEIIBHO HEMHOTO COEAMHEHHMH ypaHuia,
KOTOpbIe 00pa3yloTCs MU MCTIapEHUH U3 BOJHBIX pacTBOpoB (Baeva et al., 2006), u cTpyKTypsl
KOTOPBIX IOCTPOEHBI HAa OCHOBE KapKaca. YYHTHIBas TOT (akT, 4yTo (aza 56 B uCXOIHOM
pacTBope HecTaOWIbHA, B OTVIMYUE OT 58, MOXXHO MPEIIOJIOKHUTh, YTO CTPYKTypa 58 Oosee
NPEANoYTUTENIbHA U3-3a € 0osiee MIOTHOW CTPYKTYphl U 0oJiee BBICOKOW KOH(UIYpallMOHHON
SHTPOIHUH.

Tor ¢akr, yto onHa u3 Hambonee cTabmwibHBIX (a3 (52) B HcciexyeMoil cucreme
ABIIIETCS aHAJIOrOM MMHEpana remudepuTa, emE pa3 CBUICTEIBLCTBYET O CXOJCTBE TAaKHX
CHHTETUYECKHUX CpeJl C MPUPOIHBIMU oObekTaMu. [Ipu mccienoBanun ¢azoodpazoanus B Cs-
conepkameil ypanuncynsdatnoit cucteme (Tyumentseva et al., 2019) Obi10 mMokaszaHo, 4YTO
MHUHEPAJIONOA00HbIE KPUCTAIUIMYECKHE CTPYKTYPBl € IUIOTHON MEXIOIMIIPUYECKON CBS3BIO
yepe3 obmme peébpa oOpa3yroTcss u3 pacTBopoB, Harpetbix cBbiime 70 °C. Pe3ymbraTsl
HACTOSIIIETO UCCIIEIOBAHMS IEMOHCTPUPYIOT, uTO 55 °C, TO €cTh TeMIepaTypsl, 10 KOTOPOH ObLT
HarpeT HUCXOJHBIH pacTBOp, OKa3bIBAETCS HEJOCTAaTOYHO Ui oOpas3oBaHus K-comepxarmux

Cynb(haToB ypaHuia ¢ IHUIIEUT- WIN KIapoTUT-ogo0Ho# cTpykTypoil (Kampf et al., 2017b).
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2.4. Kpucrauiorpadpuyeckuii B3ris1 Ha 00pa3oBaHue MUHEPAJI0B YPAHHIA

CTpyKTypHBIE OCOOCHHOCTH YypaHWI-CYNb(ATHBIX W YPaHWI-CEJICHUTHBIX MHHEPAJIOB
MO3BOJISIIOT BBIABHHYTH MPEATONOKEHH 00 yCIOBUAX X 00pa3oBaHus B npupoie. CpaBHEHHE ¢
CHHTETUYECKUMHU COCTUHECHUSMH, KOTOPBIE WMEIOT AHAJIOTUYHYIO WM CXOXYIO CTPYKTYypY,
IGb0T BO3MOKHOCTh MPEJIOKUTh HEKOTOPhIE U3 HanboJsiee BEpOsITHBIX MyTel KpUCTaTU3alUH.

OOpa3oBaHue CTPYKTYpHBIX KOMIUJIEKCOB, B KOTOPBIX KOOPAWHAIIMOHHBIE MOJIUDIPHI
o0BeMHSIOTCS uepe3 oOmme pebpa, B OONBIIMHCTBE CIIy4aeB YKa3blBaeT Ha WX
THIPOTEPMANIbHOE TIpOoHCXoXkaeHue. W cuHTeTHYeckne ceneHuThl ypanmia 28 u 29, cTpyKTypsl
KOTOPBIX MOCTPOEHBI Ha closiXx ¢ pocdypanunuToBoil aHnoHHOU Tomosorueit (Puc. 2.11g), He
ABIAIOTCA HUCKIoueHneM. OO0a coeianHeHUs ObUIM TMOMY4YeHBI M3 BOAHBIX PACTBOPOB MU
Temneparypax cssiue 220 °C.

B ciyuae coenuHeHuil cO CTPYKTYypOWd Ha OCHOBE LEMOYEYHBIX KOMIUIEKCOB, CUTYaLIHs
HECKOJIbKO cjiokHee. Tomonornyeckuit Tum CC1—1:2—1, KOTOpBIN SBISETCS OAHUM M3 HauOoJee
pacnpoctpaneHHbix cpenu U(VI)-comepkamux OKcocojei, HEOAHOKpAaTHO HaOmIoaancs B
CTPYKTypax COCAVHEHUH, IOJy4eHHBIX IIpM KOMHATHOW Temmeparype. B To xe Bpewms,
CHHTETUYECKHUM CEJICHUT ypaHWiIa 9 ObLT BBIPAILIEH MPU HECKOJBKO 00Jiee BHICOKON TeMIlepaType
80 °C. bonee Toro, mpuUCyTCTBUE HECKOJIBKO HEOOBIYHBIX TETPATOHAIBHBIX JUMUPAMUJ YpaHUIIA
B CTPYKTYpE€ IEPPUKCUTA TIO3BOJISIET COCIAThCA Ha M30CTPYKTYpHBINA ypanui dochar (Guesdon
et al. 2002), momubnat (Krivovichev and Burns, 2003¢) u Tennyput (Almond and Albrecht-
Schmitt, 2002b), koTopsle ObLIM MOJY4YEHBI B pe3yibTare rupporepManbhbix (cbime 180 °C)
WIA BBICOKOTEMIEpPATYpHbIX TBepAo(a3Heix cuHTe30B (cBhime 650 °C). Amnamormdso,
KPUCTAJUTMYECKUE CTPYKTYphl cuHTeTHYeueckux xpomaroB (Krivovichev and Burns, 2003b,c) u
monubaaroB (Krivovichev and Burns, 2003d) ypaHuna ¢ LeNOYEYHBIMU KOMILIEKCAMU,
U30CTPYKTYPHBIMU TaKOBBIM B IEMECMAIKEPUTE, ObLITH MOIYUYCHBI B THAPOTEPMATILHBIX YCIOBUSIX
(cBbimie 120 °C) unm B pesynbraTe TBepAoTenbHbIX peakiuil mpu 300 °C. Tem He MeHee, Ha
ocHoBanuu naboparopHsix (Charykova and Krivovichev, 2017; Krivovichev et al., 2017) u
NOJIEBBIX HAOMIOIEHUH, HanpuMep, MUHepainbHOM acconanuu B 3anecu (Uexus) (Sejkora et al.,
2006), cTaHOBUTCS $CHO, 4YTO JAEMECMIKEPUT M NUPETUT, KaK M HECKOJIBbKO JPYIrHX
HEYTBEP)KACHHBIX WM IUIOX0 WACHTH(PHIHUPOBAaHHBIX mpupoaHbix U-Se a3, oOpasoBanuch B
pe3ysbTaTe MPOIECCOB THIEPIeHHbIX W3MEHEHUH, KOTOPhIE HCKIIOYAIOT THAPOTEPMAIBbHYIO
JEeSTENbHOCTD. JlaHHbBIE BBIBOABI TAK)KE MOATBEPXKIAIOTCS Pe3yIbTaTaMH PaJId0aHATUTHUYECKOTO

JATUPOBAaHUS 00pa3LOB JEMECMIKEPUTA.
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Kpucramnsl coequnennii 48—51 MOXHO pa3fenuTh Ha JABE TE€HETUYECKU PA3IUYHBIC
rpynnsl. Kpucramner 48 u 49 oOpa3yroTcss Ha MepBOM CTaluK U3MEHEHUS CHHTETHYECKOTO
aHajora MuHepana CKynuT. VX cTpyKTyphl OCHOBaHBI Ha CIIOMCTBIX KOMIUIEKCax pEOepHO-
CBA3HBIX MEHTAarOHAJIbHBIX AUNHUPAMHJ YpaHWIA, YTO OTpa)kaeT HAarpeBaHUE PEaKIMOHHOIO
pacTBopa BO BpeMms mpolecca pocra. ClieayeT OTMETUTh, YTO UCXOJIHBIA CKYNUT ObUI NOJIYYEH
U3 MOYTH HEUTpalbHBIX PAacTBOPOB, TOT/Ia KaK BOJHAs Cpela B HallleM 3KCIEpUMEHTEe ObuLia
3HauMuTeNbHO Oonee kucnoi (pH ~ 2). KucnorHbie yclioBUs U MPUCYTCTBUE JOMOTHUTEIBHBIX
kaTHoHOB CS' MpUBETM K Pa3pylICHMIO IJIOTHOTO CNOS B CTPYKType CKYIHTA, HO BBICOKAS
TeMIIepaTypa M03BOJIMIA COXPAHUTh KOMILJIEKCOOOpa30BaHNEe KOOPAMHALIMOHHBIX Moau3poB Ur
yepe3 obue pedpa. Kpucramnel coepunenuit S0 u 51 MoxHO OTHecTH K Oojiee MO3IHEMY
TEHETHYECKOMY THUITY, IOCKOJBbKY OHH OBUIM BBIPALICHBI IOCIE OXJIAXKICHUS CUCTEMbI B
YCIIOBUSIX KOMHATHOW TemmepaTyphl. MHTepecHO, uTo 00e (a3pl UMEIOT B CBOEH CTPYKType
NEHTarOHAJIbHbIE AWNUPAMUIBl YpaHWUIA, KOTOpbIE IeyAT obiiee pedpo ¢ CyiabpaTHBIMU
teTpa’rapamu. Ilogo6Has opranmsauus Ur u cynbdaTHbIX OKCOAHHOHOB Obula OOHapy’keHa B
CTPYKTYpax 4YeThIpeX MPUPOAHBIX Cynb(aroB ypanuna: knanpoTut, Nag(UO,)(SO4)4(H20)4, ero
noiuMopHast MO TA(DUKATTHST MEJIUTOTHT, Nag(UO2)(SO4)4(H20)s4, OTTOTAHHUT,
Na6(U02)2(SO4)5(H20)g,5 (Kampf et al., 2017b), H JIYCCbCPUT Nalo[(UOQ)(SO4)4](SO4)2'3H20
(Kampf et al., 2019d). Takue e kimacTtepsl, KOTOPbIE OMUCAHBI B CTPYKTYpax KJIampoOTHUTa U
nenurotura (Puc. 2.26), paHee ObLIM ONMHUCAHBI B CTPYKTYpaX HECKOJBKHUX CHHTETHUECKUX
coenunenuit (Plasil et al., 2015¢; Burns and Hayden, 2002; Hayden and Burns, 2002a,b),
KOTOpble OBbLIM BbIpalleHbl B Ipoliecce HuszkoremmneparypHbix (70 °C) ruapoTepMaibHBIX
’KCHepuMeHTOB. Hanmnune Takoi HeoOBIYHON OpraHu3aluy AUIUPAMU YPAHUIA U CyJIb(aTHBIX
TETPa’pOB CBA3aHHBIX uepe3 oO0mue péOpa HHUKOrAAa He HaOMI0Naloch B pe3ysbTaTe
HKCIEPUMEHTOB IO HCIAPEHHUI0 IpPH KOMHATHOM TemmepaTrype. Takum o00pa3oM, MOXKHO
MPEAINOJIOKUTh, YTO O3TH KJIacTepbl OOpa30BaJUCh HA IEPBOM, THUAPOTEPMAJIBLHOM I3Tarle
IKCIEPUMEHTA.

OO6o0miast  KpUCTANIOXMMHMYECKHE  HAOMIONEHUs, MOXHO  MPEINOJ0XKHTb, YTO
OOJIBIIMHCTBO OOHAPYKEHHBIX MPUPOAHBIX CYJIb(PATOB YypaHWIA W, MPEANOJIOKUTENHBHO, BCE
IIPUPOJIHBIE CEJICHUTHl ypaHWiIa OblIM 00pa3oBaHbl M3 HArpeThlX pacTBOPOB, a JAMaIa3oH
TEMIIepaTyp MOXKHO MPEAIOJIOKUTh M0 CIOCO0y OOBEANHEHHSI KOOPAMHALMOHHBIX MOIU3APOB.
[TpucyrcTBue pebepHO-CBA3aHHBIX AuMnUpaMua  ypaHuwia ((ocdypaHunuroBas aHUOHHAs
tonosiorust (Gurzhiy and P1asil, 2019)), mo Bceit BUAMMOCTH, yKa3bIBa€T HA TEMIIEPATypPbl BBILIE
100 °C, m poCT KpPUCTAIJIOB, TMO-BUIMMOMY, JOJDKEH MPOUCXOJIUTH HEMOCPEACTBEHHO B

THIPOTEPMANIbHBIX ycloBUSAX. CBsi3pIBaHME MO OOMMM pedpaMm Cyib(paTHBIX TETPadIpoOB C
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KOOPJMHAIIMOHHBIMHU MOJIM3JPaMHU ypaHUIa TOXKE CBSI3aHO C MOBBIIIEHHBIMU TEMIIEPATypaMu, HO
¢ Oosee HU3KUMH 3HaueHUsIMU (~ 70—100 °C), 4TO MOXET yKa3blBaTh Ha MPOLECC POCTa U3
OCTBIBAIOIIUX pacTBOpoB. bosiee TOro, BO BTOpOM cilyyae KPHCTALTU3AIMs MOXET HayaTbCs
ropaszio Mo3e, B YCJIOBHSIX OKpY>KaloILEeH cpeabl, HO U3 M3HAYaJbHO HAarpeThiX PacTBOPOB.
OOboraiieHHbIi pacTBOP MOKET IPOXOIUThH 110 TPELUMHAM B KOPEHHBIX MOPOAAX, TPAHCHIOPTUPYS
KJIaCTePhl, MOJ00HBIE OOHAPYKEHHBIM B CTPYKTYpE KJIAMpOTHUTa, B pACTBOPEHHOI (opMme.

Crour OTMETHTbH, YTO MAPAMETPbl CIOXKHOCTH U CHHTETHYECKUX COCIUHEHUH, Kak
NPaBUJIO, HUKE, UM Y YPaHWI-CYIb(PATHBIX MUHEPAJIOB, JUISI CTPYKTYP, KOTOPBIE OCHOBAaHBI Ha
KOMIUIEKCaX C OJWHAKOBBIMM MJIM TE€HETHMYECKH CXOAHBIMHU TomojorusMu. Tomosmoruyeckas
cinoxHOCTh U-cofiepKaliuX CTPYKTYPHBIX KOMILIEKCOB BHOCHUT OCHOBHOW BKJIaJ B HTOTOBYIO
CJIO)KHOCTh CTPYKTYp CHHTE3MPOBAHHBIX COCAMHEHUH, B TO BpEMs KaK CIOKHOCTh CXOXHX IO
CTPOEHHUIO MUHEPAJIOB B 3HAUUTEIBHOW CTENEHU OMPEIENIIECTCS MEXKCIOEBBIMH KaTHOHHBIMU
KOMIUIEKcaMu U cuctemaMu H-cBsizeil. [Ipuuém Bkiaa TOMOJIOTMYECKOW CI0KHOCTH ypaHWUII-
CoJIep)KalMX KOMIUIEKCOB B OOIIyI0 HMH(POPMAIMOHHYIO CIOKHOCTh KPUCTAITUYECKOU
CTPYKTYpPBI Ul OONBIIMHCTBA MPUPOAHBIX CyNb(}ATOB M CEICHUTOB ypaHHJIA COCTaBISIET HE
6onmee  30%  (Puc. 2.35), Torma Kak OCHOBHOW  BKJaJ  TPUXOJUTCS  Ha
MEXKCII0EBOM/MEXKIICTIOUCYHbI KaTHOHHBIN Komruieke (He meHee 30%) M yHmakoBKY MOJICKYII
H,O (ue menee 35%). s CHHTETHUYECKHUX COCAMHEHHMH POJIb TOMOJOTUYECKOM CIOKHOCTU

CYILIECTBEHHO BO3pacTaeT (Ipu cpeHeM BKiIaze 10 52%).

Pucynok 2.35. Pacnpenenenue BKIaZa TOMOJOTHYECKOW CIOXKHOCTH B  OOIIYIO
WH(GOPMALIMOHHYIO CIIOKHOCTh KPUCTAUTUYECKOW CTPYKTYpPhl HCCIICJOBAHHBIX MPHUPOJHBIX U

CHUHTETHYECKUX CYJTH(HATOB U CEJICHUTOB ypaHUIIA.
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I'maBa 3. KpucrajaioxuMusi CHHTeTHYECKHX COeIUHEHU YPAaHHUJIA C
MHUHEPAJIONOI00HBIMH CTPYKTPAMU

3.1. CmemiaHHble Cyab(aTO-CeIeHATHI AKTHHU/I0B

SBnenue mzomopdusma, oTKpbeiToe DinbxapaoM Mutuepnuxom (Mitscherlich, 1821),
WIM, TaK Ha3bIBaeMoe, HM30MOP(HOE 3aMEIICHUE, SIBISETCS OYCHb BAXKHBIM IIPOIECCOM B
00pa30oBaHUM KPHUCTAUIMYECKUX BEIECTB, KOTOPHIA OTBETCTBEHEH 3a PE3KHME M3MEHEHHUS MX
pa3IMYHBIX XMUMHYECKUX M (pusmdeckux cBoilcTB. [loxkamyii, Hambonee SpKO 3THU MPOIECCHI
MPOSIBIISIIOTCS B MHHEpaliaXx, TIe IMOYTH HEUcdYepriaeMble MPUPOAHBIE 3aMachl XUMHYECKHX
9JICMEHTOB YYacCTBYIOT B OOpa30BaHHWM KPHCTAUIOB. B MUHEpasoruu ypaHa MTpeICTaBUTEIIN
Ipynn OTEHUTAa U METAOTEHUTA MOTYT CIYXKUTh SIPKUM MPUMEPOM H30MOP(PHU3Ma, PU KOTOPOM
MPOUCXOJUT TMOJHOE WM CYIIECTBEHHOE 3aMeEIleHHe, KaK B KaTHOHHOW, TaK U B aHUOHHOU
9acTaX, C COXpaHEHHEM CUMMETPHH U IPYTUX Kpuctamuiorpadpudeckux xapakrepuctuk (Locock
et al., 2004a, 2004b; Wylie et al., 2014). Cpenu cynbdaToB ypaHwia, OqHOW W3 HamOolee
MIPEJICTaBUTENBHBIX TPYIII YpaH-COAEpKAIIUX MUHEPATIOB, 3TOT BUJl U30MOP(HU3Ma BCTpEUAETCs
nosonbHO penko (Lussier et al.,, 2016; Gurzhiy and Plasil, 2019), MoxHO TpHUBECTH JHIIb
HECKOJIBKO MPUMEPOB, TakuX Kak neimerut (Plasil et al., 2013a) u marunesuoneiigetut (Kampf et
al., 2019c). Uzomopduble 3aMelieHuss BHYTpU HanOoNee TPEACTAaBUTEIBHON —TPYIIIBI
CyJb()aTHBIX MHUHEPAIOB — ITUIIIICUTA — MPUBOJISAT HE TOJHKO K H3MEHCHHIO CHMMETPHH, HO U K
MOSIBJICHUIO M30MEpPOB ypaHmiI-cyibdaTHeix cioeB (Gurzhiy and PIasil, 2019). Mwunepan
putBenbauT, Fe[(UO,)(S04)2(H,0)](H,0)s (Kampf et al.,, 2017d), sBnsercs AQOBOJBHO
WHTEPECHBIM MPUMEPOM B STOW CBS3M, TaK KaK B KPHUCTANIaX W3 Pa3HBIX MECTOPOXKICHHIA,
MO3UIUS JIBYXBAJICHTHOTO KaTHOHA MOXKET OBITh 3acejicHa HOHAMH Fez+, Zn2+, Mn*" u Mngr B
pPa3IMYHBIX COOTHOIICHHUSX. OJTO O3HA4aeT, YTO MOXKHO OXHUAAThb OTKPBITHS aHAJIOTOB
PUTBENBIUTA C JAOMUHUPOBAHUEM JIPYTHX JBYXBAJICHTHBIX KAaTHOHOB B OKTadJApUUYECKUX
TIO3UITHSIX.

Jpyroii wuHTepecHOW TpPOOIEMON SBISIETCS MPAKTUYECKH TIIOJIHOE OTCYTCTBHE
U30CTPYKTYPHBIX aHajoroB Mexay U-colepkalluMHu NpPeACTaBUTENIMU Cylb(paTHOH U
CENCHATHOMN CHCTEeMaMH, HECMOTpS Ha CTPYKTYPHOE M XHMHYecKoe cxoncTBo noHoB Se’” u S°,
U TOT (hakT, 4TO B HacTosmIee Bpems uzBectHo Oonee 400 cynbdaroB u ceneHatoB ypanuia. 13
BCEr0 MHOT000pa3us MOXKHO OOHAPYXHUTh JIMIIb HECKOJIBKO COOTBETCTBUM, HAMPHUMEP, CM.
(Forbes et al., 2007; Plasil et al., 2012a; Kovrugin et al., 2012b; Gurzhiy et al., 2009, 2014c,
2018b, 2019c).
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K™ -codeparcawyue cynvgpamo-cenenamul ypanuna

Jns wuccnenoBanuss (HOPMHUPOBAHMS CMEIIAHHBIX CYJb(aT-CeICHATHBIX COCTUHEHHMA
ypaHuia, ObUTa BRIOpaHa K'—UO0,*"~TO,>-NO;-H,0 cucrema (Gurzhiy et al., 2016b), koTopas
panee Obuta uccnenoana st T = Se (Gurzhiy et al., 2011, 2012, 2014a). Cmech rekcaruapara
Hutpara ypanuna (0.2 r, 0.4 mmons, (UO,)(NO;3),-6H,0, Bekton, 99%), runpokcuna kanus
(0.05 r, 0.85 mmonb, KOH, Bekton, 98%) u neMOHU3UPOBAHHON MUCTHIUTHPOBAHHOW BOJBI (2
M, 110.2 mmonb) Opanuch 0€3 U3MEHEHHM ISl KaKJIOTO CHHTETUYECKOTO SKCIEPUMEHTa, B TO
BpeMsl Kak KojudecTBa ceineHoBoM kuciotel (40 mac.% B H,O, Aldrich, 99,95%) u cepnoii
kucnotThl (Aldrich, 98%) ObulM B3SITHI B Pa3iMMUYHBIX MOJSIPHBIX JOJSIX coriiacHo Tabmune 3.1.
Boanple pacTBOpBI MEpEeMENIUBaIN 10 TOJHOW TOMOTCHH3AIlMM W OCTaBJSUIM HCHAPSATHCS B
YacoBBIX CTEKJIaX MpU KOMHATHOM TemmepaTtype. Uepe3 2—5 aHell B KaKJIOM CHHTETUYECKOM
AKCIIEPUMEHTE OOHApY>KMBAJINCh >KEITOBATO-3€JIEHbIE KpHUCTAUIbl. Bcero ObUIM 0TOOpaHbI
MOHOKPHUCTAIIJIBl YETHIPHAAIATA PA3TUYHBIX HOBBIX KPUCTAJUIMUECKUX (Da3, ¥ MPOHYMEpPOBaHbBI
61-74 (Tabxn. 3.1). Coenunenue 60 mpexacraBisgeT coOO YUCTYIO CeleHAaTHYIO (a3y, KoTopas
ObuTa uccienoana panee (Gurzhiy et al., 2012a). [TapameTpsr dyIeMeHTapHBIX sUeek st 60—74
npuBesieHbl B Tabnuue S3.1.

Jlnst aHanmmM3a CKOPOCTH 3aMelieHust S Ha Se B KpucTaumueckux (azax ObLI mocTpoe
rpadUK KOppensuu OTHOIIEHUS Se:S B HCXOJHOM pacTBOpPE C COOTHomIeHHeM Se:S B
Kpuctamuueckux crpykrypax (Ta6n. 3.1, Puc. 3.1). CormacuHo rpaduky, coeaunenue 60
(Gurzhiy et al., 2012a) coorBercTByeT BepxHei nmpasoid Touke (100:100), a urcroe cynbdarHoe
coeMHEHUE 74 HAXOIUTCS B HIDKHEM JieBoM yriy (0:0).

®a3pl 6163 KpUCTAITU3YIOTCS B MOHOKIMHHOW CHUHTOHHH, P2,/C, U H30CTPYKTYpHBI
panee omucanHomy coeanHeHno K(HsO;)[(UO,)2(Se04)3(H2,0)] (Gurzhiy et al., 2012a).
[TapameTpsl 27IeMEHTAPHOW STYEHKU MTOCTEIICHHO YMEHBIIAIOTCS C YBEIIMYCHUEM COJICPKAHUSI S
(Tabn. S3.1). Toukm, coorBercTByrOmMe coenuHeHusMm 60—63 (Puc. 3.1), ykaspBalT Ha
JMHEHHYI0 KOPPEISILHUIO: Ecryst = 0.79€501 + 20.76 with R? = 0.98, rne €cryst U €501 — OTHOILEHUS
Se:S B kpucramnmmueckoi ¢asze W pacTBOpe, COOTBETCTBEHHO. Takke MpUMEYaTeIbHO, UTO
HaKJOH KpuBoM Ha pucyHke 3.1 paBen 0.8, a 3To oO3HayaeT, 4TO COOTHOUIEHHE Se:S B

KPUCTAJUTMYECKOU (ha3e MEHBIIE, YeM B UCXOTHOM PACTBOPE, YTO MOXKET OBITh OOBCHEHO OoJiee
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Taboauua 3.1. Kpucramnoxumuueckue GopMysIbl B JIeNIadd SKCIIEPUMEHTOB 10 CHHTE3Y

coequuenui 60-74.

= Se/ (Se+S),

0:5 HzSCO4IstO4 mOI %

E Formula in ml (in )

1 . in
é mmol) in sol. struct.
0.20:0

60 |K(Hs50,)[(UO,)x(Se04);(H,0)]" (4.0 0) 100 | 100
0.19:0.01

61 |K(H50,)[(UO2)2(S€04)2.9(SO4)0.1(H,0)] s 02) 047 | 953
0.17:0.02

62 |K(H502)[(UO1)2(S€04),7(SO4)03(H,0)] s 05 283 | 887
0.15:0.05

63 |K(H502)[(UO1)2(S€04)2.4(SO4)0 6(H0)] (3.1:09) 76.5 | 81.7
0.15:0.06

64 |K;3(Hs0,)[(UO2)2(Se04)3.0(SO4)1 0(H20),](H,0)4 G.1: 1) 73.0 | 76.8
0.14:0.06

65 |K3(Hs0,)[(UO2)2(Se04)3.1(SO4)0 o(H20)2](H,0)4 28:1.1) 716 | 785
0.15:0.07

66 |K3(Hs0,)[(UO,)x(Se04)3.2(SO4)0.5(H20)-](H20)4 (3.1:13) 69.9 | 80.5
0.15:0.08

67 |Ks(H502)[(UO2)x(Se04); 1(SO4)os(H0):1(H;0)4 300 T g0 |76
0.15:0.08

68 |K3(H50,)(H30),:[(UO,)s5(Se04)s53(SO4),.7(H,0)](H,0), 51:15) 670 | 63.9
0.13:0.07

69 |K;5(Hs50,)3(H3;0)[(UO3)s(SO4)4.58(S€04)52(H20)4](HSO4)0.5(HS€O4)0 2(H20)2 5 (26-13) 668 | 53.9
0.10:0.07

70 |Ks(Hs0,)3(H;0)[(UO,)6(SO4)s 5(SeO4)a s(H20)4](HSO4)o s(HSeO4)0 2(H,0)3 4 (2.0-13) 60.7 | 46.2
0.10:0.10

71 |Ks(Hs0,)3(H;0)[(UO2)6(SO4)5.1(Se04)3 o(H,0)4](HSO4)0.o(HSeO4)0.1(H20)3 5 (2.0-1.9) 52.0 | 35.6
0.08:0.12

72 [Ks(H;0:)3(H:0)[(UO)5(S09)7x(S¢04) s(H:0):)(HSO4)oo(HSeO01 (Ho0)ss | (171 53) | 419 | 261
0.05:0.15

73 KS(H502)3(H3O)[(U02)6(804)g4(8604)16(H20)4](HSO4)(H20)325 (10 : 28) 265 162

0:0.20
74 KS(H502)3(H3O)[(U02)6(804)10(H20)4](HSO4)(H20)3.25 (O : 37) 0 0

HU3KOW PacTBOPUMOCTBIO CYIh(AaTHOTO KOMIIOHEHTa IO CpPaBHEHUIO C CEJICHATHBIM.
Kpucrammueckue ctpyktypsl 60—63 ocHOBaHBI Ha ypaHWI-celeHaTHBIX (B 60) win cynbdaTHO-
ceneHatHeIX (B 61-63) cuosix cocrasa [(UO,)»(TO4)3(H20)]*, 06pa3oBaHHBIX 0ObEIHHEHHEM
KoopAuHAMOHHBIX monudApoB U u T yepes obumme atombl O (Puc. 3.2a,b). Crou napasienbHbl
(001) u rodpupoBansl. Bekrop wMonmymsuum mnapauieneH [010] u  paBeH mapamerpy
sleMeHTapHOi sueiiku b; aMmiuryga Momynsmuu cocTapiseT okono 6 A. 3apan cros
KOMIIEHCHpYyeTcs KaTuoHaMu Kanus 1 3yHnens (HsO, "), pacionoskeHHBIME MeKITy JBYMEPHBIMH
U-conepkaimMu KOMILIEKCaMU.

Coenunenus 64—67 kKpucCTaNIM3yIOTCS B MOHOKIMHHOM MPOCTpaHCTBeHHOM rpymnme C2/cC
¢ uneamusupoBanHoii popmynoit K(HsO,)[(UO,)2(TO4)3(H20)] (T = S, Se). Dtu coenunenus

M30CTPYKTYpHBI HEIAaBHO omyOiukoBaHHOMY 4mctomy ceneHaty (Gurzhiy et al., 2011).



104

Pucynok 3.1. I'papux 3aBUCHMMOCTH OTHOLIEHHS Se/S B HCXOJHOM pacTBOpe U B
MOJYYEHHBIX KPUCTALNTMYECKUX CTPYKTypax i coenuHeHuit 60—74. YcioBHble 0003HAYCHUS:
CIpaBa HaJIEBO; CHHUE POMOBI = coequHeHus1 60—63, 3eneHble TPEYTOIbHUKH = COSAMHEHUS 64—
67, ¢uoneToBbI KpYX)OK = coequHeHue 68, TeMHO-KpacHbIE KBaApaThl = coeAuHEeHUs: 69—73;
JTUHEHHbIE (YepHBIN, CIUIONIHONW) U MOJWHOMUATIBHBIA (TEMHO-KPACHBINA, MyHKTUPHBIN) TPEHIbI

MOKa3aHbl ¢ KOAPPHUIUEHTAMH KOPPEISAIIUH.

HNuTtepecHo, uTo GyHKIHUS pacrpeacsieHus Se-S Mmokas3pIBaeT JTOBOJIBHO NMEPEMEHHBIN pa3dopoc
TOYEK: COeqUHEeHHs 64—66 IeMOHCTPUPYIOT OTPULIATENBHYIO TEHICHIHMIO (MEHbIIe Se B
pacTBope - Oomnpiie Se B KpUCTaIe), TOrIa Kak COeAWHEHHEe 67 JIeMOHCTPHUPYET
MOJIOKUTENbHYIO TeHACHIMIO. OIHAKO KOJIMYECTBO TOYEK HAa JMarpaMMe HEBEJIWKO, YTO He
MO3BOJISIET A€NaTh OJHO3HAYHBIE BBIBOJBI. Kpucramnuueckue CTpyKTypbl 64—67 ocHOBaHBI Ha
ypaHUJI-cynb(aT-ceJIeHaTHbIX  CIOSIX  COCTaBa [(UO,)(TO4)2(H,0)]*, 00pa3oBaHHBIX
KoopauHaroHHbIMH nonmaapamMu U u T, o0bennHEHHBIX uepe3 obmue arombl O (Puc. 3.2c¢,d).
Cnoun opueHTtupoBanbl mnapamienbHbl (10-1). OtpunarensHbIil 3apsig ClI0SI KOMIICHCHPYETCS
KaTHOHAMH Kayiusi U 3YHJENs, PACIOJIOKEHHBIMU MEXIY YPaHUI-COACPKAIIMMU CIOUCTHIMU
KOMILIEKCaMH.

[Moxxamyii, camast uHTepecHas (asza B cucteMe — 3TO coequHeHne 68, oOHapykeHHas B
BH/JI€ HECKOJIBKUX KPOILIEYHBIX MIACTUHOK B TOM K€ CUHTETHYECKOM 3KCIIEPUMEHTE, B KOTOPOM

OblTM modydeHbl Kpuctamibl 67. CoenuHenue 68 sBnsieTcs MOHOKIMHHBIM, P2;, U umeer
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Pucynok 3.2. Kpucrammdeckass CTpyKTypa U KpHUCTaUIbl: coenuHeHuss 60—63 (a u b);
coenuHeHUs 64—67 (c u d). YcnoBHbIe 0003HaUeHUS: TOMAAPBI U = 3kenThIi, TeTpasapsl 104 (T

=S, Se) = opanxeBblii, aToMbl K = rosry00ii, aToMbl O = KpacHBbIH.
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Figure 3.3. Kpucrammueckas crpykrypa (a) u kpuctamuisl (b) coenuHenus 68;
MOJIMDIPUIECKOE TIPEJCTABIICHNE CIIOMCTOTO KOMITIIEKCA B CTPYKType 68 () u ero rpadudeckoe
npeAcCTaBiIeHUE. Y CIOBHBIE 0003HaueHus: cM. Puc. 3.2; yepHbie y31bl = aToMbl U, 6erbie y3Ibl =

aTOMBI T.
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Pucynok 3.4. Kpucraumueckas ctpykrypa (a) u kpuctamibl (b) coenunenmii 69—74;
MTOJIMAIPUIECKOE TIPEICTABICHHUE CIIOUCTOTO KOMIUIEKCA B CTPYKTypax 69—74 (¢) u Tomosnorus

COUJICHCHUS KOOPAUHAIIMOHHBIX ITOJIUDAPOB. Vcnosuble 0003HaueHus: cM. Puc. 3.3.

uaecanuzupoanayo Gopmyny Ki(HsO;)(H30):[(UO,)s(SeO4)s3(SO4),.7(H20)](H20),, THE Z ~
7.5. Kpucrammueckas cTpykrypa 68 nmpumedaresnbHa CBOUM HEOOBIYHO OOJIBIITMM HapamMeTpoM
aneMeHTapHOl sueiiku b, paBueiM 57.399(5) A. Ero crpykTypa ocHOBaHA Ha TO(PUPOBAHHBIX
ypaHUI-CyIb(aT-ceJICHaTHbIX CJOAX COCTaBa [(UO,)s(TO4)s(H,0)1%, OPUEHTHUPOBAHHBIX
napawienasHo (100) (Puc. 3.3). Bekrop monymnsiuu HampasieH Bojb [010] 1 paBeH mojioBUHE
napameTpa b aneMeHTapHO# SYeHKH; aMILTHTYJa MOAYJISAIMU COCTaBIseT okoso 7 A. 3apsaz cros
KOMIICHCUPYETCs] KaTUOHAMH Kalusi, TUAPOKCOHUS U 3YHJENsl, PacloyioKeHHbIMU Mexay U-
COJIEPKALUMHU CIIOSIMH.

B mpenMymiecTBeHHO «CyIb(paTHOI» OOJACTH TUarpaMMsbl (€5, = 0—-66) HaOmogaercs
kpuctaumm3anus a3z 69-74. da3pl M30CTPYKTYPHBI, KPUCTAUIU3YIOTCS B POMOWYECKOU
CHHTOHUM, TMPOCTPAHCTBEHHas Tpynma AMM2, ¥ HMEIT UACATU3UPOBAHHYIO (OpMYyITy
K5(Hs50,)3(H30)[(UO2)6(TO4)10(H20)4](HTO4)(H2O)y (tme T =S, Se u y = 3.25 nns uucroro
cynbdara 74). Kak u nns coequnennit 60—63 (g5, = 78—100), B 1aHHOM HHTEpBaie HaOIIOAaeTCs

MIOJIOKUTENbHASL JIMHEHHAs KOpPEJLMSA YBEIMYECHHs NapaMeTPOB JJIEMEHTApHOM SYEWKH ¢
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YBEJIIMUEHUEM COJIepKaHusl Se B CTpyKType. Pacnpenenenue Se-S modTw JTMHEHHOE, HO JIydIlle
OIUCHIBAETCS NOTMHOMUANIBHON (YHKIHEH BTOPON CTENEHH: Ecryst = 0.00685012 + 037+ 04 c
R* = 099. Kpucrammueckue CTPyKTypsl 69—74 OCHOBAaHEI Ha CJIOAX COCTaBa
[(UO,)3(TO4)s(H20),]", 06pa3oBaHHBIX ImyTeM 00BbEIMHEHMS KOOPANHALMOHHBIX MOTHAPoB U
u T uepe3 obmme arombl O (Puc. 3.4). Cnoum HEe HMMEIOT BBIPAXEHHOW TOPPUPOBKH U
opueHTupoBanbl mapamienbHo (100). OTpunarenbHbI 3apsi] CIOEB KOMIEHCHUPYETCS Tpems
KpUCTAIIOrpaueck HEAIKBUBAJICHTHBIMUA KaTHOHAMH Kallsl, OJHUM HOHOM THAPOKCOHHS U
JIBYyMSI KaTHOHaMH 3yHJEJIs, paclO0KEHHbIMU B MEXCIIOEBOM IPOCTPAHCTBE BMECTE C TpeMs
JonofHUTeIbHBIMU Mosiekysamu H,O. C yBenndyeHueM KoiaudecTBa Se B CTpyKTypax (¢ 74 mo
69) mo3unuy MPOTOHUPOBAHHBIX M HEUTpalbHBIX Moyiekyd HyO pacuiernistorcs ¢ u3MEeHEHUEM
UX 32CENIEHHOCTH, YTO MOXKET OBITh CBS3aHO C HAKIIOHOM TETPAdIPOB (TOL)™.

Takum o0pa3zoMm, wucciexyemass cuUcTeMa JAEMOHCTpPUpPYET JaBe oOjacTu ¢ (TOYTH)
JUHEHHON 3aBUCUMOCTBIO MEKAY Ecryst U €0l (0—66 1 78—100) 1 mpoMekyTouHYI0 00J1acTh, I
byHKIUS MEHSeT CBOIO (opMy, U TJie CTPYKTYpHBIC THIBI MPETEPIECBAIOT PE3KHE M3MEHEHUS.
Taxoke OBLIO 3aMEUEHO, YTO KPHCTALIM3ALMs B ATOM MPOMEXKYTOUHOM 00JIACTH Tropasfo
MEJIEHHEE U XYK€ KaYECTBOM, YEM B JIMHEHHBIX)» YaCTSIX.

AHanu3 TOMOJOTMM YPaHWI-COJIEPKALINX CJIOEB IOKa3ajl, YTO TOMNOJOTUS JIBYMEPHBIX
CJI0€B B CTPYKTypax 60—63 npuHamiexxut tummy CC2-2:3-4 (o0beauHeHNE 4- U 6-4JICHHBIX KOJIEII,
MOCNIEAHUE U3 KOTOPBIX, CBS3BIBasICh uepe3 odirue péopa, oOpa3yroT OECKOHEUYHBIE IEMOYKH,
BbITSIHYThIe Bosb [010], Puc. 3.5a,c), ofHOMY M3 caMbIX PaclpOCTPaHEHHBIX B COEAMHEHUAX
ypanwia. Tomosjorus ci1oeB B CTpyKTypax 64—67 orHocuTcss K Tumy CC2-1:2-3
(mocnenoBaTenbHOE coenuHeHne 4- u 12-ueHnbpIx komer Baois [101], Puc. 3.5b,d). Tononorus
ClIoeB B CTpyKType 68 oTHOcuTcs K THmy CC2-5:8-5 (0ObeAanHEeHHE 4-4YNEHHBIX KOJel, C
(dbopMHpOBaHHEM AUMEPOB U3 ABYX O-WICHHBIX KOJIEL, CBA3aHHBIX uepe3 oOIIyro BepuInHy, Puc.
3.3c,d). Ctout OTMETHTH, YTO TOMOJIOTHH ¢ OTHOmEeHueM M:T = 5:8 odeHb peaKu — U3BECTHO
BCEro IIECTh COCTUHEHHM JUIs 4eThIPEX pa3MuyHbIX Tomojormdeckux Tumnos (Kovrugin et al.,
2012b; Krivovichev, 2008). Tomomorusi cioeB B CTpyKType 68 i CTPyKTypHOH XHUMHUU
HEOPraHMYECKUX OKCOCOJIeH OTMEUeHa BIEPBbIE M OTHOCHUTCS K HOBOMY (5-My) THIY, XOTS
MMEEeT HEKOTOpbIE CXOJICTBA C YXK€ HM3BECTHBIMM TOMOJOrMsMHU. PacmonoxeHue aumepoB 6-
4YJIeHHBIX KoJjiell B tume CC2-5:8-2 (Puc. 3.6b; Kovrugin et al., 2012b; Norquist et al., 2003c¢)
MMEET MOCIe0BaTEeIbHOE U3MEHEHHE OPUEHTUPOBKY ...-88€pX-8HU3- 66€PX-8HU3-... TOTAA KaK B
CC2-5:8-3 nauMepbl UMEIOT KOAKCUAIBHOE ...-88epX-66epX-86epx-... pacnonoxenue (Puc. 3.6c;
Krivovichev and Burns, 2007). Tomomorusi cC2-5:8-5, HaOmiomaemas B CTpyKType 68,

MIpEeACTABISIET CO00M 0oJiee CIIOXKHYIO IMOCIIEN0BATEILHOCTh C JABOMHBIMH 30HAMU ...-66€pX-
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Pucynok 3.5. [Tonumsyapudeckoe npencraBieHue ClIo€B B CTPYKTypax coearuHeHuii 60—63
(a), 64-67 (b) u TOMONOTHSI COWICHEHUS KOOPAMHALMOHHBIX MONM3ApoB (¢ u d,

COOTBETCTBEHHO). Y CIIOBHBIC 0003HaYeHUs: cM. Puc. 3.3.
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PucyHnok 3.6. neanuznpoBaHHble YepHO-0eble rpadbl ¢ 3alITPUXOBAHHBIMU AUMEPAMHU

6-4JIEHHBIX OUKJIOB, OPHUCHTHUPOBKA KOTOPLIX JOINOJIHUTCIILHO IIOKa3aHa BCTOpaMHu, JIA

TOTIOJIOTHYECKHUX TUTIOB CC2-5:8-5 B 68 (a), cCc2-5:8-2 (b) (Kovrugin et al., 2012b; Norquist et al.,

2003c) u cc2-5:8-3 (¢) (Krivovichev and Burns, 2007). YcnoBasie 0603HaueHus: cMm. Puc. 3.3.
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Ta6auua 3.2. 3acenéunocts mosummii O atomamu Se (. ex.) B cTpykrypax 60—67 u
69—74. TemHO-cepblil LIBET = OTHOCHUTEIBHO HM3KOE COAEPKAHME S€; CBETIO-CEpbId LBET =

OTHOCHUTCIIBHO BBICOKOC COACPIKAHUC Se.

Se / (Se+S),
mol %
Compound TI T2 T3 T4
in in
solution structure

60 1.00 100 100
61 0.97 94.2 95.3
62 0.91 88.3 88.7
63 0.86 76.5 81.7
64 0.86 73.0 78.5
65 0.87 71.6 76.8
66 0.88 69.9 80.5
67 0.84 67.0 76.8
69 0.85 66.8 53.9
70 0.83 60.7 46.2
71 0.72 52.0 35.6
72 0.62 41.9 26.1
73 0.41 26.5 16.2
74 0.00 0 0

86epx-8HU3-8HU3-86epX-66epX-6HU3-6HU3-... (Puc. 3.6a). Tomonorus 1ByMEpHBIX KOMIUIEKCOB B
CTpYKTypax 69—74 oTHOcUTCA K THIy CC2-3:5-5 (CBSI3bIBAaHHE TETPaMEpPOB 4-UJIECHHBIX KOJell,
obpa3ytomux Oomnbinue 10-uneHHbIe «KOpOHBD), Puc. 3.4c,d). TOT THUIT TOMOIOTUU BCTpEYAETCs
OYCHBb PEJIKO: OH OBLT emé oTMedeH ToibKo B cTpykType 55 (Kornyakov et al., 2020), u takxke
OH CWJIBHO OTJIMYAETCS OT IPYTUX TOIMOJIOTUH ¢ cooTHOIeHrueM M: T = 3:5.

VTouHeHHE 3aceleHHOCTeil mosuimii T° B KpUCTAJUIMYECKUX CTpyKTypax 61-73
MOKa3bIBaeT OTCYTCTBUE OJHOPOJHOIO cTaTHCcTUYeckoro pacmpenenenus (Tabm. 3.2, 3.3).
Kpome Toro, st BceX THIOB CTPYKTYp CYIIECTBYET ONpEIEICHHAs TEHACHLNS BKIIOYEHUS
ceJieHa B KaKIyI0 CyJb(paTHYIO TO3UIHIO (MM HA000pOT).

Taxum obpazom, st cTpyktyp 60—63 nmosuuuu T1 u T2 oguHakoBo 3aceneHsl Se u S, B

TO BpeMs Kak 3aMeHa S Ha Se B mo3ummu 3 TpoTeKaeT B ABa pasza Owbictpee. B 61-63 Bce
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Ta6auua 3.3. 3acenéuuocTs mosumumii T°~ atomamu Se (. ex.) B crpykrype 68. TemHo-

CCpLII\/'I OBET = OTHOCUTCIIbHO HH3KOC COACPIKAHUC Se; CBeTJ'IO—CepLII\/'I OBET = OTHOCHUTCIIBHO

BBICOKOE cojiepkaHue Se.

Pos. Ocec. Pos. Occ.

T1  0.89 T10 0.57
T2 0.83 T11 0.62
T3 0.51 T12 0.74
T4  0.79 T13 0.73

T5 T14 0.53

T6 T15 0.76

T7 T16 -

T8 087 See 67.0
pacmeope

T9 081 See 63.9
cmpykmype

TETPa’Apbl ABJSAIOTCS TPUAEHTATHBIMU, UMEsI TPU OOIME BEPLIMHBI C COCEAHUMH MOIU3APAMU
U, u ToabK0 yeTBepTast octaéress HecBsi3HOM. [To3ummu T1 u T2 pacnonoxkeHbl BOKPYT OOIBIINX
6-4JICHHBIX KOJIEI], TOT/Ia KaK MO3UIHS 13 SBIISETCS TOUYKOH COSNWHEHHS VIS TPEX HEOOIBIINX
4-unieHHbIX IUKIOB. Clle0BaTENIbHO, MO3ULUA T3 MMEET ropa3fio MEHBIIYIO CTENEeHb CBOOOIBI,
0COOEHHO C YYeTOM TOro, YTO €€ YeTBepTash HEMOCTUKOBAs BEpIIMHA BOBJEYEHA B CHUIIbHYIO
HOHHYIO CBs3hb ¢ MoHOM K'. HampoTuB, anmukanmbHBIE BEpIIMHBI TeTpadupoB T104 m T20,
Y4acTBYIOT TOJIbKO B OTHOCHUTENBHO Ci1a00il BOJOPOAHOMN CBSI3M C MEKCIOEBBIMH KaTHOHAMU
3ynanens (Tabm. 3.2).

B kpucramindyeckux cTrpykrypax 64—67 o6a ciMMETpUYHO HE3aBUCUMBIX TeTpaszpa 104
ounenratHsl. Terpasapel T1 yyacTByioT B 00pa3zoBaHuU OONBIINX 12-4JEHHBIX LUKIIOB, TOT/A
KaK TeTpa’Jpbl 12 o0pa3yloT IIOTHBIC 4-uiieHHbIe HUKIBL. ClieoBaTeNbHO, MPEANOYTEeHHE S
OoJiee TUIOTHOM M MPOYHO CBSA3HOM MO3UIMHM UMEET MEXaHUCTUYECKOE CTPYKTYpHOE OOBSICHEHUE
(Tabm. 3.2).

Heckonpko nHas cutyanusi Habmomaercss B cTpykTypax 69—73. OHu coaepxar yeTbipe
pazmuuHblx nosunmu T (Tabn. 3.2): nBe TpPUACHTATHBIX, OJHY OWICHTATHYIO M OJHY,
pacIoNIOKEHHYI0 B MekciioeBoM mpocTpaHcTBe. [lo3umus T1 Hambosiee aKTUBHO 3acenseTcs

aToMaMH Se B CpaBHEHUM C JAPYyrMMH (MIPOLEHT 3aceNEHHOCTH 3HAYUTENIBHO BBIIIE
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KOHIICHTpAIMU Se B pacTBOpE). AHAIM3UPYSI KOOPIAWHAIIMOHHOE OKPYKEHHE TO3UIui T, MOKHO
OTMETHTb, 4To TpeyronbHeii gpparment U(1)-U(2)-U(1) (c U(1)-U(2) = 6.2 A, U(1)-U(1) = 6.6
A) Bokpyr nosumuu T1 sBnsercs Haubolee NPAaBUILHBIM M KECTKUM. [IpMHUMAs BO BHUMaHME
IUIOCKYI0O TEOMETPHUIO CJIOEB, IOXOKE, UYTO BXOXJAEHHE Se B mo3unmio 11 He Tpedyer
3HAYUTEIbHBIX U3MEHEHUW CTPYKTYpHOU reomeTpuu. HanmpoTus, yBeandeHue coaepxanus Se B
no3uIMy 13, Hampumep, NPUBOAUT K U3MEHEHHUIO HaKJIOHa OWIEHTATHBIX TETPadIpOB.
MexcnoeBass mo3unus 14, coorBercTBytomias cinabocBszanHomy (HTO4)”  ammowny,
NPEUMYIIECTBEHHO 3acelieHa S: OYeBHJHO, YTO BXOXKACHHE OOJBIIETO KOMUYECTBA S€ B ITY
MO3UIMIO MPHUBEAET K YBEIUUYECHHUIO MEKCIOEBOIO PACCTOSHUS U OCIA0JEHUIO MEXKCIIOEBBIX
CBs3€EM.

B crpykrype 68 unmeercs mecTHaanaTh TETPa3pUUECKUX IIO3ULUH, U BCE OHHU
tpuaeHTaTHeie. Kak BuaHO u3 Tabmuibl 3.3 u pucyHka 3.1, konuuecTBO Se B CTpyKType 68
Jqy4lle, 4eM B JAPYTUX CTPYKTypax, KOppelIupyeT ¢ KOHIEHTpanueil Se B pacTBOpe; OJHAKO
3acesIeHHOCTh mo3uimiit 7' ropasno Oosee pazHooOpasHa u BapbupyeT oT 0.29 no 0.89 Se Ha
dopmynbHyto equnuiy. [lo3uium, 3acenéHHble NTPEUMYIIECTBEHHO Se, B OCHOBHOM, BXOIST B
COCTaB TOJIBIX O-WIEHHBIX KOJIBEI], @ MPEUMYIIECTBEHHO CYIb(aTHBIC MO3UINH PACIIOJIOKECHEI B
LIEHTpe HanboJee MIOTHOM acCOlMalUU U3 TPEX 4-UIEHHBIX IIUKIIOB.

AHanu3 CTPYKTYPHBIX JaHHBIX 60—74 MOKa3bIBAET, UYTO CTPYKTYPHAS HBOJIOLMUS CHCTEMBI
Py U3MEHEHHH COOTHOIICHHS S:Se MMeeT sIpKO BBIPAKEHHBIM HEIMHEWHbINH Xapakrep. B To
BpeMs Kak KpucTaJuiMueckue ¢azbl mo OoKaMm AuarpaMMbl UMEIOT OAMH M TOT € YpPOBEHb
cinoxnoctu (4.2 — 5.2 our/atom m 300 — 560 Owut/sAueiiky), kpuctaumsanus ¢assl 68
COOTBETCTBYET «B3PBIBY» KOJUYECTBA CTPYKTYpHOU MH(POpPMAIMH, U3MEPSIEMOro Kak Ha aToM,

TaK U Ha 3NeMeHTapHyto sueiiky (Tabx. 3.4; Puc. 3.7).

Tadauna 3.4. [lapameTpsl CTPYKTYpHOW CJIOXKHOCTH Ha OCHOBE KOJIMYECTBA

nHpopmaruu B coequHeHUX 60—74.

Coenunenus | (bits/atom) I total (bits/cell)
6063 4.644 464.386
64-67 4.236 313.500
68 7.119 1979.066
69, 70 5.162 536.846
71,72 5.200 551.160

73,74 5.002 480.156
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Pucynoxk 3.7. OBonronus mnapaMeTpoB CIIOKHOCTH, pAacCCUUTAaHHBIX HAa OCHOBE
+ 2+ 2- -
KoJm4ecTBa nHpopManmu, s Kpuctaumdeckux ¢as B cucreme K -UO," -TO4,”-NO; —H,O

(T = Se, S; coequnenus 60—74).
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Cs"-codepaicawyue cynvghamo-cenenamol ypanuna

Jns  wuccrnenoBaHus BIAMSHHUS KAaTHOHOB IIENOYHBIX METaUIOB Ha 0OOpa3oBaHHE
CMemIaHHbIX (a3 B Cylb(]ar-celeHaTHBIX CUCTEMaX ypaHWIa ObLIO PelIeHO MPOaHaTU3UPOBATh
JPYTyIo cucTeMy, conepxkayto nonsl Cs' (Gurzhiy et al., 2017b). CMech rekcaruapaTa HUTpaTa
ypanuna (0.2 r, 0.4 mmonb, (UO;2)(NOs),-6H,0, Bekron, 99%), uurpara nesus (0.028 r, 0.14
mMmoIb, CsNOs, Bekton, 98%) U AeMOHU3UPOBAHHON NUCTUILTUPOBAHHOM BOAbI (2 M, 110.2
MMOJIb) OBUTH B3SITHI 0€3 U3MEHEHH I KaXKIOr0 CHHTETHYECKOTO dKCIIEPUMEHTA, B TO BpeMs
KaK KoJm4JecTBa ceneHoBo# kuciothel (40 mac.% B HyO, Aldrich, 99.95%) u cepHOl KHCIOTHI

(Aldrich, 98%) 6bU1H B35 THI B pa3IMUHBIX MOJISIPHBIX JIOJIIX COIJIacHO Tabnuie 3.5.

Ta6auna 3.5. Kpucramoxumudeckue GopMyIibl U JeNalld SKCIEPUMEHTOB TI0 CHHTE3Y

coequuenuit 75 — 84.

% Se / (Se+S), Mom. %
2 H,SeO,:H,SO, B M

% o (8 Mmore]) B PacTBOpe | B CTPYKType
3

75 | Cs:[(UOL)A(SOu)s] ?0::()3"28(; 0 0
76 | Cs:[(U02)x(5¢04)0 30(S0): 7] 02’022 213‘)75 132 10.0
77 | Cs3[(UO,)2(5€04)0.57(SO04)2.43] (210(5) g;)s 26.3 19.0
78 | Csy[(UO,)2(Se04)0.585(SO4)2.15] (2102 (2);)2 41.6 28.3
79 | Csa[(UO)x(Se0s)1 16(SOu): 4] (g:(l) (1):;) 51.6 38.7
80 | Cs,[(UO,)1(Se04)1.48(S04)152] (221421 (1)(5);5 61.6 49.3
81 | Cs,[(UO»)x(Se00)05(SO)oo7] 0(31f ggf 762 67.7
82 | Cs,[(U02)x(Se0) (SO0l ‘2312 gg)z 9.6 833
83 | Csy[(UO,)x(Se0,);] 2%70:: 00) 100 100
84 | Cs,[(UO,)(Se04)s(H0)](H,0) [14] 8?70:: 00) 100 100

Bopanbie pacTBOphI EpeMEIIMBaIM A0 MOJTHONM FOMOT€HU3AMHY U OCTABIISIIN UCHIAPSITHCS
B YAaCOBBIX CTEKJIaX NMPU KOMHATHOM Temmeparype. Kpucramimzauuss HadynHaiach yepe3 8-10
4acoB: OOHApyXUBAIHCh KpHcTauibl pazMepoM 1-10 mxm. Eme depe3 8-10 wacoB B pacTBope
00pa3yroTcsi MHOTOYHCIICHHBIE JKEITOBATO-3€JIEHBIE CPOCIINECS arperaTsl, a TAK)Ke BBIICISIOTCS

MOHOKpHUCTaJUTBI pazMepoMm (10 0.3 MM) W KadyecTBOM, MOAXOIAIIMMU IJisi CTPYKTYpPHOTO
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anamu3a (Puc. 3.8a-d). Croutr oTrmeruth, uTO (opMa KPHUCTAUIOB MEHSETCS C KBaJIpaTHBIX
TUTACTUHOK Ha KPYTJble ¢ yBeIUYeHHEM conaepkanus Se B pactBope (Puc. 3.8a-c). Kpome Toro,
KPUCTAJIBl YHCTOTO CEJIeHAaTa ypaHWIa HMMEIOT XyJIIee KauecTBO, OOpa3zyloT IBOWHUKU HU
CpacTaroTcs Ha CaMbIX PaHHUX CTaJHsiX, a 3aT€M HAUYMHAIOT CBOpAa4YMBAThCA B PYJoHBI (Puc.
3.8f), uTo 3aTpyHAET BBIACICHNUE KpUCTAILIA, IPUTOAHOTO Ui PEHTT€HOCTPYKTYPHOTO aHAU3a.
UucTo ceneHaTHBIN SKCIIEPUMEHT OOHApY>KMBAET €llle OJHY OCOOCHHOCTh, HE BCTPEUYCHHYIO B
npyrux cuHre3ax (Puc. 3.8e): kpucraiumsauus HauyMHAaeTCs ¢ oOpa3zoBaHMA a3kl
Cs2[(UO2)(Se04)2(H20)](H,0) (84), e€ mocneayronuM pacTBOPEHHEM U OJHOBPEMEHHBIM
obpazoBanuem kpucrtamwioB 83. Xors uucras cynbdaTtHas (aza 75 uzBectHa yxe Oomnee 60 et
kak  Csy[(UO2)2(S0O4);] (Ross and Evans, 1960), Mbl MOBTOPHO HCCIENOBAIH €€
KPUCTAUTMUECKYIO CTPYKTYpPY, Ul HOJy4deHus Oojiee TOYHBIX CTPYKTYPHBIX JTaHHbBIX. Bcero
OBUTO BBIZICTICHO ICBITH KPUCTAIUIMYECKHX (a3 B BHJIE MOHOKPHUCTAIUIOB, TPOHYMEPOBAHHBIX
75-83 B Tabmune 3.5 (coenmuHenue 84 mnpencraBiseT COOOM YHCTYIO celieHaTHYIo ¢a3y,
CTPYKTypa KoTopoil Obuta yctaHoBieHa panee (Mikhailov et al., 2001)). Ilapamerpst

AIIEMEHTApHOM stueiiku 1t 75-83 npuBenens! B Tabnuie S3.2.

Pucynok 3.8. Kpucramiel u arperartsl, oOpa3oBaBIIHECs B JKcIepuMeHTax 75 — 84:
KBaJpaTHbIC IJJACTUHKM B NPEUMYIIECTBEHHO CyJIb(aTHBIX cuctemMax (a, b); okpyribie
IUIACTUHKM B INPEMMYILECTBEHHO CEJIEHATHBIX CHUCTEMax (C); 3apacTaHHWe NPEUMYLIECTBEHHO
cynbdaTHOl cuctembl yepe3 ~ 1 neHb (d); YUCTO celeHATHBIH SKCIEPUMEHT C OKPYTJIBIMH
kpuctamamu 83 u pomOudeckumu Kpuctamiamu 84 (e); 3apacTtaHHe NPEUMYIIECTBEHHO

CeJICHAaTHOM cuCTeMBbI Yepe3 ~ 18 4aocB u cBopaunBaHue KpuctauioB (asel 83 B pynonsl ().
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Coenunenus 75-83 KpUCTaNIM3YIOTCSl B TETPAroHAJIbHON MPOCTPAHCTBEHHOM rpyrie P-
42;M 1 U30CTPYKTYpHBI paHee onucaHHOMY ypaHui-cyiabdaty nesus Cs;[(UO;2)2(S04)3] (Ross
and Evans, 1960). Ilapamerpsl 31eMeHTapHOW SYEHKH IIOCTETIEHHO YBEJIWYHBAIOTCA C
yBenuueHueM cozepkanus Se (Tab. S3.2, Puc. 3.9). Bapuanum napamerpa a u obbema
AJIEMEHTAPHBIX S[YEEK XOPOLIO ONMCHIBAKOTCS JIMHEHHBIMH YPaBHEHMSMU C OYEHb BBICOKHMMHM
ko3 duurenTamMu Koppensuuu. bosee HHM3Kas 4yBCTBUTENBHOCTH MapaMETPOB 3JEMEHTapHOU
SAYEHKH C MOXET ObIThb 00bscHeHa Oosiee c€1abOW 3aBHCHMOCTBIO BEPTHKAIBHBIX Pa3MEpOB
MEXXCIIOEBOTO MPOCTPAHCTBA, 3AIIOJITHEHHOT'O aTOMaMH Ie3Usl, OT U3MEHEHHS cojiepkaHus Se/S B
CTPYKTypax coeauHeHui. OmgHAKO cieayeT OTMETHUTh, YTO Ha BceX Tpadukax pucyHka 3.9

HaOII0HaeTCs HEKOTOPAass HEOHOPOIHOCTE B paiioHe 3HaueHus 60% oTtHowmenus Se/S, KoTopoe
9

Pucynok 3.9. I'papuku 3aBUCUMOCTH TapaMeTPOB 3JIEMEHTAPHON STUEHKU OT OTHOILICHUS
Se/S B KpUCTAIUTMYECKUX CTPYKTypax coenuHeHWi 75 — 83; nuHelHbIE TPEHIBI MOKa3aHbI C

KO3 UITMEHTAMH KOPPEISAIUH.
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MOKHO OTHECTH K CYIIECTBEHHOMY YBEJIMYEHHUIO CKOPOCTEH BXOXKIIEHUS Se B TeTpadIpUyecKue
no3unuu. MatepecHo, uto mist K-comepxameit cuctemsl (Gurzhiy et al., 2016b) usmenenus
CTPYKTYPHOH apXHUTEKTYpbl MPOUCXOAIT HAa 67%, 4TO, O-BUIUMOMY, YKa3bIBaeT Ha HaJIH4ue
KPUTHYECKOTO Auana3zona otHomeHus Se/S 60-70% B o0enx cucremax.

Jns aHanmm3a CKOpocTed 3aMmelieHus Se Ha S B KpUcTauindeckux (azax 75-83 Obun
M3y4eH rpaduk 3aBUCUMOCTH COOTHOIICHHS Se/S B UCXOAHOM PacTBOpE OT COOTHOIIeHUs Se/S B
kpuctamax (Tab6n. 3.5, Puc. 3.10). Toukm, cooTBeTcTByIOUIME coeAuHEHMsIM 75-83,
JIEMOHCTPHPYIOT Koppesiuio ¢ R* = 0.99, OIMCHBAEMYIO OTHHOMHAILHON (yHKIHEH BTOPOIt

CTEMEHH: Ecryst = 0.005851” + 0.48e4; + 1.4.

Pucynok 3.10. I'paduk 3aBUCHMOCTH COOTHOIICHHUS Se/S B UCXOJHOM pacTBOpPE OT
COOTHOIIEHUST Se/S B KPHUCTAUTMICCKUX CTPYKTYypax COeAWMHCHHU 75 — 83; mommHOMHATBHBIN

TPEH/] BTOPOH CTENIEHU TIOKa3aH ¢ KOA(PPHUITUEHTOM KOPPETAIUH.

Kpucrannmuueckue ctpykrypsl 75-83 ocHoOBaHbl Ha YypaHui-cynbhaTHbeIX (B 75),
ceneHatHBIX (B 83) mum cyibbaro-cenenaTHbIx (B 76-82) cuosix cocrtaBa [(UO1)y(TO4)s]*,
00pa3oBaHHBIX MyTeM O0BEIUHEHUS KOOPAWHAMOHHBIX Toaud3apoB U u T dyepe3 oOmue aToMbl
O. Cnou opuentupoBanbl napamenbHo (001) u rodpupoBaHbl H3-3a HaMUUHs 4-CBSI3aHHBIX

TETPa’ApOB MO MPUHLMITY WIOTKA JUJIS SUL» C IUAMETPOM SYEHKH ~ 6 A (Puc. 3.11). 3apsn
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neopranngeckoro ciosi [(UO»)x(TO4)3]* koMmieHcupyeres kaTiHoHaMu CS, pacrooKeHHBIMU B
MEKCIIOEBOM MPOCTPAHCTBE.

AHaJn3 TOMOJIOTUH YPAHUII-COJEPKAIIUX CIOEB C UCIOIb30BaHNUEM IpadoB MOKa3al, 4To
TOTMOJIOTHS IBYMEPHBIX KOMIUIEKCOB B cTpyKTypax 75-83 (Puc. 3.12a) ocHOoBaHa Ha CBA3BIBAHUU
JIByX THIOB 4-4JeHHbIX [UKIOB. [laHHbIi Tomomormveckuid tun (Puc. 3.12b), cc2-2:3-14,
reTepOoNOIMAIPUYECKAX KOMIUIEKCOB paHee HaONIoAancs B CTPYKTypax psijia akTHHHI-
comepxkanmx coemuHeHUR ([(NPO2)2(SO4)2(H2SO4)](H20)s  (Alcock et al., 1982), B-
Cs,[(UO2)2(M004)3] (Krivovichev et al., 2002b), [N,C3Hs]2[(UO32)2(SO4)3] (Norquist et al.,
2003b), (H30)[C3HsN2][(UO2)2(Se04)s] (Krivovichev and Burns, 2007),
(CH3NH3),[(UO7)2(SeO4)3]  (Kovrugin et al., 2012b), a Takke HeEIaBHO B
(CH3NH3)2[(U0O2)2(SO4)3] (Gurzhiy et al., 2014c) u [CHgN3]2[(UO2)2(SeO4)s] (Gurzhiy et al.,
2014c)).

Pucynok 3.11. Kpucrammmueckue CTpyKTypbl B coeamHeHHsx 75 — 83 (a) u 84 (b).
Ycnoabie 0003HaueHus: noaudapel U = xenthiid, Tetpasapsl 104 (T = S, Se) = opaHXeBBIi,

aToMmbl Cs = roiy6o#, aroMbl O = KpacHBIH.
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Cnenyer OTMETUTh, YTO MAaKCUMAJIbHOW TPYIIIOW CUMMETPHUH CJIOEB C TOIMOJIOTHEH CC2-
2:3-14 B CTpyKTypax aKTHHHUA-COAEpXKAIIUX coenuHeHUil sBusercs pP-42;m (Kovrugin et al.,
2012b) u peanusyercs OHa TONBKO B coeauHeHHsX 75-83. Bo Bcex Apyrux crpykrypax,
YHOOMSIHYTBIX BBIIIE, CUMMETPHUS CJI0S CYIIECTBEHHO HIKE (BIUIOTH O Pl), YTO B OCHOBHOM
INPOMCXOOUT M3-32 HCKA)KEHUH, BBI3BAHHBIX BOJOPOAHBIMM B3aUMOJECHCTBUSAMHU MEXITY
OpPraHNYeCKUMHU MOJIEKyIaMu U aToMaMu O CIOUCTBIX KOMIIEKCOB.

Kpucrannuueckast ctpykrypa 84 ocHOBaHa Ha ypaHWJI-CEJIEHATHBIX CIIOSIX COCTaBa
[(UO,)(Se04)2]* (Puc. 3.12¢,d), HOCTPOCHHBIX OOBCAMHEHHBIMU dYepe3 OOLIMEe BEPIIHHBI
MEHTarOHAJIbHBIMU JUIIUPAMUIAMHU [UO6(H20)]6* U TeTpal’apamMu [SeO4]2*, YTO TPUBOIUT K
oOpa3oBaHuio rpada, COCTaBIEHHOIO U3 §-wIeHHBIX Kousiel. ['paduueckoe mpeacraBieHue
CJIOUCTOTO0 KOMILIEKCA OTHOCUTCS K TOIOJOTMYECKOMY TUIy CC2-1:2-2, KOTOpBIN JOBOJIBHO
4acTO BCTPEYACTCS CpPeIM CHHTETHYSCKUX CylbdaroB um ceneHaroB ypanmia (Krivovichev,

2008).

Pucynok 3.12. ITonusgpuyeckoe npeactaBieHue ciioéM B cTpykTypax 75 — 83 (a), 84 (c)
U cooTBeTcTBYomue uM rpadsl (b u d, cOOTBETCTBEHHO). YClIOBHBIE 0003HaueHHs: cM. Puc.

3.11; ; uepnbie y31bl = aToMbl U, Oebie Y3716l = aTOMBI T .



121

[TapameTpbl CTPYKTYpHOM CIIOKHOCTH [UIl KPHUCTA/UIMYECKUX CTPYKTYp 75-84
npuBeAeHbI B Tabnuie 3.6. AHaNU3 STUX JaHHBIX MMOKa3bIBAET, YTO KPUCTAILTU3AIUS B CHCTEME
HauMHAeTCs ¢ coenuHeHUs 84, koropoe obnmamaer Ooyiee BBICOKUM OOBEMOM CTPYKTYPHOU
UHPOpPMaNK, U3MEPEHHBIM KaK Ha aToOM, TaK W Ha JJIEMEHTApHYIO sueiiky. B mampHelmem
CHUCTEMa CHHUXKAET CJI0KHOCTh KPUCTAINTMYECKOTO COCTOSIHUS 32 CUET MepeKpucTaiin3auuu $hasbl
83. Bmecte ¢ TeM, HaOmIOgaeMble 3HAYCHHS IEMOHCTPUPYIOT, YTO TOMOJIOTUYECKAs CIOKHOCTh
2D-cnoéB B 83 HamHOro BbIIIE, YeM B cTpykType 84. Takas TeHIeHIMs corjacyercs ¢ oOrien
TEHJCHIMENW 3BOJIOUUN KPUCTAUIM3ALUU, KOTOPYI0 MOKHO pPE3IOMUPOBATH CIIECAYIOIIUM
o0pa3oM: Ha TIO3MHUX CTAAUAX KPUCTAUIM3AIMU OoOpa3yroTcs 0ojiee  CIOXKHBIE B

TOIOJIOTHYECKOM OTHOIIeHUH cTpyKTyphl (Krivovichev et al., 2016; Gurzhiy et al., 2017a).

Tadauma 3.6. I[lapameTpsl CTPYKTypHOW CJIOKHOCTH Ha OCHOBE KOJIMYECTBA

nHpopmaiuu B coequHeHUsX 75 — 84.

Tononorudeckast CII0KHOCTb
CTpyKTypHas CIIOKHOCTh
CJIOMCTBIX KOMILJICKCOB
Coennnenune
Vv | G IG,total: v I G IG,total:
our/aTom OuT/TUCHKY out/aTom OuT/TUCHKY
75-83 46 3.306 152.084 42 3.059 128.477
84 84 4.392 368.955 32 3.250 104.000

VrouHeHne 3aceneHHocteil mosummii T¢T B KPUCTAJUIMYECKUX CTPYKTypax 75-83
MOATBEPKIAET CEEKTUBHOCTH 3aMEIICHUs Se Ha S [ pa3IuvHbIX No3ulluid. B cTpyktypax 75—
83 ectp nBe paznuuHbIe MO3UIMHU 7. oHA — TPEXCBsA3aHHAS (MMeromas Tpu aroma O, obmue ¢
COCETHUMU AWMHUpAMUAAMH YpaHWUia) U ofHA — 4-CBsA3aHHAsg (MMerolasi Bce yeTeipe atoma O,
o0IIre ¢ COCeTHMMHU TONUdApaMu ypaHwmia). 3aceneHHOCTh (O7) TpEXcBsi3HON mosmmmu 11
aToMamMu S U Se PAKTUYECKU HAMPSIMYIO 3aBUCUT OT KOJIMUECTBA JTAHHBIX KATHOHOB B PaCTBOpE
(Puc. 3.13a) u onucwiBaercs nuHelHbIM ypaBHeHHeM: Ot = 0.01ley — 0.01. Mnas curyarus
Habmonaercs ansa nosuuuu 12 (Puc. 3.13a). Ona saBnsercs Oonee orpaHHYEHHOM, Oymydu
YEeTHIPEXCBSA3HON C YETHIPhMSI COCETHUMU TOJIMIIpaMu ypanuna. TakuMm oOpa3zom, U30bITOYHOE
BHYTpPEHHEE HATSIKEHUE, BHI3BAHHOE BXOXKJIEHHEM 0Oojiee KPYMHOTO KaTHOHA, BEPOSITHEE BCETO,
00ycnaBIuBaeT HU3KYIO CKOPOCTh 3aMelieHusi S Ha Se B 3TUX CTpyKTypax. Ha mpoTskenuun
uHTepBasia 76—82 no3unus T2 comepKuT ropazio MEHbIIE Se, YeM €ro COJIEPKUTCS B pacTBOpE.

3aceneHHOCTh MO3UIUHU 12 MOXKHO OMUCaTh NOTUHOMHUATBHOU (pyHKIIMEH BTOpOo# cTenenn: Ot =

0.0001 &2 — 0.001 e + 0.05.
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o ) +
Pucynok 3.13. 3acenénrocts mosumuii T atomamu Se (¢.ex.) (a), BApHALUK CPEIHAX
o +
sHadeHni cBs3u T°—O ¢ yBemmuenmeM konmdectBa Se (b), Bapumarms yrmos U-O-T® ¢
yBeIMUEHUEM KonuyecTBa Se (¢) B cTpykTypax 75 — 83. JIuHeliHble U MOTMHOMUANBHBIE TPEHIbI

NoKa3aHbl ¢ KodpuuueHTaMu Koppensuu. CM. TeKCT AJis 1eTaiel.
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Eme omHuM mNOATBEPKACHUEM TaKOW HEPABHOMEPHOW CKOPOCTH 3aMEIICHUS MOXKHO
CUMTAaTh W3MEHEHHUS TEOMETPUU TeTpa’ApuYecKuX Tpynn. B wuaeanbHOM ciydae Bapualuu
paccrosiHus <T—O> M0JKHBI UMETh JIMHEWHYIO 3aBUCUMOCTbh OT OTHOLIEHMs Se:S. PaccrosHus
<T1-O> OTKJIOHSIOTCSI OT JUHEHHOW KOpPPENALMU C OTHOLIEHHEM Se:S B KpPUCTAIMYECKOM
BemectBe (Puc. 3.13b). I'padux Ha pucynke 3.13b moka3piBaeT MOYTH JUHEUHYIO KOPPEIISIIHIO
it 7579, nns koTopbIX BKiIan Se B mo3unuu 12 He Tak 3HauuTteneH. Koraa konmuectBo Se B
no3uLKHU T2 OBICTPO YBEIMYUBACTCS, «JIHHUSA | 1» BeImonaxusaercs. 1 Ha000poT, 0OUeHb POBHOE
HAYyajl0o «IMHUM 12» HaYMHAET PE3KO CTPEMUThCS K 3HadeHusM <[1-O> B oOnactu ¢
npeobnaganuem Se.

OtnenpHOE BHHMAaHHME CTOMT OOpaTuTh Ha Bapuanuu yriaoB U-O-T mpu MOCTHKOBBIX
atomax kucinopona (Puc. 3.13c). B HenaBueit padore (Gurzhiy et al., 2015a) Obuta o6cyxeHa
I'MOKOCTD aKTHHH[I-COACPIKAIINX CIOUCTBIX CTPYKTYPHBIX €IWHUII, TJ€ COCTUHEHHUE CMEXHBIX
KOOPJMHAIIMOHHBIX TOJIUAIPOB Yepe3 O0IIMe MOCTUKOBBIE BEPIIMHBI MOYKHO CPAaBHUTH C THOKUM
HIApHUPHBIM coenrnHeHueM. OCHOBHas Wi COCTOUT B TOM, 4TO MeHbImue yriabl U—Op—T
COOTBETCTBYIOT OousblieMy M3rubaHuio cjos, a Oonpmme 3HaueHHss YrinoB U—Op—T
COOTBETCTBYIOT 00Jj€€ IUIOCKUM 30HaM CJIOUCTOrO KoMmIulekca. Takum oOpa3oM, MOXKHO
MIPENIOJIOKUTD, YTO YBEIIMUEHUE TAPAMETPOB AIEMEHTAPHOMN SUYEHKH (paclIMpeHue CTPyKTYyphbl),
BBI3BAHHOE yBEJIMYEHUEM KOJHMYECTBAa Se, JOJDKHO CONPOBOXKAATHCS BbIPAaBHUBAHHUEM
(«ymuomieHuemM») cios W, cieaoBatenbHOo, yBenumueHueM yrioB U—Oyp—T. OmgHako, Bce Tpu
HEIKBHUBAJICHTHBIX YIJIa NPU MOCTHUKOBBIX aromMax O yMEHBIIAIOTCS, YTO O3HA4YaeT YyCUIICHHE
nepopmarmu  cnosi.  CormacHo pucyHky 3.13c, mo3wmmst Tl B 3HAYUTENBHOW CTEIICHU
OTBETCTBEHHa 3a W3rubaHue cios, TOTrJa Kak YIJbl IpH MOCTUKOBBIX aromMax O vy

YCTBIPCXCBA3ZHOI'O TE€TpA3aApa, T.C. 0oJiee KeCTKO CBA3aHHOM IIO3UIIHNHN T2, MCHAIOTCA MCHBIIIC.
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Cemeticmeo coeounenuii CSy[(AnO2)2(TO4)3] (An=U, Np; T =S, Se, Cr, Mo):
UMeHeHUsl hu3uUecKux ce0lCma, 8bl36aHHble Bapuayuell XumMuiecko2o cocmasd

['pynna aktunua-conepxamux coenquuenud nes3ust Csy[(AnO;)2(TO4)3] (rne An = U, Np;
T =15, Se, Cr, Mo) sBJIsIETCSI pEIKUM IIPUMEPOM CEMENCTBA CTPYKTYP, KOTOPOE COJEPKUT OUYCHBb
CXOXHE CTPYKTYypHbIE €IMHHUIIbI, HECMOTpPSI Ha BapHAIMIO COAEPIKAIIUXCS B HEM OKCOAHHOHOB
(Ross and Evans, 1960; Krivovichev et al., 2002b; Siidra et al., 2013; Gurzhiy et al., 2017b,
2020; Langer et al., 2018; Kornyakov et al., 2019). CtpykrypHble UCCIEI0BaHHS CeMeicTBa
coemuuaeHU Csy[(UO,)2(TO4g)3] (T = S, Se, Cr, Mo) (Tabn. 3.7) mpoBogstcst yxe Ooiee
nonyBeka. [lepBas kpucramnuueckass CTpykTypa Obula omucaHa MJis 1I€3MEBOro cyib(ara
ypanmia (Ross and Evans, 1960). CuHte3 u mnapaMeTpbl 3J€MEHTapHOW sYEWKH OBbLIH
omyOnmkoBanbl B.H. CepexKuHbIM U Ap. A ypaHUI-MOIuOaaTHOTO coeqnHeHus (CepexKuH u
np., 1987), xoTs mpocTpaHCTBEHHasi TpyIina Oblia yKazaHa HEKOppekTHOI0 Kpucrammudeckas
CTPYKTypa 95Toi (a3el Obla HcciaeaoBaHa HeCKoibko mozke Krivovichev et al., 2002b).
Kpucrannudeckasi cTpykTypa XpoOMaTHOTO 4iI€Ha JAaHHOTO ceMmeiicTBa omucaHa B (Siidra et al.,
2013). HenmaBHo Oblma omyOiMKOBaHa CTPYKTypHass HMHGOpMAIMs IS LE3UEBOTH ypaHWII-
ceneHaTHOM (as3pl, a TaKkKe I psAga CMEIIaHHBIX CyJb(aTHO-CENICHATHBIX COCIWHEHHN
(Gurzhiy et al., 2017b). Haubonee no3aaue Kpuctauiorpadpudeckiue TaHHBIC ObUTH MOJTYYCHBI
sl cynb(aTHBIX, CEJIEHATHBIX M CMEIIaHHBIX cyabdar-ceneHaTHsix Np(VI)-comeprkammx

coenunenuii (Langer et al., 2018; Kornyakov et al., 2019).

Tabauna 3.7. Kpucrannorpaguueckue gaHHbIE M MapaMeTpbl YTOYHEHHUS] COSAMHEHUMN

cemeiictBa Csy[(ANO,)2(TO4)3] (An=U, Np; T =S, Se, Cr, Mo).

Chemical formula Sp.Gr. a, A c,A v, A’ (R||1:o| > OT (’: ICSD
4cF)

Cs,[(UO,)(S0.)5] (75) P-42,m 9.6165(8) 8.1055(9) 749.57(15) 0.014 -123 432238[1]

Cs,[(U0)x(Se0,)s] (83) P-42,m 9.8560(16) 8.1587(14) 792.53) 0.020 -123 432446 [1]

Cs,[(U0)K(CrO,)s] P-42,m 9.9572(4) 8.0213(4) 79528(6) 0023 23 425785[2]

C,[(U0,),(M0O,)s] P4yn  10.1367(8) 16.2831(17) 1673.13) 0.026 23 280800 [3]

Cs,[(NpO)»(SOs):] (85) P-42,m 9.5737(3) 8.0824(4) 740.79(6) 0.016 -123 434353 [4]

Cs:[(NPO2)x(Se04)0.15(S04)252] (86)  P-42;m  9.6220(6) 8.0897(7)  748.97(11) 0.015 -123 434359 [4]
Cs:[(NPO2)»(Se04)055(S04)245] (87)  P-42;m  9.6272(18) 8.0970(15) 750.5(3)  0.018 -123 434365 [4]
Cs:[(NPO2)»(Se04)1.10(SO4)1 511 (88)  P-42;m  9.6604(13) 8.1046(11) 7563(2)  0.014 -123 434372 [4]
Cs,[(NpO,)»(Se0,)s] (89) P-42,m 9.817(3) 8.111(3)  781.8(6) 0.034 -123 434379 [4]

[1] — Gurzhiy et al., 2017b; [2] — Siidra et al., 2013; [3] — Krivovichev et al., 2002b; [4] — Kornyakov et al., 2019.
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BOJIBIIIOH BBIGOP M30CTPYKTYPHBIX COCAMHEHMII cO cIosMu coctaBa [(ANO,)x(TO4):]"
JAET BO3MOXKHOCTH MPOAHATU3UPOBATDH BIMSHUE BHICOKOBAJICHTHBIX KATHOHOB BaJICHTHOCTHIO Ha
reoMeTpuro cioéB. Jlns ommcaHus TOPPUPOBKHU CIIOEB [(AnOz)z(TO4)3]2' OBLIIM  OICHEHBI
TonmuHa U 00beM cnoeB. TommuHa cnos (Hiayer) M3MepsAnach Kak PpacCTOSHUE MEKAY
MJIOCKOCTSIMHU, TIPOBEICHHBIMU Yepe3 CaMblii BHICOKMM W CaMblii HU3KUH (B COOTBETCTBHH C
aTOMHBIMU KOOpPAMHATaMH) aTOMbI KHCI0poaa BHYTpH c0s1. O6beM cos (Viayer) OBLT paccuuTaH
IyTeM YMHOXEHUS Hiayer HA KBaZpaT mapaMmeTpa 31eMeHTapHoi sueiiku a (Tabm. 3.8). O6vem U-
COJIEPIKALIIX CIOCB YBEIMUMBACTCS ¢ yBennueHueM oobema (TO4)* Terpasmpa ¢ 507.7 o 564.1
A® mst crpykryp ¢ terpasapamu (SO4)> and (MoO4)*, coorBercrBerHO0. C APYroil CTOPOHBL,
3HaueHHUs Hiayer HE CTONB CYLIECTBEHHO KOPPEIUPYIOT C U3MEHEHHEM OOBEMOB TETPa’IpOB.
3HaueHUs! Vigyer 00JI€€ UYBCTBUTENIBHBI K U3MEHEHUIO MApaMETPOB 3JIEMEHTAPHOM siueiku, 4To
JleMOHCTpUpyeTcs yBenumdeHueM ¢ 9.6165 (8) A no 10.1367 (8) A mna cynedaTHeix u
MOJIMOATHBIX COEIUHEHHM, coOTBeTCTBeHHO. HeoOxoammo Takxke oOpaTuTh BHUMAaHHE, YTO
3amena Ur ma Npt mpuBoauT Kk HEOONBIIOMY YBEIWYEHHIO TOJIIUHBI U O0bEMa CJIOEB
COOTBETCTBYIOIINUX CYTb(ATHBIX U CEJICHATHBIX COCTUHEHUI.

HNHuTtepecHo, 4TO CKOPOCTh 3aMelICHHs Se Ha S B CTPYKTypax CMEIIaHHBIX HENTYHHII-
cynb(ar-ceneHaToB e31s 3HAYUTEIbHO HIKE, 4eM B U-cozepiKalleil CUCTEME: Ecrysi = 0.01485012
— 0.43g4 + 3.5 (Puc. 3.14; Kornyakov et al., 2019). 3acenenrocts 3-cBsi3aHOM mo3uIMu T 1
aTOMaMH Se OIHCHIBACTCS MOTMHOMHUATBHON (yHKIHeil BTopoii crenenn ¢ R* = 0,99, B oTinune
OT HEJJaBHO OMMCAHHOTO CEMEHCTBAa COSAMHEHUH ypaHuia, Tae HaOmonanack npsmas JMHeHas
3aicuMocTh observed (Gurzhiy et al., 2017b). 3amenienne Gonee KpymHbIX KatroHoB U’ Ha
Np6+ MPUBOJNT K YMEHBIIEHUIO JUTHH cBsizeid AN = Opp, YTO COMPOBOXKIACTCS YMEHBIIICHHEM
cpeaneil nnunHbl cBsizu <Csl-O> ¢ 3.313 A 03218 A u cpeaneil nnuHbl cBsizu <Cs2—-0O>. oT
3.487 A nmo 3.302 A ans cenemator U m Np, coorBercTBeHHO. CIIe0BATENHHO, BIMSHUE
katroHoB Cs' Ha kom(popmammio cioeB [(AnO,)(TO4)s]* BospacTaer ¢ yBelIMdeHHEM
conepkanus Se. M30bITOK BHYTPEHHETO HANpPSLKEHUS, BBI3BAHHBIM BKJIIOYEHHEM MEHbILErO
KaTHOHA aKTUHUA, BEPOSITHO, PETYIUPYET HU3KYIO CKOPOCTh 3aMelIeHusT S Ha Se B CTPYKTypax
u3-3a yBeNWYEHHs oObemMa TeTpadapoB ¢ 1.65 mo 2.16 A mis (SO.* u (Se0s),
cootBeTcTBeHHO. [IpumMeuarensHo, yto atomel O3 u OS5 Terpasmpa (T104)2' B CTPYKTypeE
9UCTOr0 cyib(ara HenTyHmIa (85) pasynopsioueHbl, YTO MOKHO OOBSCHUTH TOBBIIICHHBIM
BusHieM noHoB Cs'. Jlns mo3umuy T2 HaGMIOaeTcs Takas XKe CHTYaIus, Kak ¥ s TO3UIHH
T1, HOo BIMsAHUE M30BITKA BHYTPEHHETO HATSHKEHUSI HAMHOTO BBIIIE M3-32 TOTO, YTO TeTpa’ap 12
SIBIIICTCSL YETBIPEXWICHHBIM, 00pa3ysl CBS3U C YETBIPHMSI COCEIHHMH TOJM3IPAMH HENTYHHUIIA.

Korna xomndectBo Se B mosuiuu 12 mocturaet 100%, Bce atombl O B (Se204)2' CTAaHOBSITCA
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Pucynok 3.14. 3acenénrocts mosumuii T°" atomamu Se (d.ex.) B cTpykrypax 85 — 89;
(a) Bapuwarms cpenHuX 3HadeHuil 10 —O ¢ yBenuueHueM comepxanus Se (b). JIuneiiHble u

MOJIMHOMHUAJIBHBIC TPCHBI ITIOKA3aHEI C KOS(l)(bI/II_II/IeHTaMI/I KOppeJsiouu. CM. TekcT TS IeTanei.

pasymnopsiioueHHbIMU. B nuanazone coeauHeHuit 86-88 mosuius 72 CyiiecTBEHHO
MEHBIIIE 3aceyieHa Se, YeM 3TOro JIEMEHTa HaXOAWTCS B PAacCTBOpPE. 3aCEIECHHOCTh MO3UIUU 12
MpUOIMKEHHO MOXHO OMKCATh MOJIMHOMHUANIBHOM QyHKIMEH BTOpoit crenenu: Ot = 0.000285012 —
0.0119¢4,; + 1.474 (Kornyakov et al., 2019). B Np-conepkartieit cucreMe HabIIOaeTCsl TaKast ke
CHJIFHO HEepaBHOMEpHAsi CKOPOCTh 3aMelleHns Se Ha S, Kak B cucteMe ¢ ypanuiaoMm (Gurzhiy et
al., 2017b). Tennmenmmst wu3Menenust yriaoB Np—Op—1 aHamormyHa HaOMIOZAEMON IS
M30CTPYKTYPHBIX coeuHeHul ypanuna (Gurzhiy et al., 2017b), XOTs 1 ¢ MEHBIIUM I'PAAHMEHTOM

(Puc. 3.15).
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Pucynox 3.15. Bapuanum 3Hauenmii yriioB Np — Oy, — T angles ¢ yBenudeHuem
conepxanusa Se B cTpykrypax 85 — 89 (Gurzhiy et al., 2020a) B cpaBHEHUHU CO 3HAYCHHUSIMHU
yrinoB U — Oy — T (Gurzhiy et al., 2017b). YcioBHbie 0003HAUEHUS: KBaApaThl = COCAMHEHUS

Np, 3aTeHEHHBIE TPEYTOJIBHUKHN = coeqnHeHus U.

Jlpyroii BakKHOM OCOOEHHOCTBIO  MCCIEIYyEMbIX COCIMHEHMH TpU  BapUaluu
TETPA3PUUECKUX KATHOHOB SIBJISIETCS OTKIOHEHUE YriioB AN—O—T, KOTOpBIE SIBJISIOTCS] OJHON U3
BaXHEHIINX XapaKTEPUCTUK TMOKOCTH CIOUCTHIX aKTUHUA-COAEPIKALIUX CTPYKTYPHBIX €AMHHIL,
IIOCKOJIBKY CBSI3b COCEJHMX KOOPAMHAIMOHHBIX IOJURJPOB dYepe3 olmue oOlre BepIINHBI
cpaBHUMa ¢ IIapHUpHBIM coeanHeHneM (Gurzhiy et al., 2015a, 2017b, 2020; Kornyakov et al.,
2019). Menbume 3HayeHus: yriioB An—Op—T COOTBETCTBYIOT OOJNBIIEH CTENEHH HCKaXECHUs
CJI0s, TOTJa Kak OoJbpIIMe 3HA4YeHMsI yria COOTBETCTBYIOT OoJjiee IUIOCKMM 30HaM B CJIOE.
VYBenuueHue mapaMerpa a JJIEMEHTApHOW sYeHKH (pacIIMpeHUe CTPYKTYphI), BBI3BAHHOE
yBEJIMYEHUEM 00beMa TETPadIPUUECKOr0 OKCOAHNOHA, JOKHO COMPOBOXKIAETHCS YIUIOIEHUEM
CJIOEB U, CIEA0BATENbHO, YBEINUEHUEM 3HaueHUH yriioB AN—Op—T.

Kak 6bu10 IpOIEMOHCTpHPOBAHO B HeaBHUX padboTax (Gurzhiy et al., 2017b; Kornyakov
et al., 2019), 3amemenue Se Ha S MPUBOAUT K YMeHbIIeHHIO BceX yriioB U-O-T (Tabm. 3.8) mpu
MOCTUKOBBIX aToMax O B 3TOM CEMEHCTBE COEIUHEHMH, YTO COOTBETCTBYET YBEJIWYECHUIO
CTeneHu roppupoBanus cios. B cpaBHeHun ¢ ynctoil ypanui-cesneHatHoi ¢aszoit yrisl U1-O4—
T2 u Ul-0O6-T1 B CTpyKType XpOM-COJEpXAIlUX COCIUHEHUH HMEIOT OOJIbIINE 3HAYCHUS

(138.7 u 140.2 ° npotus 142 u 143.8 ° cooTBeTCTBEHHO), Toraa kak tperuit yron Ul-O3—T1 ne



[TapameTphl pacCYUTHIBAIUCH C UCTIONB30BAaHUEM COOTBETCTBYIOMUX (haiinoB cif; cm. Tabmn. 3.7 u TeKCT 11 AeTajiei.

Tao6auna 3.8. Hekotopsle reomeTpuueckue mapamerpsl B CTpykTypax coequHeHuil Csy[(AnO2)(TO4)3] (An = U, Np; T = S, Se, Cr, Mo).

U1-03-T1, ° U1-04-T2,° U1-06-T1, ° U1-T1-UL,° Vigyers A’ a, A <Cs1-0>,A  KYCsl
Mo 126.8(4) 151.4(5)/135.2(4)  140.1(4) / 131.1(4) 103 ‘02(927)‘/1 91?20)'19(2) / 564.11  10.1367(8) 3.27 8
Cr 131.7(3) 143.8(3) 140.2(3) 99.41(4) / 98.25(3) 52547  9.9572(4) 3.31 10
Se 131.8(6) 142.0(6) 138.7(5) 97.63(4) / 96.04(3) 514.85  9.8560(16) 3.29 10
S 133.7(3) 142.8(3) 143.2(4) 96.30(6) / 94.04(4) 507.69  9.6165(8) 3.26 10
Ul1-T2-Ul,° T1-U1-T1,° T1-U1-T2,° T2-U1-T2,° Hiayer, A c, A <Cs2-0>, A KY Csl
Mo 113386.7622((11))/ 111273‘?199((22))/ 11347if‘583((12))/ 132.61(1) 549  16.2831(17) 3.31 8
Cr 139.68(1) 122.35(3) 141.64(2) 133.63(1) 5.30 8.0213(4) 3.38 8
Se 142.24(2) 123.98(3) 143.24(2) 135.59(2) 5.51 8.1587(14) 3.33 8
S 144.47(1) 126.36(4) 144.94(3) 136.56(1) 5.49 8.1055(9) 3.41 8
Np1-03-T1, ° Npl1-04-T2, ° Np1-06-T1, ° Npl-T1-Npl, ° Viayer, A’ a, A <Cs1-0>, A KYCsl
Se 136.8(10) 138.65(15)* 129.05(15)* 97.74(4) / 96.20(4) 527.16  9.817(3) 3.27 10
S 132.8(3) 142.1(3) 142.6(4) 96.10(4) / 93.86(4) 50522 9.5737(3) 3.24 10
Np1-T2-Npl1, ° T1-Npl-T1, ° T1-Npl-T2,° T2-Npl-T2, ° Hiayer A c, A <Cs2-0>, A KYCsl
Se 142.01(1) 123.74(5) 143.07(3) 135.47(2) 5.47 8.111(3) 3.37 8
S 144.29(1) 126.27(4) 145.02(3) 136.42(1) 5.51 8.0824(4) 3.39 8

* - averaged value for two crystallographically disordered O sites (O3A, O3B and O4A, O4B, respectively).

8C1
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m3mensiercs (131.8 © mpotus 131.7 © nns Se u Cr, cooTBeTCTBEHHO). CIIOMCTBIE KOMIUICKCHI B
CTPYKType Monubaara ypanuna 6onee ruokue. B cTpykType umeetcst 00Jblie He9KBUBAICHTHBIX
yriaoB U-O-T wu3-3a Ooinee HHU3KOM CUMMETPHM COCIUHEHHUS; TaK, €CTh JBE 4-CBSI3aHHBIC
terpadapuueckue no3unuu (T2 u T3) BMecTo OgHONW MO3MIMH [2 B CTPYKTypax JpYyrux
coelMHEeHUI. YTIIbI P MOCTUKOBBIX aroMax O B CTPYKType YPaHUI-MOINOaTa COCTABISIIOT OT
126.8 mo 151.4 °.

Huanazon yrioB An-T-An u T-An-T BuyTpu cnos (Tabn. 3.8) maer nomonHuTENbHOE
npeacraBieHue o nedopmanuu cnoeB. Cpemnee 3Hauenue yrma Ul-T1-Ul nocrenenHo
yBenuuuBaercs ot 95.17 go 100.13 © ¢ yBenudennem oO0beMa TETPadJpUUECKOT0 OKCOAHUOHA,
torga kak yroia Ul-T2-Ul ymensimaercs ot 144.47 no 137.67 © nns cioes c (SO4)2' and
(MoOy)* TeTpa’ApaMu, COOTBETCTBEHHO. Bce 3Hauenuss yriaoB T-U-T mocTeneHHO
YMEHBILIAIOTCS C YBEJIMYEHUEM TETPAdIpUUECKUX 00beMOB B psiny S — Se — Cr — Mo.

3MeHeHns B KOOPAMHAIIMOHHOH chepe kaTnoHOB Cs' MOTYT MMETh Ba)KHOE 3HAUCHHE
JUIS BIMSHWS HA TCOMETPHIO CIOEB. 3aMelleHHe Hebombiiux Terpa’apoB (SOs)” Ha Gomee
kpymnsbie (SeO4)”, (CrO4)* 1 (MoO4)* xopperupyer ¢ u3mererneM reomerpui [(UO2)2(TO4):]>
KOMIUIEKCOB, 4YTO MPUBOJAUT K HEOOJBIIOMY OTHOCUTEIBHOMY CMEIIEHUIO CIIOEB, YTO, B CBOIO
odepenb, YBEJIIMUMBACT CPEHION JIUHY cBsi3u <Cs—O> B cienytomieM nopsiake S — Se — Cr, u
C BHE3alHbIM YMEHbIIEHHWEM 3TUX 3HaueHuil s Mo-coaepxaiero coenuHeHus. [Ipuuem
KOOpJMHAIIMOHHOE Yucio A katruoHa Csl B CTpyKType ypaHHII-MoNIuO1aTa paBHO §, TOr/1a Kak
B OCTaIbHBIX coequHeHusIX = 10 (Ta6:m. 3.8).

CriekTpel  UIyOpECHCHIIMM YUCTOTO ypaHmwiI-cyibdarta (75), Tekcarugpara HUTparta
ypanwia (Puc. 3.16) MMEOT WIECTh MOJOC H3ITYUYEHHUS, COOTBETCTBYIOIIUX DJICKTPOHHBIM
nepexojiaM ypaHui-uoHa S;—Spo U S10—Soy (V = 0-4), mpu 470, 490, 510, 530, 560 u 585 um
(Gurzhiy et al., 2020a). CriekTpbl U3JIy4eHUs A5 ypaHuI-ceaeHatHon (assl (83) u i ypanui-
XpoMara IMOYTH WICHTUYHBI CIEKTpaM 75, ¥ TIO9TOMY OITyIIEHBI ISl ICHOCTH Ha pUCyHKE 3.16.
NHTepecHo, 9TO Tako# ke HaOOp MOJI0C HAOMIOAACTCS ISl YPaHUI-MOJIMOIaTHOTO COCTMHECHHS,
HO C KENThIM cABUroM TpumepHo Ha 10-15 HM (Xopormio paznuuumbie nonockl mpu 500, 520,
545 u 570 HM).

CornacHO TeopuM TEPMHMUYECKOIO IOBEIEHUsl KpucTalmmueckux BeuiecTB (Pdumatos,
1990; Hazen and Downs, 2001; Filatov, 2011), MakcuMaapHOE TEIJIOBOE€ pACIIUPEHUE
OXXHJAeTCsl BAOJbL HampaBieHUs Hauboyee ciaaObIX CBs3ed, M 5TO MOITBEpXKIAeTCS IS
Cs2[(UO2)2(TO4)3] (rme T = S, Se) coeauHeHUM, UMEIOMIMX CIOUCTBIM CTPYKTYPHBI MOTHB.
Tepmuueckoe nosenenue 75 u 83 cyriecTBEHHO aHU30TPOIHOE C MUHUMAIbHBIMH 3HAYCHUSMU

OCHOBHBIX K03 dunmeHnToB terioBoro pacmmpenus (KTP; Tabn. 3.9) opueHTHpOBaHHBIX
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Pucynoxk 3.16. Criextpsl uznyuenus (365 um) s U-copepkaiiux coeAMHEHUH.

BHYTpU CJIOEB, M C MAaKCUMaJbHBIM pacUIMpEeHHUEM, HaOII0JaeMbIM B HaNpaBICHUU,
nepneHaukyiasippoMm ciosam  (Puc. 3.17). Cnemyer otmerutsh, uto 3Hauenuss KTP nns
KPUCTAIIIMYECKUX CTPYKTYp 75 u 83 BHyTpu cioeB moyTtu paBHbl, Torga kak KTP B
HaIpPaBJICHUH, IEPICHANKYJISIPHOM CIIOSIM, HEMHOTO BBIILE JIJIS1 CEJIEHaTHOTO coenHeHus 83.
Bapuamuu xumudeckoro cocraBa BHYTpu cemeiicTBa coenuHeHU Csy[(ANO;)2(TO4)s]
(rme An = U, Np and T = S, Se, Cr, Mo) CWJIBHO BIUSIOT Ha TEPMHUYECKOE IMOBEACHHE U
CTaOMIIBHOCTH ero wieHoB. Tak, XpoMmaTr OKa3ajcsi HauMeHee CTa0WIBbHBIM CpEeId YpaH-
co/IepKalIuX COEIUHEHUH, ¢ Temmeparypoil pasznoxenus ~ 425 °C (Siidra et al., 2013), a
Haumbosee YyCTOWYMBBIM OKa3ajcs MONUOAAT ypaHWiIa, CTPYKTypa KOTOPOrO OCTaercs
Hem3sMeHHO 10 ~ 700 ° C (Nazarchuk et al., 2004). TemmnepaTypbl pa3/IOKE€HHS MO>KHO
chopMHpOBaTh B CICAYIONIYIO TochenoBarenbHOCTh: Cr (425) — Se (560) — S (660) — Mo
(700). Tepmuueckoe MOBEICHUE YPAHUI-MOJINOAaTa 1I€3Us CYIIECTBEHHO OTIMYAETCS OT APYTHX
ypaH-conepxkaumx coeauHenuit (Puc. 3.17). Ero makcumanbHOE TEIUIOBOE pacIIUpeHHe
MPOUCXOAUT BHYTPU CJIOE€B, U MHUHUMAJIbHO B HAIPABICHUHU, NEPICHAUKYJISIPHOM CIIOSM.
[Tpuuem 3Hauenusst KTP B 3-5 pa3 Huxke B CpaBHEHUU C JPYIMMH COEIMHEHUSMHU HTOTO
cemeiictBa. TepMuueckoe MOBeAEHUE HENTYHWI-CEJEHATa IE3Usl AHAJIOIMYHO TIOBEJIEHUIO
YpaHUJI-CENICHATHBIX, CYIb(AaTHBIX M XPOMATHBIX COCAMHEHUH, XOTS pa3HUIlA MEXIY
MUHUMAJIbHBIM U MakcuMalibHbIM 3HaueHusiMu KTP He Tak Benuka. Tepmuueckoe MoBeJeHUE

Hel'ITyHI/IJ'I-Cy.]'II)(i)aTa oe3usa IMo4YTH HU30TPOIMHO € HEMHOI'O 0ojiee BBICOKUM paciMpCHUEM
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Ta6auna 3.9. OcHoBHbIC KOAPPHUIIMEHTH TEH30pa TEPMUYECKOTO pacmuperus oy (i =1-

3) B cTpykTypax coeaunenuit cemeiictBa Csy[(ANO,)2(TO4)s] (An=U, Np; T =S, Se, Cr, Mo).

Coenunenne T., °C o 033
Cs:2[(UO,)2(SO04)3] 23 14.9 34.6
100 14.8 34.5

200 14.8 34.4

300 14.8 342

Cs2[(UO,)2(Se0y)s] 23 14.1 39.0
100 14.1 38.9

200 14.1 38.8

300 14.1 38.6

Cs3[(UO,)2(CrOy4)3] [1] 23 19.0 35.8
100 18.9 35.7

200 18.9 35.6

300 18.9 354

Cs2[(UO,)2(Mo004)s] [2] 23 13.0 3.0
100 13.0 3.0

200 13.0 3.0

300 13.0 3.0

100 23.0 22.8

200 23.0 22.8

300 22.9 22.6

Cso[(NpO»)2(SeOy)s] [3] 23 29.2 35.7
100 29.2 35.6

200 29.1 35.5

300 29.0 354

o — coefficient of thermal expansion [ay], an,, 033 — eigenvalues
(main values); x10°, °C™']. [1] — Siidra et al., 2013; [2] —
Nazarchuk et al., 2004; [3] — Kornyakov et al., 2019.

CTPYKTYpbl BHYTPH CIIOsl, 4eM TMEpPHeHAUKYIIpHO K HeMmy. CTOUT OTMETUTh, 4YTO TaKoe
noBeJeHUe Hanboee MPUOIMKEHHO K MOBEICHUIO MOIHOAaTa ypaHua.

OuyeBUAHO, YTO TaKOoE€ XUMHUYECKOE pa3HOOOpa3ue JIOJDKHO OTpaXkaTrbcd Ha
F€OMETPUYECKHUX  aCMeKTaXx  CTPYKTPHOM  apXWUTEKTypbl. AHamu3  NEPBUYHBIX WU
OTIOCPEIOBAaHHBIX T€OMETPUYECKHX MapaMeTPOB CTPYKTYp YKa3blBaeT HAa OYCHb BAXKHYIO pOJIb
kaTioHoB Cs'. TakuMm 00pa3oM, cxaTHe KOOpAMHALMOHHOH cdepsl B caydae mosummii Csl B
ctpyktype Csy[(UO2)2(M00y)3] ycunmBaeT MEKCI0EBBIE CBS3H, UTO, B CBOIO 04YepPe/lb, U3MEHSET
XapakTep TEIUIOBOrO PaCHIMPEHUs] CTPYKTYpPhl M, CKOpEe BCEro, BBI3BIBACT CABHUIU B CIEKTpax

JJFOMUHCCIICHIINHU.
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Pucynok 3.17. Kpucramnuueckas ctpykrypa Csy[(AnO;)2(TO4)3] (tne An=U, Npu T =
S, Se, Cr, Mo) B nmpoekniuu Baob [100] (a) u opueHTHpOBKA (PUTYPBI TEH30pa TEPMHUECKOTO
pacuIpeHusi OTHOCUTEIBHO MPOCKIMH CTPYKTYPHI: cylbdaT ypanuia (75) (b), cenenar ypanuia
(83) (c), xpomar ypanuna (d), cenenar HentyHuna (89) (e), cynmpdar nHenrynuna (85) (f) u

MoJIOaT ypanuia (g). DineMeHTapHas siaelika mokasana i ypanui-cynbdara mesus (75).
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Cynvghamo-cenenamul ypanuna ¢ 08yX6aneHmHuIMU KAMuoHamu

B pamkax nanpHeiiero u3ydeHus BIUSHUS Se-Ha-S 3amelneHus npu ($pazoo0pa3zoBaHUU
B CMEIIAHHBIX CYJIb(paTO-CENEHATHBIX CUCTEMAX YPaHMIA ObUTH BhIOpaHbI KatHoHE M*" (M =
Mg, Mn, Fe, Co, Ni m Zn). Cmech rekcaruapara mutpata ypanmna (0.1 r, 0.2 mMMmoib,
(UO2)(NOs), 6H,0, BektoH, 99%), okcuna maruus (0.023 r, 0.55 mmonb, MgO, Bekron, 98%)
win rekcaruapata Hutpata Hukens (0.085 r, 0.29 mmons, Ni(NOs),'6H,0), unu rekcaruapara
Hutpata 1umHka (0.097 1, 0.33 wmmonb, Zn(NO;3);'6H,O) u  nenoHU3MpoBaHHOU
JUCTWIIIMpoBaHHOW Boabl (2 mu, 110.2 mMmonb) Opanuch 0e3 WM3MEHEHHMH A KaXAoro
CHUHTETHYECKOI0 3KCIEPUMEHTa, B TO BpeMsl KaK KOJIMYECTBa celleHOBoi KucnoThl (40 mac.% B
H,O, Aldrich, 99.95%) u cepnoii kucnots! (Aldrich, 98%) ObLIM B3STHI B pa3IUYHBIX MOJIIPHBIX
COOTHOIIEHUSX Se:S B COOTBETCTBUM C MPOMOPLUSAMH, yKa3zaHHbIMH B Tabmuie 3.10.
Kpucrannorpadguueckue naHHbIE U MapaMeTpbl YyTOuHEHUs cTpykryp 90-114 mpuseneHbsl B
Tabimue S3.3.

UYepes 1-2 aus B Mg-conepxkammx pactBopax (90-100) oOpa3oBainch MHOTOYUCIICHHBIE
JKEJITOBATO-3€JICHbIC CIABOWHUKOBAHHBIC arperaTtbl, a TaKXKe IJIACTUHYAThIe MOHOKPHUCTAJUIBI
paszmepom (10 0.2 MM) ¥ Ka4eCTBOM, IMOAXOSAIIMME ISl CTPYKTypHOTO aHanm3a (Gurzhiy et al.,
2019b). Cnemyer oTMETUTH, 4TO (hOpMa KPHCTAUIOB M3MEHSICTCS OT MPSMOYTOJBHBIX TIACTHH
JI0 U30METPUYHBIX U MPU3MATUYECKUX KPUCTAJUIOB C YBEIMUEHHEM COJEPXKAHUSA Se B pacTBOpE
(Puc. 3.18). Uucras Mg-coaeprxamas cyiabdaTHas ¢asa Oblia Brepsble onucana B (CepexkuH,
Cepexkuna, 1978), HO ee KpuUCTaJUIMYEeCKas CTPyKTypa He Oblia pacimmdpoBaHa u Obuln
NPE/UIOKEHBI HEKOPPEKTHBIE MapaMeTphl JIEMEHTAPHOH SYEHKHW M MPOCTPAHCTBEHHAS TPYyIIIA.
Xots qucTas ceJieHaTHas daza 100 ObLa Hccaea0BaHa paHee KaK
Mg[(UO,)(Se04)2(H,0)](H,0)s  (Krivovichev and Kahlenberg, 2005b), ™Mbl mOBTOpPHO
UCCIIEIOBAIN €€  KPHUCTAUIMYECKYI0 CTIPYKTypy [uid Oojlee TOYHOTO  COOTBETCTBHUSA
KPUCTANTIOXUMHUYECKUX XapaKTEPUCTHK B paMKaxX JaHHOTO uccieroBaHus. Cieayer OTMETHTb,
YTO Mociie 2-3 MeCSIEB XpaHEHHUsI, MPOLECCHl MEPEKPUCTAIUIM3ALNKI MPOU3O0IIUIA B ONbITaX 92 u
97, rae Obutn OOHAPYKEHBI KPUCTAILIBI THIA 93-96.

Kpucrammuzanus Ni-cogepxkamux (a3 (101-111) nHaumnaercs depe3 1-2 nHsA, a
MOHOKPHUCTQJIIBI, JIOCTATOYHO KPYIHBIC ISl JaTbHEWIINX CTPYKTYPHBIX HCCIICAOBAHHM,
MOSIBIISIFOTCSL B pacTBOpax He mo3aHee, yem uepe3 Heaemo (Kornyakov et al., 2021). Ni-
conepxarue (as3bl pacTyT B BHJIE JKEITOBATO-3€JIEHBIX CPOCLIMXCS arperaTtoB, a TAKKe B BUJIE
TUTACTUHYATHIX MOHOKPHCTAIOB MpaBWIbHOW (opmbl. ClieayeT OTMETHUTh, YTO KOJIHUYECTBO
CIBOMHHKOBAHHBIX arperaToB IOCTEIICHHO YMEHBIIAETCS C YBEIMYECHHEM KOJIMYeCTBA S¢ B

pactBope (Puc. 3.19).
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Tabauua 3.10. Kpuctammoxumudeckue GopMyIibl U AeIaiyd SKCIEPUMEHTOB 110 CHHTE3Y

coequuenn 90-114.

2 Se/(Se + S), mon%

5 H,SeO4:H,SO, B M

H ®opmyiia

= (B MMOIIB) B

(5} B pacTBOpe

8 CTPYKTYpe
90  Mg[(UO,)(SO4)2(H,0)](H,0)4 0:0.30(0:5.7) 0 0
91  Mg[(UO,)(SO4); 57(Se04)0.13(H,0)[(H,0);  0.03:0.27 (0.6 : 5.2) 10.6 6.0
92 Mg[(UO,)(SO4)1.8(Se04)0.15(H,0)](H0)s  0.05:0.25 (1.0 : 4.8) 17.6 9.0
93  Mg[(UO,)(SO4)1.65(Se04)032(H0)[(H,0);  0.07:0.23 (1.4 : 4.4) 24.5 16.0
94  Mg[(UO,)(SO4)156(Se04)044(H,0)](H0),  0.12:0.18 (2.4 :3.4) 41.6 22.0
95  Mg[(UO,)(SO4)1.40(Se04)060(H,0)](H0),  0.14:0.16 (2.9 : 3.0) 48.3 30.0
96  Mg[(UO,)(SO4)1.06(Se04)004(H,0)[(H0);  0.20:0.10 (4.1:1.9) 68.1 47.0
97  Mg[(UO,)(SO4)0584(Se04)1 16(H,0)](H0),  0.22:0.08 (4.5 : 1.5) 74.6 58.0
98  Mg[(UO,)(SO04)0.71(Se04)120(H,0)[(H,0);  0.24:0.06 (4.9 : 1.1) 81.0 64.5
99  Mg[(UO,)(SO4).44(Se0y)1 56(H,0)[(H,0);  0.27: 0.03 (5.5 : 0.6) 90.6 78.0
100  Mg[(UO,)(Se04)2(H,0)](H0)4 0.30:0(6.1:0) 100 100
101 Ni[(UO,)(SO4)2(H,0)](H20)4 0:0.2 (0:3.8) 0 0
102 Ni[(UO,)(SO4)156(S€04)0.14(H,0)](H,0),4 0.02:0.18 (0.4:3.4) 10.6 7
103 Ni[(UO,)(SO4)1 65(S€04) 35(H,0)](H20)4 0.05:0.15 (1.0:2.86) 26.3 16.5
104 Ni[(UO,)(SO4)1 35(Se04)0.62(H,0)](H,0),4 0.08:0.12 (1.6:2.3) 41.6 30.5
105 Ni[(UO,)(SO4)121(S€04)0.70(H,0)](H,0)4 0.1:0.1 (2.0:1.9) 51.6 39.5
106  Ni[(UO,)(SO4)0.06(Se04)1 04(H,0)](H,0),4 0.12:0.08 (2.4:1.5) 61.6 51.5
107 Ni[(UO,)(SO4)073(Se04)1 22(H,0)](H,0),  0.135:0.065 (2.7:1.2) 68.9 61
108  Ni[(UO,)(SO4)061(Se04)1 30(H,0)](H,0)4 0.15:0.05 (3.0:0.9) 76.2 69.5
109 Ni[(UO,)(SO4)43(Se0y)1 57(H,0)[(H,0);  0.165:0.035 (3.4:0.7) 83.4 78
110 Ni[(UO,)(SO4)022(Se04); 75(H,0)](H,0),4 0.18:0.02 (3.7:0.4) 90.6 89
111 Ni[(UO,)(Se04)2(H,0)](H,0)4 0.2:0 (4.1:0) 100 100
112 Zn[(UO,)(SO4)2(H,0)](H,0)4 0:0.2 (0:3.8) 0 0
113 Co[(UO,)(SO4),(H,0)]1(H,0)4 0:0.2 (0:3.8) 0 0
114 Mn[(UO,)(SO4),(H,0)](H,0)4 0:0.2 (0:3.8) 0 0

beimu  mpennpuHATEI MHOTOYMCIEHHBIE TOINBITKA CHUHTE3MPOBATh KPUCTAJUIMUYECKUE
Marepuansl cemerictBa M[(UO,)(TO4)2(H,0)](H20)s (T = S, Se), conmepxkamiue apyrue
nepexoHbpie Metamuibl (M = Co™", Mn*", Fe*" u Zn2+) B COOTBETCTBUU C TOW K€ CUHTETUYECKOMN
npouenypoil. HecMoTpsi Ha HCHOJIB30BAHWE PA3JIMYHBIX YCJIOBUM CHUHTE3a, B TOM YHUCIE
BapHallii TEMIEPaTypHBIX AMAna3oHoB OT +8 o +55 °© C, maBneHus (CHMHTE3 B 3aKphITOM
aBTOKJIaBE), CKOPOCTU UCIAPEHHUS U Ja)Ke 3aMEHbl UCXOIHBIX M-HUTPATHBIX PEaKTUBOB Ha M-
OKCH/IBI, OBUT CHHTE3MPOBaH €IWHCTBEHHBIM LUHK-COAepKanmii cynbdar ypanwra (112). Ho u
TO, Kpuctammm3anus coeauHeHuss 112 Hauanace uepe3 3-4 Henmenu. JloGamneHue IroOBIX
KOJIMYECTB CEJICHOBOM KHUCIOTHI K ZNn-COAEPKAIIUM CUHTETUYECKHM SKCIIEpUMEHTaM OJIOKUPYeT

POCT KpHUCTAJIJIOB!: OOJIBIIIMHCTBO 3THX PacTBOPOB OCTAaBAJIUCh KUJAKUMHU B TCUCHHUC IIOYTHU 6
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MCCALECB, XOTsA HCEKOTOPBIC 3aryCcrejii IO4YTH A0 COCTOAHHUA  CMOJIbI oe3 CJICO0B

KPpHUCTATNINYCCKOI'O MaTepurasia.

Pucynox 3.18. Kpucramiel, oOpa3oBaBmuecs B  3kcnepumentax — 90-100:
NpSMOYTOJbHbIE IUIACTUHKA UM CpPOCIIMECS arperatrbl, 0oOpa3oBaHHBIE B S-IOMHUHAHTHOU
cuctemax (90: a; 92: b,c); arperaTsl cpocIIUXcs KpUCTALIOB B 95 (d); yTomeHne 1iacTuH u
arperaToB B  Se-JOMHHAaHTHOM cuctemMe 99 (e); W TpU3MATHYECKHE KPUCTAJUIBI,

chopmupoBanHble B uncto Se 3xkcriepumente 100 (f, g).

Pucynoxk 3.19. Kpucramnsl, obpazoBammecs B skcriepumentax 101 (a), 104 (b) u 111

(©).

Kpucranmmmaeckue crpykrypsl Co- (Alekseev et al., 2005) m Mn-comepkamux
(Tabauenko u np., 1979) cynbdartoB ypanuna ObUIM HCCIENOBaHBI paHee. B To Bpems Kak
MOJIENIb  CTPYKTYpPBl Mn-cofepikaliero COEIUHEHUsl SBISIETCS KOPPEKTHOH, XoTs u  0e3
JIOKaJIM30BaHHBIX aTOMOB H, momens crpykrypel Co-comepiKamero COCTUHEHHUS SBISETCS

BechbMa cropHod. CTpykTypa Oblla YTOYHEHA ISl DJIEMEHTApHON SYEHKH BABOE MEHBIIETO



136

pa3Mepa U B poMOMYECKOIl MPOCTPAHCTBEHHOW IPYyIIE, COYETAHUE KOTOPBIX, COTJIACHO HAIllUM
HenaBHUM HaOmoneHusMm (Gurzhiy et al., 2019b), sBnsercs manoBepoaTHbIM. Takum oOpazom,
ObUIM  TIPOBEJCHBI  JIOTIOJIHUTENBHBIE CHHTETHMYECKHE OKCHEPUMEHTBI, PYKOBOJCTBYSCH
Heckolbko  uHBIM  mipoTtokosioM.  Kpuctamier  Co[(UO,)(SO4)2(H,0)](H,O0)s (113) wu
Mn[(UO,)(S04)2(H20)](H,0)4 (114) Obut mOMyYeHBI METOIOM HCHApPEHHUS NMPH KOMHATHOU
Temmneparype u3 2 wMia BoAgHbIX pactBopoB (UO,)(NO;3),:6HO (0.1 r, 0.2 mmonb) u
Co(SO4)-7H,O (0.081 r, 0.29 wmmons) wmmm Mn(SO4)-5SH,O (0.079 1, 0.33 wmmoub).
MonokpucTabl 00pa30BbIBATUCH Yepe3 1-2 mHs.

OpurnHalibHasE KpUCTAITHYECKAst CTPYKTypa coenuuenus 113 Oblia BrepBbIe OMMCaHa B
pabote (Alekseev et al., 2005). CtpykTypa Obl1a yTOUYHEHA B IPOCTPAHCTBEHHOM rpymmne Pmc2,;
C HMapaMeTpoM SIEeMEHTApHOH sS4eiku, paBHBIM ~ 6.4 A, 4TO NPOTUBOPEUHT CyILIECTBYIOMIHM
JaHHBIM O JApyrux pomOuyeckux uieHax cemeiictBa M[(UO,)(TO4)2(H,0)](H20)s ¢
MPOCTPAHCTBEHHOW Tpynmor PMC2;, y KOTOPBIX JaHHBIA TapameTp JJIEMEHTApHOW SYCHKH
yABOEHH M cooTBeTcTBYeT ~ 12.8 A. Anekcees u ap. (2005) yTOYHMIH CTPYKTYpy
Co[(UO,)(S04)2(H,0)](H20)s B «oaumHapHOW» 3JIEMEHTApHOM sUelKe ¢ Cyneprno3uiuen
Cynmb(paTHBIX TETPadpOB, HECBS3HBIC BEPIIMHBI KOTOPBIX OPHUEHTHPOBAHBI 68€pX W GHU3
OTHOCHTEJIEHO 3KBATOPUAIBHON TIIOCKOCTH U-IIEHTPHUPOBAHHBIX NMEHTArOHAIBHBIX JUITUPAMUIL.
Takoe HanoxeHHe ObLJIO MPEICTaBICHO KaK CTPYKTYpPHOE pa3ynopsiioueHne, KOTopoe, Mo CyTH,
MOJTHOCTBIO YCTpPaHSETCS, YABOCHHWEM MapaMeTpa a 3JIEeMEHTApHOH S4YelKH ¢ COXpaHEeHHEM
obmelt cummerpun Pmn2,. OTpaxeHus, y/ABauBaloNIMe 3JIEMEHTapHYIO S4YEeHKy JaHHOH (a3bl,
JOBOJIGHO Clla0ble, W WX MOXHO TMPOMYCTUTh B AH(PPAKIUOHHBIX JAHHBIX C HHU3KOM
nareHcuBHocThio (Kornyakov et al., 2021), 4ro, mo Bcell BHUOUMOCTH, W TPUBEIIO K
HEMPaBUJILHON UHTEPIPETAIIIN CHMMETPHH CTPYKTYPBHI.

Kpucrannuueckue  crpykrypsl  coeauHeHuid  90-114  coxepkar 1o  OfHOMY
KPHCTAIIOrpadhUueck HeIKBHBATCHTHOMY atoMy U ¢ JByMs KOPOTKHMH cBsizamu U°'=0"
00pa3yoMIMI PUMEPHO JTHHEiHbIH HoH yparmia UO,”" (Ur). Koopmurauunonnas chepa Ur
JOTIONHEHA YEeTHIPHMSI aTOMAaMH KHCIOpOJa, MpHHALICKAMME TeTpasapam (SO4)* u/miu
(Se04)*, u omHOI Monekynoi H,O, pacnosio)keHHOM B 3KBATOPHUAIBHOM IUIOCKOCTH, C
oOpa3zoBanuemM neHTaroHaibHoll aunupamuasl UrOs(H,O). B crpykTypax coeauHeHUH
IPUCYTCTBYIOT [BAa¢ CHMMETPUYHO HedKBHBaneHTHbie mosummu T°. (T = S, Se), KoTopbie
TETPadIPUUECKU KOOPIAUHUPOBAHBI UETHIPHEMSI aTOMaMH KUCIOpoaa Kaxaas. [{nunsl cBszeir T-O
TOCTENEHHO YBETHUMBAIOTCS C yBEIHUeHHeM coaepxanus Se. Terpasapst (T104)° AByCBSA3HSL,
uMesl J1Be OOIIMe BEpUIMHBI C ABYMs coceaHMMH Ur-munupammunamu, B TO BpeMsl Kak JBa

HecBsI3HBIX atromMa O ciykaT akIenTopamMu CiadbIX BOJOPOIHBIX cBsize oT Mosekyn HO.
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Terpasapsr (T204)” 4eTHIPEXCBS3HBL, MMesi [ABE OOLIME BEPLIMHBI C ABYMs cocexHuMu Ur-
JWMHAPAMHIIAMH, a [BE OCTABIIHECS BEPIIMHBI SBISIOTCS OOMmMME ¢ M* -IeHTpHpOBaHHBIME
HOJIM3IPaMHU.

OCHOBHBIM CTPOMTENBHBIM 0JIOKOM B cTpykTypax 90-114 sBisitoTcs LENOYKHU COCTaBa
[(UO,)(TO4)2(H20)]* (Puc. 3.20), o6paszoBanHbIe 00beaiHeHneM qummpamus Ur U TeTpasapos
(TO4) uepe3 obume BepinHbl — aToMbl O. U-copeprkaliye HEenoYkl B pOMOMYECKUX CTPYKTypax
OpueHTUpOBaHbl BAoAb HampaieHus [001], npuyem »skBaropuanbHble IIIOCKocTH Ur
JTUTIAPaAMU]] PACIOJIOKEHBI TPUMEPHO mapasuienbHo miockocTu (100). TTomoOHbIe 1IenmouKku B
MOHOKJIMHHBIX CTPYKTypax BHITAHYTH Baoib [010] ¢ skBaTopuambHbIMH TuIOoCcKoCTsMU Ur

JUMHUPaMKJl, OpPUEHTHUPOBAHHBIMU NapaiienbHo iockocty (001).

Pucynok 3.20. Yknaaka nenouex [(UO,)(TO4)2(H,0)]* B mcemo-2D CTpYKTYypy (a) u
rpaduueckoe mpeacraBieHue ux tomnonoruu (b). YcmoBHble oOo3HaueHMs: monmdapsl U u
atoMbl U = xentsiil, nonudapel TO4 v aToMbl T = opaHkeBblil, atTombl O = kpacHslii, H-cBs3u =

YepHbIe MMyHKTUPHBIE JINHUH, YepHBbIE Y31bl = aTOMbI U, OeJbie y3/bl = aTOMBI T.
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Cucrema BOJOpPOIHBIX cBsized Mexay wmodnekynamu HO, pacnonoXeHHBIMH B
AKBATOPUAJIBHBIX IUIOCKOCTAX aunupamun Ur, m atomamu O terpasnpo (TO4) u3 cocennei
[ENIOYKH, TPUBOJAUT K O0Opa30BaHUIO IICEBIIOCIOUCTHIX KOMIUIEKCOB, KOMITIAaHAPHBIX
skBaTOopuadbHbIM MIocKocTsIM aunupamua UrO4(H,O). OOpazoBanne TpeXMEepHON CTPYKTYpPBI
TIPOKMCXOINT 3a cueT 00benuHeHns U-ComeprKalliX MCeBAocIoéB depes M -ieHTprpoBaHHbIe
OKTadJIPUYECKHE KOMIUICKCHI, PACIOJIOKEHHBIE B MEXKCIOCBOM IPOCTPAHCTBE uepe3 oOImue
atomer O. Katroust M** 3acermsiror LIEHTPBI OKTa3APOB [M2+02(H20)4]27, B KOTOPBIX 1Ba aroma O
PaCIOJIOKEHBI B alMKAJIBHBIX BEPIIMHAX, 00IMX ¢ TeTpadapamu (1204) BepxHel u HkHEH U-
COJIeprKaluX LIEMOYeK, U BCe YEThIPEe SKBATOPHANIbHBIC BEPIIUHBI 3aceneHbl Mosekyidamu H,O,
9T0 00eCTeurnBaeT JONMOTHUTEILHYIO CTA0OMIN3AINIO CTPYKTYPBI 332 CUET CHCTEMBI BOJOPOTHBIX
cesizeit. Tomonorust nerouek [(UO,)(TO4)2(H20)]* (Puc. 3.20b) otHOCHTCS K THmy cCl—1:2—1
(Krivovichev, 2008), rpad xoTopoil mpencraBiseT co00M OCECKOHEYHYIO IIEMOYKY U3
YEeTHIPEXWICHHBIX KOJIEIl, CBS3aHHBIX UYepe3 00IIre YEePHBIE BEPIIUHBI. JTa TOMOJIOTHUS SIBISETCS
ONIHOM W3 Hambollee PaCHpPOCTPAHEHHBIX W MPOCTHIX CPEAM COCAUHEHHWH ypaHWIa, W Oblia
OTMEYEHa B JOBIIOM KOJHUYecTBe CTpyKTyp, Hampumep (Plasil et al.,, 2015a; Ginderow and
Cesbron, 1983b; Mercier et al., 1985; Gurzhiy et al., 2015a, 2017a; u ap.).

Kak Bwano w3 Ttabmumbl 3.11, atombel Se mepBoouYepE&mHO 3aceisitoT MO3Mumuio 1.
Tetpasap (T104) He umeer o6mux aromoB O ¢ M2+—I_ICHTpI/IpOBaHHBIMI/I OKTa’JpaMH, HO UMEET
TP aToMa KHCIOPOJIa, pa3MEIIEHHbIE B MNIOCKOCTU TICEBAOCIOMCTOTO KOMIUIEKCA, a YeTBEPTHIN
atom O opueHTpoBaH JMOO 88epx, MO0 6HU3 OTHOCUTENHHO 3TOM Twiockoctu (Puc. 3.21). B
CTPYKTYypax, KPUCTAIUTU3YIOIIUXCS B MPOCTPAHCTBEHHBIX rpymmax P2; (90-92) u Pmn2; (93-96,
101-105, 112 and 113), Tetpasapsl (TlO4)27 U3 COCEIHHX CJIO€B 3aHHMAaIOT OJHUHAKOBOE
MOJIOKEHUE, €CIH CMOTPETh B HAMPABICHHUH, MEPIEHANKYISIPHOM IUIOCKOCTH clos. B
cTpykTypax 90-92 terpasqpsl pacloNokKeHHBIE APYT MO IPYTrOM B COCETHHUX CIOSX UMEIOT
OJINHAKOBYIO OPUEHTAIMI0 HECBSA3HBIX BEPUIMH (TO €CTh WJIH ...-88€pPX-88€pX-66€pPX-... WIH ...-
6HU3-6HU3-6HU3-...), TOTAA Kak B CTpykTypax 93-96, 101-105, 112 u 113 opueHTHpOBKa
HECBSI3HBIX BEPIIMH UAET HABTpEUy APYr Apyry (TO €CTh ...-88epX-6HU3-68epX-8HU3-...). B
crpykrypax 97-100, 106-110 u 114 ciou cMmemieHbl JAPYr OTHOCHUTEIBHO Ipyra Ha ~ b/3.
CrnenoBaTenbHO, YBEJIMUYCHUE COJEpkKaHUS Se B MOo3WIuM |1 BBI3BIBAET CHadaja pPa3BOPOT

2,
tetpa’apoB (T104)" B coceHUX CIOSX, a 3aT€M CMEILEHHUS CIOEB APYT OTHOCUTENBHO JIpyTa.
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Ta6auua 3.11. 3acenénrocts mosumumii T°" aromamu Se (¢. ex.) B crpykrypax 90—111.

Se /(Set+S), ™oxa %

CoenuHenune T1 T2 B B
pacTBoOpe CTPYKType

90 0 0 0 0
91 0.12 0.01 10.6 6.0
92 0.16 0.02 17.6 9.0
93 0.27 0.05 24.5 16.0
94 0.40 0.04 41.6 22.0
95 0.57 0.03 48.3 30.0
96 0.79 0.15 68.1 47.0
97 0.85 0.31 74.6 58.0
98 0.87 0.42 81.0 64.5
99 0.95 0.61 90.6 78.0
100 1.00 1.00 100 100
101 0 0 0 0
102 0.14 0 10.6 7
103 0.33 0.03 26.3 16.5
104 0.48 0.13 41.6 30.5
105 0.61 0.18 51.6 39.5
106 0.71 0.32 61.6 51.5
107 0.78 0.44 68.9 61
108 0.86 0.53 76.2 69.5
109 0.87 0.69 834 78
110 0.97 0.81 90.6 89
111 1 1 100 100

BepositHo, omHUM 13 Harbosiee HHTEPECHBIX aCIIEKTOB 3TUX CUCTEM SIBJISIETCS pa3inyKe B
cTpykTypHOH apxutektype 90-111 B 3aBucumoctu ot coorHomeHus Se:S. CymecTByeTr Tpu
TUINIA CTPYKTYp, OCHOBaHHBIX Ha HWAEGHTHYHXbI U-comepkamux OECKOHEYHBIX IEMOYKax H
TICEBIOCIOMCTBIX KOMILIEKCAX, CBSI3AHHBIX depe3 M -mentpupoBanHbie mommaapsl. Pasiuune
MEXIy CTPYKTYPHBIMH THUIIaMH 3aKiIro4aeTcsi B dyepenoBanuu cioeB (Puc. 3.21a,c,d), koTopsie
MOKHO paccMmarpuBarh Kak noiutumsl (Guinier et al., 1984), xora TexHuuecku ¢aspl UMEIOT
pasHbIil cocTaB. SIBJIeHME MOJUTUIIMU XOPOIIO M3BECTHO U ACTAIBHO M3YUEHO JUIS TIIMHUCTHIX
muHepanoB (Grathoff and Moore, 1996; Brindley, 1988), cioton (Kotelnikova et al., 1973; Punin
and Kotelnikova, 1983), cmouctsix nBoiHbIX ruapokcuaos (Bookin and Drits, 1993; Mills et al.,
2012; Zhitova et al., 2018), xapounoB kpemuusi (Bechstedt et al., 1997) u np. CormacHo
CYILECTBYIOIIE HOMEHKJIAType, CTPYKTypsl 90-92 MoxxHO oTHecTH K noautuny 1M
(omHOCHOWHAs MOHOKJIMHHAS YIIAKOBKA C MOCJIEI0BATEILHOCTHIO ***A—A—A"*); CTPYKTYphI 93—

96, 101-105, 112 u 113, kax npuHaiexkamue nonutuny 20 (IByXciioWHas poMOUYecKas
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Pucynok 3.21. Kpucraimudeckue cTpykTypbl coenuneruit 90-92 (a, b), 93-96, 101-—
105, 112 u 113 (c, d) u 97-100, 106-110 u 114 (e, f). YcnoBuble 0003HaueHus: cM. Puc. 3.20;
M?*" OKTasapbl = CHHMIA; yHKTHpHAs 3CJCHAS JIMHMSA = B3aHMHOE PACIIONOKEHHE TETPasapoB

TOy4, nmocTpuUpytolee NoJUTUIIUIO.
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YIIaKOBKa C MOCIEI0BATEIBHOCTHIO ***A—B—A—B- -, rne ciou A u B moBepHYTbl OTHOCUTEIBHO
npyr apyra Ha 180°); a crpykrypsr 97-100, 106-110 u 114 otHocsTcs k monutumy 2M
(IByXcCi0iiHasi MOHOKJIMHHAS YITAKOBKA C MOCIEA0BATENbHOCTHIO “*A—A'-A—A'"-*+, e ciion A u
A' CIBHHYTHI IPYT OTHOCHUTEIILHO JIpyra Ha ~ b/3).

VrouHeHHe 3aceneHHOCTell 10 mO3MIMI B crpykrypax 90-111 mnoareepxkaaet
cesleKTUBHOCTh 3amereHust Se-Ha-S (Tabmuna 3.11; Puc. S3.1, S3.2). B ctpykrypax 90-111
ecTh nBe 1 TMO3WIUU C PA3IUYHON JIOKAThbHOW KOOpAMHALMEH: ofHA sBisieTcs 2-cBs3HOU (T1,
MMEIOIIIasl 1Ba aTOMa KHUCIOpoa, OOIMMHU C coceAHUMU nunupamugamu Ur), u ogHa 4-cBsa3Has
(T2, mmeromas aBa aromMa KHCJIOpOJa, OOIIME ¢ coceqHUMHU aunupamunamu Ur, u eme aBa
aToMa KHCIIOpoja, olImue ¢ M2+—I_I6HTpI/IpOBaHHLIMI/I okTasapamu). 3aceneHHocts (Or) 2-
CBSI3aHHOTO TeTpasapa Tl MouTH HAampaMyIO 3aBHCHT oT KommdectBa atomoB S°° u Se® B
pactBope (TaGmuma 3.11; Puc. S3.1a, S3.2a). 3aBHCHMOCTH OYeHb OnH3Ka K JmHeHHOH (R* =
0.98), HO HECKOJIBKO JIyUllle OMpenessseTcs MOJWHOMUATBHON (hyHKIMeH 2-i ctenenu. [pyras
3aBHUCUMOCTh HabOmiomaetcst st mosunmu 12 (Puc. S3.1a, S3.2a), kotopas siBhsieTcs Ooinee
OrpaHHYCHHOM, Oymyun 4-CBSI3HON ¢ AByMs cocenuumu U- i xByms M2 -meHTpupoBaHHEIMHU
MOJIMD/IpPAaMU, YTO JIelaeT BXOXKJAECHHE Se B MO3ULMI0 |2 ropa3fo Oonee 3aTpyJHUTENbHBIM. B
unTepBaigax 91-99 u 102-110 B mo3umuio T2 Se BXOIUT ropa3ao MEHBIIE, YeM MPUCYTCTBYET B
pacTBope. 3aceN€HHOCTh TO3UIMU 12 MOXET OBITh alMmpOKCUMHPOBAaHA 3KCIMOHEHITUATHHOM
¢yukuueit (Puc. S3.1, S3.2).

Ha xoppensiuoHHOM Tpaduke COOTHOWIEHHA Se:S B HCXOJAHOM pacTBOpe U B
KpUcTaiuaeckoil ¢aze mist ¢a3z m3 Mg-conepxameit cucremsr (90-100) BugHBI 1B 06yacTH
CYILIECTBEHHO HEPAaBHOMEPHBIX 3aBUCUMOCTEN MEXKIY XUMUYECKUM COCTaBOM KPUCTALITUYECKON
da3bl U pacTBOpa, paslelieHHble MEPEeXOIHOM 007acThio, TNIE pacHpelesieHue MPaKTUYECKU
paBHoe (Puc. 3.22). Cnenyet otmeTuth, uto ansi K- u Cs-comepxkanux cuctem (Gurzhiy et al.,
2016b, 2017b) u3MEeHEHUsI CTPYKTYPHOH apXHUTEKTYphl WJIM HEKOTOPBIA CKauyOK 3aBUCHMOCTH
rapaMeTPOB JIEMEHTAPHOU STYCHKHA OT U3MEHEHUSI COOTHOIIEHUS Se/S B pacTBOpe HAOIII01aTNCh
B paiione 60 n 67%, coorBercTBeHHO. Kak BuIHO n3 pucyHka 3.22, CylIEeCTBYET AMAINA30H
dazoBoro mepexoma B uHTepBaime OoT 68 no 74%, dro emie pa3 yKa3plBaeT Ha BaXXHOCTh
BBIIIEYIOMSIHYTOTO UHTEpBaJIa.

B ortnuume ot Mg-coaepikanux CMeEIIaHHbIX Cyib(daro-ceneHaroB ypanmia (Gurzhiy et
al., 2019b), xoTopble KPUCTAIIM3YIOTCS B TpPEX pA3IUYHBIX CTPYKTYpHBIX TUmax, Ni-
coiepxamue  cyib(aro-ceneHaTsl  ypaHWJIa — KPUCTAUIM3YIOTCS  TOJABKO B JIBYX
IPOCTPAaHCTBEHHBIX Trpynmax, Pmn2; u P2,/c, B 3aBucumoctu ot xonmudectBa Se (Puc. 3.22).

CpaBHeHue TpaduKoB, MPEACTABICHHBIX HAa pucyHKax 3.22 u 3.23, moka3bIBaeT, YTO CKOPOCTh
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Pucynok 3.22. I'paduk 3aBHCHUMOCTH OTHOIIEHHS Se/S B HCXOJHOM pacTBOpe U B

cTpykrypax coenunenuid 90—100. YcioBHble 0003HAaYEHUA: CJI€Ba HAINPaBO; CUHUE POMOBI =

coenquHenust 90-92, kpacHble KBaapaTthl = coenuHeHUus 93-96, 3enéHble TPEYroJbHUKH =
coenuHeHust 97-100; yepHble JMHUM = TPEHABI AT KXIOH TPYIIBI COCIMHEHHH, KpacHas
JUHUSA = OOMIMK MOJMHOMUAIBHBIA TPeH[, KO3(PPHUIUEHTH KOPPEIAUUN I KaKI0ro Habopa

JaHHbIX paBHbI 0.99.

Pucynok 3.23. I'paduk 3aBUCHMOCTH OTHOIIEHHUS Se/S B UCXOAHOM pacTBOpe U B
crpykrypax coeauHeruii 101-111. YcnoBHbie 0003HaUYeHMs: CleBa HANpPaBO; CUHUE POMOBI =
coenquuenust 101-105, xkpacubie kBanpatbl = coequHeHuss 106—111; yepHble JUHUU = TPEHIbI
JUTSE KQXKI0W TPYMNIbl COEAMHEHUN. KOA(POUIIMEHTHl KOPPETSIUU I KaXI0To Habopa JaHHBIX

paBHbI 0.99.
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BXOXJEHUSI S€ M3 PACTBOPOB B KPUCTAIMYECKHE CTPYKTYpbl Mg-comeprKalux COeAMHEHU
ypaHuJa HECKOJIbKO HIDKE, ueM A Ni-coaepKalux cyab(haTo-CeIeHaToB.

OcoObIif HTETEC BBI3BIBAET (akT, uTOo YUCThe cynbdaTHbie (90) u cenenatusie (100)
¢da3zpr B Mg-conepkaleil cucrteme SBISIOTCS MOHOKJIMHHBIMM, TOT/Ia KakK C IOCTETNIEHHBIM
yBEIMUYEHUEM Se KOMIIOHEHThI peanu3yercs MOpGOTPOMHBIN Mepexoa B MPOMEKYTOUHYIO
poMOudeckyo moaudukanuio. [TonooHsIi 3 dekT ObIIT OTMEUEH ISl CEPUU TBEPBIX PACTBOPOB
napadunoB (Filatov et al., 1989; Filatov and Kotelnikova, 1993; Chazhengina et al., 1996). Tak,
HaIpUMep, IS TPUKIMHHBIX KOHEYHBIX WieHOB (CyoHay m CpHae) M30MOpdHAs cMecuMOCTh
BECbMa OIpAaHUYEHA, IPOUCXOTUT PAa3pbIB CMECUMOCTH C OOEUX CTOPOH psAa TBEPIBIX
pactBopoB CyoHaz — CaoHae, uTO pUBOIUT K KpHcTauiM3anuu pomobudeckoil ¢aspl. B crmydae
napauHOB TaKO€ HAPYIIEHUE CUMMETPUHU IPOUCXOIHUT M3-3a JOBOJILHO 3HAYUTEIHHON pPa3HUIIbI
B JUIMHAX aTu(aTUYecKuX IETNoYeK. 3aMeTHOe COoAep)KaHHue MPUMECHBIX MOJIEKYJ napaduHa B
KOMIIAKTHOM TPUKIMHHOW (haze BBI3BIBAET MOSBICHHUE JIOKATBHBIX AedopManuii U 1edeKToB,
YTO, B CBOIO OYe€pellb, NIPUBOAUT K €€ TMPEBPAIICHHUI0O B MEHEE KOMIIAKTHBI pOMOMYECKUN
TBEpAbIA pacTBOp. XOTs B HAIlIEM Cllydae 3aMEIICHUE MPOMCXOAUT TOJIBKO B JBYX MO3ULUSAX,
oHa U3 KOTophixX (T2) ropa3ao MeHee YyBCTBUTENIbHA K BapHAIlMsIM COCTaBa, BIIOJIHE BEPOSITHO,
yTO M3MEHeHHe oObema Terpa’apoB (T104) meHCTBYeT aHAJIOTHYHBIM O0pa3oM: HW3MEHEHUs
o0beMa TeTpadIpOB CTAIM PEIAIOIUMU 711 00EMX MOHOKIMHHBIX CTPYKTYp, C MOCIEAYIOIIUM
MEepPexo/IoM TBEPIOTO pacTBOopa B Oojee cTaOuiabHY0 pombOuueckyio ¢(asy. B ciydae
coenuHeHuil 90-92 yBenuueHue conep)kaHus S€ NPUBOJUT K  CIMIIKOM TECHOMY
pacnonoxenuto (T104) B coceaHMX CIOSIX MO MPUHIUIY «TOJOBAa-K-XBOCTY» WU TPUBOAMUT K
Pa3BOPOTY TETPAdIPOB B KAXKIOM BTOPOM CJIO€ MO MPUHLHUITY «TOJIOBA-K-TOJIOBE» MU «XBOCT-K-
xBOCcTy». B cnyuae coegunenuit 97-100 yMeHblIeHHE COIEpKaHHUS Se JellaeT CMEIIEHHOE
pacrioyio’)keHre To3uLui T1 CHMIIKOM CBOOOAHBIM, TOATOMY CTPYKTypHasi apXUTEKTypa
TpaHcopmupyeTcs B 0osiee noaxosmyto Gopmy 93-96.

Pacuersl mapameTpoB CTPyKTypHOU ciokHOocTH (Tabnuma 3.12) moka3bIBalOT, YTO
KPUCTAIIIMYECKHE CTPYKTYPhI coeinHeHnit 90-92 ciemyeT paccMaTpuUBaTh Kak CPEAHECTIOKHBIE,
a CTpYKTypsl coenuHeHuil 93—114, xak cnoxusle. ClelyeT OTMETUTD, YTO CTPYKTYphl 90-92 u
97-100, 106-110 u 114 nMerOT OIMHAKOBOE KOJUYECTBO WH(POPMAIIMK B pacyeTe Ha OJUH aTOM,
MOCKOJIbKY OHHM KPHCTaJUIU3YIOTCSI B MOHOKJIMHHBIX MPOCTPAHCTBEHHBIX TpyMNnax, U aTOMbI
3aHUMAIOT TIO3UIIMK C OJMHAKOBOM KpaTHOCTHIO. B TO ke BpeMs, Komu4ecTBO MH(OpMAIH B
pacuere Ha 3JIEMEHTApHYIO SYEHKY B JBa pa3a BbIIIE [ [TOCIEAHEN TPYNIbI COEIMHEHUHN U3-32a
BJIBOC Ooipmiero oObeMa SYEHKH U, CJIEeNOBATEIbHO, BJABOE OOJNBIIETO KOJIWYECTBA

KpUcTauIorpauIecKux opoOuT (KOJIMUECTBA aTOMOB B DJIEMEHTApPHOU STYEHKE).
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Tadauma 3.12. Ilapamerpsl CTPYKTypHOW CJIOKHOCTM Ha OCHOBE KOJIHMYECTBA

uHpopmanuu B coenuHeHnax 90—-114.

CoeuHeHME Hp. rp. g, Gut/atom IG’tOtalj
ouT/sueiKy
CtpykTypHas ci10kHOCTh 90-92 P2, 58 4.858 281.763
CTpyKTypHas CI0XHOCTh 93-96,
PYRIYP Pmn2, 120 5.074 608.827
101-105, 112 u 113
CrpyKkTypHast CJIOXHOCTb 97—
P2,/c 116 4.858 563.526
100, 106-110 u 114
Tomomoruyeckasi CI0KHOCTb U-
coaepkaiie uenodyku B 90 —
pbmm 32 2.875 92.000

114 (Gurzhiy et al., 2017a,
2019a; Gurzhiy and PI4sil, 2019)

OO0myr0 TEHACHLHIO KPHUCTAUIM3AIIMOHHOM 3BOJIOINUH MOXHO CcQOpPMYIUPOBAThH
CIEeIyIOIMM 00pa30oM: TOMOJOTUYECKU OOJiee CIIOKHBIE CTPYKTYypbl 00pa3yroTCcsi Ha MO3AHHUX
cTamusX KpucTtamu3anuu. Takum oOpa3oM, Oojiee BBICOKas CIIOKHOCTh IPOMEXYTOUHOU
poMOudeckoil Moau(HUKAMK KaKETCs BHOJHE OoveBHIHON. O0a 4YUCTBHIX S, M Se KOHEYHBIX
YJleHa COJep)KaT OJIMHAKOBOE KOJMYECTBHIO HMH(OpMaluuue, U UX o0pa3oBaHUE OJUHAKOBO
BEPOATHO MJII WX COOCTBEHHBIX COCTAaBOB, TOTJa Kak CMeIIaHHble (a3pl MpeArnoYnTaeT
POMOHMUECKYIO apXUTEKTYpy. DTO TaKKe MOATBEPIKIACTCS TOMOJHUTEIbHBIMU HAOIIOICHUSIMHU:
yepe3 2-3 Mecsna B 3KcrepuMeHTax 92 u 97 Obut oOHapy’>KeHBI OT/AEIbHbIE KPHCTAJLIIBI
poMOmueckoi (ha3pl, YTO yKas3bIBaeT Ha MPOIECC MEPEeKpUCTALTU3ANH B Oojiee CTaOMIBHYIO
Monupukanuio. B 3Tol CBA3M HenaBHEE OTKPHITHE HOBOTO YpaHWI-CyJIh(haTHOrO MHUHEpala
putBenbauta, Fe[(UO2)(SO4)2(H20)](H20)s (Kampf et al,, 2017d), BwIrISauT BecbMa
MHTEPECHBIM. PUTBENBAUT KPUCTALIM3YETCS B MPOMEKYTOUHOM POMOUYECKOM CTPYKTYpHOM
tune. Takol mepexoa OT 0KUAAEMOI0 MOHOKJIMHHOTO THUMA JUIsl CyJb(paTHOU (ha3bl, BEPOATHO,
BbI3BaH yMEHbBIIEHHEM OObeMa OKTadJPUYECKUX IO3ULUN U, CIEAOBATEIbHO, MPUBOJUT K
TaKoOMy K€ COJIIKEHHUIO CIIOeB, Kak B ciiydae Se-Ha-S 3amenieHus. C qpyroil CTOpOHBI, MOKHO,
BEPOSITHO, OXKMJATh OTKPHITHE HOBBIX MHHEPAJIBHBIX BHJIOB MJIM TEXHOT€HHBIX MHUHEPAJIbHBIX
¢a3 ¢ TakuM ke Wid OJM3KUM COCTaBOM, HO C MOHOKJIMHHON CTPYKTYpPHOM apXWUTEKTYpOH,

0oJee THMUIHOM IS CYJTIb(DATHBIX COCTMHECHHIA.
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Obwue npunyunwvl S€-Ha-S 3ameweHus: 8 CMpPYKMypax aKmuHUO-co0epHCaujux
coeounenutl

PesymbTaThl  McclemoBaHus  (asoobpasoBamus B K'-comepxkamieli  cucTeme
JNEMOHCTPUPYIOT JOBOJIGHO CIIOKHYIO OBOJIOIHMIO CTPYKTYpPHl M COCTaBa KpHUCTalsla B
3aBUCHUMOCTH OT U3MeHeHus1 cooTHomeHus Se:S (Gurzhiy et al., 2016b). I[Ipexae Bcero cinemayer
OTMETUTh OTCYTCTBHE HENPEPBIBHOIO TBEPAOrO pacTBopa HapsAay C OTCYTCTBUEM
U30CTPYKTYpPBIX CyJNb(aTHBIX M CeJICHaTHbIX (a3, YTO SBHO YKa3blBaeT HA HAJINYHE
KPUCTAUIOXUMHUYECKUX OTPaHWYCHHHA BXOXKICHHA Se B CTPYKTYpHl Cylnb(}aToB ypaHHIA.
OcHOBHBIE TEH/ICHIIUU CTPYKTYPHOM 3BOIOIMH MOXKHO C(OPMYJIUPOBATH CIAEAYIOUIUM 00pa3oM.
B uncroii cenenatHoil cucreme u ans nepBbix (a3 60—63 ortnomenue U:T (T = S, Se) B
pacTtBope u TBepaoM BemecTBe = 2:3. Tomosorusi ypanui-cyibgaro-ceraenatHoro ciost (Puc.
3.5a) OBOJIBHO TUIOTHAsi W COJNEPKUT TOJBKO TpHUAeHTaTHeIe TeTpadapsl 104 JlanHas
TOTOJIOTHSl OYEHb XapaKTepHa Ui CEJCHAaTOB ypaHWJIa, HO JIOBOJBHO PEIKO HaOII0aeTcs B
cynbdarax ypannna. U3-3a pasaumsl Mexay pasmepamu uouoB Se® and S Terpasaper SO,
CYILIIECTBEHHO MEHbIIE TeTpadapoB SeOy, U UX BKIIOYCHHUE B TOMOJIOTHIO CJI0S C TPUACHTATHBIMU
TETpa’ipaMy TPUBOJAUT K TIOSBJICHUIO BBICOKOTO 3apsiia W aTOMHOM IUIOTHOCTH CIIOS, 4TO,
CKOpee BCEro, CHeNaTh €ro HeCTAaOWJIBHBIM. JTO MPUBOAUT K CTAOMTIM3AIlMH CHUCTEMBI 4Yepes
KPUCTAJUTH3AIIMIO CIIOST TOJIBKO ¢ OMACHTATHBIMH TeTpadapaMu (coenuHeHus 64—67; Puc. 3.5b).
OpHako 3TO o3Hauaer, yTo cooTHomeHue U:T B pacTBope M TBeproil (asze CyliecTBEHHO
paznuyarores (2:3 u 1:2 COOTBETCTBEHHO, TO €CTh PACTBOP CTAHOBUTCSI OOOTAIEHHBIM yPaHOM).
YroObl yMEHBIIUTH pa3HUIy, COCTaB M TOMOJOTHA KPUCTAJUIMYECKHX CTPYKTYp CHOBA
u3mensiercs st paz 69-74. Jlnsa stux coequnenuit coornomenue U:T paBHo 6:11, a Tomonorus
CIIOSl COAEPKHUT Kak OWIEHTATHBIE, TaK W TPHUACHTATHbIE TETPAdApbl C MPEANOYTUTEIHHBIM
pxoxxnenneM Se®” B mociemmne. OIHAKO, MPUMEYATEIBHON OCOOEHHOCTBIO CTPYKTYp 69—74
SABJSIETCS TO, 4TO caMmM ciod umeer cootHomenue U:T = 3:5, Torma kak B CTPyKType
MIPUCYTCTBYET AOMOJHUTENbHAsA o3ulus 7, He cBsizaHHas ¢ U, pacnoyioKeHHas B MEXCIIO€BOM
TPOCTPAHCTBE ¥ 3aCEIEHHAS TOUTH HCKITIOUNTETbHO S°,

Ocob6oro BHUMaHUs 3acily’kKuBaeT oOpa3oBaHue coeauHeHus 68. OHo ObLTO OOHAPYKEHO
B OYEHb HEOOJIBIIIOM KOJIMYECTBE (BCEr0 HECKOJBKO KPHUCTAIOB), YTO, HAPSAY C €ro HEOOBIYHO
BBICOKOW CTPYKTYpPHOM CIIO)KHOCTBIO, YKa3bIBA€T HAa BO3MOKHBIM TEPEXOIHBIA WU Jaxe
MeTacTaOWIbHBIA XapakTep. Tomojorusi ypaHHI-COAEPXKAIIMX CIOEB B KPUCTAIMYECKON
CTpYKType 68 oueHb CHOXKHAasE M COIOCPKHUT TOJIBKO TPHUACHTATHBIE TETPadpbl, KOTOpHIC
TPEJICTABIAIOT COOOH TOBOIBHO HATPSIKEHHBIC KOH(HIYPAIHH U BKITIOYEHHS KaTHOHOB S°'

" .
Bmecto Se’’. Kax pe3ynbTaT, CJIOM UMEIOT OUeHb OOJIBIION MepHo MOBTOpsieMocTH = 57.399 A
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U cuwibHO wu3rubatorcs. HemaBHO ObLIO 3aMeueHO, 4YTO OYEHb CJOXKHBIE CTPYKTYpbl C
TUTaHTCKUMU TIEPUOAAMH MOTYT (hOPMUPOBATHCA KaK MEPEXOHBIE apXUTEKTYPhl MEXTy (azaMu
C OTHOCHTEJIBHO HEOONbIIMMU OObeMaMH CTpYKTypHOil mHpopmauuu (Kovrugin et al., 2015).
[ToaToMy MOXHO HpPEIIOJIOKUTh, 4TO (aza 68 KpucCTaIIM3yeTcsl KaKk MEPEXOJHOE COCTOSHHE
MEXy Pa3IUYHBIMU «CTAOUIBHBIMU» COCTOSHUSMU CUCTEMBI, MPEACTABICHHBIMU cepusiMu ¢a3
6063, 6467 1 69-74.

Cs-conepxariue OKCOCOJM ypaHUIIa TMPEACTaBISIIOT COOON CEepUI0 TBEPABIX PACTBOPOB C
MIEPEeMEHHBIM cojiepaHueM cephl U ceneHa (Gurzhiy et al., 2017b). Bo-niepBbIX, B oTJImdue OT
K-conepamieit cucrembl, 37ech HE HaONIOAAETCS pa3pblBa CMECHMOCTH MEXKIY YUCTBIMU
cynb(daTHBEIMH U CelleHaTHBIMU coequHeHusiMu. [Ipu mepexone ot cynbsdara k ceneHatry ¢opma
KPHUCTAJJIOB TpeTepreBacT U3MEHEHHs, XOTsl UX CTPYKTypa ocTaeTcsi Hem3MeHHO. OOHapyKeHa
ABOJIIOLIMSA CTPYKTYpPHBIX THUIIOB YHUCTOW cejleHaTHOW cucTteMbl. K coxalieHuto, B Jpyrux
CHUHTETHUYECKUX DKCIIEpUMEHTax Nmoo0Has (pa3oBas 3BOJIOLMS HE Ha0II0AaIach, 4TO, BEPOSTHO,
yKa3blBaeT Ha OBICTPOTEYHOCTH Mpoliecca U HEOOXOAUMOCTh €r0 MOHHUTOPHHTA MPH Topas3zio
OonpiieM yBenndeHuu. C Apyroil CTOPOHBI, aHATM3UPYS CTPYKTYpYy 84, CTaHOBUTCS IMOHSTHO,
MoYeMy 3TOT CTPYKTYPHBIH THI ObUT OOHAPYKEH HMMEHHO B YUCTOM CEJICHATHOW CHCTEME, a HE B
cynb(paTHON WM cMemaHHOW. ['pymms [TO4* B 84 sBisitorcst 2-csisubimu (Puc. 3.11c), u
TAKOE PACTIONOKEHHE TOPA3I0 Goee MPEeANOYTHTENBHO TS 6oJee KPYMHBIX KaTHoHoB Se’’, uto
obu10 mposeMoHcTpupoBano B (Gurzhiy et al., 2016b). MccnenoBanue coeaunenuit 75-83 sicuo
TOKA3bIBACT NMPEAIOUTEHHE BXOXKACHH S B Go/lee TECHO CBA3aHHbIC TIO3HIIHH.

Takum 00pazoM, 3TO BTOPOWM MPUMEP CMEIIAHHOW CyJb()aTO-CeJICHATHON CHUCTEMBI
ypaHmna ¢ menounbiMu KatnoHamu (1 K cm. (Gurzhiy et al., 2016b)), 1eMOHCTpHpYONIHit
JIOBOJIBHO CIIOKHBIH MpOIlecC CENEKTUBHOTO Se-Ha-S 3aMeleHHs, KOTOPbIi, 0€3yCIOBHO, UTPAeT
BaXXHYIO POJIb B IPUPOIHBIX MPOLIECCaX, CBSI3aHHBIX C 00pa3oBaHKEM Cylb(aToB ypaHuia.

Kpucrannoxumuueckuii 0030p 1 U3yuyeHHBIE CBOWCTBA, BEPOSTHO, OJJHOTO M3 Hambosee
YHUKaJIbHBIX ceMeiicTB AKTUHU-COAEPIKAIIUX U30CTPYKTYPHBIX COEIMHEHU N
Cs2[(ANO,)2(TO4)3] (rme An =U, Npu T =S, Se, Cr, Mo) 00Hapy>k1BalOT BeCbMa UHTEPECHBIE
3aKOHOMEPHOCTH. BO-IEPBBIX, 3TO €AMHCTBEHHBIM W3BECTHBIA HA CETOAHALUHUN JIE€Hb MPUMEP
cpenu U-comepxaliux COEOUHEHUM COXpaHEHHs] CTPYKTYPHOIO THIIA C TAaKUM OOJbIIUM
pazHOOOpa3ueM XUMUIECKOTo coctaBa. Croco0 CBS3BIBAHMSI TIOJIMAPOB Yepe3 OOIITHE BEPITUHBI
OCTaBIIIET MPEKPACHYI0 BO3MOXKHOCTH JJISi CTPYKTYPbl TOJCTPOUTHCS TOJ 3aMELICHUS B
AKTHHUHBIX U OKCOAHHOHHBIX YacTsaX. OIHAKO COXpaHEHHE CTPYKTYPHOTO MOTHBA HE O3HAYaeT
COXpaHEHHE XUMHUYECKMX ¢ (U3NYECKUX CBOWCTB. I[Ipm OTCYTCTBHM OmpeeneHHBIX

3aBHCHUMOCTE MeXay yrilaMu MpH MOCTHUKOBBIX aToMax O uinu oobeMoM monudapoB An u T,
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KOTOpbIE OOBIYHO CUMUTAKOTCSI HauOoJiee YyBCTBUTEIBHBIMU CTPYKTYpHBIMU (parMeHTaMH,
KOOpJMHAIM aTOMOB II€3UsI OCTAeTCsl €AMHCTBEHHBIM CYLIECTBEHHBIM (akTopoM. M3MeHeHUe
OKCOAQHHMOHHOTO cocTaBa AN-cofepkaliux CJI0€B MPHUBOAUT K M3MEHEHHUIO JIOKAJIHHOTO
OKpyXeHHs KaTHoHOB Cs', 4TO, B CBOIO OdYepelb, MPUBOJIUT K YCHICHHIO €ro BIMSHHSA Ha
CJIOMCThIE CyOCTPYKTYPHBIE €IMHHIIBI M Ha YCTOHUMBOCTh CaMOM CTPYKTYpbl. Takue MeXaHU3Mbl
3aMeIIEeHUs] MOXHO paccMaTpuBaTh KaKk MHTEPECHBIM U IIEHHBIM NMpUMep BBIOOpPA XMMHYECKOIO
cocTaBa JUIs ITOMyYeHHs COETUHEHUH C 3aJaHHBIMH CBOMCTBaMHU.

Ha cerogusimHuil 1eHb W3BECTHBI TPU CTPYKTYPHBIX THIIA I CEMEHCTBA COCAVMHEHUIN
M [(UO,)(TO4)2(H,0)](H,0)s (rze M = Mg, Mn, Fe, Co, Ni u Zn; T°" = S, Se) Ha ocHOBe
TOTOJIOTUYECKH MACHTUYHBIX U-coleprkalux OECKOHEYHBIX LENOYeK, OPraHU3alMi0 KOTOPBIX
MOYXHO OIHCAaTh B TEPMHUHAX MONUTUIHH. Mg -cosiepxaliue COCIMHCHNS, C yBETHUCHHEM
coJlep>KaHus Se B CHUCTEME, KPHCTaJUIM3YIOTCS BO BCEX TPEX THUIIAX: HA4uMHas ¢ nosnurtuna 1M
(uucteii  ypanun-cyibdar, 90), uyepes 20 (cMemaHHBIN Ccyib(daro-ceneHar ypaHWiIa) H
3aKaH4YMBast MoaUTHIIOM 2M (uucThlil ypanun-cenenar, 100). B nenasueii padore (Gurzhiy et al.,
2019b) 6bUT0 BBICKA3aHO MPEIOIOKEHHUE, YTO U3MEHEHHE TEeTPAdIPHUECKOro 00beMa MPUBOJUT
K TIepexoqy OO0euX KOHECUHBIX MOHOKIMHHBIX (a3 B 0Ooiee CTaOMIBHYIO pPOMOHUYECKYIO
Momudukanmo. B To ke Bpems umcThiid Ni-comepxamuii cyiabdar ypanwrta (101)
kpuctaumm3yetcsi, kak nomutun 20, a Ni-comepkamuid 4ucThid ypanwi-ceneHat (111), kak
nonutun 2M. Kpome Toro, 4mucThii Zn-comepkamuii cynbdar ypanmna (112) Ttaxxke
Kpuctaimusyercs, kak noautun 20. Paznnuus mexnay noiautunamu 1M u 20 3akimrodaercst B
pasBopote Terpa’apoB (T104)” B COCENHMX IICEBIOCIOUCTBIX KOMILICKCAX: PEan3yeTcs
TEOMETPHsl  «TOJI0BA-K-XBOCTY» WM «TOJIOBa-K-rosioBe» s noiaurtunos 1M um 20,
COOTBETCTBEHHO. OYeBUIHBIM OOBSICHEHHEM TaKOro Mepexoja MeXIy ABYMsS IMOJUTUIIAMHU B
Mg-coaepikaiieid cucreme siBsieTcs Se-Ha-S 3aMelieHrue B no3uuu 11 (mockonbKy no3uuus 12
MEHee 4YyBCTBUTENbHA K BapualuusaM cocTaBa). OgHAKO 3TO MNPEANOI0XKEHHE MOJBEPriIoch
COMHEHHIO TIPH CpaBHEHMH pacmpenencHuss Se B mo3unuu 11 BHyTpu Mg- u Ni-comepxamniux
¢da3: quHaMuKa pacnpeneieHus Se oJMHaKoBa B o0eux cepusax coequHeHui. Takum obpazom,
MOYKHO TMPEINOJI0KHUTh, YTO HE TOJIBKO pa3Mep TETPadApHUECKOro OKCOAHHWOHA, HO U PaHyChl
JBYXBAICHTHBIX KaTHOHOB MetamtoB M*" (M = Ni, Mg, Zn, Co, Fe, Mn) OTBETCTBEHHHI 3a
KPUCTAJUTH3ALNIO ONIpeACICHHBIX MoauTumoB (Tabmuma 3.13).

Kak 6buto obGHapysxeHo ams Mg™ -comepkamtero psina coemmuenuii (Gurzhiy et al.,
2019b), yBenuueHHe KOJIMUYECTBA Se B MO3MLIMHU 11 JeJaeT pacroyioKeHUE «T0J0Ba-K-XBOCTY»
CJIMILIKOM IJIOTHBIM U NMPUBOJAUT K Pa3BOPOTY TETPA3APOB B KaXKJAOM BTOPOU CIIOE B T€OMETPUIO

+
«T0JI0Ba-K-TOJIOBE». M3MeHeHne paanyca KaTHOHa M2 , OUEBUJHO, TAKXEC JOJXKHO CKa3aThbCsa U



148

Ha (GOpPMHUPOBAHUH CTPYKTYpHL. [lo mcTedueHnn GoJbliero BpeMEHHOTO0 MHTepBaia (depe3 2—3

Mecs11a) B AKCIIEPUMEHTaX ¢ monutunaMu 1M u 2M Obuin oOHApyKEeHbI OTAENbHbIE KPUCTAIIIBI
2+

poMmOudeckux Mg -comepxkammx ¢a3. ITO TO3BOJSET MNPEANOIOKUTh, YTO pOMOMUYECKast

MoauduKamys SBIsIeTCsS Hanboiee CTaOUIBLHBIM TTOJUTUIIOM CPEIU BCEX TpeX MoauduKariuii, B

TOM YHUCIIE ¢ yYETOM BapHaIiil XUMUYECKOTO COCTAaBa.

Tab6auna 3.13. Kpucramiorpapudeckue mapaMeTpsl M2+-co;[ep>1<am1/1x Cynb(paToB u

cenenatoB ypaumt cemeiictea M2 [(UO,)(TO4)2(H20)](H20)4 coenuuenuit 90-114.

Coenunenue Ip.rp. a,A b, A c,A pB° Pamuyc  <M-O>,
katnoHa A
M2+

Cynvpamot

Ni[(UO,)(SO4),(H,0)](H,0), (101) Pmn2, 12.751 8309 11.293 90 0.690 2.053

Mg[(UO,)(S0,),(H,0)]1(H,0)4 (90) P2, 6.388  11.304 8.231 90345 0.720 2.058

Zn[(UO,)(SO4)2(H,0)](H,0), (112) Pmn2;, 12.869 8282 11.292 90 0.740 2.096

Co[(UO,)(S0,),(H,0)](H,0), (113) Pmn2; 12920 8299 11.296 90 0.745 2.087

Fe[(UO,)(SO4),(H,0)1(H,0)4 [1] Pmn2; 12958 8318 11.297 90 0.780 2.114

Mn[(UO,)(SO4),(H,0)1(H,0), (114) P2, 6.511 11383 8.344 90.773 0.830 2.179

Cenenamol

Ni[(UO,)(Se04)>(H,0)](H,0), (111) P2,/c 8391 11.565 13.121 93.533 0.690 2.046
Mg[(UO,)(Se0,4),(H,0)](H,0)4 (100)  P2,/c 8469 11.641 13.190 91.217 0.720 2.060
Zn[(UO,)(Se04)2(H,0)](H,0)4 [2] P2,/c 8449 11.586 13.240 92.382 0.740 2.096
[1]— Kampf et al., 2017d; [2] - Krivovichev and Kahlenberg, 2005b.

Kpucramnuzanus uyucroro Ni-coneprxallero cyib(ara ypaHuia Mpou30LuIa B HHTEpBaJ
BPEMEHH, CPaBHMMbIN ¢ Mg-cuctemoil. MHOroOKpaTHOE IOBTOPEHUE JKCIIEPUMEHTA BBISBUIIO
OTCYTCTBUE KpUCTAIUIOB nonuTuna 1M. Takum 06pazom, MOXKHO MPEATIONOKUTH, YTO BBEICHHE
B CUCTEMY HAaMMEHBIINX Ni*" kaTHOHOB 13 psana Ni, Mg, Zn, Co, Fe, Mn paGoTaeT aHaJOTUYHO
BHEJPCHUIO aTOMOB Se: 4Y€M MEHbBIIE HMOHHBIE pPaJHyChl, TEM IUIOTHEE PACIOJIOKECHHE
TETPadAPUUIECKUX OKCOAHHOHOB. Bomee kpymHbie MoHbI Mg”™ cMemaror mcesmocionctsie U-
coJiepKaliue KOMILJIEKCH, O3BOJISISI KPHUCTAIIM30BaTh Hanboiee MIOTHBIN U3 MPeCTaBICHHbIX,
nostumn 1M.

Kpucrammuzanuu momutuna 1M nns Zn-comepikamiero cyibdara ypanwia He ObLIO
oOHapyXeHO. MOXXHO MpPEaNoiokKHUTh, YTO B MHCCIEJOBAHHBIX YyCIOBHAX dTa (asa
MeTacTabuiIbHa, 0 KpaifHel mepe, uid 00pa3oBaHMs BUAMMBIX KPUCTAIIOB. BeposTHo, 4TO 10
0o0pa3oBaHUs KPYMHBIX W CTaOWIBHBIX KpucTauioB monutuna 20 cucremMa HYKIAaeTcs B
cTabmnImM3aly, KOTopas 3aHMMaeT HecKoiabko Henenb. Ctpykrypa Fe-comepskamiel ypaHwWi-
cynbdatHO# (a3sl ompeseneHa mo mpupoaHoMy obpasity munepana putBenpauT (Kampf et al.,
2017d). B cTpykrype putBensauta katHous! Fe’' sannmaror mosumun M>* mapsiny ¢ Zn*", Mn**

2+ 2+
u Mg” (ma pomo Fe™ mpuxomutrcs ~ 0.8 ¢. ex.), 4To nenaeT mpsiMOE€ CpaBHEHHUE MEHEe
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OuYeBUIHBIM. BMecTe ¢ TeM, 3TU pe3yibTaThl HE MPOTUBOPEYAT TEOPUU CTPYKTYPHOM ABOJIOLNN
BHYTPM  CEMEWCTBAa  COEIMHEHMI M [(UO,)(T*" 04)2(H,0)](H20)4: KpUCTAJUTU3aLUs
MeTacTabuipbHOrO onauTumna 1M, KOTOpsIid TPyAHO MONMYYHUTh AaKe B JaOOPATOPHBIX YCIOBHSIX,
B IIpHUpOJiE el MeHee BeposiTHA JJsl oOHapyXkeHMs. EAMHCTBEHHas TOUYKa, OTKJIOHSIOUIAsICS OT
TEeHJICHIIUU, — 3TO Mn-coaeprkanuii cynbdaT ypaHuia, KOTOPbIA ObLT OMKMCaH B OPUTHHAIHHOM
pabore, kak noiautun 1M (Alekseev et al., 2005). CorinacHO CMHTETHYECKOMY SKCIEPUMEHTY,
npencrasieHHoMy B (Tabadenko u ap., 1979) otu KpucTamibsl ObUIM MONYYEHBI U3 BOJHOTO
pacTBopa Cyinh(haTOB ypaHWIa W Maprafia, mpu Ooyiee BBICOKMX 3HaueHusx pH ~ 2.5-3.0 B
omiimure oT 0—1.0, KoTOphIN ompenensercs sl Hamux cucteM. [l BeisiBieHus ponu pH B
KpucCTaIIM3anuu a3 B 3TUX CHCTEMax, OBbUIM MPOBEIEHBI CHHTETHUECKHE IKCIEPUMEHTHI C
HUTPATOM YPaHHIA M COOTBETCTBYIOIIMMHU Cy/Ib(pATHBIME COSIMH PasiIM4HBIX MeTawtoB M2,
PentreHoazoBelii aHAIN3 MOMYYEHHBIX OCAJKOB ITOKA3al, YTO KPUCTAJUIM3ALUS HAUYWHACTCS C
T€X e IMOJIUTUIIOB, KOTOphle ObUIM OOHapy>KeHbl B 0Oojiee KUCIBIX YCIOBHUSIX: TO €cTh Mg-
colepkaiuii cynabhaTr ypaHuwia Kpuctamnusyercs B nonutune 1M, B To Bpems kak Ni-, Zn- u
Co-comepxammue coequHeHus o0Opa3yroTcss B Buje monuturoB 20, XOTS POCT KPUCTAIOB
HA4YMHAETCS 3HAYUTENIbHO ObIcTpee mpu Oojee BbIcOkMX 3HaueHusx pH (1-2 aug nmpotus 2-3
HEJICIIb).

Takum o0Opa3zom, BeposiTHO, 4TO MOBbIIeHHEe pH ucXogHOro pacTBOopa co3maer Oosee
MOAXOJAIINE YCIOBUA [UIsi oOpa3oBaHus Qa3 M2+[(U02)(SO4)2(H20)](H20)4 C pagumycom
karnona M*" Gomnee 0.72 A. MoxHo Takxe MPEIIONO0KUTh, YTO MUHEPAJI PUTBEIBIUT, CKOPEE
Bcero, oobpaszoBayicsi u3 pactBopoB ¢ pH 2—4. Bbonee Toro, pe3yiabTaTbl SKCHEPUMEHTAIBHON
paboThl MOKa3aJId, 4YTO CTPYKTYpHAas apXWUTEKTypa M KPUCTAIM3ALUs ONpPEIEICHHbIX
MOJINTUIIOB B MpEJENax CeMENHCTBA M [(UO,)(T*" 04)2(H20)](H20)4 (rme M = Mg, Mn, Fe, Co,
Ni u Zn; T¢ = S, Se) onpenensieTcss B3aMMOJEHCTBUEM MOHHBIX PaJInyCOB KATHOHOB M* u T6+,
Torja kak pH ncxonHoro pactBopa BIMSIET Ha CKOPOCTh KPUCTAUIN3ALINH.

Takum o00pa3oM, MOXHO peE3IOMHpPOBaTh, 4YTO MPUBEAEHHBIE BBIIIE IPUMEPHI
JEMOHCTPUPYIOT OUYEBHUIHBIC KPHUCTANIOXMMUYECKHUE OTpaHMYEHUS Ha BXOXICHHE Se B
cynbdar-coaepxKalue COSAMHEHHs ypaHWiaa, W OOUmMe MNPUHLUUIBI  MOTYT  OBITh
copMyITHpOBaHbI CleAyIOMIM 00pasoM: (1) MeHbIHe 110 pa3Mepy KatrHoHsl S°, Kak mpaBmilo,
BCTPAMBAIOTCS B CTPYKTYpPHBIE MMO3ULUK C OOJBIIEH TOMOJOIMYECKONH CBA3HOCTHIO, YeM
GonblEe 1Mo pasmepy KaTHOHBI Se’’; (2) MEXKCIOEBBE M MEHEEe MPOYHO CBS3HBIC MO3HIUHI
MPEUMYILECTBEHHO 3aCEJIEHbl KaTUOHAMH S (3) Bxoxmenme Se®" Moxer MPUBECTU K
BO3HUKHOBCHHIO HOBBIX CTPYKTYpPHBIX TOIOJIOTHMA W W3MEHEHHWIO OOmeH CTPYKTypHOU

aApPXUTEKTYPHI (B YaCTHOCTH, MIOJTUTUITHBIM MPEOOPA3OBAHUSM).
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3.2. CoennHeHusi ypaHUJa, TEMILIATHPOBAHHbIC OPraHNYeCKHMH MOJICKYJIAMH

CMemnianHble OpPraHO-HEOPTaHMYECKHE COCTUHEHHS IMPEICTaBISIOT MHTEpec Oiaromaps
COUYCTAHUIO B OJHOM COCIWHEHUM OpPraHWYEeCKMX M HEOPraHWYECKHX CYOCTPYKTYpPHBIX
KOMIUIEKCOB C MX CIEeIU(PUYIECKUM CTPOCHHEM M CBOMCTBaMHU. BakHOW mpoOsemoil sBisieTcs
MpHUpOJIa CHHEPreTHUYECKUX B3aUMOJICHCTBUN MEXKIY OPraHUYECKUMHU M HEOPTaHMYECKUMU
koMmoHeHTaMu. C 3TON TOYKU 3pEHUS COSAMHECHUS YPpaHUIIA MPEACTABIISIOT OCOOBI HHTEPEC U3-
32 UX YHUKaJIbHOW KPUCTAIUIOXUMHH. 3a nocienHue 20 jeT ObI0 M3YYEHO HECKOJIBKO COTEH
U®*-comepikalimx COeMHEHNH CO CTPYKTYPAaMH, OCHOBAHHBIMH Ha KOMILIEKCAX HOHOB yPaHHIIA,
CBSI3aHHBIX Yepe3 aTOMBI KHCIOPOJA C BHICOKOBAICHTHBIMH KAaTHOHAMH, TakuMu Kak P°*, P°,
V7, As™, S, o, Se4+, S, Mo® u Ip., pa3AelICHHbIX OPraHUYECKUMHU MOJIEKYJIaMHu pa3HOU
dopmer u 3apsga (Burns and Finch, 1999; Burns and Sigmon, 2013; KpuBosuues u ap., 2007;
Krivovichev et al., 2007, 2011; Krivovichev, 2013b). TmarenbHplii aHaau3 CTPYKTYypHOU
ApPXUTEKTYPhl 3TUX COCAMHEHUN BBISBUI P (PyHAAMEHTAJIbHBIX MPUHIIUIIOB, OMUCHIBAIOIINX
B3aMIMOJICHCTBHS MKy OpPraHMYECKUMH M HEOPTaHUYECKUMU CyOcTpykTypamu. MccnenoBanue

HOBBIX CTPYKTYp B 3HAYNATEIILHON CTETICHU MNOATBCPKAACT NPCIIOKCHHBIC IMPpaBHUJia, HO TOHKUC

JIETAJIA BCE K€ MOKHO HAUTHU B KOHKPETHON XMMUYECKOU CUCTEME.

THpunyun cudpoghunvHuvix u 2udpopodHbIX 30H

B mpomnecce uccnenoBanusi ¢a3zooOpa3zoBaHus B CEICHATHBIX U CYJIb(AaTHBIX BOJHBIX
CHCTEMax ypaHWJIa C MPOCTON TeTEPOIMKINYECKONW KOJBIIEBOM MOJEKYION, a3eTHANMHOM, OBLIN
MOJIyYEHBbl TPU HOBBIX COCIMHEHHs ypPaHWIA, TEMIUIATUPOBAHHBIX MOJIEKYyJaMU a3€TUIWHUSA U
ero mnpousBogHbiMu (Gurzhiy et al, 2018a): (Cs;HsN)[(UO,)2(SeOs4)3(H,O)] (115),
(C6sHi16N2)[(UO2)2(Se04)3(H20)](H20) (116) u (CeHi6N2)(Hs02)[(UO2)2(S04)3(HSO4)] (117).
Kpucrannorpadguueckrue naHHble U napameTpbl yTouHeHUs cTpykTyp 115-117 npuseneHsl B
Tabimue S3.4.

Mounokpuctansl 115 u 116 6bu1H IPUTOTOBIEHBI UCTIAPEHUS U3 BOJHBIX pacTBOpoB 0.1 T
(0.2 mmone) HUTpata ypanwmia, 0.2 mi (3.8 mmons) ceneHoBoit kucioTsl, 0.01 M (0.15 Mmonb)
azeTUAMHa B 2 MJ JEMOHU3UPOBAaHHOM BoAbl. MoHOKpucTtauibl 117 ObulM MOJy4EHbI
HCIIapeHueM M3 BOJHOTO pacTBopa, comepkamero 0.1 r (0.2 MMons) HUTpata ypanwia, 0.2 mi
(3.7 mmomnb) ceproit kucnotsl, 0.01 mm (0.15 MMonp) azeTuanHa B 2 MI JAEUMOHU3UPOBAHHOMN
Bonbl. [l cunTe3a 115 Obl1 MCIIONB30BaH CBEXENPHOOPETEHHBIM PEaKTUB a3eTHIMHA, TOT/IA
kak coenuHeHus 116 u 117 ObUTM CHHTE3WPOBAHBI C HCIOJIH30BAHMEM pEaKTUBA a3eTHAMHA,

XpaHUBIIErocs B 1abopaTopuu B TeueHue ~ 1 roza.
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Koopaunarmmonnsie nonuaapel U u Se B cTpykrype 115 momumepusyrores depe3 oorue
arompl O ¢ oOpa3oBaHMEM  JBYMEpHBIX  aHHOHHBIX  CJIOEB  YypaHMJICEJIeHaTa
[(UO1)x(Se04)3(H,0)]*  (Puc.  3.24a), opueHTHpoBaHHbIX mapamensHo  (001). JIBa
NIPOTOHUPOBAHHBIX KaTHoHa aseTuamuus [C3HgN]"  pacmonoskeHBI MeXKIy —CIOMCTBIMH
KOMILIEKCAaMH U 00€CIEeUnBaIOT UX CBA3b B TPEXMEPHYIO CTPYKTYPY. Y PaHUII-CEJICHATHBIE CIIOU
B ctpyktypa 115 (Puc. 3.24b) otHocutcs k Tumy €C2-2:3—4 (rpad mocTpoeH u3 OOIBIIMX
[IECTUYWICHHBIX IUKJIOB, OOBEOIMHEHHBIX uepe3 oOmue pedpa B OECKOHEYHBIE IICTIOYUKH,
pa3fesieHHble  0oJiee IUIOTHBIMU LIETIOYKAMHU YETHIPEXUJIECHHBIX IUKJIIOB), KOTOPbIN JOBOJIBHO
YACTO BCTPEYACTCS B KPHCTAIUTOXHMUM coemuHennit U™ i paHee HEOJHOKPATHO ONMMCHIBANCS B
CTPYKTypax OpraHMYeCKH TEMIUIaTUPOBAHHBIX COCIMHEHHUN YypaHWiIa, HalpuMep, CM.
(Krivovichev et al., 2009a).

OO0benuHeHne KOOpAMHAUMOHHBIX moim3apoB U u S B crpykrype 117 mpuBoaut K
obpasoBanmo cimoeB cocraBa [(UO,)x(SO4)3(HSO4)] (Puc. 3.252), OpHEHTHPOBaHHBIX
napauiensHo  (101). B crpyktype 117 wumeercss d4eTbipe  KpucTauiorpaduyuecku
HEOKBMBANCHTHbIC TO3MIME S°', Kakmas M3 KOTOPBIX TETPAdAPHUCCKH KOOPAHHHPOBAHA
YEThIPbMSI aTOMaMH O* [<S-O> = 147 A mrn Bcex mosummii S]. Cpenu Bcex 4YeThIpex
TETpasapoB HMeeTcs OfHA yHluHeHHas cBash S4-020 = 1.510(3) A, xoropas sBasercs
pesyapTaToM TpoToHUpoBaHUs mo3unuu 020. AcuUMMETpHYHas TEOMETpHUsl CyIb(aTHBIX
terpasapos [HSY'04]” sBNsieTcs TMNMYHON IS MPOTOHMPOBAHHBIX IPYHI M HAGMIONANACh B
CTPYKTypax TaKuX Heopranudeckux coemuHeHuit, kak Mg(HSO4), (H,O) (Worzala et al., 1991),
Zn(HSO4)2(H2S04),, Cd(HSO4), (Kemnitz et al., 1991), a Takke B CTpYKType OpraHHYECKH
temruiatupoBanHoro  cyibpara  ypanuna  (CeHigN3)[(UO2)2(H20)(SO4)3(HSO4)](H20)45
(Norquist et al.,, 2003c). IIporoHupoBaHue TeTpa’APUUECKUX KOMILIEKCOB B U-copepiKamiux
COCJMHEHUSAX Topa3fo Oojiee XapaKTepHO MJsl CEJIEHUTOB M CEJICHATOB ypaHWIA, YeM Ui
cynmbaroB (Almond and Albrecht-Schmitt, 2002a; Gurzhiy et al.,, 2015a, 2015b).
OtpunatenbHbiii 3apsg cioeB B 117 koMmeHCHpyeTcs NPOTOHUPOBAHHBIMU MOJIEKyJIamMu 1-
a3eTUIUHIPONIAaHAMMHA W  KaTHOHaMU  3yHJENs, PpacHOJOKEHHbBIMH B  MEXKCIOEBOM
npocTpancTBe. IlosBIeHHE MPOTOHMPOBAHHEIX MoNeKyn Boasl B Buae (H3;0) mmm (HsO,)
XapaKTEepHO Uil CTPYKTYp COEIMHEHUHN ypaHWIIa, 00pa3yolIUXCsl B CUIBbHOKHCIBIX YCIOBHIX
(pH ~ 0-1), m 00BIYHO MPOUCXOIUT Ha MOCIHEAHUX cTamusax Kpuctaumzanuu (Gurzhiy et al.,
2015a, 2016a). Tononorust ypanui-cynb(aTHbIX c0eB B CTpyKType 117 oTHOCHTCA K THITY CC2—
1:2-13 type (Puc. 3.25b). I'padux ciiost mocTpoeH U3 MIOTHOCKOHICHCUPOBAHHBIX IIETI0YEK U3 4-
YWICHHBIX IUKJIOB, YEPEAYIOMIMXCS C TMOJBIMUA 12-4ICHHBIMH IUKIAMU. TOIOJIOTHS SIBIISICTCS

HOBOW g cynb(daTroB ypaHWiIa, HO paHee HaOI0Janack B CTPYKType CelieHaTa ypaHuia
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(C12H30N2)3(H30)2[(UO7)4(SeO4)s](H,0)s  (Krivovichev et al., 2005b), TtemruiaTupoBaHHOTO

MNPOTOHHUPOBAHHBIMH MOJICKYJIaMU 1,12—,HI/IaMI/IHO)IOI[CKaHa.

Pucynok 3.24. Ypanun-ceneHatHbii cioil B cTpykrypax 115 u 116 (a), ero rpadudeckoe
npencrasieHue (b); pacmonokeHHE MEXKCIOEBBIX MOJEKYNl B cTpykrypax 115 (c) u 116 (d)
OTHOCHUTEJIBHO 4YepHO-0eroro rpada HEOpPraHMYecKoro cios. YCJIOBHbIE OOO3HAYCHHMS:
nonmdApel U = KenThld; moimdApel Se = opamkeBblid; atombl C, N u O = Oenble, CHHHC U
KpacHbI€, COOTBETCTBEHHO; aToMbl H = ManeHbkue cepble OKpYKHOCTH; YEPHBIE y3JIbl = aTOMBI

U, Oenble y311bI = aTOMBI Se.
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Pucynok 3.25. VYpanwi-ceneHatHelii cioil B crpykrype 117 (a), ero rpaduyeckoe
npezncrasieHue (b); pacnonokeHne MeKCIOeBBIX MOJIEKYN B cTpykType 117 (¢) OTHOCHUTENBHO

4epHO-0eoro rpada HEOPraHUIECKOTO CII0sA. Y CJIOBHBIE 0003HaueHus: cM. Puc. 3.24.
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Pacnonoxkxenne  MPOTOHMPOBAHHBIX  MoOJeKyn  asetuaumHa (B 115) wuw  1-
azetuauHnpornanamMuia (B 116 u 117) perynupyercs MNPUHIUNIOM TUAPOGUIBHBIX U
ruapodobHsix 30H (Krivovichev et al., 2006b, 2009a), KOTOpbIii MOXHO C(HOPMYIHUPOBATH
cienyronmM oopa3om: anudarudeckrne GpparMeHTsl MOJIEKYJT aMHHA aCCOIMUPYIOT € OONBIINMHA
paspexeHHbIMU (6- 1 12-4JIeHHBIMU) HUKJIaMU rpada, Toraa Kak THAPOPUIbHBIE aMUHOTPYTIIBI
aCCOLMUPYIOT C TUIOTHBIMHU (4-4JI€HHBIMH) IHMKJIaMH. PacmonoxeHne MONEKysn a3eTHAMHUS B
cTpykrype 115 ocymiecTBisiercss B COOTBETCTBHM ¢ 3TuM npunHiunom (Puc. 3.24c), npu stom
OpraHUYECKHE MOJIEKYJbl U3 MEXCI0EBOro MmpocTpancTBa cTpykryp 116 u 117 nononuHstorcs
monekyinamu H,O (Puc. 3.24d) u katmonamu 3ynaens (Puc. 3.25¢).

biuzocth mapaMeTpoB 3JIeMEHTAapHBIX sAueeK B cTpykrypax 115 m 116, a Ttaxxe
UJICHTUYHOCTh TOMNOJIOTHH  ypaHWI-CENICHAaTHBIX CIEB YKa3blBaeT Ha OJIU3KYI0 pOJIb
OpPraHWYECKUX MOJIEKYJT B (POPMHPOBAHUHM KPHUCTALTHUECKUX CTPYKTYp, Na)Ke HECMOTpS Ha
paznuuusg B ux ¢opMe U pa3Mepax. byayunm Npou3BOAHBIMHM a3eTHAMHA, MOJEKYJIbl 1-
a3eTUAMHIIPOIIaHAMUHA HACJIEIyIOT HEKOTOpPhIE CXOJACTBA B CBOEH CTpyKType. Bmecte ¢ Tewm,
CEeTh BOJOPOJHBIX CBSI3€H CYIIECTBEHHO MEHSETCS: JIBa IIEHTpa CBA3bIBaHUS (aToMbl N) B JIBYX
MoJieKyJiax oOpa3yior mo aBe H-cessu B 115, B cpaBHeHMHM ¢ AByMsi aToMamu N OJHOHU
MOJIEKYJIbl, KOTOpbIE 00pa3yoT TpH U 0HY H-CBsI3u, COOTBETCTBEHHO, B CTpYKType 116.

MOo’KHO 0KUAATh, YTO PA3IMYHAS T€OMETPHUS CBSI3bIBAHUS MOJIEKYJI JOHKHA MPUBOJIUTH K
pa3IMYHON apXUTEKType HEOpraHMYeCKHX CJIOEB, Yero, TeM He MeHee, He mpoucxoaut. U3
pachoI0KeHHsI MOJIEKYJI BAOJIb OCH D CTaHOBUTCS OYEBUIHO, 4TO aToMbl N B cTpykTypax 115 u
116 3aHMMAaOT MPAaKTUYECKH HACHTUYHbIE IMO3ULUU C coXpaHeHHeM paccTosiHue N1 — N2
[4.180(14) u 4.279(8) A, B 115 u 116 COOTBETCTBEHHO]|, TOT/Ma KaK pAacHOIOKEHUE
YTIEBOJAOPOAHBIX (ParMEHTOB OCTAETCS MOAXOISAIIMM JJisi acCOlMalUUd ¢ O-4JIeHHBIMU
uKiIaMu. [lyCcTOTBl B OpraHMYecKOM CIJIO€, OCTaBIIHECS IOcie BOOOPa)kaeMOro H3MEHEHHUs
a3eTUAMH — 1-a3eTUAMHIIPONAHAMUH, 3aIlOJIHAIOTCS JIONOJHUTENbHBIMU MojeKkyiamu H,O
(Puc. 3.26).

@opMHUpOBaHUE CYIIECTBEHHO OTIUYHON TOMOJOTHH ypaHWI-CYyJNb(ATHOTO CIOs B
ctpykrype 117, ckopee Bcero, cieyeT 13 BKIIOUEHHUs 0oliee KpymHBIX 1o pa3mepy, ueM H,O, u
TIOJIOKUTENBHO 3apskeHHbIX Monekyl (HsO,)™ B MexkclioeBoe MPOCTPAaHCTBO, YTO NMPHBOIUT K
«BBITATUBAHUIO» TIPOMAHAMUHHOTO «xBocTa» [N1-N2 = 4.922 (1) A] u cmemeHnnto cocemHux
monekyn (Puc. 3.25¢).

Coenunennsa 116 u 117 cnenyer paccMaTpuBaTh Kak IEpPBbIE MPUMEPHI CTPYKTYPHO
0XapaKTEPU30BAHHBIX KPUCTAIUNIMYECKUX MAaTEpHaOB C H30JIMPOBAHHBIMHU JMKaTHOHaMHU |-

a3eTUIMHONpONIaHaMuHa.  Pacmonokenue  karmoHoB  azetwamams (B 115) wuw  1-
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azeruauHonpormanaMuHa (B 116 u 117) Mex1y ypaHWII-CEICHATHBIMUA M YPaHUI-CYIb()aTHRIMU
CIIOSIMU PETYJUPYETCs MPUHIUIOM TUIpohunbHbIX U TuapododHbIX 30H (Krivovichev et al.,
2006b, 2009a). JlomonHUTENbHBIE MOJIEKYJIB BOJIBI HE BIMAIOT Ha TOMOJIOTMYECKHE U3MEHEHHS U
JlaXke TTIOMOTAIOT OTPaHUYHTH OoJiee MpocTyto Tomosioruto (coequnenus 115 u 116), Torma xak
MIPOTOHHUPOBAHHBIC KATHOHBI 3yHAeNHs (coequHenue 117) HaCKHIMAOT MEXKCIOEBOE MTPOCTPAHCTBO
[EHTPaMU BOJOPOJHBIX CBSA3EH M, TAKUM OOPa30M, BBI3BIBAIOT U3MEHEHHUE TOTOJOTUU ypPaHWUII-

CyNb(}aTHOTO CIIOSL.

Pucynoxk 3.26. Cxema WM3MEHEHHUs MOJEKYJ a3eTUAWHA (a); CyNEepHoO3UIUs MOJEKYJI

azeTuANHA U 1-a3eTUAMHIpONaHaMuHa B cTpyKTypax 115 u 116, cootBercTBeHHO (b).

CrnemxyeT OTMETHTh, YTO AHAJIOTHYHBIC MEXAaHU3MBI B3aMMOJICHCTBUS OpPTraHUYECKHX
Moniekynl u U-comepkamux CJIO€B, KOTOpble CIEAYIOT NPUHLUIY TUAPOPMIBHBIX U
ruipoOOHBIX 30H, HAOMIOAATUCh paHee B COCAUHEHHSIX C PAa3IMYHBIMH OPraHUYECKUMU
katnoHamu: MetminamuHoMm (Kovrugin et al, 2012b), audTUmamMuHOM, IUAITHICHTPUAMUH
(Gurzhiy et al., 2015a), xonmun (Tyumentseva et al., 2013) u ap.

Tax HaInpuMmep, KpHUCTaJITH4ecKast CTPYKTypa
(CH3(CH3)3NH3)(H502)[(UO,)2(Se04)3(H,0)] (118) (Tabm. S3.5) ocHoBaHa Ha CIOMCTBIX
KOMIUIEKCaX COCTaBa [(UOZ)Z(SeO4)3(HzO)]2_, oOpa3oBaHHbIX oOwBeamHeHnueM U- u Se-
[EHTPUPOBAHHBIX TOJIMIIPOB Yepe3 MOCTHUKOBBIC aToMbl O, W PACIIONIOKCHHBIX MapalieIbHO
miockoctu (100) (Gurzhiy et al., 2012b). OtpunarensHbiii 3apsn U-coaepikamux CIIOEB
KOMIICHCUPYETCSl MPOTOHUPOBAHHBIMU MOJIEKyJIaMHu |-OyTunamMuHa W KaTHOHAMU 3yHIEINs
(HsO,)", pacrookeHHBIMH B MEXCIOEBOM IIpocTpaHcTBe. TOMONOrUsS ypaHMI-CETEeHATHOTO
cios B ctpykrype 118 otHocutes k tumy €C2—-2:3—10 (Puc. 3.27). YrieBoaopoaHbie GpparMeHTh
OpPraHUYeCKUX MOJIEKYJI 00pa3yioT ruapodoOHYI0 30HY, PacloOKEHHYIO BI0IbL ocu b, B TO

BpeMs Kak TI'uIpo¢uibHble KOHLEBble Ipynnbl NH; accoumupyroT ¢ KaTHOHamMH 3yHAENS U
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00pa3yIoT 30HbI, BHITSHYTHIE B TOM € HampaBieHuu. [Ipu cpaBHeHuu rpada HeopraHM4eCKOro
CJIOSl ¥ YIAKOBKHU OPTaHMYECKUX MOJIEKYJ CTAHOBUTCS OYEBUIHO, YTO HEMOYKU MIECTUUICHHBIX
IIUKJIOB BHYTPH HEOPTraHHMUYECKOTO CJIOS TaKXKE BBITSHYTHI BJOJb OCH D, M HMX MOJOXKCHHE
COOTBETCTBYET PACIOJIOKEHUIO THAPOGOOHBIX 30H. B TO ke Bpemsl TruApodUIbHBIC 30HBI

MEXKCIIOEBOW YIaKOBKU aCCOLUUPYIOT C TPYNIAMHU TUIOTHBIX 4-4JIEHHBIX [IUKJIOB.

Pucynok 3.27. Ypanun-ceneHnatHslil cioi B ctpykrype 118 (a) u rpad sroro cnos (b), ¢
HAJIO)KEHHBIMU HAa HETO NMPOTOHHUPOBAHHBIMH MOJICKYJIaMu 1-OyTuinamuHa (TyHKTUPHAs JTHHUS
YKa3blBaeT yIJIEBOJOPOAHBIE YAacCTH MOJIEKYJ) M KaTHOHBI 3yHAeENs (IIOKa3aHbl KpacHBIMU

Kpy>KKamH). Y clioBHbIe 0003HaueHus: cM. Puc. 3.24.

Tonusicenue cummempuu coeOuHeHull ypaHuid, 8b136aHHOE 8000POOHbIMU
83AUMOO0eUCMBUAMU

Mounokpuctamnsl  ypanun-cenenara ryaHuguaus CHgN3o[(UO,)2(SeOs)3] (119) u
ypanui-cyibdara MmetmnaMMoHus [CH3NH3]2[(UO2)2(SO4)3] (120) O6buti oydeHbl U3 BOJHBIX
pPacTBOPOB METOIOM M30TEPMHUYECKOr0 MCIApeHUs Mpu KoMHATHOU Temreparype (Tabm. S3.6).
Kpucrannnueckue ctpykrypsl 119 u 120 ocHoBaHbI Ha ypaHui-ceneHatHbix (119) ninm ypanui-
cynedatasix (120) cmosix cocraBa [(UO»)x(TO4)s]*, oGpasoBaHHbIX o6beauHeHHEM U- u
COOTBETCTBYIOIIUX |-IIEHTPUPOBAHHBIX KOOPAWHAIMOHHBIX MOIH3Apax 4epe3 obmue atrombl O
(Gurzhiy et al., 2014c). 3apsim HEOPraHUYECKOTO CIIOS [(UOL)a(TO4):]* KOMIIEHCUPYETCS

OpraHNM4YC€CKUMH KAaTHOHAMH, PaCIIOJIOKCHHBIMU B MCKCIOCBOM HPOCTPAHCTBE, KOTOPLIC
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CBSI3BIBAIOT COCEIHUE YPaHUJI-COJAEPIKAIINE CJIOU Yepe3 CUCTEMY BOAOPOIHBIX CBsA3eH. Takoit
TUINl OpTraHU3allUd CTPYKTYpPbl SBISETCS JOBOJBHO TUIWYHBIM JJIsi TUOPUIHBIX OpTaHo-
Heoprannueckux coenunenuit ypanmia (Krivovichev et al., 2009a, 2009b, 2010, 2011; Gurzhiy
et al., 2010). Tonosiorus 00beIMHEHUST KOOPAUHAIIMOHHBIX MONU3APoB U 1 T OTHOCUTCS K TUILY
cC2-2:3-14. JlaHHBIM TOMOJOTUYECKHN THUIl TETEPONOIUIAPUUECKUX TPYNIHUPOBOK MOAPOOHO
obcyxnancs B ['mase 3.1.

WuTepecen TOT (akT, YTO BCE COCIMHEHMS TOIOJOTHMYECKOro Ttuma CC2-2:3-14, 3a
uckmouenrem  coeamHeHus — (CH3NH;):[(UO,)2(SeO4)s]  (Kovrugin et al, 2012b),
KPUCTAIIM3YIOTCS. B TETPAaroHaJbHBIX WM POMOWYECKUX MPOCTPAHCTBEHHBIX TIpyImax.
Kpucrannuueckast crpykrypa 119 sBisieTcss MOHOKIMHHOM, TOTJa KaK CHUMMETPHUS TSDKENBIX
atoMoB — U U Se — COOTBETCTBYET MpPOCTPAaHCTBEHHOW rpymme P2,2,2 (mpumedarenbHO, YTO
coemuaeHue [(NpO2)2(SO04)2(H2SO04)](H20)s (Alcock et al.,, 1982) wmmeer aHaJOTHYHYIO
pomoOnueckyro cummeTpuro). Ctpykrypa 119 Obuia yTouHeHa B TPOCTPAHCTBEHHOW TpYIINE
P2,2,2, Ho mapamMeTpsl yTOYHEHHsI OKa3aJIMCh HAMHOTO XYK€ B CPAaBHEHUH C HCXOIHOM MOJEINbIO
(Tabn. S3.6): Ry (|Fo| = 4or) = 10.29; Rint = 15.77; Pmin, Pmax = —8.175, 6.268 e/A3; a TaKxe
ocratorcsi 22 orpaxenuss tuma h00 m OkO ¢ 2n+1 3HaveHwssMu. MoJeKysibl TyaHUIUHHS
pAacIoNIO’KEHbl B MEKCIIOEBOM IPOCTPAHCTBE M TAKXKE BBICOKO yMOpsaoueHbl. PomOuyeckas
CUMMETpHUs HapyllaeTcsd B pPe3yJbTaTe HAaKJIOHa CeleHaTHbIX TeTpa’apoB (Puc. 3.28), uto
MPOUCXOJUT B pE3yJibTaTe CMEIICHHUS MOCTHUKOBBIX aToMoB O U3 uACaTU3UPOBAHHOTO
MOJIO’KEHHUSI B CTOPOHY MPOTOHUPOBAHHBIX aMUHOTPYIII MOJIEKYJ TYaHUJAUHUSA, C KOTOPHIMH OHU
o0pa3ytoT cpeanue o cuiie H-cBsi3u.

Hpyroii cinyuait Obu1  oOHapyxkeH B crpykrype [CH3NH;3][(UO;)2(SO4)s5] (120).
CummMmrepust Bcedd cCTpykTypbl 120 onuchIBaeTcsi TPUKIMHHOW HEIEHTPOCUMMETPHUYHOM
MIPOCTApPHCTBEHHOM T'PYMIOM, TOrAa Kak monoxeHuss aroMoB U U S MOTYT ObITh YTOYHEHBI B
Oosiee BBICOKOW MOHOKIMHHOW rpymnne P2;. ATOMBI KHCIOpOJa YPaHWIbHBIX KaTHOHOB M
HEMOCTHKOBBIE aToMbl O cynb(aTHBIX TETPadapOB TaKkKe BBICOKOYIOPSIOUYEHBI U
COOTBETCTBYIOT MPOCTPAaHCTBEHHBIM TpynmnaM P2; and P2/c, cooTBercTBeHHO. [[ns1 cpaBHEHUS,
MO3UIMN aTOMOB YTJepoja MOJEKYJ METHIAMMOHHS OMHUCHIBAIOTCS TPYNIOW CUMMETpuu Pm.
Kpucramnuueckas ctpykrypa 120 O6buta yTouHeHa B MPOCTpPaHCTBEHHOH rpymme P2;, u, Taxxke
Kak U B ciuy4yae coenuHeHus 119, Obuto oOHapyXeHO 3HAYHTEIBHOE YXYALICHHE ITapamMeTpOB
YTOYHEHHMsSI B CPABHEHUH C UCXOJIHOM TpUKIMHHOW Mojenbio (Taoi. S3.6): Ry (|[Fo| > 4oF) = 9.01;
Rint = 12.96; Pmin, Pmax = —10.580, 12.759 e/A3; npucytctBue 23 pedaekcos 0kO ¢ 2n+1
3HaueHUsIMU. [loHW)KeHHEe CHUMMETpUM OT MOHOKJIMHHOM [0 TPUKIMHHOW oOmperensercs

B3aUMHBIM CMCIICHHUECM MOCTHKOBBIX aTOMOB O m aromoB N OpraHuv4CeCKUX MOJICKYJI II0
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HaIpaBJICHUIO IPYT K APYTY M3-3a 00pa30BaHus clIadbIX BoOpoaHbIX cBs3eit (Puc. 3.29). Ctour
OTMETHTh, YTO coenuHeHrne 120 H30CTPYKTYpHO HEIABHO OINMCAHHOMY CeEJICHATy YpaHWiIa
(CH3NHj3),[(UO7)2(Se04)3]  (Kovrugin et al, 2012b), xkoTopblii OBIT YTOYHEH B

IIPOCTPAHCTBEHHOM rpymme P2;.

Pucynok 3.28. Cxema cMellIeHHs CEIEHATHBIX TETPA3JIPOB B PE3yIbTaTE BOJOPOIHOTO
B3aMMOJICHCTBUS C MOJEKYyJaMU TyaHUJIUHUS B cTpykrype 119 (a), u HanoXeHue KaTHOHOB
TYaHUJIUHHUS HA YepHO-OeIbIi rpad HeopraHuIecKoro cjos (0). YcioBHbIE 0003HAYCHHS: ATOMBI
U = xenTtslii; aTOMbI Se = OpaHKeBblii; aToMbl O = KpacHbIil; aToMbl N = cuHMii; aTombl C =
Oenblit; atombl H = ManeHbkue cepble OKpy)HOCTH; H-CBsI3u = myHKTUpHBIE THHUN; Pnaxku «O
in P2» u «O in P2,2,2» yka3pIBalOT NOJ0XKEHUSI aTOMOB KHUCJIOPO/AA MPH YTOUHEHUU CTPYKTYPHI

B IIPOCTPAHCTBEHHBIX Tpynmnax P2 u P2,2,2, cooTBeTCTBEHHO.

MaxkcumanbHOM CJIOEBOW TPYIION CUMMETPUU IBYyMEPHBIX KOMILIEKCOB [(AOz)z(TO4)3]2'
(A=1U, Np; T =S, Se, Mo) B OKcOCOJISIX aKTHHUIOB sBisieTcst P-42;m. Kpucrammuueckue
cTpykTypbl 119 u 120 moka3sIBaloT, 4TO Jake clia0ble B3aMMOJEHCTBUS BOJOPOIHBIX CBSI3E
Mexay aromamu O HEOPraHMYECKHX YPaHHI-COAEPXKAIIMX CTPYKTYPHBIX KOMIUIEKCOB U
KOHILIEBBIMH aMUHOTPYTIIaMU OPTraHUYECKUX KATHOHOB MOTYT UMETh CYILIECTBEHHOE BIHMSHUE Ha
CUMMETpPHIO BCEH CTPYKTyphl. HecMoTpsi Ha TO, UTO B JAHHOM KOHKPETHOM CJIy4ae TOIOJOTHUS
CTPYKTYpbl HE KOHTPOJIUPYETCS OpPraHMYECKUMHU MOJIEKyJIaMU, B3aUMOJCUCTBUA MEXKIY
OpPraHMYECKUMU KOMIUIEKCAMH M HEOPTaHMYECKUMHU CJIOSMU TPUBOJAT K 3HAYUTEIHLHOMY
MOHIDKEHUIO CUMMETPUU, Yero He HAOMI0JANIOCh B YHCTO HEOPraHMYECKUX MaTepuaiax ¢

AHAJIOTUYHOM TOIIOJIOTHUEN CIIOEB.



159

Pucynox 3.29. Hamoxenue  ypaHwi-cynbpaTHbIX  CJIOEB, YTOYHEHHBIX B
npocTtpaHcTBeHHbIX rpynmax Pl (atombel O = kpacHbiit) u P2; (atombl O = TEMHO-cepblil) B

ctpykrype 120. YcnoBHble 0003HaueHus: cM. Puc. 3.28; arombl S = OpaHKEeBBIH.

CnoorcHble opeanuyecKkue KamuoHl 0718 CI0HCHLIX MONON02UL 8 COEOUHEHUSIX YPAHUILA

VYHukanbHOE pa3HooOpa3ue COeAMHEHHUH Cyab(aTOB U CEJIEHATOB YpaHWIA MOKHO
OOBSCHUTh BBICOKOM TOIMOJIOTHYECKONM ¥ CTPYKTYPHOM TMPHUCIIOCOOISIEMOCTBIO  YpaHWII-
COJIepIKalINX CTPYKTYPHBIX €IUHUI K 3apsAay U popme OpraHMYecKUX U / UIU HEOPTraHHUECKHUX
KOMILJIEKCOB, KOTOpPbIE KOMIIEHCUPYIOT OTpPHULATENbHBIM 3aps]l KOMIUIEKCOB ypaHuma. M3-3a
HEOOIBIINX OHCPICTHICCKUX pasnnqm"l MCXKAY PAa3IMYHBIMHU TOIIOJOTUAMH C OJHWHAKOBBIM
OoOLIMM COCTaBOM, YpaHWI-COJEpKallle CTPYKTYpPHBIE €IUWHUIBI MOTYT aJalTHpPOBAaThCS K
KOHKPETHOMY TEMIUIATy TMOCPEJACTBOM TOIOJOTUYECKUX U TEOMETPHUUECKHX H3MEHECHHUIA,

JNEMOHCTPHUPYs, TakKUM 00pa3oM, 3HAUUTENBHYIO CTPYKTYpHYIO THOKOCTb. B 3Toil cBs3M
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BO3HMKAET HMHTEpEecHas 3a/Jaya: Kak CJIO0KHOCTh KOHKPETHOM TOIOJIOTHYECKON CTPYKTYpPhI
cBs3aHa ¢ (hOPMO M CII0KHOCTHIO TEMILIATUPYIOIIUX HOHOB.

MOHOKpHCTAILIBI IByX HOBBIX CyJIb()aTOB ypaHHJIA U JIByX HOBBIX CEJICHATOB ypaHHJIA C

POTOHUPOBAHHBIMHU MOJICKYJIaMH [UKJICHA u 3-aMHUHOTpOMaHa,
((CsH2aN9)[(UO2)3(SO4)5](H20);  (121), (CsH2aN4)(Hs02)(H30)[(UO2)4(SeO4)7(H20)](H20)6.6
(122), (CgH1gNz)(H502)(H30)[(U02)3(SO4)5(H20)](HzO)o5 (123), and

(CgHsN2)(HsO,)(H30)[(UO,)3(Se0Os)s  (H,O)](H20), (124) ObutM  TOMYYEHBI  METOIOM
M30TEPMUYECKOT0 MCIIApEHUs] U3 BOJIHBIX PACTBOPOB MpH KOMHATHOU Temmeparype (Gurzhiy et
al., 2018b). B obenx cepusix CHHTETHMYECKHX HDKCIIEPUMEHTOB BCE PEAKTHUBBI OBLIU B3SITHI B
OJIMHAKOBBIX MOJISIPHBIX COOTHOIIEHUsX. JKenToBaTo-3eleHble YIIOomEHHbIe KpucTamasl 121
o0Opa3oBaiuch 4epe3 HECKONbKO AHEW; Kpuctamisl 122 oOpa3oBaiuch 4epe3 TpU HENeNu;
kpuctayisl 123 u 124 oOpazoBanuch cmycTs HoyTH JBa Mecsma. Kpucramnorpaduueckue
JIAHHBIE ¥ TTapaMeTphl YTOuHeHUs CTpyKTyp 121-124 npuBenensl B Tabnuie S3.6.
Koopmunanyonnele mommdapsl U u S B crpykrype 121 nonumepusyrorcs ¢
o0pa3oBaHNEM ABYMEPHBIX YPaHWI-CYJIb(ATHBIX AHHOHHBIX CIIOEB [(U02)3(SO4)5]4_ (Puc. 3.30),
OpHEHTHPOBAHHEIX MapamneasHo (010). Oaun npoToHHpoBaHHbI KatHoH uKTeHa [CsHygN,y]*
BMECTE C TpeMsl JOIMOJHUTEIbHBIMU MOJIEKYJaMH BOJbl PaclojarairoTcs MEXAY CIOUCThIMU
KOMIUIEKCaMH, KOMIIEHCUPYSI MX OTPULIATeIbHBIN 3aps U oOecreynBasi UX CBSI3b B TPEXMEPHYIO
CTpYKTypy. Tomonorust ypaHui-cyib(paTHbIX CI0eB B CTpyKType 121 oTHOCHTCS K Tumy CC2—
3:5-1. I'pad moctpoeH u3 6- u 4-wieHHBIX NUKIOB. PacronokeHne O-4IEHHBIX UKIOB
COOTBETCTBYET IUIOTHEHIIEH YIMaKOBKE IIapoOB, T/I€ KaXKAbIA O-4JICHHBIM LUK UMEET IIeCTh
coceliell BHYTPH CIIOSI, a MMPOCTPAHCTBO MEXAY 6-WIEHHBIMH LIUKJIAMU 3aMlOJIHEHO 4-4JIeHHBIMU
[UKIIAMH, CBSI3aHHBIMU 4epe3 oOmue pedpa. DTOT TOMOJOTUYECKUI THUIl JOBOJIBHO PEIKHA U
ObUI OTMEYEH B CTPYKTypax BCErO JIMIIb HEKOTOPHIX KaK YUCTHIX HEOPTaHUYECKUX, TaK M
OpraHUYECKHU TEMIUIATUPOBAHHBIX COEIMHEHUIN aKTHMHMJIIOB C Pa3IMYHbIMHU TETPadIpUYECKUMU
OKCUAHUOHAMU: [C3H12N2](H30)2[(UO3)3(M0o0O4)s] (Halasyamani et al., 1999),
Nag[(Np” 02)2(Np* 02)(M004)s](H20) 13 (Grigor’ev et al., 2003), a-Mg,[(UO2)3(Se04)s](H20)16
(Krivovichev and Kahlenberg, 2004), M,[(UO,)3(S€04)5](H20);6 (M = Co, Zn) (Krivovichev and
Kahlenberg, 2005¢). Bece Terpasapsr (TO4) (T =S, Se, Mo) B 3THUX CTPYKTypax TPEXCBS3HBI, YTO
MPUBOJUT K TMOSBICHUIO PA3IMYHBIX T€OMETPUUYECKHX H30MepoB. MHTepecHO, YTO cjou B
CEJICHATHBIX, MOJHUONATHBIX M  CyJb(aATHBIX COCIWHEHHUSX COOTBETCTBYIOT  pPa3HBIM

reomerpuueckum u3omepam (Gurzhiy et al., 2018b).
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Pucynok 3.30. Kpucraminueckas CTpykTypa B MPOEKIUH BAOJb OCH C M KPUCTAJLIbI
coequnenust 121 (a, b); ypanun-cynsdatHsiii crnoii B cTpykrype 121 (c) u ero rpaduyeckoe
npencrasierne (d). YcmoBHble o0003HaueHUs: mOMMdAPHl U = JKENTHIA; TOMMAIAPHI S =
opanxeBblid; aToMbl C, N 1 O = ceporo, CHHET0 U KpaCHOTO LIBETOB, COOTBETCTBEHHO; ; aTOMbl H

= MAJICHBKHUC CCPBIC OKPYIKHOCTH, UCPHBIC y3JIbl = AaTOMBI U, Oemple Y3JIbl = aTOMBbI S.

OO0benuHene KOOpAMHALMOHHBIX ToaudapoB U u Se B crpykrype 122 npuBOIuT K
obpasoBanmio  cioé  cocraBa  [(UO»)s(SeO4)7(H,0)]* (Puc. 3.31), OpHEHTHPOBaHHBIX
napauiensHo  (100). Mexay — ypaHHI-CElEHATHBIMU — CIIOSIMH  PAcIOJIOKEHBI  OJlHA
MPOTOHUPOBAHHASI MOJICKYJIa [UKIIEHA, KATHOHBI THIPOKCOHUS M 3YHJENs, a TaKKe YaCTUIHO
sacenéuubie  Mouekyiast H,O. Tomomormst cimosi [(UO,)s(SeO4):(H,0)]® B crpykrype 122
OTHOCUTCA K THUNy CC2—4:7-3, HOBOMY ISl CTPYKTYpPHOM XMMHHM HEOPTaHUYECKHUX OKCOCOJICH.

Tomosoruss COCTOUT U3 CIIOKHBIX LIEMoYeK... —6—84—-8-6—4—6—... WICHHBIX [IUKJIOB: €CIU 6- U
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4-qjIeHHBIC OUKJIBI U HUX KOM6I/IHaHI/II/I BEChbMa OOBIYHEI AJIs1 BEPIIMHHO-CBA3HBIX CTPYKTYpP, TO

coueTaHue 4- U §-4ICHHBIX HUKIJIOB OYCHb PCAKOC.

Pucynok 3.31. Kpucrammuueckas CTpyKTypa B HPOCKIUH BIOJIb OCH D M KpUCTaILIbI
coenuHeHust 122 (a, b); ypaHun-ceneHaTHbIA clioil B cTpykrype 122 (c) m ero rpaduueckoe

npencrasienue (d). YcnoBHble o003HaueHus: cM. Puc. 3.30.

Coenunenns 123 u 124 sBisOTCS M30CTPYKTYPHBIME C HEOOJBIINM YBEIUICHUEM BCEX
[apaMeTpOB AJIEMEHTApHOM AYEHKM U3-3a 3aMELICHHs CyIb(AaTHBIX OKCOAHHOHOB Oolee
KPYIHBIMU CE€JI€HAaTHbIMU rpynnaMu. OObeqUHEHHE KOOpAMHALMOHHBIX mHoiamdapoB U u T
MPUBOTUT K 00pa30BaHUIO CJIIOEB COCTABA [(U02)3(TO4)5(H20)]4_ (Puc. 3.32), opueHTHpPOBAaHHBIX
napayuiensHo (010). OtpunarensHelil 3apsj ciaoeB B cTpykrypax 123 u 124 xommeHcupyercs
IPOTOHUPOBAHHBIMM MOJIEKYJaMH 3-aMMHOTPOIIAHA, KAaTHOHAMM THIPOKCOHUS M 3yHJIend,
PAcIONIOKEHHBIMU B MEXKCIIOEBOM IIPOCTPAHCTBE HAPsy C JONOJHHUTEIbHBIMU MOJIEKYJaMH

H,0O. Crnoucteie komiuiekcsl B cTpykrypax 123 u 124 npunagiexaT K OZHOMY M TOMY K€
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TOIOJOTUYECKOMY THUITy CC2—3:5—5, KOTOPBIA TAKXK€ HOB I HEOPIraHUYECKUX M OPraHUYeCKHu-
TEMIUIATUPOBAHHBIX OKcocoliel. Tomonorus cioéB BechbMa HEOOBIYHA M3-32 HATMYUS §-UJIEHHBIX

IIUKJIOB HETIPaBUJILHON (DOPMBI B BHJIE «3aIIATOM».

Pucynoxk 3.32. Kpucrannuueckas ctpykrypa 124 B npoekuuu BIOJIb OCH A (a); ypaHUI-
cynbdaTHbIi (C) U ypaHui-cesneHaTHbIH (d) crou B cTpykTypax 123 u 124, cOOTBETCTBEHHO, U UX

rpaduueckoe npencrasienue (b). Ycmosusie o6o3nadenus: cMm. Puc. 3.30.

Cnenyer OTMETHUTH, UTO, 32 UCKIKOYEHHEM CTPYKTyphl 121, rie mo3uumum BceX aTOMOB
MIOJIHOCTBIO 3acelIeHbl, MO3ULIKUK aToMOB O B MEKCIOEBBIX IIPOCTPAHCTBaxX CTPYKTyp 122-124
CWJIBHO Pa3ymnopsI04YeHbl C Pa3IMYHBIMU (aKkTopaMu 3acel€HHOCTH no3uuuil. MIHTepecHo, 4To
HOJIOKEHHS IMPOTOHHPOBAHHBIX MOJIEKYJ T'MJIPOKCOHMSA M 3yHJENs MEHee pazylopsioueHsl, a
MOJIOKEHHUS OPraHWYECKUX MOJIEKYJ BOOOIIE HE pa3ylnopsIO4YeHbl, YTO, MO BCEH BHUIMMOCTH,

pPCAIM3yCTCA H3-3a UX BOBJICUCHUSA B CHUCTCMY IMPOYHLIX BOJOPOIHBIX cBs3ei. Taxoke CTOUT
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OTMeTHTh, 4TO mnosBiaeHne kommmiekcoB (H3;O)" m (Hs0,)" XapakTepHO IS COeIHHEHHIl
ypaHuia, KPUCTAJUIM3YIOIIUXCS B CHJIBHOKUCIBIX YCIOBHSIX M Ha TOCIEAHMX CTaIUsIX
kpuctamm3anuu (Gurzhiy et al., 2017a). Dto HabmoneHue OOBSICHSIET OTCYTCTBHE HOHOB
THJIPOKCOHUSI B CTpyKType 121, MOCKOJIbKY KpUCTaJIIbl JaHHOM (a3bl MOSBUIUCH B PacTBOpE
HAMHOTO paHbllle APYTUX.

[TapameTpsl CIOKHOCTH 1711 ABYMEPHBIX KOMIUIEKCOB ypaHWIa B CTpykTypax 121-124
npuBeneHbl B Tabmuie 3.14. Pacuer mnpow3BOAMIICS B HECKOIBKO JTamoB. Bo-mepBhIX,
CTPYKTypHasl CII0)KHOCTh KOMIUIEKCa Oblila IpOaHAIU3UPOBAHA C YUETOM €ro peajbHON CI0€BOM
rpymmbel - cumMmerpun  (LG). Bo-BTOpeIX, paccuMTaHa TOMOJOTHYECKAas CIIOXKHOCTh (IO
MaKCUMaJbHOW CJI0eBOH Tpymne cuMmMmerpun). CiaeayeT yYUTbIBaTh, YTO MO3HUIIMH BCEX aTOMOB

(Bxirouast H) onpenenensl ToiabKo A1t coequnenus 121.

Taoiuma 3.14. I[lapameTpsl CTPYKTYpHOM CJIOKHOCTH Ha OCHOBE KOJIMYECTBA

uHpopMauu B coequHeHmsx 122-124.

CtpyKTypHas Tormonornueckast CTOVKTYDHAS CIOKHOCTE st
ClI0’KHOCTH U- CII0KHOCTE U- py B}cliﬁ CTOVITVDEL A
Coenunenne colepKallux CIOEB cozepKallux CIOEB PYKTYP
\Y I G I G,total \Y I G I G,total \Y I G | G,total

121 68 5.087 | 345.948 | 68 3.592 244231 316 6.304 1991.995
122 100 | 5.644 | 564.386 | 100 | 5.644 564.386 202 6.658 1344.959
123 74 5.209 | 385.499 | 74 5.209 385.499 280 6.129 1716.199
124 74 5.209 | 385.499 | 74 5.209 385.499 284 6.150 1746.528

Takum oOpa3om, CTpykTypHass umHboOpmarms st clioss B cTpykType 121 mpeBbimaeT
TOMOJIOTHYECKyl0 HMH(popManuo npumMepHo B 1.4 paza, a CTpyKTypHash CUMMETpHUS CJIOEB B
cTpykrypax 122-124 paBHa ux Ttomnosornueckoi cummerpun (Puc. 3.33) ¢ yuerom
HaOmoaeMoil Bapuauuu u30MepoB. MHTepecHO, 4YTO Hambojee pacHpoCTpaHEHHBIMU
TOTOJIOTMYECKUMHU THIAMHU CJIOeB B cyibdarax u ceneHarax ypanuia (Krivovichev, 2008;
Krivovichev et al., 2009a) spmstorcs tumel CC2-2:3—4 u cc2-2:3—10 (Puc. 3.34). Ux
U/IeaTM3UPOBAHHBIC CIIOEBBIE TPYIIIBI OMKUCHIBAIOTCS OJTHOU U TOH K€ TPYIIONH CUMMETpUH P2 U
HEM3MEHHO PaBHBI MX PEAbHOW CTPYKTYpHOW CUMMeTpHH. [lapameTpsl CIOXHOCTH IJISi 3THUX
cinoéB: lg = 4.585 6ut/atom u lga = 220.080 Out/sueiiky. CiemoBaTenbHO, CTPYKTypPHBIC
CJIO)KHOCTH YPaHWI-COAEPXKAIIUX CIOEB B CTpyKTypax 122—-124 Bbllmie, 4emM T€, KOTOpbIE

HanOonee dacTo HaOmIOJarOTcs B Cyidb(arax M celeHartax ypaHwia. Bwmectre ¢ Tem,
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TOIIOJIOTHYECKasl CJI0KHOCTE cjiosg 121 MeHBIIIe TOOIOTIYECKOM CIIOKHOCTH CIIOEB, ITOKa3aHHBIX

Ha pucyHke 3.34.

Pucynoxk 3.33. CummMerpusi ypaHWI-COJEPKaAIUX CIOUCTBIX KOMIUIEKCOB B CTPYKTypax
121 (a), 122 (c), u 124 (d) m makcuManbpHas ciaoeBas Tpymnmna cumMmerpuud pm2ym (b) mis

TOIIOJIOTMYECKOro Tuna CC2—3:5—1. YcnoBHble 0003HaueHusd: cMm. Puc. 3.30.
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Pucynok 3.34. CiioeBpie Tpynmbl CUMMETPUM ISl yPAHWI-COJEPIKAIIUX CIIOEB
TOMOJOrM4ecknx TumoB CCc2-2:3—4 (a) m cc2-2:3-10 (b), U COOTBETCTBYIOLIUE UM

uaeanusupoBannbie rpadsl (¢ u d). YcenoBable o6o3Havyenus: cM. Puc. 3.30.

D60110Y UL MONONO2UYECKOU CIOHCHOCTIU 8 CEIeHamax YPaHua ¢ SMuiamMuHom noo
Oeticmauem decuopamayuu

Bricokas pacTBOpUMOCTh U CHOCOOHOCTH OOpPa30BHIBATH MOHOKPHCTAJUIBI XOPOIIETO
pa3Mepa U KadecTBa MO3BOJIAIOT pacCMAaTpUBATh YPAHWJI-CEICHUTHBIC M CEJICHATHBIE CHUCTEMBI
KaK MOJIEJNb JUIsl UCCTIEIOBAHUS IPUPOIHBIX U TEXHOJIOTUYECKUX MPOLIECCOB C YYaCTUEM ypaHWUII-
colepXkKalMX COCAMHEHUI. B 1emoMm, onpencnéHHblli XMMUYECKUNH COCTAB KPUCTAJLUIMYECKOU
(da3pl COOTBETCTBYET OJHOMY CHHTETHUYECKOMY OSKCIIEPHMEHTY, HO WHOT/Ia CHUHTETHYECKHE
CHCTEMBI IEMOHCTPHUPYIOT OoJiee mUpOKoe pazHooOpasue. Takum 00pa3om, CIeIyIOnui ciaydai

MOKHO CHYUTAaTh BO MHOI'OM YHUKAJIbHBIM.



167

MOHOKpUCTAJIBI  YETBIPEX HOBBIX YPaHWJI-CEICHATHBIX U  CEJIEHUT-CEJIEHATHBIX
OKCOCoJIeH C IPOTOHUPOBAHHBIMU MOJIEKYyJIaMH STUJIAMMHA,
(CoHgN)L[(UO)(Se04)2(H,0)](H20) (125), (CoHgN)3[(UO2)(SeO4)2(HSeO4)] (126),
(CHsN)[(UO2)(SeO4)(HSeOs3)] (127), um (CoHgN)(H30)[(UO,)(SeO4)2(H,0O)] (128) Obuin
MOJYYEHbl METOJIOM H30TEPMHUYECKOrO0 HCHApEHHMs U3 BOJHOIO pPAcTBOpa B paMKax
€IMHCTBEHHOT O CUHTETHYECKOTO JKCIIEPUMEHTA (Gurzhiy et al., 2017a).
Kpucramnorpadpuueckue NaHHbIE W MapaMeTpbl yTouHeHHs cTpykTyp 125-128 mpuBenensl B

Tabimue S3.7.

Pucynok 3.35. Kpucramnnueckas crpykrypa 125 B npoekuuu Baoss ocu b (a), nemnouka
cocraBa [(UO,)(SeO4)2(H,0)]* B kpucrammmueckoii crpykrype 125 (b) u ee rpaduueckoe
nepiacTaBieHue (C); Kpucramindeckas cTpykrypa 128 B mpoekmnuu Baonb ocu C (d), ypaHui-
CeJIeHaTHas 1IeToYKa B KpUcTauindeckoi ctpykrype 128 (e) u ee rpaduueckoe mpeacTaBieHue

(f); YcnoBubie o603naueHus: cM. Puc. 3.30.

Koopaunanmonnsie nonusapsl U u Se B cTpykType 125 nonuMepusyroTcsi HOCpeACcTBOM
o0mmx aromel O ¢ 00pa3oBaHHMEM OJHOMEPHBIX YpPaHUJI-CEJICHATHBIX AHUOHHBIX IICTIOYCK
cocraBa [(UO,)(SeO4)2(H,0)]* (Prc. 3.35), BHITAHYTHIX BIONb OCH D. I[CIIOUKH YIOXKCHBI B
TICEeBMIOCIIONCThIE KOMIUIEKCH, OPHEHTHpPOBaHHbIE MapauieabHo Tuiockoctu (001) 3a cuer

oOpazoBanust H-cBszelt mexnay Mmonekynamu H,06, xoopaumuupyromux Ur, U KOHLEBBIMU
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aroMamu OS5 celleHaTHBIX TETPA’APOB M3 COCEAHUX lenoyeK. OAMH TPOTOHUPOBAHHBIN KaTHOH
stunamuHa [CoHgN]™ u omma momekyma H,O  pacmonokeHBl MEXIy ICEBIOCIOAMH U
00eCevYnBaroT UX CBSI3b B TPEXMEPHYIO MOCTPOUKY. TOMONIOTHS ypaHUII-CETICHATHBIX IIETI0YEK B
ctpykrypax 125 u 128 (Puc. 3.35¢, f) otHOCHTCs K THITy CCl—1:2—1 (Tpad mpeacraBiseT coboi
OECKOHEUHYIO LIEMOYKY U3 4-4JICHHBIX LIUKIIOB, CBSI3aHHBIX uepe3 ¢ oOuue BepiinHbl). JlaHHbIN
TOTOJOTHYECKUI THUI SIBISETCA OAHOW W3 MPOCTEUIINX M Hauboliee paclpOCTPaHEHHBIX
TOMNOJIOTHH IIENOYEK B COeAMHEHHMsX ypanuna ¢ terpasapamu [TO4]" (T = S, Se, P, As).

[Tpumeps! cM. B rnase 3.1.

Pucynok 3.36. Kpucrannuueckue ctpyktypsl 126 (a) u 127 (d) B npoekiuu BAOJIb OCH
b; ypanun-cenenarnas nenodka B ctpykrype 126 (b) u cioii B crpykrype 127 (e), a Takxke ux
rpaduueckue npexacraBineHus (c) u (f), coorBercTBeHHO. YcnoBHBIE 0003HAUYCHHS: CM. Puc.

+ 4+
3.30; mormmapst Se® = pasnuHOBaHSbL, TOMMAAPEL Se’ = ceTyaThe.

OObenuHeHne KOOpAMHAIMOHHBIX monudapoB U u Se B crpykrype 126 mpuBOAMT K
00pa30BaHUIO IIETIOYEK COCTaBa [(UO,)(SeO4)2(HSeO4)]> (Puc. 3.36b), OpraHU30BAHHBIX B

ncepgociaon (kak B 125). opueHTHpoBaHHBIE NapauieabHO IwiockoctH (-102). Opnako B
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KPUCTAJUIMYECKON CTpykType 126 HeT mnpsAMoil BOIOPOAHOM CBSI3M MEXAY COCEITHUMH
nenoykamMu. Hanauuume MOHOAEHTATHBIX TETPa’ApOB CIBUTAET LEMNOYKU JPYr OTHOCUTEIBHO
apyra, cosfgaBas  OOJbIIME  TNPOMEXKYTKH  MEXKAYy HHMH, KOTOpPBIE  3aIllOJHSIOTCS
IIPOTOHUPOBAHHBIMU MOJIEKYJIAMH 3TUJIAMHHA. YTO B CBOIO 0uepe/lb 00ECIIEUUBAET CBSI3b MEXKAY
coceqHuMH 1enoykamu vepes cucremy O - H— N — H -+ O BogopoIHbIX B3aMMOICHCTBHIA.
JIBe [1OTOJIHUTENbHBIE MOJEKYJbl 3TWIAMHUHA PACIHOJ0XKEHbl MEXIy IICEBJOCIOUCTHIMU
xomriekcamu. Tomomorust tenoukn [(UO,)(SeO4)2(HSeO,)]” B cTpykrype 126 oTHOCHUTCS K
tuny CCl-1:3-2, rpad KOTOpPOM MOXKHO ONHUCAaTh Kak IEHNOYKY W3 BEPIIMHHO-CBSI3HBIX
YEeTBIPEXWIEHHBIX IUKIOB (Kak Tomojoruss B 125) ¢ JONOJHUTEIBHBIMH BETBSIMH,
IPEJCTaBICHHBIMH MOHOJCHTATHBIMHU O€JBIMH BEpIIMHAMH, UCXOASIIUMH U3 YEPHBIX BEPILIUH.
OTOT TOMOJIOTUYECKUM TUI T0BOJIBHO PEAKO BCTPEUAETCS B COEAMHEHHUAX ypaHuia. Hampumep,
panee 6buT oT™MedeH B cTPYKTYpe (CsH21N4)[(UO,)(SeO4)2(HSeO4)] (Ling et al., 2009).
Kpucrannmaeckas ctpykrypa 127 ocHoBana Ha ciosix coctaBa [(UO;)(SeO4)(HSeOs5)]
(Puc. 3.36e), opuentupoBaHHbIX napamiaensHo (10-1). OtpunarensHblii  3apsa  cioeB
KOMIICHCUPYETCS NPOTOHHUPOBAHHBIMU  MOJICKYJAaMH  JSTHJIAMHHA, PACHOJIOXECHHBIMU B
MEXCIJIOEBOM MpocTpaHcTBe. Tomnosorus ciaoeB B cTpykrype 127 oTHOcuTCs K TUmy CC2—-1:2—4
(Puc. 3.36f), onHoli u3 HamboJiee pacpOCTPAaHEHHBIX CPEIU CIOUCTBHIX COCIMHEHUM ypaHWIIA.
Tononorust cino0€B COCTOMT U3 IUIOTHBIX 4-YJICHHBIX IMKJIOB M JIOBOJBHO KpPYIHBIX,
pa3pexeHHbIX §-WwICHHBIX LUKIOB. CleayeT OTMETHTb, YTO MOYTH BCE YPaHUII-COJAEpIKAlUe
CIIOM C CEJIEHOM JAaHHOM TOIOJIOTMU COJEpKaT NpoToHupoBaHHble rpynnel [HSeOs;] win
[HSeO4], Torma kak MonumOAaTel M XpOMaThl ypaHHWJIa TaKOBBIX HE COJEp)KaT: HalpuMep,
(C4H12N2)05[(UO2)(HSeO3)(Se0s)] (Almond and Albrecht-Schmitt, 2003),
(CoH24N2)[(UO,)(Se04)(SeO,0H)|(NO3) (Gurzhiy et al., 2010),
[CsH14N2|[(UO2)(M004):](H,O)  (Halasyamani et al., 1999), [C,H;oN2][(UO2)(MoOQs4),]
(Krivovichev and Burns, 2003f) u Tl,[(UO,)(TO4),] (T = Cr, Mo) (Krivovichev et al., 2005¢).
KonpaeHcanusi meHTaroHajabHbIX JAUIUPAMHUL [UO6(H20)]6* U TETPa’IpoB [SeO4]2’ B
cTpyktype 128 mpuBoauT k oOpazoBaHui0 OeckoHeuHBIX menodek (Puc. 3.35e), BBITSHYTBIX
BJOJb OCU C. YpaHWII-CEJICHATHbIE IIETIOYKH OOpa3ylOT MCEBIOCIOUCTYIO CTPYKTYpYy 3a CYeT
00pa3oBaHUsl BOAOPOJHBIX CBA3€il Mexay moisekyinoid H,O, koopauHupyrome ypaHui-uoH, u
KOHIIEBBIMM aToMamMM O CeJIeHAaTHBIX TETPa’poB U3 cocenHux Lenouek. IlceBmocnoncteie
KOMILIEKChl pacnonaraiorcs napauienabHo (010). OtpuuarenbHblid 3apsj ypaHUII-CEIeHATHBIX
LIENIOYEK KOMIIEHCUPYETCS MOJIEKYJaMU 3TUJIAMMOHHUS U TUAPOKCOHMS, PaclOJI0KEHHBIMU
MEkKIy TICeBAOCHOSAMH. TONIMHA MEKCIOEBOrO MPOCTPAHCTBA COCTaBiseT okono 4 A,

pacCcuuTaHHasd KaK paCCTOAHHUEC MECKAY KOHIICBBIMHU aTOMaMU O COCCIHUX CJIOCB.
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[TapameTpsl CIOXKHOCTU AJIE OJHO- U JBYMEPHBIX KOMILJIEKCOB YpaHHJA B CTPYKTypax
125-128 npuBenens! B Tabnuie 3.15. Pacuer mpousBoauics B HECKOJIBKO 3TaroB. Bo-mepBsix,
ObUTa MPOAHATU3UPOBAHA CTPYKTYpPHAsl CIOXHOCTh U-comepalux KOMIUIEKCOB C Y4ETOM
CUMMETpUU UX peanbHOU cinoeBoil rpynmbl (LG). Bo-BTopbIX, BbIUMCIATIACH TONOJOTHYECKAs
CJIO)KHOCTH (B COOTBETCTBMHM C MakcuManbHOU cummerpueil LG). Pucynok 3.37a mokasbiBaet
peanbHyto cummeTputo LG (p2,/m) ypaHui-celeHaTHbIX 1enoyek B cTpykrype 125. J{ns pacyera
MapaMeTpPOB TOMOJIOTHYECKOHN CI0KHOCTH HEOOXOIUMO yUUTHIBATh MAKCUMATBHYIO CUMMETPHIO
nernovek. Takyio wuaeanbHyro cummerpuio (pbmm, Puc. 3.37b) MOXHO MOJNYyYHTh, €CIIH JBa
HEecBs3HBIX aTroMa O celeHaTHBIX TeTPa3IpOB COPUEHTUPOBATH APYT HAJ JIPYTOM B HallpaBJICHUU
C, Tak YTOOBI TUIOCKOCTh 3€PKAIBHOTO OTPAKEHHUS MPOXOAuia Obl uepe3 3IKBATOPUATbHBIE
IUIOCKOCTH JUMUpaMuj ypaHuia. TakuMm oOpasom, pbmm Oyaer sBAsSTbCS MaKCHMAalIbHOW
CII0eBOH TpyIIoil cumMerpun s Beex nernodek coctaBa [(UO,) (T 04)2(H20)]*, Tomomorus
KOTOpPBIX OTHOCHUTCS K TuIy CCl—-1:2—-1, Torga kak CTpYKTypHass CHMMETPUS MOXKET
CYyILIECTBEHHO BapbHpoBaTh. Hampumep, Ha pucynke 3.37c moOKazaHa peanbHas CloOeBas
cummerpust (P-1) ypaHui-celieHaTHOM 1enodku B CTpykType 128 TOro ke TOMOJIOrHYecKoro

THIIA.

Taoauma 3.15. I[lapameTpsl CTPYKTYpHOM CJIO)KHOCTH Ha OCHOBE KOJIMYECTBA

uHpopManuu B coequHeHusx 125-128.

CrpykTypHas Tononoruueckas CTOVKTYDHAS CIIOKHOCTE LIS
citoxkHocTh U-Se cioxuocts U-Se py ypv a
Coenurerme KOMIUIEKCOB KOMILIEKCOB BECH CTPYILYPHL
\Y I G I G,total \' I G I G, total \' I G I G,total
125 32 3.571 | 114.286 | 32 | 2.875 | 92.000 184 4.611 | 848.335
126 38 4248 | 161421 |38 |3.616 | 137.421 208 5.700 | 1185.691
127 52 3.701 | 192.423 | 52 | 3.701 192.423 96 4.585 | 440.156
128 32 | 4.000 | 128.000 | 32 |2.875 | 92.000 62 4.954 | 307.160

CtpykTypHas (peanbHasl) CHMMETpPHsI IIETIOYKH B CTPYKType 126 omuceiBaeTcs cloeBon
rpynnoii p2; (Puc. 3.38). Ho ectp nBa BapuaHTa i1 HIACAIN3UPOBAHHONW CUMMETPHUHU.
LleaTpocummeTpudHast rpymma P2;/m TpedyeT HEOOJBIIOro pa3BoOpoOTa  OJHOCBSI3HBIX
terpadapoB (HSeOs) tak, utoOwer rpynma OH momana B TUIOCKOCTH 3€PKajJbHOTO OTPAKCHHUS.
HeneHTpoCUMMETPUYHBI  BapuaHT ClOeBOW rpymnmbl  Pbm2  TpeOyeT MAOMONHUTEIBHBIX
M3MEHEHUH: Pa3BOPOT BCEX TETPA’APOB B OJIHY CTOPOHY OT FOPU30HTAIBHOM IUIOCKOCTH LIETIH.

Takue pa3BOpPOTHI HE TOBJIUSAIOT HH Ha TOMOJIOTHIO IETIOYKH, HM Ha OOpa3oOBaHHE APYToro
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TOMOJIOTHYECKOr0 M30Mepa. XapaKTepHOW OCOOEHHOCTHIO SIBJISETCS TO, YTO TOIOJIOIMYEcKas
CIIOXHOCTh B OOOMX HACATU3UPOBAHHBIX CIydasx OyIeT OJIWHAKOBA. AHAIM3 CUMMETPUU
YPaHUJI-CETIEHUT-CEIEHATHOTO cliosl B cTpykType 128 (Puc. 3.39) mokasbIBaeT, yTo B JaHHOM
cllydae CTPYKTypHasi CUMMETpHs P2;/a paBHa TOMOJOTMYECKOH CHMMETPHHU CIIOS, TIO3TOMY B
kpuctauiax 128 peanusyercsi MakCUMallbHasi CUMMETPHUSI CTPYKTYphI. BpallleHre TpeXCBA3HbBIX
CEJICHATHBIX TETPad’ApPOB HIIM 3aMEHA CEJICHUTHBIX TPYMI HA CEJICHATHBIE MOXXET MOBBICUTH
CUMMETPHIO, HO TAKOE U3MEHEHHE NMPUBEAET K MOSABIECHUIO IPYroro TONOJOTHYECKOT0 U30MEPA,

4TO ABJIACTCA HEC COBCEM KOPPCKTHLIM.

Pucynoxk 3.37. CnoeBble TIpynnbl CHMMETPUM YPaHWI-CEJICHATHBIX LEMOYEK B
cTpykTypax 125 (a) u 128 (c), a Takke MakcuMalbHas cioeBas rpymma pomm (b) mis gaHHOTO

TOITIOJIOTMYCCKOI'O THIIA.

Pucynok 3.38. CiioeBble rpymnibsl CHMMETPUH YPaHUII-CEJIEHATHBIX LIETIOYEK B CTPYKTYpE
126 (a) m nBa BapuaHTa WACATU3UPOBAHHON CHMMETPUHU: LEHTpocuMMeTpuuHbld (b) u

HELEHTPOCUMMETPUYHBIH (C).
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Tononoruueckoe CXOICTBO YpPaHMII-CEIECHATHBIX CTPYKTYPHBIX KOMIUIEKCOB C Y4YETOM
OMM30CTH XMMHUYECKOI'O COCTaBa, a TakKXKe Hapsay C pacyeTaMHd CIIOKHOCTH II03BOJISET
IPEINOJIOKUTh  JABE  BETBM  OBOJIIOLMM  KPUCTAIMYECKMX  CTPYKTYp  COEOUHEHMH,
0o0pa3oBaBUIMXCSA B BOJHOI CHUCTEME HMTpaTa ypaHW/Ia — CEJIEHOBOM KHCIOThl — 3TUJIAMMHA,
obycnosnennsie neruaparamueit (Puc. 3.40). Kak Obuto HemaBHO mokazano (Kovrugin et al.,
2012b; Gurzhiy et al., 2015¢), ymenbiienue conepxkanus H,O B CTpyKType yBeIMUYUBAeT
Pa3MEepHOCTh CTPYKTYpHOU eauHuIlbl. ClieIoBaTeIbHO, IEPBasi 3BOJIIOLIMOHHAS BETBb 125 — 126
— 127 MOXeT paccMaTpuBaThCs Kak Mepexoi oT Henodyku B 125 k Oosee cioKHOM Lernouke B
126 c¢ Bbixogom wmosiekyiasl H,O u mocnenyrommm 3aMenieHueM Ha THAPOTEHCEICHATHYIO
rpyniy. Bropoii aTan B 3T0i BeTBH — ciusiHuE 1enoyek 126 B ciouctyro cTpykrypy 127 nmytem

3amensl TeTpadgpoB (HSeO,) Ha rpynmsr (HSeOs).

Pucynok 3.39. CumMmeTpust ypaHUII-CENI€HAT-CEJIEHUTHOTO CJIOS B CTpyKType 127.

Jlpyrasi BETBb 3BOJIIOIIMH HOCHUT «CTPYKTYPHBI» XapakTep, TaK KaK OHa CBS3bIBACT
TOTMOJIOTHYECKH HACHTUYHbe coenuHeHus 125 wu 128, a mepexoxm wmexnay dazamu
CONPOBOXKIACTCS 3aMEHOM MexciioeBbIX MoJiekyl H;O  npoTOHMpOBaHHBIMH — HMOHAMU
rugpokconns (H3;O)' ¥ ynaneHMeM OJHON IIPOTOHMPOBAHHOM MONEKYJIBl JTHIAMMOHHS.
Bxoxnenne mnpoToHMpoOBaHHBIX KoMmIiuiekcoB H,O, Takux Kak THIPOKCOHMM WM KaTHOHBI
3yHzens1, B KPUCTALTHYECKAE CTPYKTYPhl COSAMHEHUN ypaHmiIa xoporno u3BecTHo (Gurzhiy et
al., 2015a, 2016a; Krivovichev et al., 2006a) u 00BIYHO MPOUCXOIUT HA TMOCIEAHEH CTATUU
Ipouecca KpUCTAUIM3alMM. OTO JelaeT HamnpasieHue nepexoga 125 — 128 nososnbHO
OYEBHUAHBIM U OTIpeeNseT coeuHerne 125, kak ctapToByto ¢asy s 00erX BETBEH SBOJIOLNH,

YTO COIrjacy€Tcs € SKCIIEPUMEHTAJIbHBIMUA Ha6J'IIO,I[eHI/IHMI/I.
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Pucynoxk 3.40. Cxema CTpPYKTYypHOH M TOIOJIOTMYECKOM HBOJIIOLUU COEAUHEHUH,

o0Opa3oBaBIIMXCs B BOAHOU crcteMe dTrnaMuH (etN) — ypaHun — ceileHoBas KHUCIIOTa.

OnnoBpemenHoe oOHapyxeHue (a3 125-128 B 0HOM CHHTETHYECKOM SKCIEPHUMEHTE
ABIISICTCS BO MHOTOM YHHMKAJIbHBIM SIBIEHHEM M, CKOpee, YKa3blBaeT Ha BBICOKYIO
YyBCTBUTEJIBHOCTh CHCTEMBl K JIOKQJIbHBIM M3MEHEHMSIM KOHLEHTPALMd OpPraHMYeCKHX
(neopranmueckux) BemectB U pH. Takum o00pa3oM, CTpyKTYpHBIM aHaau3 U pacyeThl
TOIOJIOTUYECKON CIIO)KHOCTM Ha OCHOBE HH(POpPMAlMU MPOJIMBAIOT CBET HA BO3MOYKHYIO
[OCJIEI0BATENbHOCTh  O0pa3oBaHMsl  KpHCTaIMueckux a3,  JEeMOHCTpUpYs,  Kak

TOIIOJIOTUYECKUE, TAK U CTPYKTYPHBIE BETBU HBOJIIOLUU.

Tlonudicenue pazmepnocmu cmpykmyp oKcocoaetl ypanuia

[MpuHIIMN TTOHMXEHHUS Pa3MEPHOCTH OIpPENeNsieT, YTO BKJIIOYEHHE HWOHHOTO areHra U
mosieky1l H,O B HcCXoaHble COMM TMPUBOAUT K MOJYYEHHUIO MPOU3BOIHBIX COCIMHEHUI C
MOHIKEHUEM Pa3MEPHOCTH HM3HAYAJIbHOW CTPYKTYpHOH €OUHUIIBL. OTOT MPUHIUI ObLI
npeiokeH B (Long et al., 1996) nns onmcaHus NOHMKEHHS Pa3sMEPHOCTH CTPYKTYPHBIX
KOMILIEKCOB XaJIbKOTEHHJIOB B cyibpunax u cenenunax REE. BrnocnencTtBum npuHImn Obul
MPUMEHEH K Pa3JIMYHbIM MaTepuajiaM, BKIItoUas IMUPOKUKA Kiiacce TporHbIX coenunennit (Tulsky
and Long, 2001), oprano-Heopranndyeckue kommo3utbl (Haddad et al., 2003) u HexoTopbie
CHUCTEeMBbl Ha OCHOBE Heopranmueckux okcocoieit (Krivovichev, 2008). B manHom pasznerne
cooOmraercsi 0 JAagbHEUIIEM NMPUMEHEHUH TPUHIINIA TOHWKCHHUS Pa3MEPHOCTH JUIS IIUPOKOTO
CIEKTpa OKCOCOJIeH YypaHWIa C OJHOBAJCHTHBIMU OpPraHMYECKUMU W HEOPraHMYeCKUMU

KaTHOHaMH, KOTOPBIC UTPAOT POJIb MOHMKAOIMHNUX PASMEPHOCTH Ar€HTOB B CJIIOXKHBIX YpaHUII-



174

coaepxanmux cucrtemax (Kovrugin et al., 2012b). /lanHas wuaes BO3HUKIIa B pe3yJbTare
CTPYKTYPHBIX  HCCJCIOBAaHMA BOCBMH HOBBIX COCJUHCHHH CEJICHATOB ypaHWIA C

MPOTOHUPOBaHHBIMU MoJiekyJamMu MetuinamuHa: CH3NH3),[(UO,)(SeO4)2(H,0)](H20) (129),

(CH3NH3),[(UO)(Se04)2(H,0)] (130), (CH3NH;),[(UO2)»(SeO4)3] (131),
(CH3NH3)(H;0)[(UO2)2(Se04)3(H20)](H20)  (132), (CH;NH;3)4[(UO1)3(Se04)s(H,0)s (133),
(CH;NH;)(Hs02)(H30)2[(UO5)5(Se04)s](H20)4 (134),
(CH3NH3)4(H30),[(UO2)s(Se04)s(H;0)](H20)4 (135), u
(CH3NH3); 5(Hs02)1 s(H30)3[(UO2)s(Se04)s(H20)](H28€04)2. 6(H>0)3 (136). Bee

BBIIIICTIEPEUNCIICHHBIE KPHUCTAUIBI ObUIM MOJIyYEHbI B CHHTETUYECKUX OSKCIIEpUMEHTaX, AJIs
MPOBEJICHUSI KOTOPBHIX HMCIONB30BAIM HUTPAT ypaHWIA, CEICHOBYIO KHCIOTY, METHJIAMUH U
JIEMOHNU3UPOBAHHYIO JUCTUITUPOBAHHYIO BOIY B Pa3IUYHBIX MPOTIOPIUSIX.
Kpucrannorpadguueckue naHHble U NapamMeTpbl YTOUHEHUs CTpyKTyp 129-136 npuseneHsl B
tabnuuax S3.8 u S3.9.

Kak BuaHO U3 KpUCTAIIIOXMMUYECKUX (hopMmyJ, coequHenus 129136 MoxHO pa3aenuThb
o cootnomenuto U:Se Ha 4 rpynnst: 1:2 (129, 130), 2:3 (131, 132), 3:5. (133, 134) u 5:8 (135,
136). Kpome TOr0, 3TH CTPYKTYpBI HMEIOT Pa3HyI0 pazMepHOCTh U-colepKalinux KOMIUIEKCOB.
Tak, crpykrypa coearHenus 129 ocHoBaHa Ha OJJHOMEPHBIX IIEMOYEUHBIX KOMIUIEKCAX COCTaBa
[(UO,)(Se04)2(H,0)]*, KOTOpble OTHOCATCS. K  TONOJOTMYeCKOMy THimy —CCl—1:2—1.
Kpucrannnmueckast crpykrypa 130 mimeer TOYHO Tako# ke XMMHYECKUN COCTaB, HO OOJBIIYIO
JBYMEpPHYIO0 pa3MepHOcTh U-cofepkamux KOMIUIEKCOB C TONOJIOTMEW Tuma CC2—-1:2-3.
Kpucrannumueckue ctpykrypbl coeauHeHuid 131-136 ocHOBaHBI Ha CIIOMCTBIX KOMILIEKCAX.
Bbonee Toro, kpucramnuueckue ctpyktypsl 133, 134 u 135, 136 ocHOBaHBI Ha TOMOJIOTUYECKH
MICHTHYHBIX HeopraHmdeckux cmosix cocraBa [(UO,)3(SeO4)s]™ u [(UO,)s(H20)(SO4)s]",
COOTBETCTBEHHO, HO KOTOPBIE MPEACTABISIIOT cO00 pa3IruHble TeoMeTpHUecKue n3oMepsl. Tem
HE MEHEE, BCE BOCEMb HOBBIX COCIMHEHMM MOXKHO OMHCATh OOIIEH KPHUCTAITIOXUMHUYECKOU
(opmynoit [CH3NH;3]n(UO2)p(TO4)q(H20)r.

Jlns omepeneneHUs] B3aUMOCBSI3U XUMHUYECKHII COCTaB — KpPUCTAIMYECKasl CTPYKTypa
NPUMHHUTEIHHO K COCAMHEHUSM JAHHOW TpyNmbl ObUT TPUMEHEH MPHUHIUI TMOHMKECHUS
pasmepHoctu (Long et al., 1996; Tulsky and Long, 2001; Haddad et al., 2003; Alekseev et al.,
2007). Bmecte ¢ TeM, yTOOBI HANpaBUTh HCCICIOBAHWE B 0Oo0Jee MIMPOKHA KOHTEKCT, OBLI
IPOAHAIM3UPOBAH BECh CIEKTp coenuHeHuil ¢ obmei Gopmynoit An(UO2)p(TO4)q(H20)r (A =
MOHOBaNeHTHbIN KatuoH; T = S, Se, Cr, Mo; n = 2(q — p)). beuio npemioxkeHo, 4To OCHOBHOMH
BBICOKOIIOJINMEPU30BAHHOW TPEXMEPHOW POJUTEIBCKOW CTPYKTYpOM SIBIIAETCS KOMIUIEKC

(UO,)(TOy4), a ponb TOHMKAIOIIUX Pa3MEPHOCTh areHToB HrparoT KoMiuiekehl Ay(TO4) u
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monekyisl HoO. Kak crnenctsue, B3aMMOCBS3U MEXKIY Pa3IMUYHBIMU COCTaBaMH U CTPYKTypaMu
MOTYT OBITh BHU3yaJIU3HPOBAaHbl C TMOMOIIBIO TPOWHOM TUArpaMMBbl, BEPIIMHBI KOTOPOU
COOTBETCTBYIOT TpéM BBIOpaHHBIM KoMmmoHeHTam UO,TO4 — A,TO4 — H,O (Puc. 3.41). B
tabmue  S3.10 mpuBeneHsl  QOpMyNBI W pa3MEpHBIE  XapaKTEPUCTHUKH  CTPYKTYP
COOTBETCTBYIOIIMX COETUHEHHH, KOTOpbIe OB MCIOIB30BaHBI JIJIs1 CTATUCTUYECKOTO aHAJIN3a B
(Kovrugin et al., 2012b). Ha nuarpamme, mokazaHHoil Ha pucyHke 3.41, MOXXHO BBLAECTUTH
obnacT, TAE CTPYKTYpbl COSAWHEHHN HMMEIOT OJMHAKOBBIE Mapamerphl pazmepHoctH (0 =
OCTpPOBHBIE IPYNIIUPOBKY, | = 1enoyku, 2 = ciaou, 3 = kapkacbl). OnpeeneHue rpaHul] Mexay
MOJIIMA HE Be3/leé OJHO3HAYHO M MECTaMHM HOCHT YCJIOBHBIM Xapaktep. Hampumep, us-3a
Haauuus Toiabko oaHoW Touku [35] (Krivovichev and Burns, 2001, 2002a, 2002b, 2003d),
COOTBETCTBYIOIIEH (pazaM, CTPYKTYPbl KOTOPBIX OCHOBAHBI HA OCTPOBHBIX YPAHIII-COJEPIKAIIIX
KJ1actepax, rpatuilsl Mexxay mossimu 0D u 1D siBisitoTes runoteTndeckuMu. MBI Tipenosiaraem,
YTO 3TU TPAHULIBI JOJKHBI POXOAUTH MPUMEPHO MapalljIeNIbHO IPaHULaM MeXay nojismu 1D u
2D, 2D u 3D, uro coriacyercsi ¢ MPUHIIUIIOM TOHKEHHUS Pa3MEPHOCTH JJIsi HEOPTraHMUYECKHUX
OKcocoJeil. BMecTe ¢ Tem Ha auarpaMMe HaOMIOJAOTCS W HEKOTOpbie oTKIoHEeHHs. Touku [20]
(bmaroB u ap., 1988; Kyuymosa u ap., 1989) u [22] (Baeva et al., 2006) pacmonoxeHbl BHYTPH
2D-nonisi, HO COOTBETCTBYIOT KapkacHbIM 3D-ctpykTypam ¢ coctaBamMu Ag(UO;)2(TO4)3(H20)6 1
As(UO7)2(TO4)3(H,0)7.5, COOTBETCTBEHHO. D3TH OTKJIOHEHUS MOTYT OBITh CBSI3aHBI C JIBOMHOM
ponbio Mosekyn HyO: B GONbIIMHCTBE CllydyaeB OHU JIEHCTBYET KaK MOHMKAIOIINIA pa3MepHOCTD
areHTt, Torna kak B ciaydasx [20] u [22] oHM MPOCTO 3aMOTHSIOT MOJOCTH YPAHWI-CEICHATHOTO
Kapkaca.

s Gonee moapoOHONM EMOHCTpAMM MPUHIUIA TOHWKEHUS Pa3MEPHOCTH CHCTEMBI,
MOKHO PacCMOTPETh JIMHUIO, HAUMHAIOIIYIOCS CIIeBa M 3aKaHYMBAIOLIYIOCS B BEPXHEM YTy
nuarpammsl. JIuaus onuceiBaet coeauHeHus coctaBa An(UO2)p(TO4)q. Touku [23] (Krivovichev
and Burns, 2007), [29] (133, Kovrugin et al., 2012b), [27] (Krivovichev and Burns, 2003b) u
[35] (Krivovichev and Burns, 2001, 2002a, 2002b, 2003d) cOOTBETCTBYIOT CTPYKTypam C
pPa3MEepHOCTSIMHU ypaHUI-coepKamux KomruiekcoB 3, 2, 1 u 0 coorBercTBeHHO. Touku [16]
(131; Ross and Evans, 1960; Norquist et al., 2003b; Krivovichev and Burns, 2007; Krivovichev
et al., 2002b; Nazarchuk et al., 2005) u [8] (Krivovichev and Burns, 2002b, 2003e, 2005;
Krivovichev et al., 2002a, 2005¢; CagukoB u ap., 1988) pacnonoxensr Ha rpanumnax 2D-u-3D,
1D-u-2D mnone#t, coorBeTcTBeHHO. Takum 00pazoM, pa3MepHOCTh CTPYKTYPHBIX KOMILJIEKCOB
ymenbInaercss ot Touek [23] (Krivovichev and Burns, 2007) o [35] (Krivovichev and Burns,
2001, 2002a, 2002b, 2003d), 4TO MOTHOCTBHIO COTJACYETCS C TIPUHIIMIIOM TTOHUKEHUS

pa3MepHOCTH.
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Pucynok 3.41. Ilons pasmepHoctel Ha komno3uuuoHHoN quarpamme UO>TO4 — Ay TO4 —
H,O cucremsl (A = moHoBaneHTHBIA KaTuOH; T = S, Se, Cr, Mo; n = 2(q — p)). Cm. Tabnuiy

S3.10 nns cniucka coenuuenuii u (Kovrugin et al., 2012b) mi1s COOTBETCTBYIONTUX CCHIIOK.

C momeHnTa nmyOnukanuu opuruHanbHoi padotsl (Kovrugin et al., 2012b) xonuuectBo
CTPYKTYPHBIX JIaHHBIX Ul COSMHEHHUH B MCCIECIOBAHHONW CHCTEME 3HAYMTEIHHO YBEIUUHIUCE.
[Ipy >TOM HOBBIE JaHHBIE OTHOCATCA KAaK K COEAMHEHHSM IPHPOJHOIO TeHe3Mca, Tak U K
CHUHTETHUYECKUM: Hampumep, Na-comepkamuii muHepan remubeput (PIasil et al., 2015b), K-
conmepkane MuHepanbl (epmuut, omnmenreiimepur (Kampf et al., 2015b), xmampotwur,
orroranautT, U nemurotut (Kampf et al., 2017b); HemaBHO H3y4YeHHbIE cHHTeTHYecKHe K-
coaepxamue cuctembl (Gurzhiy et al.,, 2016b; Kornyakov et al., 2020), a Taxke HOBBIC
CHUHTETUYECKUE YypaHHJI-ceJeHaTHble ()a3bl C NMPOTOHHPOBAHHBIMU KAaTHOHAMH 3TUIIAMMOHHUS
(Gurzhiy et al., 2017a). OOpamaer Ha ce0s BHUMaHHE TOT ()AaKT, YTO HOBBIE CTPYKTYpHBIE

JAaHHBIC B LICJIOM IMOJHOCTBIO COOTBCTCTBYIOT TpeXKOMHOHeHTHOfI auarpamme, HpeI[J'IO)KCHHOI\/JI B
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(Kovrugin et al., 2012b), u BHOCAT JHUIIb HE3HAYUTEIIHPHBIC KOPPEKTHUPOBKH B IPOBEICHUE

rpanun Mexxay nossimu pazmepHocteit 0D — 1D u 2D — 3D (Puc. 3.42).

Pucynok 3.42. CkoppeKTHpOBaHHBIE TIOJI1 pa3MepHOCTed (KpacHble JMHHM) Ha
kommno3urmonHon auarpamme UO,TO4 — A;TO4 — HyO cuctemsl (A = MOHOBaJIEHTHBIA KaTHUOH;
T =15, Se, Cr, Mo; n = 2(q — p)), COrJIacCHO CTPYKTYpPHBbIM JAaHHBIM, HOJYyYEHHbIM C MOMEHTA

Bbixoja (Kovrugin et al., 2012b).
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3akiroueHue

B mpomecce mNOArOTOBKM JUCCEPTALlMOHHOM palOoThl, ObUIM BBIIOJHEHBI BCE
MOCTAaBJICHHBIE 3aJ1a4X 110 COCTaBJICHUIO CUCTEMAaTHUYECKUX KPUCTAIIOXUMUYECKHX 0030pOB IS
INPUPOJHBIX M CHUHTETHYECKHX CYJIb(aTOB, CEJIECHUTOB U CEJIIEHATOB YpaHWJIA, IMPOBEICHUIO
AKCIIEPUMEHTOB 110 CHUHTE3y AHAJIOrOB MPUPOJHBIX COEIWHEHUN ypaHWJIa U HCCIEI0BAaHUIO
YCTOMUMBOCTU KPUCTALIMYECKUX CTPYKTYP COEIUHEHUHN ypaHUIIa.

Bbutn nosy4eHs! cieayomye OCHOBHbIE pe3yJIbTaThl.

1. IlomyueHsl M HccIEI0BaHbl KPUCTAIUIMUECKHUE CTPYKTYphl HOBBIX 117 coeauHeHui
U(VI), conepxammmu CeJIeH B Pa3IUYHBIX CTEIEHSIX OKUCICHUS U CEpy, a TaKKE YTOYHEHBI
CTPYKTYPHbIE MOJIENH €II€ 4 CUHTETUYECKUX COCTUHEHU.

2. PacmmngpoBaHbl WM YTOYHEHBI CTPYKTYphI 4 mpupoaubix ¢az U(VI).

3. MeTonoMm TepMOpeHTTeHOrpaduu HCCIeIOBaHbl CTPYKTYPhI 6 aKTHHUI-COAEPIKAIINX
COCTMHEHUH;

4. CpaBHeHHE HU3OCTPYKTYpPHBIX HPUPOAHBIX M CHHTETHUYECKUX YPaHWII-COJEPIKALIMX
COEJIMHEHUI IEMOHCTPUPYET, UTO JUIsl 00pa30BaHMs CEJICHUTOB YpaHMUIa M 3HAUUTENIbHOW YacTh
ypaHWI-CyIb(aTHBIX MHUHEPAJIOB TpeOyeTcs HarpeB, 4yTo, CKOpee BCEro, ¢ yU4eTOM YCIOBHUU UX
MOBEPXHOCTHOTO WJIM IPUIIOBEPXHOCTHOIO OOHAapy)XEHHs, MOXET OBITh CBSI3aHO C
panuoaKkTUBHBIM pacnagoM. Hannmune peOepHO-CBA3HBIX IUIMpaMH]l ypaHWia (Harpumep,
CTPYKTYp ¢ ¢ocypaHWINTOBON aHMOHHOW TOIOJIOTHEH), BEpOsITHEE BCEro, yKa3blBaeT Ha
temneparypsl cBeiie 100 °C, m Ha TO, YTO POCT KpPUCTAUIOB, IO-BUAMMOMY, IOJDKEH
MPOMCXOIUTH HEMOCPEICTBEHHO B THIPOTEPMATBHBIX YCIOBUsAX. CBA3h CyNb(haTHBIX TETPAdIPOB
¢ MOJIM?/IpaMM ypaHHJIa yepe3 oliue pedpa Takke CBA3aHa C MOBBILICHHBIMU TEMIIEpaTypaMH,
HO OTHOCHUTEJIBHO MEHbIIMMU 3HadeHussMHu (~ 70-100 °C), yeM B mepBOM cilydae, 4TO MOXKET
ObITb JOCTUTHYTO 3a CUeT OXJaXICHHS CHUCTeMbl. boiee TOro, BO BTOpPOM ciydae
KPUCTAJIJIM3AUsl MOYKET HAauyaThCs TOPa3l0 MO3KE B YCIOBUSX OKPYXKAIOLIEH cpeabl, HO U3
W3HAYAJIbHO HArpPeThIX pacTBOpPOB. OOOTAIIEHHBIN PACTBOP MOXKET MPOUTH OMpPEACIECHHBIN MyTh
[0 TPELIMHAM KOPEHHBIX IOpPOJ, TPAHCIOPTHPYsS peOepHO-CBSI3HBIE KiacTepbl (Hampumep,
oOHapy>KeHHBIE B CTPYKTYpE KJIAIIPOTHTA) B paCTBOPEHHOU opme.

5. CHoXHOCTh ypaHWI-CYyNb(aTHBIX, -CEIEHATHBIX M -CEJICHUTHBIX CTPYKTYpPHBIX
KOMILJIEKCOB 3HAYUTEIBHO BapbUPYyeT M CUJIBHO 3aBHUCUT OT OTHOCHUTENBHOM IJIOTHOCTH CIOS
(IeMOYKM WJIM OCTPOBHOW TPYMIIbI, COOTBETCTBEHHO), KOTOpas, B CBOIO OY€pelb, 3aBUCUT OT
cBa3HocTU U- U S-IIEHTPUPOBAHHBIX MOJIU3POB: YEM BBIIIE CBS3HOCTh BHYTPU KOMILIEKCA, TEM

pCaIn3yeTCa €ro 0oJice BBICOKAs IIJIOTHOCTh, U TEM 00JIbee BBICOKHE napamMeTpnl CI0XKHOCTHU
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peanu3yroTcs I TakuX CTPYKTyp. JIBYXCBsI3Hasi OpraHu3alusl TETPa’JpoB (CBA3BIBAHHE C
HOJM3paMHU ypaHa 4epe3 JBe BEpIIMHBI), oOecreunBaeT Oosee Jerkoe BO3MOXKHOE BpallleHHe
3TUX TPYMNI, YTO, MO BCEH BHUIMUMOCTH, J€JAaeT CTPYKTYpy MeHee crabmibHOW. Hampotus,
TPEXCBA3HOE PACMOJIOKEHHUE MMEET MEHBIIYIO CTENEHb CBOOOJBI, U TAaKOH CTPYKTYpPHBIM THII
CTaHOBUTCs OoJiee ycTOWYMBBIM. PacrpeneneHue mapamMeTpoB CIOXHOCTH MOATBEP)KIAET 3TO
HaOJIIOEHUE.

6. MHccrnenoBanusi CTPYKTYpHOH  CHOXKHOCTH  TIOKa3bIBalOT, YTO OOJBLIIMHCTBO
CUHTETMYECKHUX COEIMHEHUI HMEIOT TOMOJOTHYECKYI0 CHUMMETPHUIO YpPaHUJI-CYIb(PaTHBIX, -
CEJICHaTHBIX U -CEJIEHUTHBIX CTPOUTENBHBIX OJIOKOB, PaBHYIO CTPYKTYPHOM CUMMETpPHUH, a 3TO
O3HayaeT, 4YTO MaKCUMajibHas CHMMETpUS YpaHWICOJAEpXKAIlUX KOMIUIEKCOB COXpaHseTcs
HE3aBHUCHUMO OT MEXKCJIOEBOr0 (MEXIENOYEHYHOI0) HaIoJHEHus CcTpykTyp. Hamporus,
OOJIBIIMHCTBO paccMaTpUBAEMbIX MHHEPATIOB MMEIOT peabHyl0 cUMMeTpuio U-coaeprKammx
CJIOEB, LIEMIOYEK ¥ OCTPOBHBIX IPYNIHUPOBOK, 3HAUUTEIILHO HUXKE TOMOJIOTHYECKON CUMMETpUH, a
3TO O3HA4YaeT, YTO CJIO0KHOCTb CTPYKTYPHBIX KOMIUIEKCOB OINpeAesseTcs KaTHOHAMH U
Mmouiekyinamu H>O, pacrnonokeHHBIMU B MEKCIIOEBOM IIPOCTpaHCTBE. B TO ke Bpems mapaMeTpsl
CTPYKTYPHOH CIIO)KHOCTH JJIsi BCEH CTPYKTYypbl OOBIYHO BBILIE /JIi MHUHEPAJIOB, 4YeM s
CUHTETMUYECKUX COEAMHEHUN aHAJIOTMYHOW WM OJIN3KOrO CTPOEHUS, YTO, BEPOSTHO, YKa3bIBAET
Ha MPEINOYTUTENBHOE CYIIECTBOBAHUE UMEHHO IPUPOJHBIX apXUTEKTYP.

7. HccnenoBaHue TEPMHUYECKOTO TMOBEICHHMS CTPYKTYp psAAa MUHEpPAIOB H
CHUHTETHUYECKUX COEIUHEHUN ypaHUJIa I0Ka3ajl0, YTO KOMIUIEKCHI ypaHuia SIBJISIFOTCS OJJHUMU U3
CaMbIX CTaOWJIBHBIX W JKECTKHMX OJOKOB B CTPYKTYPHOH apXUTEKType TPUPOJHBIX H
CHUHTETUYECKUX COEIMHEHUI YpaHUIIa, U ONPEJEIIAIOT TEMJIOBOE TOBEIEHUE BCEH CTPYKTYpPhI BHE
3aBHCHMOCTH OT pasMepHocTH U®'-comepxanmx cyGCTPYKTYpHBIX EIMHHI, a TaKke OT
OpraHMU3ali U XMMHYECKOI0 COCTaBa MEXKCIOEBOU CTPYKTYPBI.

8. CocraBieH KpHUCTAUNIOXUMHUYECKUH 0030p AJii  CceMelCTBa  COEIMHEHUN
Cs2[(ANO,)2(TO4)3] (rme An = U, Np; T = S, Se, Cr, Mo), a Taxke H3y4eHBl HEKOTOpPHIC
CHEKTPOCKOIUYECKHE U TEPMUUYECKHE XapaKTepPUCTUKHU HeuccleaoBaHHble paHee. [Toka3aHo, uTo
COXpaHEHHE CTPYKTYpPHOIO MOTHBAa HE O3HAYaeT COXpPAaHEHHE XHMHUYECKHX M (PU3HMUECKUX
CBOICTB, U3MEHEHHE KOTOPBIX SBISIETCS PE3yIbTATOM H3MEHEHHUS JIOKAJIbHON KOOpAMHALUU
kaTHOHOB Cs'.

9. CocraBneH  KpUCTAJUIOXUMHYECKUH  0030p A  ceMelcTBa  COETUHEHUH
M* [(UO2)(T* 04)2(H20)](H20)4 (rze M = Ni, Mg, Zn, Co, Fe, Mn; T = S, Se), 1151 KOTOPBIX
oOHapy’KeHa 3aBUCUMOCTb MEXy KpUCTAIN3alMed pa3IuyHbIX HOJUTUIIHBIX MOAU(UKAIUI U

pa3MepaMy TETpad’IpHUeCKOro OKCOAaHHMOHA W HOHHBIM PaJMyCOM KaTHOHA JBYXBaJIEHTHOTO
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MmeTauia. [lokazaHO, 4YTO MPOMEXKYTOYHAsI IO COCTaBy POMOHMUYECKask MOAUGDUKAIUS SBISCTCS
HanboJiee YCTONYMBO#, U 4TO MOBBINICHHE HauabHOTO pH co3naer Gosee nmpuemiieMbie yCIOBHUS
Ui (ha3000pa3oBaHMs B TaHHBIX CUCTEMaXx MPH paJnyce HOHOB JIBYXBaJICHTHOTO MeTayla Oojee
0.72 A.

10. B pesynbTaTe uccnenoBanus Gpazo00pa3oBaHus B CMEIIAHHBIX CYIb(aTO-CEICHATHBIX
CHUCTeMaxX YpaHWJa, COJACPKAIIMX PA3JIUYHbIC OJHO- W JBYXBAJICHTHBIC KAaTHOHBI, OBLIO
O0Hapy’>KEHO HalU4Me KPUCTAJUIOXUMHUYECKUX OrPAHWYECHUH BXOXAEHUS Se B CTPYKTYpHI
Cynb(paToB ypaHWIA, YTO CKAa3aJIoCh B PsjI€ CIlydaeB HAa OTCYTCTBHH HENPEPBIBHOTO TBEPIOTO
pacTBopa HapsIy C OTCYTCTBHEM H30CTPYKTYPBIX Cyib(aTHBIX U celleHaTHhIX (a3. Takxke
MPOJEMOHCTPUPOBAHO  CEJEKTHUBHOE Se-S 3aMellleHue, 3aBucsliee OT KOOPAMHALUU
TETPAdIPUUECKOTO OKCOAHHUOHA.

11. B KpHUCTAITMYECKUX CTPYKTypax COCOUHEHUW ypaHWiIa, TEMIUIAaTHPOBAHHBIX
aMHHaMH, O0pa30BaHHE CTPYKTYpPBI PETYIUPYETCS CHCTEMaMH BOJOPOJIHBIX CBSI3eH U
pacroyiokeHueM THAPOPOOHBIX U THAPOGUIBHBIX YaCTed MOJIEKYJ OTHOCHUTEIBHO MYCTOT W
IUIOTHBIX ()ParMEHTOB HEOPTaHUYECKUX KOMIUIEKCOB. IIpe/uioskeHHBIN NMPUHLIKIT OpraHU3aluu
MOJIEKYJT B MEXKCIIO€BOM IPOCTPAHCTBE COEAWHEHHH, MOXHO C(HOPMYIHPOBATH CIEAYIONIMM
obpa3zom: THIPODOOHBIE 30HBI OPTaHUYECKOTO KOMIUICKCa (YNMAaKOBKH WIIM  OTHCIHHOU
MOJICKYJIBI) aCCOIMHPYIOT C MPOCTPAHCTBOM OOJBIIMX IMOJBIX KOJIEI] HEOPraHHYECKOTO
KOMILIEKCA, TOTAa KaK TUAPO(GHIbHBIE 30HBI TATOTEIOT K TUIOTHBIM COBOKYITHOCTSIM MaJlbIX
KoJIen. Ha npumepe COG,Z[I/IHGHI/II\/JI ypaHuwia € HNUKIWYCCKHMHU TIOJIMaMHUHAMM I10Ka3aHO, 4YTO
TCMIINIATUPOBAHUEC CTPYKTYp KPYIHBIMH W MHOIO03apsAJHbIMH OPraHUYCCKMMHU KaTHOHaMH
NPUBOJUT K OOpPa30BaHHMIO PEIKUX M 3HAYUTENBHO OOJIee CIIOXKHBIX TOMOJOTHHA CTPYKTYPHBIX

KOMIIJICKCOB.
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Tab6auua S2.1. Kpucramnorpadudeckre JaHHbIE U TapaMeTpbl YTOUYHEHHUS CTPYKTYphI Aeppukcuta (1) u nemecmakeputa (2).

Coommt M- oe) alAl/are) b [A] /4 [°] CIA] /7 ] vigy E e
eHue  Ip. 4oF)

2173 5.9679(3) 5.5501(3) 19.0613(9) 63135(5  0.0391 2033196

120 5.9689(3) 5.5534(4) 19.0643(10) 631.93(6)  0.0358 2033197

80 5.9693(2) 5.5579(3) 19.0674(7) 632.59(5)  0.0341 2033198

e, 5.9702(2) 5.5629(3) 19.0733(8) 633.46(5  0.0368 2033199

5.9720(3) 5.5688(4) 19.0840(11) 634.67(7)  0.0364 2033200

30 5.9743(4) 5.5759(4) 19.0983(11) 63620(7)  0.0433 2033201

60 5.9784(3) 5.5874(4) 19.1254(11) 638.86(7)  0.0448 2033202

87 5.9843(3) 5.5966(4) 19.1599(10) 641.69(6)  0.0472 2033203

T173 5.6320(4)/ 88.622(3) 10.0417(3)/ 79.572(4) 11.9844(4)/89.699(4) 666.39(6)  0.0337 2033206

130 5.6406(3) / 88.638(4) 10.0492(4)/ 79.578(5) 11.9810(8)/89.763(4) 667.73(7)  0.0343 2033207

90 5.6456(3)/ 88.654(4) 10.0564(4)/79.604(4) 11.9803(6)/89.804(4) 668.82(5) 0.0327 2033208

60 5.6548(3)/88.649(4) 10.0640(5)/79.611(5) 11.9794(7)/89.824(4) 670.38(7)  0.0321 2033209

2 P-1 30 5.6594(5)/88.659(3) 10.0663(4)/79.634(5) 11.9792(5)/89.844(5) 671.12(7)  0.0348 2033210

0 5.6611(4)/88.658(3) 10.0691(3)/79.631(4) 11.9759(4)/89.878(4) 671.31(5)  0.0354 2033211

30 5.6628(3)/88.670(4) 10.0773(4)/79.684(4) 11.9753(6)/89.912(4) 672.16(5)  0.0342 2033212

60 5.6660(3)/88.671(3) 10.0840(4)/79.718(4) 11.9746(5)/89.932(3) 673.00(5)  0.0345 2033213

87 5.6699(5)/88.674(4) 10.0953(4)/79.773(6) 11.9744(7)/89.940(5) 67433(8)  0.0361 2033214

BuHMKOIMd]|
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Tabéauna S2.2. BeIGopouHble FeOMeTpUYECcKHe MapaMeTphbl (JUIMHBI cBs3eil, A; 1 yriebl, ©)
B CTpyKType aeppukcurta (1).

“173°C  87°C “173°C  87°C
Ul-01 1.802(18) 1.793) Cu3-06 2.438(15) 2.46(2)
U1-02 1.776(18) 1.773) Cu3-HO7  x2  1973(12)  1.966(14)
<Ul-Oy> 1.789 1.78 Cu3-HOS 2.374(16) 2.39(2)
U1-03 x2 2271(12) 2284(16) Cu3-HOI0 =2  1.970(10)  1.972(12)
U1-05 x2 2315(13)  2.324(17) <Cu3-O> 2.116 2.12
<U1-Ogg> 2.293 2.30
Sel-03 X2 1.736(13) 1.726(19) U1-03-Sel 143.2(7)  143.5(12)
Sel-04 1.666(15) 1.672) U1-05-Se2 143.3(8)  143.5(11)
<Sel-O> 1.713 1.71 Sel-O4—Cul 135.7(4) 136.0(6)
Se2-05 x2 1.720(12)  1.715(18) Sel-O4-Cu2 122.6(8)  122.4(11)
Se2-06 1.653(15) 1.64(2) Se2-06-Cul 127.6(5) 127.8(8)
<Se2-0> 1.698 1.69 Se2-06-Cu3 138.89)  138.8(12)
Cul-04 2391(12) 2.402(16) Cul-O4-Cul 77.3(5) 77.1(6)
Cul-06 2.398(13)  2.436(18) Cul-O4-Cu2 83.1(4) 82.8(6)
Cul-HO7 1.982(13)  2.015(15) Cul-O6-Cul 76.9(5) 75.7(6)
Cul-HOS 1.912(10)  1.914(12) Cul-O6-Cu3 82.2(4) 81.5(6)
Cul-HO9 1.922(10)  1.927(13) Cul-HO7-Cu2 103.6(5) 103.7(6)
Cul-HO10 2.014(11)  2.044(14) Cu3-HO7-Cul 106.9(5) 106.9(7)
<Cul-0> 2.103 2.12 Cu3-HO7-Cu2 97.2(5) 98.0(6)
Cu2-04 2.399(16) 2.44(2) Cul-HO8-Cul 102.4(7) 102.7(9)
Cu2-HO7  x2  2.008(11) 2.000(13) Cul-HO8-Cu3 93.0(5) 93.3(7)
Cu2-HO9 2.267(16)  2.283(19) Cul-HO9-Cul 102.0(7) 102.0(9)
Cu2-HO10 x2  1.958(10) 1.969(12) Cul-HO9-Cu2 96.5(5) 96.7(6)
<Cu2-0> 2.100 211 Cu2-HO10-Cul 106.2(5) 105.6(6)
Cu2-HO10-Cu3 98.9(5) 98.8(6)

Cu3-HO10-Cul 103.4(5) 103.3(6)
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Ta6auna S2.3. BeIGopouHble reoMeTpUYecKHe MapaMeTphbl (JUIMHBI cBsseil, A; 1 yriebl, ©)
B CTPYKType JemecMmakepurta (2).

“173°C  87°C “173°C  87°C
Ul-01 1.777(7)  1.772(8) Cu3-07 2.049(7)  2.060(3)
U1-02 1.792(7)  1.780(8) Cu3-0O10 2.025(7)  2.041(8)
<Ul-Oy> 1.785 1.776 Cu3-HOI2 2.366(6)  1.950(7)
U1-03 2393(6)  2.394(6) Cu3-HOI2 1.956(6)  2.372(7)
U1-05 2465(6)  2.477(6) Cu3-HOI3 1.958(6)  1.944(7)
U1-06 2.355(6)  2.361(7) Cu3-H,015 2.386(7)  2.407(9)
U1-08 2.349(7)  2.363(7) <Cu3-O> 2.123 2.129
U1-09 2374(6)  2.377(6)

<U1-Opgg> 2.387 2394 U1-03-Sel 119.6(4)  120.5(4)
Sel-03 1.7196)  1.710(7) U1-O5-Sel 1252(3)  125.7(3)
Sel-04 1.699(6)  1.709(6) U1-O6-Se2 139.14)  140.2(5)
Sel-05 1.719(7)  1.716(7) U1-08-Se2 1443(4)  143.5(5)
<Sel-O> 1.712 1712 U1-09-Se3 12493)  126.5(4)
Se2-06 1.7106)  1.694(7) Sel-04-Pbl 125.03)  124.003)
Se2-07 1.710(6)  1.703(6) Sel-04—Cu2 130.04)  130.3(4)
Se2-08 1.691(7)  1.680(9) Sel-O5-Pbl 121.633)  121.8(3)
<Se2-0> 1.704 1692 Se2-07-Cul 129.8(4)  130.0(4)
Se3-09 1.687(7)  1.673(8) Se2-07-Cu3 1209(4)  122.1(5)
Se3-010 1.708(6)  1.705(7) Se3-010-Cul 1383(3)  137.8(4)
Se3-011 1.725(6)  1.712(6) Se3-010-Cu3 116.8(4)  116.6(4)
<Se3-0> 1.707 1.697 Se3-O11-Pbl 107.93)  108.4(3)
Pbl-04 2.748(6)  2.754(7) Se3-O11-Cu2 122.13)  123.03)
Pb1-O5 2.642(6)  2.644(7) Se3-O11-Cu2 116.14)  116.0(4)
Pb1-06 2.932(6)  2.924(7) Cu2-O4-Pbl 99.1(2)  100.3(2)
Pbl1-O7 3.068(7)  3.085(7) Cu3-O7-Cul 102.82)  102.2(2)
Pb1-010 2.934(6)  2.949(7) Cu3-O10-Cul 95.2(2) 95.0(3)
Pbl-O11 2.536(6)  2.567(6) Cu2-Ol11-Pbl 98.1(2) 97.42)
Pb1-HO13 2376(6)  2.390(7) Cu2-Ol11-Pbl 105.92)  105.4(2)
PbI-HO14 2484(6)  2.496(7) Cu2-O11-Cu2 10433)  103.93)
Pbl-H,015 3.0998) 3.111(10) Cul-HOI2-Cu3  100.5(2)  101.7(2)
<Pbl-O> 2758 2769 Cul-HOI2-Cu3  107.5(3)  107.6(3)
Cul-07 x2 2.193(7)  2.240(7) Cu3-HO12-Cu3 93.5(3) 93.2(3)
Cul-010  x2  2222(6)  2.208(7) Cu2-HOI13-Pbl 92.3(2) 92.1(2)
Cul-HOI2 x2  1935(7)  1.933(7) Cu3-HOI3-Pbl 11433)  115.1(3)
<Cul-0> 2.117 2127 Cu3-HOI3-Cu2  1303(4)  130.5(4)
Cu2-04 1.984(6)  1.978(6) Cu2-HO14-Pbl 112.13)  112.403)
Cu2-0l11 2.380(6)  2.403(7) Cu2-HO14-Pbl 101.82)  102.5(3)
Cu2-0l11 2.003(6)  2.026(7) Cu2-HO14-Cu2 98.3(3) 98.3(3)
Cu2-HO13 2426(7)  2.452(7)

Cu2-HO14 1.982(6)  1.956(7)

Cu2-HO14 1.956(7)  1.989(6)

<Cu2-0> 2.122 2.134
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Ta6auua S2.4. Kpucramiorpaduyeckue JaHHbIE U TapaMeTpbl YTOUHEHUSI CTPYKTYPbI
Ca(U02)(,(SO4)202(OH)6' 12H20 (47).

Crystal System Monoclinic
Space group P2,/c
a, A 11.931(2)
b, A 14.246(06)
c, A 20.873(4)
B, ° 102.768(15)
Vv, A’ 3460.1(18)
Z 4
Pealcs g/Cm3 4.170
i, mm' 16.244
Crystal dimensions, pm 2x3x12
A A 0.800000
20 range, deg. 4.92-43.22

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters

GOF

Final R indexes [| > 2o(1)]
Final R indexes [all data]

—12<h<12,-14<k<14,-21<1<21

12545

3805 [Rin = 0.144]

3805/12/243
1.049

R;=0.173, WR, = 0.380, Rfree = 0.192
R;1=0.179, WR, = 0.386, Rfree = 0.201

Ry = Z|Fo| = IRl / ZIFol; WR, = {Z[W(F,’ — F)’] / Z[W(F,*T} % w=1/[6*(F,*) + (aP)’
+bP], where P = (F,"+ 2F.%) / 3; s = {Z[W(F,” — F))] / (n — p)} * where n is the number
of reflections, and p is the number of refinement parameters.
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Taboauua S2.5. Kpucramiorpaguieckrue naHHbIE U TTapaMETPbl YTOUHEHUSI CTPYKTYp 48,

50, u 51.

Coenunenne 48 50 51
Crystal System Orthorhombic Triclinic Monoclinic
a(A) 9.2021(3) 7.5829(3) 10.8351(5)
b(A) 13.2434(5) 14.4441(11) 9.0317(5)
c(A) 12.5610(3) 14.6458(14) 11.8494(6)
o (°) 90 93.737(7) 90
BO) 90 99.535(5) 110.7510(10)
7 (°) 90 99.614(5) 90
V(A% 1530.77(8) 1552.6(2) 1084.35(10)
Molecular weight 520.51 1871.87 727.97
Space group Pnma P-1 P2,/n
p(mm ) 26.156 17.779 22.004
Temperature (K) 293(2)
z 8 2 4
Dearc (g/cm’) 4517 4.004 4.459
Crystal size (mm”) 0.06 x 0.04 x 0.02 0.04 x 0.03 x 0.005  0.08 x 0.05 % 0.02
Diffractometer Bruker Kappa Apex II Duo
Radiation MoKa.

Total reflections 13617 8814 27773
Unique reflections 1824 5151 2493
Angle range 26 (°) 4.47-55.00 3.84-50.00 4.38-55.00

Reflections with |F,| > 4o 1560 3806 2308
Rint 0.0503 0.0784 0.0358
R 0.0201 0.0949 0.0154
R (JFo| = 40F) 0.0261 0.0829 0.0131
WR; (|F,| = 40F) 0.0607 0.2050 0.0278
R, (all data) 0.0336 0.1077 0.0157
WR; (all data) 0.0648 0.2215 0.0287
S 1.054 1.068 1.040
Drmins Proaxs &/A° -1.097,2.145 —4.179, 3.819 —0.604, 0.692
CSD 1965819 1965817 1965818

Ry = Z||Fo| — |Fell / ZIFof; WR, = {Z[W(F,> — F2)] / Z[W(F, )1} % w= 1/ [6%(F,) + (aP)’ + bP], where P =
(F2+2F2) /3; 5= {Z[W(F,> — FH)]/ (n— p)} 2 where n is the number of reflections, and p is the number of
refinement parameters.
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Taoauna S2.6. /laHHbIC 110 XUMUYECKOMY COCTaBY COEAMHEHHM 52 — 59, MOJIyYEHHbIE B

PE3YIbTATC JICKTPOHHO-30HA0OBOI'O MUKpOAHAJIN3a.

Coenunenue JlaHHblE IO CTPYKTYpE

O6napyxeno mo EDX*

K292,03.05,55.03
K 3.45,U02.96, S 5.09
4.93,U6.05, S 10.02

K 1.94,U 2.04, S 3.02
K 1.98,U1.96, S 3.06
K 1.95,02.02,S 3.03
K 1.05,U1.97,S2.98

53 K 3.00, U 3.00, S 5.00
54 K 3.50, U 3.00, S 5.00
55 K 5.00, U 6.00, S 10.00
56 K 2.00, U 2.00, S 3.00
57 K 2.00, U 2.00, S 3.00
58 K 2.00, U 2.00, S 3.00
59 K 1.00, U 2.00, S 3.00
* - HeOompume  ¢parMeHTH

MOHOKPHUCTAJIJIOB

COCIMHEHU,

MpeIBapuUTeILHO TMpoBepeHHble MeTogoM PCA, Oblie W3MENbUYCHBI,

3alpeccoBaHbl, W HANBUICHBI YTJIEPOJOM. XUMHUYECKHH COCTaB OBLI

onpenenén ¢ ucrmonb3zoBanueM COM Hitachi TM 3000, ocraménHOTO

criekrpomeTpoM Oxford EDX; skcrozunus 15 ¢ Ha ToUKy B pexume D/

(yckopsiromee Hanpspkerne 15 kV). Cranmapter: cunbBuH (KK), mupur

(SK), 1 U305 (UK)

Tadoauua S2.7. Kpucramiorpadgudeckue TaHHBIE U TApaMETPhl YTOUYHEHUS CTPYKTYp 52 —

59.

[}

=

jost

qm) Hp o o o 3

= dopmyna aAla, b, A/B, c,Aly, Vv, A R, ICSD

2

@]

52 K,[(UO,)(SO4),(H,0)]-H,0 Pna2, 13.773(4) 7.288(2) 11.556(4)  1160.0(5) 0.033 415527

53 K3(H;0)[(UO,)5(SO.)s(H,0),](H,0)s  P2y/n 12.774(4) ;3228/ 20.734(6)  3001.1(16)  0.0252 1996652
16.1105(5) /

54 K;5(H;0)05[(UO,)3(SO.)s(H,0)[(H,0)y s P2,/n 9.8901(3) 98.038(2) 17.2862(5) 2727.23(14)  0.0358 1996653

55 KsHOULONUO)S(SO0NH0N 12.8259(6)  18.2778(9)  13.3388(7) 3127.0(3) 0.0184 430715

(HSO4)(H0)3 55

12.5613(1) /

56  a-Ko[(UO,)y(SO4)3(H,0),](H,0)5 P2/n 1730512) o 57701) 17.3240(2) 3741.01(7)  0.0212 1996656

57 B-K,[(UO,)x(SO04)3(H,0),](H,0)s Pnma 11.465(7) 12.605(7) 12.944(8)  1870.7(19)  0.0291 1996654
14.862(1

58  K,[(UO,)x(S04):(H,0)](H,0) P2,/c 8.229(6) 925%123/ 13.921(14) 1626.8(19)  0.0238 1996651

59  K(Hs0,)[(UO,),(SO4)3(H,0)] P2,/c 11.1337(15) 10.0463(13)/ 14.697(2)  1612.2(4) 0.0126 1996655

101.280(3)
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Tadoauua S3.1. Kpucramiorpadgudeckue maHHbIC U TTApaMeTPbl YTOUHEHHS CTPYKTYp 60

- 74.
(]
=  Copepxanue
R, (JF
B Ses  Ip.rp. aAla° bA/B° ¢ Alp° V, A3 >14((|5F‘;| ICSD
% CTPYKTYypE -
S
10.231(1)/ "
60 100 P2,/c 11.456(2) 101.901(4) 14.809(2) 1698.4(4) 0.0547 423517
10.2486(11) /
61 953 P2,/c 11.4448(12) 101.834(2) 14.8096(16) 1700.1(3) 0.0245 430719
10.2339(10) /
62 88.7 P2,/c 11.4176(12) 101.796(2) 14.7868(15) 1691.3(3) 0.0224 430718
63 81.7 P2,/c 11.4014(3) 10227063/ 14.7706(4) 1686.44(8) 0.0293 430717
101.710(1)
8.1510(7)/
64 78.5 C2/c  17.7579(18) 97.035(3) 17.7750(17)  2553.5(4) 0.0318 430725
8.1557(18) /
. 2 17.774(4 17. 4 2558.5(1 .0204 430722
65 76.8 C2/c 17.774(4) 97.089(4) 7.785(4) 558.5(10)  0.020 307
8.1487(7) /
66 80.5 C2/c 17.7681(16) 96.984(2) 17.7917(15)  2556.9(4) 0.0236 430726
1 2
67 76.8 C2/c  17.7245(4) 37 (3)(5)?23 / 17.7502(4)  2540.58(10) 0.0257 430728
57.399(5) /
68 63.9 P2, 8.2050(7) 93.265(2) 10.3222(8)  4853.4(7) 0.0649 430727
69 53.9 Amm2  12.9496(10) 18.5797(14)  13.5134(11) 3251.3(4) 0.0269 430724
70 46.2 Amm2 12.9158(5) 18.5289(7) 13.4353(5)  3215.3(2) 0.0440 430723
71 38.8 Amm2 12.879(2) 18.497(3) 13.402(2) 3192.5(9) 0.0422 430720
72 29.2 Amm2 12.8777(6) 18.4628(6) 13.3817(5)  3181.6(2) 0.0331 430721
73 16.2 Amm2 12.8530(17) 18.369(2) 13.402(2) 3164.2(8) 0.0451 430716
74 0 Amm2 12.8259(6) 18.2778(9) 13.3388(7)  3127.0(3) 0.0184 430715

* — Gurzhiy et al., 2012a
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Taoauna S3.2. Kpucramiorpadguieckue JaHHBIE U TTapaMeTpbl yTOUHEHUS CTPYKTYp 75 — 84.

° Conepx

g | amume Se R, (Fo| >

%;’ B Op.rp. | a,A/a,° b, A/p,° c,A/y,° Vv, A’ 14c|:) = ICSD
3 CTPYKTY

S pe

1 0 P-42im | 9.6165(8) 9.6165(8) 8.1055(9) 749.57(15) | 0.0135 432238
2 10.0 P-42\m | 9.6268(12) 9.6268(12) 8.1119(10) 751.8(2) 0.0147 432239
3 19.0 P-42\m | 9.6518(12) 9.6518(12) 8.1163(10) 756.1(2) 0.0163 432240
4 28.3 P-42ym | 9.6835(10) 9.6835(10) 8.1328(12) 762.61(19) | 0.0174 432241
5 38.7 P-42\m | 9.6926(7) 9.6926(7) 8.1354(8) 764.29(13) | 0.0124 432242
6 493 P-42ym | 9.7075(19) 9.7075(19) 8.1407(16) 767.1(3) 0.0216 432243
7 67.7 P-42:m | 9.7828(14) 9.7828(14) 8.1537(16) 780.3(3) 0.0222 432244
8 83.3 P-42:m | 9.8082(17) 9.8082(17) 8.1477(19) 783.8(3) 0.0202 432245
9 100 P-42:m | 9.8560(16) 9.8560(16) 8.1587(14) 792.5(3) 0.0201 432446
10 100 Pna2, 14.367(3) 11.682(3) 7.826(1) 1313(1) 0.053 94526 *

* _ Mikhailov et al., 2001
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Ta6auna S3.3. Kpucramiorpadudeckue naHHbIE W MapaMeTpbl YyTOYHEHUS CTPYKTYp 90 —

114.

g

Z  Coxepxanne Tp.

E Se B o a, A b, A c, A B,° Vv, A’ R, ICSD

9 CTPYKTYpE '

@)

920 0 P2,  6.3876(12) 11.304(2) 8.2306(19)  90.345(4) 594.3(2) 0.0128 1923269
91 6.0 P2,  6.3910(15) 11.306(3) 8.246(2) 90.267(5) 595.8(2) 0.0120 1923266
92 9.0 P2,  6.3949(16) 11.323(3) 8.258(2) 90.095(5) 597.9(3) 0.0283 1923264
93 16.0 Pmn2, 12.824(3) 8.2843(18)  11.353(2) 90 1206.1(4) 0.0162 1923268
94 22.0 Pmn2, 12.828(3) 8.296(2) 11.363(3) 90 1209.2(5) 0.0210 1923271
95 30.0 Pmn2, 12.8572(19) 8.3529(12) 11.4457(16) 90 1229.2(3) 0.0178 1923265
926 47.0 Pmn2, 12.876(3) 8.3600(18)  11.452(3) 90 1232.7(5) 0.0203 1923267
97 58.0 P2,/c  8.3582(16) 11.504(3) 12.964(3) 90.680(5) 1246.5(5) 0.0204 1923272
98 64.5 P2,/c  8.3811(4) 11.5059(6)  12.9887(7)  90.721(1) 1252.4(1) 0.0192 1923274
929 78.0 P2,/c  8.382(2) 11.562(3) 13.023(3) 90.823(4) 1262.0(5) 0.0179 1923270
100 100 P2,/c  8.4694(4) 11.6410(5)  13.1904(6) 91.217(1) 1300.2(1) 0.0193 1923273
101 0 Pmn2, 12.7506(1)  8.3095(1) 11.2929(1) 90 1196.50(2)  0.0277 2039104
102 7.0 Pmn2, 12.7808(3) 8.2806(2) 11.3074(3) 90 1196.69(5)  0.0247 2039102
103 18.0 Pmn2, 12.7830(4) 8.2863(3) 11.3033(5) 90 1197.28(7) 0.0164 2039112
104 30.5 Pmn2, 12.8182(2) 8.2926(2) 11.3803(2) 90 1209.68(4) 0.0186 2039101
105 39.5 Pmn2, 12.8291(9) 8.2825(5) 11.3826(6) 90 1209.48(13) 0.0308 2039103
106 51.5 P2,/c  8.3202(4) 11.4227(4)  12.8820(6) 92.718(4) 1222.92(9) 0.0388 2039105
107 61.0 P2,/c  8.3598(1) 11.4808(2)  12.9631(1) 92.894(1) 1242.58(3) 0.0172 2039107
108 69.5 P2,/c  8.3534(3) 11.4839(3) 12.9409(4) 92.931(3) 1239.79(7) 0.0167 2039108
109 78.0 P2,/c  8.3752(2) 11.5330(3)  13.0328(3) 93.103(2) 1257.01(5) 0.0256 2039106
110 89.0 P2,/c  8.3902(1) 11.5601(2)  13.0744(2)  93.309(1) 1265.99(3) 0.0140 2039109
111 100.0 P2,/c  8.3912(2) 11.5652(3)  13.1209(3)  93.533(2) 1270.91(5) 0.0166 2039113
112 0 Pmn2, 12.8695(3) 8.28206(15) 11.2920(2) 90 1203.57(4)  0.0207 2039110
113 0 Pmn2, 12.9198(3) 8.2988(2) 11.2962(3) 90 1211.17(5)  0.0408 2039114
114 0 P2,/c  6.5114(1) 11.3829(2)  8.3439(2) 90.773(2) 618.38(2) 0.0154 2039111
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. o +
Pucynok S3.2. 3acenéunocts mosuumii T° atomamu Se (¢.ex.) (a), BapHamMy CpemHHX
o +
sHadeHmH cBssu 10 —O ¢ yBenmueHmeM koimdectBa Se (b) B crpykrypax  90-100.
ITonmuaoMuansHbIE NI SKCITIOHCHIIMAJIBHBIC TPCHAbL IIOKa3aHbI C KO3(1)(1)I/IIII/IGHTaMI/I

KOPPEJALMHU.
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Pucynox $3.3. 3acenénnocts mosummii T°° atomamu Se (d.ex.) (a), BapHamuuM CpPeIHHX
sHaveHnit cBm3um T —O ¢ yBemmuenmeM KommdectBa Se (b) B crpyktypax 101-111.

[TonmmHOMMANIEHBIC TPSH/IBI IIOKA3aHbBI ¢ KO3 PHUIIMEHTaMU KOPPEIISIIHH.



Tadoauua S3.4. Kpucramiorpaguveckne JaHHBIE W MMapaMeTPbl YTOYHEHHS CTPYKTYP

115-117.

217

Compound 115 116 117
Formula Mass 1103.16 1121.18 1078.55
Space group P2,2,2, P2,/c P2,/n
a(A) 10.8620(5) 11.3575(5) 8.677(3)

b (A) 11.1105(5) 11.0210(5) 10.294(3)
c(A) 17.8815(8) 17.8038(8) 26.474(8)
a(®) 90 90 90

L) 90 90.6080(10) 97.521(7)
7 (°) 90 90 90

V (A% 2157.98(17) 2228.39(17) 2344.4(12)
Size (mm’) 0.19x0.12x0.05 | 0.21x0.11x0.05 | 0.18x0.11x0.05
i (mm™) 20.130 19.500 14.258

z 4 4 4

20 range, ° 4.32-54.00 3.59-55.00 3.10-55.00
Deale (g/cm’) 3.395 3.342 3.056
Total ref. 23149 24352 21281
Unique ref. 4714 5118 5381
Unique |Fo| > 40r | 4536 4475 4953

Rint 0.0748 0.0758 0.0756

R, 0.0433 0.0455 0.0432

Ry (|Fo| = 40F) 0.0252 0.0246 0.0241
WR; (|Fo| = 40¢) 0.0587 0.0545 0.0570
GOF 1.053 1.003 1.041

Pumins Prmins ©/A° —1.764, 1.990 —2.142,1.749 —1.476, 1.328
CCDC 1518914 1518912 1518913

Note: Ry = 2 [|Fo| — [Fll/Z [Fo; WRy = { = [W(F,” — F&)’J/Z [W(Fo))’]H"; w
=1/[*(F.>) + (aP)* + bP], where P = (F,” + 2F.%)/3; GOF = {Z [W(F, —
FA))/(n - p)}'"* where n is the number of reflections and p is the number of
refined parameters.
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Tao6auua S3.5. Kpucramnorpagpuueckue aaHHbIE M HapaMeTpbl YTOUHEHHS CTPYKTYpPbI

118.
a(A) 8.3908(11)
b (A) 12.3602(11)
c(A) 10.9150(13)
a (%) 90.00
Q) 101.567(10)
7 (°) 90.00
V(A7) 1109.0(2)
Space group P2,
w(mm) 19.588
Z 2
Dcalc (r/CMS) 3267
Size (mm”) 0.16x0.10x0.08
Radiation MoK
Total ref. 9971
Unique ref. 5405
20 range, ° 3.80 — 58.44
Unique |F,| > 4oF 4861
Rint 0.0744
Rs 0.0713
Ry (|Fo| = 4oF) 0.0456
WR; (|F,| = 40¢) 0.1095
R, (all data) 0.0531
WR, (all data) 0.1128
S 1.070
Dimins Prmaxs &/A° ~3.545, 1.277

Note: Ry = X ||Fy| — [Fell/Z |Fol; WRy = { 2 [W(Fo> — F&* V2 [W(F D)2 w
=1/[6*(F,’) + (aP)* + bP], where P = (F,” + 2F.%)/3; GOF = {X [w(F,* —
FA)/(n — p)}"* where n is the number of reflections and p is the number of
refined parameters.




Tadauua S3.6. Kpucramnorpaguveckue JaHHBIE W ITapaMeTPhI
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YTOYHEHHSI CTPYKTYP

121-124.
Compound 121 122 123 124
Formula Mass 1520.75 2429.57 1501.85 1765.15
Space group Pna2,; P-1 P2:/n P2:/n
a(A) 16.8623(10) 8.7587(14) 10.147(3) 10.210(2)
b (A) 18.0113(11) 13.067(2) 18.726(6) 19.151(4)
c(A) 10.1928(6) 23.009(4) 17.076(5) 17.819(3)
o (°) 90 73.807(3) 90 90
£©) 90 88.980(4) 99.043(7) 98.959(3)
7 (%) 90 86.129(3) 90 90
V (A% 3095.7(3) 2523.1(7) 3204.5(16) 3441.7(11)
Size (mm®) 0.12x0.08x0.02 | 0.09x0.05x0.01 | 0.08x0.06x0.01 | 0.11x0.08x0.01
p(mm ") 16.112 17.968 15.564 19.483
z 4 2 4 4
20 range, ° 3.31-53.00 3.25-55.00 4.35-55.00 3.14-60.00
Deatc (g/cm’) 3.263 2.555 3.113 3.407
Total ref, 33416 27045 21416 40892
Unique ref. 7115 11564 7334 10021
Unique [F,| > 40r | 6371 8381 5456 9433
Rint 0.1079 0.0761 0.0423 0.0263
R, 0.0712 0.0941 0.0534 0.0250
R, (IF,| > 4oF) 0.0392 0.0359 0.0340 0.0441
WR; (Fo| > 40r) 0.0923 0.0622 0.0679 0.1116
GOF 1.031 0.845 0.990 1.058
Pumins Prmins &/A° -1.335,2.038 -2.366, 1.827 —1.486, 1.998 -2.466, 1.981
CCDC 1581587 1581588 1581589 1581590
Note: R, = X||F,| — [Fl|/Z[Fof; WR, = {E[W(F,’ — F2)’VE[W(F,?)]} % w =1/[c*(F,’)+@aP)® + bP],

where P = (F,>+ 2F))/3; s = {Z[W(F,> — F))/(n — p)} 2 where n is the number of reflections and
p is the number of the refined parameters.
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Tadauua S3.7. Kpucramiorpagudeckne JaHHBIE W MMapaMeTPbl YTOYHEHHS CTPYKTYP

125-128.

Compound 125 126 127 128
Formula Mass 698.15 838.20 587.05 639.08
Space group Pnma P2,/c P2:/n P-1

a(A) 7.6176(9) 12.7463(11) 8.475(3) 7.5635(15)
b (A) 12.1811(16) 12.4261(7) 12.264(2) 7.6188(15)
c(A) 19.258(2) 14.9928(11) 10.404(3) 12.101(2)
o (°) 90 90 90 79.559(15)
Q) 90 113.433(6) 95.23(3) 89.272(16)
7 (°) 90 90 90 82.356(16)
VvV (A%) 1787.0(4) 2178.8(3) 1076.9(5) 679.6(2)
Size (mm”) 0.20x0.16x0.04  0.18x0.12x0.03  0.11x0.08x0.01  0.14x0.07x0.02
i (mm ") 13.215 12.526 21.864 17.351

Z 4 4 4 2

20 range, ° 3.96-53.00 3.48-52.00 5.15-53.00 3.42-55.00
Deatc (g/cm’) 2.595 2.555 3.621 3.123
Total ref. 11773 14994 7934 5568
Unique ref. 1942 4344 2148 2874
Unique |[Fo| =40 1656 3622 1583 2552

Rint 0.0810 0.0555 0.0942 0.0300

R, 0.0404 0.0391 0.0715 0.0346

Ri (|Fo| > 4or) 0.0420 0.0462 0.0534 0.0253
WR; (|F,| = 40F) 0.0708 0.0675 0.0757 0.0500
GOF 1.169 1.289 1.114 1.066

Prmins Prminy €/A° —1.460, 0.981 —1.188, 0.975 —1.526, 1.238 -1.114,0.975
CCDC 1514590 1514589 1514592 1514591

Note: Ry = Z [|Fo| — |Fell/Z |Fol; WRy = { 2 [W(F,> — F2)* /2 [W(F A2 w =1/[6*(F,Y) + (aP)* +
bP], where P = (F,> + 2F.2)/3; GOF = {X [W(F,> — F)J/(n — p)}"? where n is the number of
reflections and p is the number of refined parameters.




Taoauna S3.8. Kpucrannorpadudeckue qaHHbIe U MapaMeTpbl yTOUYHEHUs CTpykryp 129-132.

Compound 129 130 131 132

fw 639.99 623.99 1020.98 1042.96
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnma P2,/c P2, P2,/c
a(A) 7.5496(7) 8.2366(10) 8.5827(13) 8.4842(10)
b (A) 12.0135(9) 7.5888(6) 10.0730(15) 10.2368(8)
c(A) 15.8362(13) 22.260(2) 10.0915(14) 24.228(2)
o (deg) 90.00 90.00 90.00 90.00

B (deg) 90.00 104.566(9) 95.980(12) 102.803(9)
v (deg) 90.00 90.00 90.00 90.00
V(A% 1436.3(2) 1346.7(2) 867.7(2) 2051.9(3)
z 4 4 2 4

D (gem ™) 2.960 3.078 3.908 3.376

u (mm") 16.423 17.507 25.012 21.166

20 range (deg) 4.26 — 53.66 3.78 — 58.64 4.06 — 50.00 3.44 —-50.00
reflections collected 10099 12119 5477 12326

independent reflections
gof ®

Ri, WR; [I > 2a(1)]*

R, WR; [all data]
CCDC

1605 [R(int) = 0.0875]

1.334

0.0467, 0.0860
0.0566, 0.0882

866553

3656 [R(int) = 0.0828]
0.996

0.0466, 0.0637
0.0785, 0.0688
866549

2931 [R(int) = 0.1271]
1.083

0.1072,0.2712
0.1126, 0.2766
866547

3602 [R(int) = 0.1698]
1.049

0.0674, 0.1551
0.0957, 0.1693
866553

? gof = [IW(F,> — F2)? / (Nobs — Nparam)] ° Ry = Z(IFo] — [Fe)/ZIFo|. WR, = [S[W(F,” — F)7Ew(F,2)*]

1C¢



Taoauna S3.9. Kpucrannorpadudeckue JaHHbIe U MapaMeTpbl yTouHeHus cTpykryp 133-136.

Compound 133 134 135 136

fw 1692.97 1678.91 2709.91 2946.25
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group Pnna Ibca Pca2, Pnma

a(A) 16.4221(14) 20.956(2) 31.505(2) 30.9728(19)
b (A) 18.4773(9) 34.767(8) 10.3688(6) 37.022(2)
c(A) 10.3602(5) 18.663(2) 16.2424(11) 10.4171(5)

a (deg) 90.00 90.00 90.00 90.00

B (deg) 90.00 90.00 90.00 90.00

vy (deg) 90.00 90.00 90.00 90.00

V(A% 3143.7(3) 13597(4) 5305.9(6) 11945.0(11)
z 4 16 4 8

D.(gcm ™) 3.577 3.280 3.392 3.277

u (mm) 21.319 19.720 20.814 20.086

20 range (deg) 4.40 —50.00 2.34-47.00 2.58 -49.00 2.20-49.00
reflections collected 18468 32094 27846 61466
independent reflections 2774 [R(int) = 0.1191] 4913 [R(int) = 0.3280] 8463 [R(int) =0.2070] 10116 [R(int) =0.2139]

gof? 1.104

Ry, WR, [I > 20(1)] ® 0.0541,0.1119
Ry, WR, [all datal] 0.0790, 0.1216
CCDC 866546

0.968

0.1040, 0.1867
0.2138, 0.2287
866551

0.997

0.0852, 0.1901
0.1305, 0.2150
866548

1.055

0.0858, 0.1736
0.1556, 0.2083
866550

2 gOf: [ZW(FO2 - Fcz)2 / (nobs - nparam)]l/z' ; Rl = Z(|Fo| - |Fc|)/2|Fo| WRZ = [Z[W(Fo2 - Fc2)Z/ZW(F02)2]1/2

(444
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Taoauna S3.10. @a3pl 0OKCOCOJIEH ypaHHUIIa C MOHOBAJIEHTHBIMA KATUOHAMH B CUCTEME

UO,TO, — A,TO,—H,O ™.

*k

Point Formula type D T A

1 (UOL)(TO4)(H,0), 1 Se,Cr -
3 Mo -

2 (UO)(TO49)(H20)2 5 1 S -

3 (UO)(TO4)(H0)5 1 Cr -

4 (UO2)(TO4)(H20)s 5 1 S -

5 (UO,)(TO4)(H,0)4 1 Se -

6 (UO,)(TO4)(H0)45 1 Cr -

7 (UOL)(TO4)(H0)s 5 1 Cr -

8 Ax(UO,)(TOy), 1 Mo Li
2 Mo Na, K, Rb, Cs
2 Cr,Mo TI

9 Ay(UO,)(TO4)2(H,0) 1 Se amine, H;0

2 S, Se amine, H;O

2 Mo K, Rb, Cs, NH,
10 A)(UOy)(TO4)(H,0)5  1-2  Se amine
11 Ax(UOy)(TO4)2(H20), 1 S, Se amine

2 S, Se K, Rb, Cs, NH,4
2 Se amine, H;0
12 Ay(UO,)(TO4)2(H0)25 2 Se amine
13 Ay (UO,)(TO4)2(H,0)5 1 Se amine
2 S, Se amine, H;O
14 Ay (UO,)(TO4)2(H0)55 2 Se K, H;O
15 Ay (UO)(TO4)(H0)s 2 Se,Mo Na
16 Ay(UOy)»(TO,); 2 S, Se amine, H;O
2 S,Mo Cs
3 Mo Rb, Cs
3 Mo Tl
17 A»(U0O,)»(TO,);(H,0) 2 Se amine
3 Se H;0
18 Ay(UO,)x(TO4);(H0), 2 Se K, H;O
2 Se amine, H;O
19 Ay(UO,)x(TO4)3(H20)s5 2 Se H;0
20 Ay(UO,)x(TOg)3(HO0)s 2 Se,Cr K, Rb, NHy4
3 Se Rb, H;0
21 Ay(UO,)»(TO4);(H0); 2 Se K, H;0
22 A (UO,)x(TO4)3(H20)75 3 Se Na
23 A (UO,)5(TO4)s 3 Mo Na, K
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25

26
27
28
29
30
31
32
33
34
35
36
37
38
39
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A(UO1)4(TO4)s(H20),
A(UO,)6(TO4)7(H0),

Ax(UO»)e(TO4)7(H20)4
Ay (UO)(TO4);
A4(UO)(TO4)3(H20)1 5
A4(UO,)3(TO4)s
A4(UO,)3(TO4)s(H0)
A4(U0,)5(TO4)s(H20)s
A4(U0,)5(TO4)s(H20)6
A4(UO,)3(TO4)5(H,0)g
A4(UO,)5(TO4)7(H,0)
As(UO,)(TO,),
As(UO2)4(TO4)7(H20)6
Ag(UO,)s(TO4)s(H20)s
Ag(UO,)s(TO4)s(H20)s 5
Ag(UO,)s(TO4)s(H20)10

W W W W

—_—

N NN O W NN NN

N

Se

amine
amine

Rb, Cs, NH,4
amine

Na

Na, Tl
amine, H;O
Rb

amine, H;O
amine, H;O
K

NH,

Na, Rb, Cs, T1
K

amine, H;O
amine, H;O

H;0

* — ccputkd cM. B Kovrugin et al., 2012b;

** D — pasmepHocTh U-cOIEPHKAIIETO CTPYKTYPHOTO KOMILIEKCA.
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Introduction

Relevance of the Research. Uranium “promised” scientists to solve more and more new

problems throughout the history of research (Yanchilin, 2016). The discovery of this element
lasted for 50 years. In 1789, the famous German scientist Martin Klaproth received a metal-like
substance from uranium ore (Klaproth, 1789), UO, oxide, which he mistook for elemental
uranium, and only in 1840 the French chemist Eugene Péligot nevertheless receive the element
in its pure form (Péligot, 1841a,b). Further studies of uranium compounds contributed to a
number of important discoveries, such as, radioactivity and nuclear decay (Becquerel, 1896a,b).
These properties formed the basis of the technology of using atomic energy, which determined
the paramount importance and serious attention to uranium-containing compounds. One of the
tasks was to optimize all processes associated with the production and use of nuclear fuel, as
well as the storage and processing of radioactive wastes. Back in 1903, famous Russian scientist
D.I. Mendeleev wrote in his Fundamentals of Chemistry: “Convinced that the study of uranium,
starting from its natural sources, will lead to many new discoveries, | hardily recommend that
those who are looking for new research objects take special care in uranium compounds”
(Mendeleev, 1903). After almost a century and a half, this phrase has not lost its relevance.

It is very difficult to overestimate the importance of uranium for modern civilization, and
if consider the entire nuclear fuel cycle, then its initial and final stages (i.e. exploration of
uranium deposits, mining and processing of uranium ores, storage and processing of radioactive
wastes) are inextricably linked with mineralogical research: which rocks and their constituent
minerals are best used for uranium mining, what happens to uranium compounds in contact with
the environment, how do secondary uranium minerals differ in their physical and chemical
properties? In this regard, it is very important to conduct crystal chemical studies involving both
natural and synthetic objects. Stable and sparingly soluble uranium compounds can prevent the
migration of radionuclides from the zones of uranium ores oxidation or from the repository of
radioactive wastes, so, the study of the features of water-soluble uranium compounds is
necessary to understand the processes of transfer of radionuclides in geological conditions.

Nowadays, there are about 230 uranium minerals known that contain uranium in various
forms. All of them are oxygen-bearing compounds. Such a variety of mineral species is mainly
due to the crystal-chemical characteristics of uranium and actinides in general, as a group of
elements that combine the properties of transition and rare-earth elements. The most stable
degrees of uranium oxidation in geological conditions are +4 and +6. Trivalent and pentavalent

forms are practically unstable. Despite the wide abundance of the tetravalent uranium minerals,
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in near-surface conditions they tend to oxidize to Ut (Burns, 1999; Krivovichev and Burns,
2007; Lussier et al, 2016). Minerals of hexavalent uranium are formed both in the process of
uranium ore alteration (for example, uraninite, pitchblende, etc.) in the zones of hypergenesis,
thus being secondary minerals of uranium, and during the alteration process of spent nuclear fuel
(SNF) within the SNF storage and geological repository (Finch and Murakami, 1999). Janeczek
(Janeczek, 1999) mentions uranyl sulfates among uraninite weathering products in ancient
natural nuclear reactors in Gabon. Burakov et al. (Burakov et al., 1996) and Teterin et al.
(Teterin et al., 1994) described an active uranyl-carbonate mineralization among the secondary
formations at the 4th power unit of the Chernobyl nuclear power plant. Finch and Ewing (Finch
and Ewing, 1992), and many other works by our native and foreign researchers demonstrate the
particular importance of studying hexavalent uranium minerals and compounds for
understanding the processes of oxidation of uranium ores and SNF.

Uranyl sulfates is one of the most common groups of secondary uranium minerals
(Gurzhiy and Plasil, 2019). Nowadays, more than 40 mineral species of this group are known
and about ten are under approval or will be submitted to The Commission on New Minerals,
Nomenclature and Classification (CNMNC) of the International Mineralogical Association
(IMA) in the nearest future (in total, about 250 minerals of hexavalent uranium are discovered).
Uranyl selenates are not known as mineral species, but they form the most representative group
of synthetic compounds U®". At the same time, seven natural uranyl selenites are known
(Gurzhiy et al., 2019a). The amount of synthetic uranyl sulfates is slightly lower with respect to
selenates. In the scientific literature, there was practically no information on isostructural
compounds within these classes, and selenium impurities were not found in natural uranyl
sulfates, despite the presence of selenium in mineral associations. In this regard, the discovery of
the new mineral adolfpateraite, K(UO,)(SO4)(OH)(H,0) (Plasil et al., 2012a) became intriguing.
A few years before the discovery, a group of American scientists from the University of Notre
Dame, led by the Prof. P. Burns, received a synthetic sulfate analogue of the mineral (Forbes et
al., 2007), and we studied the isotypic selenate compound (Gurzhiy et al., 2009).

The discovery of a large number of new U®" minerals in recent years demonstrates the
unique evolution of the natural material within the uranium deposits. At the same time, the
processes of direct alteration of mineral species remain largely unexplored and not fully

understood.

Aims of the Research. The main goal of the research can be considered as a detailed crystal-

chemical study of new synthetic and poorly studied natural uranyl sulfates, selenites and
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selenates to determine the factors affecting the structural and chemical diversity of natural and
synthetic phases of hexavalent uranium, as well as their formation and alteration under natural

and technogenic processes.

Objectives of the Research:

(1) the systematic analysis of the information available in the scientific literature on the
chemical and structural features of minerals and synthetic compounds of uranyl sulfates,
selenites and selenates: analysis of structural geometric parameters (interatomic distances, bond
and torsion angles), classification of structural architectures (including the coordination
geometry of uranyl ions and structural motifs), and the frequency of their occurrence among the
natural and synthetic samples.

(2) conducting experiments on the synthesis of natural uranium compound’s analogues
from an aqueous solutions at different temperatures in order to model natural mineral-forming
processes and a comparative study of natural and synthetic compounds of similar composition
and structure.

(3) investigation of the stability of hexavalent uranium minerals and synthetic compounds
using experimental (calorimetry, thermogravimetry and X-ray diffraction analysis at non-
ambient conditions) and theoretical methods (topological description of structural complexes, the

theory of structural complexity, etc.).

Objects and Methods of the Research. Objects of the research: poorly studied uranyl sulfate

and uranyl selenite minerals selected from the collections of the Mineralogical Museums (A.E.
Fersman Mineralogical Museum and Mineralogical collection of the radioactive minerals of the
Department of Civil and Environmental Engineering and Earth Sciences at the University of
Notre Dame (USA)) and private collections (A.V. Kasatkin and J. Plasil), as well as synthetic
analogs of minerals obtained during experimental work at the laboratories of the St. Petersburg
State University, A.N. Frumkin Institute of physical chemistry and electrochemistry RAS, and
the University of Notre Dame (USA).

Methods of the Research:

1. Method of structural studies of minerals and synthetic compounds: Powder (PXRD) and
Single Crystal X-ray Diffraction (SCXRD) techniques. Equipment of the Research Center for X-
ray diffraction studies at the St. Petersburg State University (RCXRD): single crystal
diffractometers STOE IPDS II; Rigaku Oxford Diffraction Excalibur Eos, SuperNova Atlas and
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XtaLab HyPix-3000; Bruker Smart APEX II and APEX II DUO; Rigaku R-AXIS Rapid; powder
diffractometers Rigaku Miniflex II and Rigaku Ultima IV.

2. Methods of composition and stability of minerals and synthetic compounds studies:

a) Infrared spectroscopy. Equipment of the RCXRD: IR Fourier spectrometer Bruker Vertex 70
with Hyperion 2000 microscope.

b) Electron probe microanalysis. Equipment of the Research Park at the SPbU: scanning electron
microscope (SEM) Hitachi S-3400N, EDX-analyzer OXFORD, WDX-analyzer INCA; SEM
Hitachi TM 3000, EDX-analyzer OXFORD.

¢) High-temperature PXRD. Equipment of the RCXRD: research complex with a high-
temperature chamber Rigaku SHT-1500 mounted on a Rigaku Ultima IV diffractometer.

d) DSC and TGA — for studying the thermal stability of minerals and synthetic compounds in a
wide temperature range. Equipment of the RCXRD: differential scanning calorimeter NETZSCH
STA 449 F3 Jupiter.

e) High-temperature oxide melt calorimetry. Equipment of the University of Notre Dame (USA):
the enthalpies of formation of a number of synthetic uranyl and neptunyl sulfates and selenates

were determined using a high-temperature Setaram AlexSYS 1000 calorimeter.

Scientific Novelty. Systematic studies of various factors affecting the structural and chemical

diversity of natural and synthetic phases of hexavalent uranium, as well as their stability and
behavior in the course of natural and technological processes, which are reported herein, are
largely absent in the scientific literature. The originality of the project can be classified as a
detailed analysis and careful processing of literature data accumulated in various scientific fields
(mineralogy, materials science and radiochemistry) as well as the usage of experimental and
theoretical methods and approaches developed with the direct participation participation of the
author of the dissertation. Thus, original synthesis methods were developed, the crystal structures
of 117 novel U(VI)-bearing compounds with sulfur and selenium in various oxidation states
were obtained and structurally characterized, and also novel techniques for describing crystal

structures were proposed.

Practical Relevance. Despite the rather high interest in actinide compounds in recent years,

much in the field of uranium geochemistry remains unknown, so the results will help to expand
the knowledge about geochemical processes involving toxic and radioactive elements occurring
in natural conditions. Systematization and generalization of data accumulated in the world

scientific literature allow coming closer to understand the processes taking place in natural and
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technological environment that affect formation and stability of crystalline uranium compounds
of natural and technogenic origin. Crystal-chemical analysis of structural complexes using
theoretical complexity calculations of crystal structures will clarify the evolution branches within
the individual mineral groups and secondary mineral phases of technogenic origin. The data on
the methods of structural arrangement in crystalline compounds obtained during the research can
be used both in the processes of industrial utilization of depleted uranium and for the creation of
new matrices for the conservation and disposal of radioactive wastes. The research exists at the
crossroads of crystallography, radiochemistry and materials science, therefore the results will be
used in such lecture and practical courses as “Crystal Chemistry”, “Radiochemistry”, “Single

Crystal X-ray Diffraction Analysis”, etc.

Main Provisions of the Dissertation:

6. The crystal chemical analysis of natural and synthetic uranyl selenites and sulfates
indicates that formation of structures with dense topologies of edge-sharing between
coordination polyhedra is associated with elevated temperatures (> ~ 70 ° C), while at
room temperature formation of topologies with the vertex-sharing type of polymerization
of coordination polyhedra is observed.

7. Contribution of the topological complexity of uranyl-bearing complexes into the overall
complexity of the crystal structure for the most of natural uranyl sulfates and selenites is
no more than 30%, while the main contribution falls on the interlayer / interchain cationic
complex (not less than 30%) and packing of H,O molecules (not less than 35%). The role
of the topological complexity for the structures of synthetic compounds significantly
increases (with an average contribution of up to 52%).

8. On the basis of experimental data, it has been shown that in mixed uranyl sulfate-
selenates, Se** ions exhibit preferential occupancy of tetrahedral sites with lower
topological connectivity. In a number of cases, the occurrence of Se®” leads to the
formation of new structural topologies and changes in the general structural architecture
(in particular, polytypic transitions).

9. The general architecture of the structures of templated organic-inorganic uranyl selenates
and sulfates, as well as the topological and geometric (symmetrical) characteristics of the
inorganic complex, are determined by the configuration of H-bonding system and the
balance of hydrophilic-hydrophobic interactions.

10. Organic and inorganic cations and H,O molecules play the decisive role in dimensional

reduction of uranyl complexes in the crystal structures of natural and synthetic
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compounds with the general formula Ay(UO;)p(TO4)q(H2O)r (where A = monovalent
cation; T =S, Se, Cr, Mo; n =2(q — p)) as reducing agents.

Research Approbation. The main results of the dissertation, including those of studying the

crystal chemistry of natural and synthetic uranyl sulfates, selenites and selenates, were reported
and discussed at the following Russian and international conferences: The Fedorov Session 2006
(Russia, St. Petersburg, 2006); Russian Conference on the radiochemistry ‘“Radiochemistry-
2006” (Russia, Dubna, 2006); XVI International Meeting on Crystal Chemistry, X-ray
Diffraction and Spectroscopy of Minerals (Russia, Miass, 2007); International Workshop
“Structural Chemistry of Actinide and Lanthanide Inorganic Compounds” (Russia, Pushkin,
2007); II International Conference “Crystal Genesis and Mineralogy” (Russia, St. Petersburg,
2007); International Conference “Mineralogical Museums 2008 (Russia, St. Petersburg, 2008);
3™ Russian youth school on the radiochemistry and radiochemical technologies (Russia, Ozersk,
2008); The Fedorov Session 2008 (Russia, St. Petersburg, 2008); International Chugaev
Conference on the Coordination Chemistry (Russia, Repino, 2009); 7" International conference
on f elements (Germany, Cologne, 2009); International conference “Clays, clay minerals, and
layered materials” (Russia, Zvenigorod, 2009); Russian Conference on the radiochemistry
“Radiochemistry-2009” (Russia, Dubna, 2009); 3" Russian conference on the Organic
Mineralogy (Russia, Syktyvkar, 2009); XX Meeting of the International Mineralogical
Association (Hungary, Budapest, 2010); 4™ Russian youth school on the radiochemistry and
radiochemical technologies (Russia, Ozersk, 2010); The Fedorov Session 2010 (Russia, St.
Petersburg, 2010); 6™ National Conference on the Crystal Chemistry (Russia, Suzdal, 2010);
XVII International conference Crystal chemistry, X-ray diffraction and spectroscopy of minerals
(Russia, St. Petersburg, 2011); First European Mineralogical Conference (Germany, Frankfurt,
2012); Annual meeting of the Russian Mineralogical Society and the Fedorov Session 2012
(Russia, St. Petersburg, 2012); Joint annual meeting of Geological and Mineralogical
Associations of Canada “GACMAC-2013” (Canada, Winnipeg, 2013); The 28" Meeting of The
European Crystallographic Association (Great Britain, Warwick, 2013); 2" International
Conference Clays, Clay Minerals and Layered Materials “CMLM2013” (Russia, St. Petersburg,
2013); 239 Congress and General Assembly of the International Union of Crystallography
(Canada, Montreal, 2014); 6" Russian youth school on the radiochemistry and radiochemical
technologies (Russia, Ozersk, 2014); Annual meeting of the Russian Mineralogical Society and
the Fedorov Session 2014 (Russia, St. Petersburg, 2014); XVIII International conference Crystal
chemistry, X-ray diffraction and spectroscopy of minerals (Russia, Ekaterinburg, 2014); 8"
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European Conference on Mineralogy and Spectroscopy (Italy, Rome, 2015); XII Congress of the
Russian Mineralogical Society (Russia, St. Petersburg, 2015); 8™ National Conference on the
Crystal Chemistry (Russia, Suzdal, 2016); International conference “New minerals and
mineralogy in the 21 century” (Czech Republic, Jachymov, 2016); 2" European Mineralogical
conference (Italy, Rimini, 2016); The Fedorov Session 2016 (Russia, St. Petersburg, 2016); 200"
Anniversary of the Russian Mineralogical Society (Russia. St. Petersburg, 2017); 9™ National
Conference on the Crystal Chemistry (Russia, Suzdal, 2018); XXII Meeting of the International
Mineralogical Association (Australia, Melbourne, 2018); 31* European Crystallographic
Meeting (Spain, Oviedo, 2018); International Workshop on Chemical Crystallography and
Structural Biology “The Second Struchkov Meeting” (Russia, Moscow, 2018); XIX International
Meeting on Crystal Chemistry, X-ray Diffraction and Spectroscopy of Minerals (Russia, Apatity,
2019); 9t European Conference on Mineralogy and Spectroscopy (Czech Republic, Prague,
2019); International Conference “Mineralogical Museums 2019 (Russia, St. Petersburg, 2019);
5™ Russian conference on the Organic Mineralogy (Russia, Puschino, 2019); IV Conference and
School for Young Scientists High-temperature X-ray Diffraction and X-ray Diffraction of
Nanomaterials “HTXRD-4” (Russia, St. Petersburg, 2020); 10™ National Conference on the
Crystal Chemistry (Russia, Elbrus, 2021); The Fedorov Session 2021 (Russia, St. Petersburg,
2021).

Publications. 112 papers were published on the topic of the dissertation, including 40 papers in
scientific journals (of which 39 papers in journals referred in the Scopus and Web of Science

bases) and 72 abstracts based on the participation at Russian and international conferences.

Scope and Structure of the Dissertation. The dissertation consists of introduction, 3 chapters,

conclusion, list of references, and supporting information. The work with a total volume of 212
pages includes 80 figures, 40 tables, and a list of references citing 295 works of Russian and

international authors.
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Chapter 1. General Information on Minerals and Synthetic Compounds of
Uranium(VI)

1.1. Crystal Chemistry of U(VI)-bearing Compounds

A characteristic feature of the hexavalent uranium atoms, is the formation of symmetric
linear complexes [0=U=0]*" with U — O bondlengths ~ 1.8 A, which are known as uranyl ions
(Ur). The stability of Ur is explained by the presence of a strong triple bond between the U and
Our atoms. Since U(VI) atoms have an electronic configuration preceding noble gases, the
electrons involved in the formation of bonds in the Ur are provided by the O atoms to fill vacant
6d' 7s* 5f° orbitals. Two of these bonds are formed due to two unpaired electrons of U and two
unpaired electrons of O atoms, while the third bond is formed as a result of the merge of the lone
electron pair of O and the free orbital of U atoms (King, 2002).

In the crystal structures of the considered minerals and synthetic compounds, Ur is
coordinated by four, five, or six additional anions, which are located in approximately the same
plane perpendicular to Ur, which leads to the formation of tetragonal bipyramids Urda,
pentagonal bipyramids Ur¢s or hexagonal bipyramids Urds (¢: O*, OH, H,0) (Fig. 1.1).

P.C. Burns and co-authors (Burns et al., 1997; Burns, 2005) calculated mean geometric
parameters for uranyl coordination polyhedra based on data from more than 200 well-refined
structures (R; < 0.07). Bond valence of U°—Oy; contact approximately ~1.7 valence units (v.u.),
whereas bond valence of U6+—Oeq (Oeq — oxygen atom arranged in the equatorial plane of Ur)
contact is equal to ~0.5 v.u. Thus, Oy, atoms are almost completely valence saturated and the
sum of the valence forces fully complies with the requirements, while the formation of additional
chemical bonds is necessary for the valence saturation of equatorial anions. As a result, uranyl
polyhedra usually polymerize with each other and other solid polyhedra only through equatorial
vertices and edges, which leads to the predominance of layered structures among minerals and
synthetic uranyl compounds. Average values of bondlengths are U-Our ~ 1.79 A and U-Ogq ~
2.37 A for Ur¢s complexes, and U-Oyr ~ 1.78 A and U-Ogq ~ 2.46 A for Urds complexes.
Whereas there are several options for Urds complexes. The most common is the tetragonal
bipyramidal configuration with U-Oyr ~ 1.82 A and U-Ogq ~ 2.26 A, but regular (or slightly
distorted) octahedral coordination with approximately equal U-O ~ 2.1 A, as well as inverted
bipyramids, which consist of a tetraoxide core with short bonds of ~ 1.8 A and, contrariwise,

elongated polar contacts of ~ 2.3 A (Wu et al., 2009; Unruh et al., 2010) are also possible.
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Figure 1.1. Coordination polyhedra of uranium atoms in uranyl compounds in ball-and-
stick and polyhedral representations: tetragonal bipyramid (a,b), pentagonal bipyramid (c,d), and
hexagonal bipyramid (e,f).

In the crystal structures of uranyl sulfates and selenates S°” and Se®” atoms are arranged
in the center of tetrahedral oxoanions [T"'04]*". Whereas in the structures of uranyl selenites
Se*" atoms form trigonal pyramids [Se' O3]* with an Se atom located at the apical vertex and
having lone electron pair directed to the side opposite to the triangular base of O atoms. Average
values of bondlengths are S¥'-O ~ 1.46, Se"'-O ~ 1.64 and S""-0 ~ 1.69 A.

Linkage of of uranyl-bearing complexes into a three-dimensional structure in the
structures of uranyl compounds with inorganic cations, is provided by monovalent cations (K",
Na', Cs’, etc.), for which coordination is mainly carried out due through terminal O atoms of
[TO4]* tetrahedra and O atoms of uranyl ions, and by octahedrally coordinated divalent cations
(IM(H20)6]*, [MO,(H20)4]%, etc.) (Gurzhiy and Krivovichev, 2008; Gurzhiy et al., 2009, 2011,
2012a, 2014a, 2016a, 2017b, 2019b, 2020a; Kornyakov et al., 2020, 2021; Tyumentseva et al.,
2019).

Linkage of organic and inorganic substructural complexes in the structures of synthetic
uranyl compounds templated by organic molecules, is mainly provided due to H-bonding
interactions (Gurzhiy et al., 2010, 2012b, 2015a, 2017a, 2018a, 2018b; Kovrugin et al., 2012a;
Krivovichev et al., 2010, 2011; Nazarchuk et al., 2018a), besides such a rather weak electrostatic
interaction can lead to a significant symmetry reduction of the whole structure, due to shifts of

bridging O atoms from their “Ideal” (from the symmetrical point of view) positions (Gurzhiy et
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al., 2014c, 2019c). It is also worth noting the discovery of a new class of organo-inorganic
uranyl-bearing compounds with neutraly charged crown ether molecules, in the structures of
which the negative charge of uranyl-bearing complexes is compensated by hydronium ions

(Gurzhiy et al., 2014b, 2015b, 2016a).
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1.2. Description Principles of U(VI)-bearing Crystal Structures

Compilation of hierarchical classifications of minerals’ crystal structures was first
proposed by W.L. Bragg (Bragg, 1930) based on the polymerization of Si-O tetrahedra in
silicates. Later, this approach was supplemented to classify crystal structures based on the
polymerization of any tetrahedral complexes (Zoltai, 1960; Liebau, 1985). Further, F. Hawthorne
proposed classification of minerals based on the polymerization of polyhedra of highly charged
cations (Hawthorne, 1983, 1985), — approach known since the work of W.L. Bragg. This idea
was used by F. Hawthorne to built classification of minerals, which crystal structures are based
on tetrahedrally and octahedrally coordinated cations (Hawthorne, 1990). It should be noted that
similar principles were proposed even earlier by P.N. Sandomirskiy and N.V. Belov during the
development of crystal chemistry of minerals with mixed anionic radicals (Sandomirskiy and
Belov, 1984).

Based on the aforementioned ideas, P. Burns and co-authors (Burns et.al., 1996) proposed
a hierarchical systematics of crystal structures of U-bearing minerals and inorganic compounds
based on the assignment of complexes with high bond valencies within coordination polyhedra
(including uranium polyhedra) in their structures. The authors of the classification analyzed the
crystal structures of 180 minerals and synthetic compounds (known at that moment), but later
(Burns, 2005; Lussier et al, 2016) these data were supplemented to 727 compounds. Most of the
compounds were considered having layered structures. Finite clusters, chain-based, framework,
and structures containing nano-structured isolated clusters have been reported as well.

The crystal structures of minerals and synthetic compounds of hexavalent uranium can be
conveniently divided into dense and rarefied. The principle of interpolyhedral linkage could be
choosen as a criterion for this distribution. Dense structures will be considered with the
predominance of edge-sharing polymerisation, while rarefied structures are those, in which
coordination polyhedra polymerize via sharing vertices.

The theory of anion topologies is the most convenient description method for dense
structures, while the theory of graphical representation based on the use of graphs is optimal for
rarefied structures.

Dense layered structures are predominant among the uranyl minerals. Polyhedral layers
can contain only Ur polyhedra or can be formed by combination of U-centered polyhedra with
other polyhedra of high valent cations (for example, uranyl silicate layers in the structure of
uranofane or uranyl phosphate layers in the structure of autunite). For the convenience of

classification, low-valence cations (such as K, Ca, and H), as well as bonds they form, are
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excluded from consideration. This procedure is carried out in order to reduce the complexity of
the topology and due to possibility of much easy comparing them with each other. But this does
not mean that the bonds formed by such cations are not important. Anion topology is constructed
as follows (Burns et. al., 1996):

5) All anions that do not form bonds with at least two cations within the layer and are not
equatorial anions of the dipyramid or pyramid in the layer are excluded from
consideration.

6) Cations and all the bonds that they form are excluded from consideration; thus, an
unconnected set of anions remains.

7) Anions, which can be considered as components of one coordination polyhedron, are
connected by edges.

8) Anions are excluded from consideration; thus, a series of lines (edges) is formed,
which is called as anion topology.

Anion topology is a periodic partition of a plane into convex polygons, to which the
mathematical approach of the theory of partitions of a plane is applicable. The concept of the
layer’s anion topology has the advantage, since it allows to compare layers of different
structures, at first glance not similar, which actually have layers with the same or close anion
topologies.

Rarefied structures are more convenient to consider from the point of view of graph
theory (Krivovichev, 2004). A graphical representation of the structural complex, which is based
on several types of coordination polyhedra, derives in matching cations with vertices of a certain
color. When constructing the graph for uranyl compounds, the UO, polyhedra (n = 5, 6, 7) are
denoted by black vertices, and the TO4 and TOj; coordination polyhedra are denoted by white
vertices. Two vertices are connected by an edge (line) if the corresponding polyhedra have a
common O atom. Thus, each complex can be associated with a black-and-white graph, which is
very effective for identifying such stereochemical features of complex anions as structural
(topological) and geometric isomerism (Krivovichev, 2008).

In order to evaluate an influence of various crystal-chemical factors on the symmetry and
structural architecture of natural and synthetic uranyl compounds, calculation of crystal
structures complexity was implemented as well as analysis of structural and topological
complexity in terms of the information-based approach recently developed by S.V. Krivovichev
and described in (Krivovichev, 2012, 2013a, 2014, 2015, 2016). The structural complexity is
quantitatively estimated as a Shannon information content per atom (lg) and per unit cell (I total).

The amount of information reflects diversity and relative proportion of different objects, €.g., the
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number and relative proportion of different sites in an elementary unit cell of a crystal structure.
The calculation involves the use of the following equations:

le = -Xk; pi log, pi (bits/atom) (1),

loiotal = —V I = —VYX . pilog, pi (bits/cell) ),
where k is the number of different crystallographic orbits (independent crystallographic Wyckoff
sites) in the structure and p; is the random choice probability for an atom from the -
crystallographic orbit, that is:

pi=mi/v (3),
where m; is a multiplicity of a crystallographic orbit (i.e. the number of atoms of a specific
Wyckoff site in the reduced unit cell), and Vv is the total number of atoms in the reduced unit cell.

The reliable comparison of structural complexity parameters is possible only for
compounds with the same or very close chemical composition (e.g., polymorphs), whereas
changes in hydration state, nature of interstitial complexes, size and shape of organic molecules
could significantly affect the overall complexity behaviour. In this light, structural complexity
parameters of various building blocks (U-bearing units, interstitial structure, H-bonding system)
have been also calculated to analyze their contributions into the complexity of the whole
structure. This approach, called as “information ladders” (Krivovichev, 2018) allows to reveal
the factors, which influence on a symmetry preservation or reduction of U-bearing units and
crystal structure on the whole, and it shows, which of the multiple blocks plays the most
important role in particular structure formation. Complexity parameters for the whole structures
have been calculated using ToposPro package (Blatov et al., 2014). It should be noted that all
calculations for already studied crystal structures were based on the original cif-files from the
structural databases and respective publications. In addition, positions of all H atoms have been
assigned manually (if these data were not reported in the original entries) considering the
distribution of H-bonding system, which include traditional ranges of bond lengths and angles

within the D-H---A atoms (here, D and A are the O atoms).
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1.3. Experimental studies of U(VI)-bearing Compounds

X-ray diffraction on single- and polycrystalline samples could be considered as the main
method for investigation of poorly studied uranyl-bearing minerals and synthetic compounds,
which were obtained during this research for the first time.

Single crystals suitable for the further structural studies were selected under an optical
microscope, mounted on glass fibers or cryoloops and were placed on one of the single crystal
diffractometers listed in the “Introduction” chapter. Diffraction data were collected both at room
temperature and at cooling to 100 K.

Diffraction data that were collected using Rigaku Oxford Diffraction machines were
integrated and corrected for background, Lorentz, and polarization effects in the CrysAlisPro
(CrysAlisPro, 2013-2020) program. An empirical absorption correction based on shape of a
crystal or spherical harmonics implemented in the SCALE3 ABSPACK algorithm was applied in
the CrysAlisPro program.

Diffraction data that were collected using Bruker machines were integrated and corrected
for background, Lorentz, and polarization effects by means of the Bruker programs APEX2 and
XPREP (Bruker, 2009a). A multi-scan semi-empirical absorption correction was applied using
equivalent reflections in SADABS program (Sheldrick, 2013).

The structures were solved by direct methods using SHELXS (Sheldrick, 2008) or SIR92
(Altomare et al., 1993) programs or by dual-space algorithm using SHELXT (Sheldrick, 2015a)
or Superflip (Palatinus and Chapuis, 2007) programs. The structural models were refined using
SHELXL (Sheldrick, 2015b) program incorporated in the WinGX (Farrugia, 1999, 2012) or
OLEX2 (Dolomanov et al., 2009) program packages.

The H atoms of H,O molecules were located in difference Fourier maps and were
included in the refinement with Uiso(H) set to 1.5Ueq(O) and O—H bond-length restraints (0.9 A).
The H atoms of the organic molecules were placed in calculated positions and were included in
the refinement in the “riding” model approximation with Uijso(H) set to 1.5Ueq(C) and C-H 0.96
A for the CHj groups, Uiso(H) set to 1.2Ugq(C) and C-H 0.97 A for the CH, groups, Uiso(H) set to
1.2Ugq(C) and C-H 0.93 A for the CH groups of the cyclic fragments, Uiso(H) set to 1.2Ueq(C)
and C-H 0.98 A for the tertiary CH groups, Uis(H) set to 1.2Ue(N) and N-H 0.86 A for the NH
and NH, groups, Uise(H) set to 1.2Ueq(N) and N-H 0.89 A for the NH; groups.

High-Temperature powder X-ray diffraction studies of the polycrystalline samples were
done in air using a Rigaku Ultima IV machine (CuKa or CoKa radiation; 40 kV/30 mA; Bragg-
Brentano geometry; PSD D-Tex Ultra detector) equipped with a Rigaku SHT-1500 chamber.
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was employed for experiments with UA in air within 25-440 °C; a Pt strip (20 x 12 x 2 mm’)
was used as the heating element and sample holder. Samples were prepared on a Pt strip from a
spirit suspension and examined in the temperature range of 30-900 °C with a step of 5-20 °C at
an average heating rate of 2 °C/min; diffraction angles ranges from 5 to 70 °20 and the
measurement range was °20/min. Phases were identified using the ICDD PDF-2 Database
(release 2016). The unit cell parameters were refined by the Pawley method using TOPAS 4.2
software (Bruker, 2009b). The main coefficients of the thermal-expansion tensor were

determined by means of the TEV program (Langreiter and Kahlenberg, 2015).
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Chapter 2. Crystal Chemistry and Structural Complexity of Natural Uranyl
Sulfates, Uranyl Selenites and Their Synthetic Analogs

2.1. Structural complexity of uranyl sulfate minerals

Naturally occurring uranyl sulfates are important phases both from the mineralogical and
environmental point of view (Gurzhiy and P14asil, 2019). Assemblages of uranyl sulfate minerals
are common in oxidized parts of uranium deposits worldwide. They form via the oxidation-
hydration weathering of primary uranium minerals, mainly uraninite, which interact with acid
solutions derived from the decomposition of sulphides, such as pyrite or chalcopyrite (Finch and
Murakami, 1999; Krivovichev and Plasil, 2013; PI4sil, 2014). The alteration of primary U-ores
under the low pH generates highly mobile acid solutions, containing dissolved UO,”" as UO»—
SO4 aqueous complexes, which bring a considerable environmental impacts namely around the
old mining sites (Fernandes et al., 1995; Brugger et al., 2003; Johnson, 2003; Johnson &
Hallberg, 2005). Uranyl sulfates show a great structural diversity (Krivovichev and Plasil, 2013;
Gurzhiy and Plasil, 2019) rising namely from combinatorial and topological possibilities of
linkage of basic structural elements, uranyl coordination polyhedra and sulfate tetrahedra, which
leads to a large variety of topological and geometrical isomers.

In case of natural uranyl sulfates U®" atoms have exclusively pentagonal bipyramid
coordination, Urds (where ¢ = O>, OH, H,0). Sulfur is coordinated regularly as SO
tetrahedron and the linkage between U®— and S®"—centered polyhedra is usually monodentate
(with several exceptions discussed below). Polymerization of basic units leads to the chain (10)
or sheets structures (22), which are far prevailing over structures based upon isolated clusters of
polyhedra (5). At the beginning of 2019, 38 well-characterized uranyl sulfates were known from
Nature. Their overview and basic structural and chemical properties are summarized in Table 2.1
as well as displayed in Fig. 2.1.

The information-based complexity parameters for the U-bearing units in the structures of
uranyl sulfate minerals are given in Table 2.2. Calculations have been performed in several steps.
At first, the structural complexity of the structural units has been analyzed, taking into account
their real layer or rod symmetry groups (LG and RG, respectively). Secondly, the topological
complexity (according to the maximal symmetry group) has been calculated. Complexity

parameters for the whole structures are given in Table 2.2 for comparison.



245

Figure 2.1. Structural units of natural uranyl sulfates. Color scheme: UO7 = yellow, SO4

= orange, the H atoms = black-and-white ball and stick.
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Table 2.1. Overview of natural uranyl sulfates and their basic characteristics.

Str. units ~ Mineral Chemical formula Sp. gr. Reference

Clusters belakovskiite Na;(UO,)(504)4(SO;0H)(H,0); P-1 Kampf et al. (2014)
bluelizardite Na,(UO,)(50,),CI(H,0), C2/c Plasil et al. (2014a)
klaprothite Nag(UO,)(S04)4(H,0)4 P2,/c Kampf et al. (2017b)
ottohahnite Nag(UO,)2(S04)s(H20)g.5 P-1 Kampf et al. (2017b)
péligotite Nag(UO,)(S04)4(H,0),4 P-1 Kampf et al. (2017b)

Chains adolfpateraite K(UO,)(S0,4)(OH)(H,0) P2,/c Plasil et al. (2012a)
alwilkinsite-(Y) Y[(UO,)3(S04),0(0H)3](H,0)14 P2,2,2, Kampfetal. (2017c)
bobcookite NaAl(UO,)»(SO4)4(H20)8 P-1 Kampf et al. (2015a)
fermiite Nay(UO,)(S04);3(H,0); Pmn2, Kampf et al. (2015b)
meisserite Nas(UO,)(S04);(SO;0H)(H,0) P-1 Plasil et al. (2013b)
oppenheimerite Nay(UO,)(S04),(H,0); P-1 Kampf et al. (2015b)
shumwayite [(UO,)(SO4)(H,0),],(H,0) P2,/c Kampf et al. (2017a)
svornostite KoMg[(UO,)(SO4),12(H,0)g Pmn2, Plagsil et al. (2015a)
uranopilite (UO,)(S04)0,(OH)¢(H,0)14 P-1 Burns (2001)
wetherillite Na,Mg(UO,),(SO4)4(H,0)15 P2,/c Kampf et al. (2015a)

Sheets ammoniomathesiusite  (NHy)s(UO,)4(SO4)4(VOs)(H,0),4 P4/n Kampf et al. (2019a)
ammoniozippeite (NH4)2[(UO,)2(S0O4)0,](H,0) Ccmb Kampf et al. (2018a)
beshtauite (NH4)2(UO2)(SO4)2(H,0), P2,/c Pekov et al. (2014)
deliensite Fe[(U0,)2(S04)2(OH),](H,0), Pnn2 Plasil et al. (2012b)
feynmanite Na(UO,)(SO4)(OH)(H,0); 5 P2/n Kampf et al. (2019b)
geschieberite K»(UO,)(S04),(H,0), Pna2, Plasil et al. (2015b)
greenlizardite (NH4)Na(UO,),(S04),(OH),(H,0),4 P-1 Kampf et al. (2018¢)
johannite Cu(U0O;)2(S0O4)2(OH),(H,0)g P-1 Mereiter (1982)
leydetite Fe(UO,)(SO4)2(H,O)1; C2/c Plasil et al. (2013a)
magnesioleydetite Mg(UO,)(SO4)»(H,0)14 C2/c Kampf et al. (2018b)
marécottite Mg;[(UO,)405(OH)(SO4),1(H,0)a8 P-1 Plasil & Skoda (2015)
mathesiusite K5(U0,)4(SO4)4(VOs)(H,0)4 P4/n Plasil et al. (2014b)
meitnerite (NH4)(UO,)(SO4)(OH)(H,0), P-1 Kampf et al. (2018b)
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magnesiozippeite
natrozippeite
plasilite
plavnoite
pseudojohannite
rabejacite
rietveldite
sejkoraite-(Y)
straBmanite

zippeite

Mg[(U0,),05(SO4)](H20);3 5
Nas[(UO,)5(S04)405(OH);](H20)12
Na(UO,)(SO4)(OH)(H,0),

Ko sMn6[(UO,),02(S04)1(H20)s 5
Cus(OH),[(UO,)404(S04),](H,0),»
Ca,[(U0,)404(S04),](H,0)s
Fe(UO,)(S04),(H,0)s
Y3(OH),[(UO2)sO7(OH)(SO4)4](H20)24
AI(UO,)(SO4),F(H,0);4

K5[(UO,)405(S04)2(0OH),](H,0)4

C2/m
P2,/n
P2,/c

C2/c

P-1

Pmn2,

C2/c

C2/m

Plasil et al. (2013c)
Burns et al. (2003)
Kampf et al. (2015¢)
Plasil et al. (2017)
Plasil et al. (2012c¢)
Plasil et al. (2014c)
Kampf et al. (2017d)
Plasil et al. (2011a)
Kampf et al. (2018b)

Plagil et al. (2011b)
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The complexity calculations have been undertaken for 38 uranyl sulfate minerals with well-
defined crystal structures. The most frequent value of structural complexity of the entire
structure (including H-atoms) is between 500—600 bits/cell (with an average of 629.49 bits/cell,
and median of 485.84 bits/cell). The distribution of the complexity values is asymmetric,
showing a positive skewness (= 2.431) (Fig. 2.2). The majority of uranyl sulfate structures
should be considered as intermediate (100-500 bits/cell) to complex (<1000 bits/cell).
Nevertheless, there are three exceptions, alwilkinsite-(Y) (Kampf et al., 2017c), sejkoraite-(Y)
(P1asil et al., 2011a), and natrozippeite (Burns et al., 2003) that have very complex structures
(>1000 bits/cell) (Table 2.2). These structures are highly hydrated, either containing highly-
charged metal cations (Y*" and REE*") or higher amounts of interstitial metal cations (C.f.,
natrozippeite contains 5 Na and 8 U, while magnesiozippeite contains 1 Mg and 2 U).
Topological and structural complexities are described and discussed in more details in the

following text.
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Figure 2.2. Histogram showing distribution of structural complexity values for 38 natural

urany] sulfates.

Topological and Structural Complexity of Uranyl Sulfate Minerals

Crystal structures of belakovskiite, bluelizardite, klaprothite, péligotite and ottohahnite
are based on the isolated uranyl sulfate structural units (Fig. 2.3a-d). The structural unit of
belakovskiite contains: one U, four S, two uranyl O, sixteen sulfate O, one water O, and two H

orbits, all with the multiplicities of 1 (taking into account its pl structural symmetry). In total,



Table 2.2. Natural uranyl sulfates and their complexity measures.

Structural complexity of the US unit

Topological complexity of the US unit

Complexity parameters of the crystal structure

Layer or |V le G total Layer or |V le 16 total Vv lo 16 total
Mineral Sp. Gr. Rod Rod

Sym. Sym.

Group Group
Zippeite topology
ammoniozippeite Ccmb pbab 52 2.777 |144.423 |pbab 52 2.777 | 144.423 104 |4.085 |424.846
magnesiozippeite C2/m p2/a 52 3.700 |192.423 98 4.839 |474.242
plavnoite C2/c p2/n 52 3.700 |192.423 104 |4.777 |496.846

p2/a 26 2777 |72.211

pseudojohannite P-1 p-1 26 3.700 |96.211 69 5.123  |353.488
rabejacite P-1 p-1 26 3.700 |96.211 55 4.800 |263.975
marécottite P-1 p-1 54 4.755 1256.764 |p-1 54 4.755 |256.764 141 |6.161 |868.677
natrozippeite P2y/n pn 110 |5.781 |635.950 |pn 110 |5.781 |635.950 384 |6.585 |2528.626
sejkoraite-(Y) P-1 p-1 106 |5.728 |607.160 |p-1 106 |5.728 |607.160 264 |7.044 |1859.720
zippeite C2/m p2/a 30 2974 |89.207 p2/a 30 2974 |89.207 44 3732 |164.215
leydetite topology
geschieberite Pna2, pn 32 4.000 |128.000 84 4392 |368.955
leydetite C2/c c2 32 3.125 |100.000 |c2mm 16 2.875 |46.000 94 4.618 |434.131
magnesioleydetite C2/c c2 32 3.125 [100.000 94 4,618 [434.131

6¥¢



strassmanite C2/c c2 32 3.125 [100.000 130  [5.069 |658.908

wetherillite P2,/c pc 32 4.000 |128.000 p2,am 32 3.500 |112.000 166 5387 |894.257

phosphuranylite topology

deliensite Pnn2 pn 40 4322 |172.877 168 [5.392 ]905.909
pmmn 40 3.122  |124.877

feynmannite P2/n p2/n 40 3322 |132.877 88 4.505 1396.430

greenlizardite P1 pl 20 4322 [86.439 cmm2 20 3.122  162.439 76 6.248 |474.842

johannite P-1 p-1 20 3322 |66.439 45 4514 1203.133

meitnerite P-1 p-1 20 3.322 |66.439 c2/m 20 3.122  |62.439 42 4392 | 184.477

plasilite P2,/c p-1 20 3.322  |66.439 68 4.087 |277.947

mathesiusite topology

ammoniomathesiusite P4/n p4/n 76 3.353  [254.842 p4/n 76 3.353  |254.842 150 |4.309 [646.323

mathesiusite P4/n p4/n 76 3.353  [254.842 p4/n 76 3.353  |254.842 110 |3.890 |427.950

isolated clusters

belakovskiite P-1 pl 26 4700 [122.211 pmmz2 26 3470 90.211 91 5.519 |502.209

bluelizardite C2/c p2 46 4.524 ]208.084 pmmz2 46 3915 |180.084 148 [5.236 |774.999

klaprothite P2,/c pl 23 4.524 |104.042 164 |[5.382 |882.639
pm 23 3915 190.042

péligotite P-1 pl 23 4.524 |104.042 82 5.382 |441.319

ottohahnite P-1 p-1 62 4954 1307.160 p-1 62 4954 1307.160 126  [6.000 |768.000

chains of polyhedra

0S¢



adolfpateraite P2/c |2 26 [3.700 |96.211  |#mc2; |26  |3.085 |80.211 56  |3.807 |213.212
fermiite Pmn2,  |#m 36 4503 |162.117 | /2 /m or 124 [5212 |646.320
36 [3.503 |126.117

meisserite P-1 -1 36 (4170 |150.117  |Aamaz 64 [5.031 |322.000

bobcookite P-1 -1 32 [4.000 |128.000 82 |5.382 |441.319

oppenheimerite P-1 -1 32 |4.000 |128.000 48 |4.585 |220.078
;mam |32 |2.875 {92.000

rietveldite Pmn2, | », 32 [4.000 |128.000 116 [5.065 |587.526

svornostite Pmn2, |2 32 [4.000 |128.000 106 |4.898 |519.160

shumwayite P2,/c  |sa 28 [3.807 |106.606 |4ma2 (28  |3.236 |90.606 124 4954 |614.320

dense chains of polyhedra

alwilkinsite-(Y) P2:2:2, |2 52 |4.700 |244.423 |4mam |52 [3.547 |184.423 276 |6.109 |1685.953

uranopilite P-1 A1 55 |5.781 |317.975 |Al12 |55 |4.800 |263.975 158 16304 |995.997

rare layers

beshtauite P2,/c p2/a |64 [4.000 [256.000 [pbam  [64  [3.500 [224.000 116 |4.858 [563.526

16¢
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there are 26 orbits with the onefold multiplicity (26 atoms). Structural complexity parameters for
the uranyl sulfate unit in the structure of belakovskiite is calculated as Ig = 4.700 bits/atom,
lgtotal = 122.211 bits/cell. In order to calculate the topological complexity parameters for the
same unit, its maximal symmetry should be taken into account. The maximal symmetry of this
topology is pmm2 (Fig. 2.3a), i.e. it is higher than the real symmetry. It is possible if sulfate
tetrahedra will have a mirror arrangement relative to the plane passing through the water
molecule and Ur, and if two non-shared O atoms of sulfate tetrahedra would be arranged one
above another along the C direction, so the mirror plane would pass through the equatorial planes
of uranyl bipyramids. In this case, the v (number of atoms) is 26, but the distribution of orbits
will change into another scheme: one U orbit with multiplicity of 1; one S orbit with multiplicity
of 4; one Oy orbit with multiplicity of 2; six Og orbits with multiplicities of 2, 2, 2, 2, 4, 4; one
Ompo orbit with multiplicity of 1; one H orbit with the multiplicity of 2. In total, there are 2 orbits
with the multiplicities of 1, 6 orbits with the multiplicities of 2 and 3 orbits with the
multiplicities of 4. The topological complexity parameters for the uranyl sulfate units in the
structure of belakovskiite are: Ig = 3.470 bits/atom, lgta = 90.211 bits/cell. Therefore, the
structural information for the units in the structure of belakovskiite is higher than the topological
information by the factor of ca. 1.35. The topological symmetry of uranyl sulfate isolated units
in bluelizardite is also pmm2 (Fig. 2.3b), and the structural information is higher than the
topological information by the factor of ca. 1.15. Isolated uranyl sulfate complexes in the
structures of klaprothite and péligotite have rather low topological symmetry pm (Fig. 2.3¢) due
to the presence of three non-shared vertices at the sulfate tetrahedra trans-arranged relative to the
edge-shared tetrahedra, and thus it is impossible for two mirror planes to be passed through
them. The largest isolated complex among the uranyl sulfate minerals has been observed in the
structure of ottohahnite (Fig. 2.3d). Due to the presence of 2 three-connected sulfate tetrahedra
two geometrical isomers could be possible. When the fourth non-shared vertices would arrange
up and down relative to the equatorial planes of the uranyl polyhedra as it is in the structure of
ottohahnite, the topological symmetry would be p—1. If both vertices would be arranged in one
direction, topological symmetry would be p2, which in fact wouldn’t affect the complexity
parameters, since the number of orbits and their multiplicity of 2 will be the same in both cases.
The symmetry of the infinite chains is considered in terms of the rod group theory. The
structural RG symmetry of all 10 minerals, which structures are based on the rarefied

(adolfpateraite, fermiite, bobcookite and shumwayite structural types) and dense (alwilkinsite-
(Y), uranopilite) 1D uranyl sulfate complexes, is rather low and varies from /l to ﬁn (Fig. 2.3e—

j)- At the same time, the presence of one- and two-connected sulfate tetrahedra allows to obtain
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Figure 2.3. Lower dimensional structural units (0D and 1D) and their respective highest symmetry
groups for a) belakovskiite, b) bluelizardite, ¢) klaprothite/péligotite, d) ottohahnite, €) uranopilite, f)
alwilkinsite-(Y), g) adolfpateraite, h) fermiite/meisserite, i) bobcookite/oppenheimerite/rietveldite, j)

shumwayite. Color scheme as in Fig. 2.1.
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much higher orthorhombic topological symmetry. It is of interest that the maximal symmetry for

topologically quite similar chains in the structures of fermiite %maZ, Fig. 2.3h) and bobcookite

%mam, Fig. 2.3i), in which water molecule is replaced by the one-connected sulfate

tetrahedron, differs, since it is impossible to have more than two planes passing through the

additional three non-shared tetrahedral vertices. It should be also noted that the lowest
topological symmetry %1 12, Fig. 2.3f) among these 1D complexes has the chain in the structure

of uranopilite.

The crystal structures of geschieberite, leydetite, magnesioleydetite, strassmanite and
wetherillite are based upon the [(UO,)(SO4)2(H,0)]* uranyl sulfate layers of the same
topological type (Figs. 2.4a,b). Being two-connected, all sulfate tetrahedra could rotate around
this edge that result in various possible arrangements, and thus different LGs of symmetry. But
all varieties are finally reduced to the maximal c2mm LG. Figure 2.4a illustrates the real pn
symmetry of the uranyl sulfate layer in the structure of geschieberite. In total, there are 16 orbits
with the twofold multiplicity (32 atoms in the reduced cell). Structural complexity parameters for
the uranyl sulfate layer in the structure of geschieberite is calculated as Ig = 4.000 bits/atom,
lgtotal = 128.000 bits/cell. The highest symmetry could be obtained if both unshared vertices of
the sulfate tetrahedra would be arranged one above another along the ¢ direction, so the mirror
plane would pass through the equatorial planes of uranyl bipyramids, resulting in twice reduced
base-centered cell. In this case, the v (number of atoms) is 16, and the distribution of orbits is as
follows: one U orbit with multiplicity of 1; one S orbit with multiplicity of 2; one Oy, orbit with
multiplicity of 2; three Os orbits with multiplicities of 2, 2 and 4; one Omo orbit with
multiplicity of 1; one H orbit with the multiplicity of 2. In total, there are 2 orbits with the
multiplicities of 1, 5 orbits with the multiplicities of 2, and 1 orbit with the multiplicity of 4. The
topological complexity parameters for the uranyl sulfate layer in the structures of geschieberite,
magnesioleydetite and strassmanite are: lg = 2.875 bits/atom, lg el = 46.000 bits/cell. Another
interesting point is the symmetry of uranyl sulfate layer in the structure of wetherillite, which is
topologically identical to the structures described above. However, these layered complexes are
distinct because of the different arrangement of H;O molecules (Fig. 2.4¢) (see also Krivovichev
et al., 2005a; Krivovichev, 2008). Although the overall topology is the same, current geometrical
isomer will have another topological symmetry p2;am with twice larger amount of atoms in the
reduced cell.

More complex topology of the uranyl sulfate layer in the structure of beshtauite, with

elongated 12-membered voids, results in increase dimensionality of the reduced cell. But two-
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Figure 2.4. Structural sheets, symmetry elements and the respective layer group
symmetries for a) geschieberite (real LG), b) the highest LG for the same isomer, c) the highest
LG for wetherillite, and d) the highest LG for beshtauite. Color scheme as in Fig. 2.1.
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connected way of tetrahedra arrangement still keeps the high maximal pbam symmetry (Fig.
2.44).

Crystal structures of deliensite, feynmannite, greenlizardite, johannite and meitnerite are
based on the layered uranyl sulfate complexes of the same topological type. This type of
topology has three-connected sulfate tetrahedra with the fourth non-shared vertex arranged up or
down relative to the plane of the layer. This variability gives rise to geometric isomers with
various orientations of the sulfate polyhedra (Krivovichev and Burns, 2003a; Krivovichev et al.,
2005a; Gurzhiy et al., 2015a). To identify and classify the isomers of this topological type, their
orientation matrices should be determined. According to this approach, the symbols u (up) or d
(down) are assigned to each sulfate tetrahedron. As the result, three different geometric isomers
have been determined, which has their individual maximal symmetry group. Johannite and
meitnerite have the (dudu) sequence of vertices orientation and ¢2/m LG symmetry (Fig. 2.5a).
Layers in greenlizardite have the (uuuu) sequence of vertices orientation and cmm2 LG
symmetry (Fig. 2.5b). Deliensite and feynmannite have the (uddu) orientation matrix and pmmn
LG symmetry (Fig. 2.5¢).

Presence of (VOs) pyramids within the uranyl sulfate layers in the structures of
mathesiusite and ammoniomathesiusite stabilizes the LG with the highest p4/n structural and
topological symmetries (Fig. 2.5d) among the natural uranyl sulfates. Although the symmetry is
high, there are 1 U orbit with the multiplicity of 8, 1 S orbit with the multiplicity of 8, 1 V orbit
with the multiplicity of 2, 1 O orbit with the multiplicity of 2, and 7 O orbits with the
multiplicities of 8, which results in v = 76 and rather high complexity parameters for the uranyl
sulfate layers in the structures of mathesiusite and ammoniomathesiusite: Ig = 3.353 bits/atom,
lgtotal = 254.842 bits/cell.

Zippeite-group minerals can be considered as the most representative among naturally
occurring uranyl sulfates. Additionally, they represent also the trickiest ones due to variable OH™
content of the layers that has to be considered in topological complexity calculations. Among the
hydroxyl-free layers, two groups of minerals could be separated due to geometrical isomerism
that is caused by the shift of U-polyhedra chains along the chain direction. First one is
magnesiozippeite, plavnoite and pseudojohannite, for which structures the smallest reduced cell
of p2/a LG symmetry is defined with the topological complexity parameters are: v = 26, Ig =
2.777 bits/atom, lg a1 = 72.211 bits/cell. Figures 2.6a and 2.6b show the real LG symmetry in
the structures of magnesiozippeite and pseudojohannite, and the highest topological symmetry
for hydroxyl-free layers of current isomer is shown in a Figure 2.6c. The second geometrical

isomer is represented by the structure of ammoniozippeite and its structural symmetry pbab is
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Figure 2.5. Structural sheets, symmetry elements, and the respective highest layer group
symmetries for a) johannite, b) greenlizardite, ¢) deliensite, and d) mathesiusite. Color scheme as

in Fig. 2.1; blue polyhedra = VOs pyramids.
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Figure 2.6. Structural sheets, symmetry elements, and the respective layer group
symmetries for zippeite-group minerals: a) magnesiozippeite (real LG), b) pseudojohannite (real
LG), c¢) holosymmetrical OH-free structure, d) zippeite (the highest LG), e) sejkoraite-(Y) (real
LG), and f) ammoniozippeite (the highest LG). Color scheme as in Fig. 2.1.
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equal to the topological (Fig. 2.6f): v = 52, Ig = 2.777 bits/atom, lgm = 144.423 bits/cell.
While the values of information content per atom are equal for both isomers, information content
per unit cell is twice higher for the second type due to the twice larger amount of atoms in the
reduced cell. An appearance of hydroxyl groups strongly affects and reduces the symmetry of the
layered complexes. Statistical distribution of H atoms in the structure of zippeite allows to
represent the ‘“hydroxyl-full”, electroneutral [(UO1)2(SO4)(OH),]" layer in contrast to the
hydroxyl-free ones [(UO2),0(SO4)]*. It appears that occupation of all O atoms shared between
three uranyl polyhedra by H atoms will result in the same highest p2/a LG symmetry (Fig. 2.6d),
but slightly higher complexity parameters: v = 30, lg = 2.974 bits/atom, |l total = 89.207 bits/cell.
All intermediate options of hydration could result in structurally and topologically different
layers. For instance, Figure 2.6e shows the uranyl sulfate layer of p—Isymmetry in the structure
of sejkoraite-(Y). Four times larger reduced cell is a good illustration of the U:OH ratio equal to

8:1.

Ladders of Information for Uranyl Sulfate Minerals

A concept of informational ladders has been recently introduced by S.V. Krivovichev
(Krivovichev, 2018). This method allows the quantitative estimation of various contributions to
the complexity of the whole structure. We have applied this concept in order to evaluate and
distinguish informational sources contributing to the complexity of natural uranyl sulfates. Let us
consider few low dimensional, 0D and 1D structures, including minerals belakovskiite (0D),
klaprothite (0D), péligotite (0D), ottohahnite (0D), alwilkinsite-(Y) (1D) and uranopilite (1D).
We considered three distinct categories contributing to the information content of the entire
structure: topological complexity (TOPO), complexity of the desymmetrized structural units
(STRU) and the complexity of an interlayer complex, including hydrogen bonding network
(INT). Results of the analysis are given in Fig. 2.7. Among the above-chosen representatives, the
highest topological complexity has the structural unit in ottohahnite (Figs. 2.1 and 2.3d), which
is so far the most complex isolated uranyl-anion cluster unit (>300 bits/cell). Interestingly,
péligotite and uranopilite show a similar portion of information increase while desymmetrization
takes place (STR/TOPO in Fig. 2.7). Nevertheless, the highest jump in information content is
related to the contribution of interlayer complex of these minerals. We can distinguish here
several factors that contribute to the complexity of the interlayer. Among them the hydration
state, i.e. the amount of molecular H,O, is the most crucial factor. The H,O content is closely
connected with the presence of highly charged elements (such as Y*© in case of alwilkinsite-(Y)),

or due to presence of large number of interlayer metal cation sites (such as Na' in case of
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ottohahnite and klaprothite). Remarkable is the increase of the informational content in
alwilkiniste-(Y), which is the highest one among the selected group (see INT/SU in Fig. 2.7),
which is a result of incorporation of highly charged, trivalent yttrium cations.

The extensive role of interstitial H,O network and its contribution to the overall
complexity of the mineral structures containing highly charged cations is well-documented on
Fig. 2.8. Among the studied wuranyl sulfates it goes about alwilkinsite-(Y),
Y[(UO,)3(S04),0(OH)3](H20)14 (Kampf et al., 2017¢), bobcookite, NaAl(UO,)2(SO4)4(H20);5
(Kampf et al., 2015a), leydetite, Fe(UO,)(SO4)2(H,0);; (Plasil et al., 2013a), and
magnesioleydetite, Mg(UO;)(S04)2(H20),; (Kampf et al, 2019c), and straBmannite,
Al(UO,)(S04),F(H20);6 (Kampf et al., 2019c).

As it was mentioned above mathesiusite, ammoniomathesiusite and zippeite possess
structures with the highest content of information with regard to their topological complexity
(Fig. 2.8). In case of mathesiusite and ammoniomathesiusite it is due to incorporation of VOs
polyhedra of the high point-group symmetry (4mm). In case of zippeite it is due to distribution of
the OH™ groups within the uranyl-sulfate sheet.

Figure 2.7. Ladder diagrams showing information growth for the crystal structures of the
selected uranyl sulfate minerals (0D and 1D structures) due to contributions from different
sources. TOPO = topological information of the structural unit; STR = structural information
resulting from desymmetrization of the basic structural unit; INT = information increase due to
complexity of interlayer complex including hydrogen bonding network. Insets STR/TOPO and

INT/STR represent an alternative graphical expression of the information increase.
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Figure 2.8. Information diagram for the crystal structures of natural uranyl sulfates listed

in Table 2 showing informational contribution from distinct sources. Legend: see Fig. 2.7.
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2.2. Crystal Chemistry and Structural Complexity of Natural and Synthetic Uranyl

Selenites

All natural compounds of U(VI) and selenium are selenites. Uranyl selenites can be
justifiably attributed to rare mineral species. Nowadays, there are only seven uranyl selenite
mineral species approved by the International Mineralogical Association as of 20 October 2019
(for comparison, there are >40 uranyl sulfates and ~50 uranyl phosphates) (Gurzhiy et al., 2019a;
Krivovichev et al., 2019): Guilleminite, Ba[(UO;)3(Se03),0,](H,0); (Pierrot et al. 1965),
demesmackerite, Pb,Cus[(UO,)2(Se03)s(OH)s](H20), (Cesbron et al. 1965), marthozite,
Cu[(UO,)3(S€03),0,](H20)s (Cesbron et al. 1969), derriksite, Cus[(UO,)(SeOs3),](OH)s
(Cesbron et al., 1971), haynesite, [(UO,)3(SeO3)2(OH):](H20)s (Deliens and Piret, 1991),
piretite, Ca(UO,)3(SeO3),(OH)4-4H,O  (Vochten et al., 1996), and larisaite,
Na(H;0)[(UO,)3(S€03),0,](H,0)4 (Chukanov et al., 2004). Their occurrence is limited to just a
few localities. First, these are Musonoi and Shinkolobwe mines in DR Congo (Vochten et al.,
1996), two of the minerals were only found in the Repete mine (San Juan County, Utah, USA)
(Deliens and Piret, 1991), and a few more occurrences in Europe could be mentioned (small
uranium deposit Zalesi in the Czech Republic, Liauzun in France, and La Creusaz U prospect in
Switzerland) (Sejkora et al., 2006). Nevertheless, apart from mineralogy, uranyl selenites are of
great interest from the geochemical and radiochemical points of view. It is known that fission
products contain 53 g per ton (Gelfort, 1985) of long-lived "’Se isotope with a half-life of 1.1 x

10° years (Chen et al., 1999) after three years of nuclear fuel irradiation in the reactor.

Uranyl Selenite Minerals

Guilleminite, Ba[(UO,)3(Se03),0,](H,0)s (Pierrot et al., 1965; Cooper and Hawthorne,
1995), and demesmackerite, Pb,Cus[(UO;)2(SeO3)s(OH)s](H20), (Cesbron et al., 1965;
Ginderow and Cesbron, 1983a), were the first uranyl selenites found in nature (Table 2.3). These
minerals occur in the lower part of the oxidized zone of the copper-cobalt deposit of Musonoi
(Katanga, DR Congo). The first mineral was named after the general director of the Union
Mini¢re du Haut-Katanga (UMHK), co-founder of the International Mineralogical Association,
French chemist and mineralogist, Jean-Claude Guillemin. Guilleminite crystallizes in the
orthorhombic Pmn2; space group and forms small tabular crystals and canary yellow crusts. It
occurs in association with malachite, uranophane-o, wulfenite, etc. The second mineral was

named in honor of the director of the geological department of the UMHK, Belgian geologist
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Table 2.3. Crystallographic characteristics of natural uranyl selenites.

No. Formula/Mineral Name  Topology Sp- a,Ala,® b A/B° c,A/y,°  Ref

Gr.
Chains
Cus[(UO,)(Se05),](OH)s i 5.570(2)/  19.088(8)/ 5.965(2)/
L derriksite colt2lPnam ey e 0 b
, szcus[(U?gzg%603)6(OH)6] el 132 p.g 11.9663(9) 10.0615(14)/5.6318(8)/  , .
2 2 1.0 - s
demesmackerite /89.891(8) 100.341(11) 91.339(9)
Layers with edge-linkage
3 Cul(U02)x(8e05).0)(H;0)s pprp, 0-9879(4)/ 16.454(1)/ 17.223(1) 4
marthozite ! 90 90 /90
4 Bal(U0:)(S5e05):0,](H,0)s pmnz, 16:762()/ 7.2522(5)/ 7.0629(4) .
guilleminite ! 90 90 /90 ’
Na(H3O)[(U02)3(SeO3)202] 17249(2)
5 (H,0), Pllm 6'98(9)8(9)/ 7.646(1) / 90 / 6
larisaite 6'5%4°3 90.039(4)
Pnc2
6  [(UO2(5e05)(OH)](HO)s or  6935/90 8025/90 /4307 7
haynesite 90
Pncm
Ca[(UO,)3(Se03),(OH),](H,0), PMN21 5 0103)/  17.135(7) 7 17.606(4)
7 . or 8
piretite PmAm 90 90 /90

1 — Cesbron et al., 1971; 2 — Gurzhiy et al., 2019a; 3 — Cesbron et al., 1965; 4 — Cooper and
Hawthorne, 2001; 5 — Cooper and Hawthorne, 1995; 6 — Chukanov et al., 2004; 7 — Deliens and
Piret, 1991; 8 — Vochten et al., 1996.

Gaston Demesmaeker. Demesmaekerite crystallizes in the triclinic P-1 space group in the form
of lamellar and elongated crystals of bottle-green to dark olive-green color in association with
malachite, uranophane—a, chalcomenite, and other uranyl-selenites: namely marthozite and
derriksite as well as guilleminite.

Marthozite, Cu[(UO,)3(5€03),0:](H20)s (Cesbron et al., 1969; Cooper and Hawthorne,
2001), was also found in the Musonoi mine within a few years after, and named to honor Aimé
Marthoz, former director of the UMHK. Marthozite crystallizes in the orthorhombic Pbn2, space
group, in the form of well-faceted green crystals, in association with the other selenites,
including guilleminite and demesmackerite, as well as kasolite, cuprosklodowskite, malachite,
chalcomenite, and sengierite. Mineral is isotypic with guilleminite.

A few years later, derriksite, Cus[(UO,)(SeOs):](OH)s (Cesbron et al., 1971; Ginderow
and Cesbron, 1983b), was found at the same deposit in Congo, and named after Jean-Marie
Francois Joseph Derriks, a Belgian geologist and administrator of the UMHK. Derriksite
crystallizes in the orthorhombic Pn2;m space group, as sub-green up to bottle-green-colored
crystals, elongated at [001] or incrustations and fine-crystalline crusts on digenite, and the

mineral is associated with marthozite, demesmaekerite, kasolite, malachite, etc.
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Next, natural uranyl selenite was discovered in 20 years across the Atlantic, in the Repete
mine (Utah, USA). Haynesite, [(UO,)3(SeO3)2(OH),](H,0)s (Deliens and Piret, 1991; Cejka et
al., 1999; Frost et al., 2006) is named after the American geologist Patrick Eugene Haynes.
Haynesite is orthorhombic, occurs as amber-yellow tablets, transparent to translucent, elongated
at [001], and as acicular prismatic rosettes up to 3 mm in diameter, and is associated with
andersonite, boltwoodite, gypsum, and calcite as crusts on mudstones and sandstones.

Piretite, Ca(UQO;);3(Se03)2(OH)4:4H,O (Vochten et al., 1996), calcium uranyl selenite
from Shinkolobwe mine (Katanga, DR Congo) is named after the Belgian crystallographer Paul
Piret. Piretite is orthorhombic, it crystallizes as lemon-yellow elongated tablets, irregular in
outline and up to 3 mm, flattened on (001), or as needle-prismatic crystals up to 5 mm. It occurs
in association with a masuyite-like uranyl-lead oxide as crusts on uraninite. It should be noted
that crystal structures of haynesite and piretite have still not been determined.

The last to date, uranyl selenite mineral, larisaite, Na(H3;O)[(UO,)3(Se03),0,](H,0)4
(Chukanov et al., 2004), was found in the Repete mine (Utah, USA) and named in honor of
Larisa Nikolaevna Belova, a Russian mineralogist and crystallographer who made a significant
contribution to the knowledge on uranium minerals. Larisaite crystallizes in monoclinic P11m
space group, and occurs as canary-yellow lamellar crystals up to 1 mm long, and as radial
aggregates up to 2 mm across; most crystals are fissured and ribbed. The mineral is a supergene
product associated with calcite, quartz, gypsum, montmorillonite, wdlsendorfite, andersonite,

haynesite, and uranophane—a in sedimentary rocks.

Synthetic Uranyl Compounds with Selenite lons

The first synthetic and the simplest uranyl selenite, [(UO,)(SeO3)], was obtained in 1978
(Loopstra and Brandenburg, 1978) (and its neptunyl analog has been recently reported
(Diefenbach et al., 2014) as well). Further, the research undertaken by V. E. Mistryukov and Yu.
N. Mikhailov from the Kurnakov Institute of General and Inorganic Chemistry RAS (Russian
Federation), and by V.N. Serezhkin and L.B. Serezhkina from the Samara State University
(Russian Federation) should be mentioned, who studied uranyl selenites with electroneutral
ligands and the first Na-bearing synthetic uranyl selenite compounds. Nearly half of the synthetic
compounds described within this review were synthesized and characterized by T.E. Albrecht-
Schmitt and co-workers (Table 2.4). The significant impact of their works on the development of

uranyl selenites’ structural chemistry should be especially noted.
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Table 2.4. Crystallographic characteristics of synthetic uranyl selenites and selenite-

selenates.
No. Formula Top;)log ZI:‘ a,A/a,° by,A/B,° c,A/y,° Ref.
Chains
6354(1)/ 12.5782)/ 9.972(2)/
8 [(UO:)(HSeO3)x(H;0)] ccl-12- A2 90( : 82.3521; 90( : !
I 9.924(5)/ 12.546(5)/ 6.324(5)/
9 [(UO,)(HSe05),](H,0) coe PIHO) 98.090((5)) o 2
o 55502(6)/ 6.6415(7)/ 11.013(1)/  ,
10 Cal(U02)(Se0s),] Pl 0405502) 933422 1105892 1
cel-l:2- 11.2622(8)
14 5.6722(4)/ 6.7627(5)/ '
n Sr{(U0)(S¢05).] P-1 04 69%()1) 93 708((1)) / 4
_________________________________________________________________________ 698(1) 93.T08H) yo94s0)
7.0545(5)/ 7.4656(5)/ 10.0484(6)
12 SU0)(Se0:2](H0) o 1o Pl 106 995(1) 108.028(1) /98.875(1) -
15 9.5436)/ 9.602(7)/ 11.742(8)/
13 Nas[H;0][(U02)(Se0s): 12 (H0) P-1 66.69((2)) 84.10((2)) 63.69%1; >
Layers with corner-linkage
7.193(5)/ 10.368(5)/ 13.823(5)/
14 [NH,L[(UO,)(SeOs)](H,0) e e A
8.343(2)/ 10326(2)/ 9.929(2)/
15 [NH,][(UO,)(SeOs)(HSeOs)] pan IR 10 068 o) 6
8.4164(4)/ 10.1435(5) 9.6913(5)/
16 K[(UO,)(HSeOs)(Se0s)] pan SHSHA 10 68 R
8.4167(5)/ 10.2581(6) 9.8542(5)/
17 Rb[(UO,)(HSeO0;)(Se05)] P2,/n 90( ) /96.8258 90( ) 7
10.6153(6)
18 Cs[(UO)(HSeOs)(Se0s)] P2,/ 13'359209(7) / 12'5/99201(7) 7,8
cc2-1:2- 101.094(1)
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8.673(2)/ 10.452(3)/ 13.235(4)/
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10.4610(7)
22 Na[(UO,)(SeOs)(HSeO05)](Ha0)s payn SSORGN T BARRM)yg
105.054(2)
8.668(2)/ 10.655(2)/ 9.846(2)/
23 [H:0][(UO,)(Se0,;)(HSeO5)] P2 SO0 97‘888 VAT
_______________________________________________ cc2-1:2— __ . 5.8555(6)/ 6.5051(7)/ 21.1642)/ .
24 AZ[(UO,)(Se03),] S Pam 90( ) 96'796((2)) 90( Ve
Layers with edge-linkage
e 12— 11.9911(7) 5.7814(3)/ 11.2525(6
25 Pb[(UO,)(S¢05),] 1o pmeg, AT TSR/ HL2330) g
77777777777777777777777777777777777777777777777 cc2-1:2— ., 7.3067(6)/ 8.1239(7)/ 13.651(1)/ .,
26 Ba[(UO,)(Se03),] 10 P 90( ) 100‘37282) 90( Vg
_____________________________________________________________________ 5408(2)/ 9.278(1)/ 4.254(1)/ .
27 [(UO,)(Se05)] 63 paym AR 45(02)) Dl
28 Sr[(U0,)x(Se0:),0,](H,0)s  6'5%4°3> C2/m 17.014(2)/ 7.0637(7)/ 7.1084(7)/ 4
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Le3 1625 10.913(3)/ 12.427(3)/ 18.448(4)/
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C[(U02)7(Se02)2(Se05)2(OM)s 1 -6 1646 9.1381(3) /" 15.0098(5) 15.1732(5)
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Lo2as 9.405(2)/ 11.5742)/ 6.698(2)/
32 U0,8¢,05 8573 P-1 93.01(3)  93.66(3)  109.69(1) 14
Organically templated
ccl-1:2— 21.888(3)/ 6.950(1)/ 8.350(1)/
3 JCNIUOIGOINOI 1y ©M o0 o76183) 90 b
34 [CeHiNos[(UO,)(HSeO) pnma 13:086(1)/ 17.555(1)/ 10.5984(7) ¢
(S€03)](H,0)0.5(CH3CO,H)q 5 90 90 /90
35 [CaHNaos[(UO)(HSeO) P e 10.9378(5) 8.6903(4)/ 9.9913(5)/
(Se03)] : /90 90.3040(8) 90
36 [CHN)HIUO0)(Se0y) Poca 131703)/ 11.055(2)/ 18.0094)/ .
(HSe05)](NO3)(H,0)o 5 90 90 90
cc2-1:2— 11.553(2)/ 10.645(2)/ 12.138(2)/
37 [CsHuN][(UO,)(SeO4)(HSeOs)] 4 P2,/n 90 108.05(2) %0 18
8.475(3)/ 12.264(2)/ 10.404(3)/
38 [C,HgN][(UO,)(SeO4)(HSeOs)] P2,/n 90 95.23(3) 00 19
8.993(3)/ 13.399(5)/ 10.640(4)/
39 [CsHgN][(UO,)(SeO.)(HSeOs)] P2,/n 90 108.230(4) %0 20
40 [CoHauNaI[(UOL)(SeO:)(HSeO,)] b 10.748(1)/ 13.885(1)/ 14.636(1)/ |
o (o N 109.960(1) 103.212(2) 90.409(1)  ~.
41 [GHNI[(HO)(H0)][(UO:),  cc2-1:2- o, 14.798(1)/ 10.024(1)/ 16418(1)/
,,,,,,,,,,,, (SeQ4)s(HpSe0x)](H,0) 14 """ 90 111.628(1) 90 T
4y [CHINI[H:Olos[(UO2)x(Se0s). €C2-2:3— oy 11.1679(4) 10.9040(4) 17.991(1)/ 5
___________ 93(S€02)oo(H2O)I(NOs)os 4 """ /90 /98019(1) 90 =
43 [CsHINLI(UO2)i(Se00)4(HSe0;) by 1L707(1)/ 14817(1)/ 16977Q2)/  ,,
(H,0)](H,Se05)(HSeOs,) 73.90(1)  76.22(1)  89.36(1)
44 [CHNK(GHN(UO)(Se0)s cc2-3:5- L 11.659(1)/ 14.956(2)/ 22.1942)/
(HSeO3)(H,0)] 3 90 90 90
45 [CHNLIHOI(UO)(SeOy)s by 83116(4)/ 18.636(1)/ 11.5623(5)  ,,
. (HSeO3)(H0)J(HSeOs3)op 9% 97.582(1) /90 T
46 [CHNLIUOD(SO)] 6545 poma |5860Q)/ 180102)/ TL140(1)/ ¢

90 90 90

1 — Mistryukov and Mikhailov, 1983; 2 — Koskenlinna et al., 1997; 3 — Almond et al., 2002; 4 —
Almond and Albrecht-Schmitt, 2004; 5 — Serezhkina et al. 2009; 6 — Koskenlinna and Valkonen,
1996; 7 — Almond and Albrecht-Schmitt, 2002a; 8 — Meredith et al., 2012; 9 — Burns and Ibers,
2009; 10 — Marukhnov et al., 2008; 11 — Krivovichev, 2009; 12 — Loopstra and Brandenburg,
1978; 13 — Wylie and Burns, 2012; 14 — Trombe et al., 1985; 15 — Liu et al., 2006; 16 — Almond
and Albrecht-Schmitt, 2003; 17 — Liu et al., 2015; 18 — Krivovichev et al., 2005a; 19 — Gurzhiy et
al., 2017a; 20 — Jouffret et al., 2012; 21 — Gurzhiy et al., 2010; 22 — Kovrugin et al., 2012a; 23 —
Gurzhiy et al., 2015a; 24 — Krivovichev et al., 2006a; 25 — Wylie et al., 2014.
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Synthetic compounds, whose structures are based on inorganic units with the linkage of
Ur to selenite oxyanions (Table 2.4), could be divided into two groups: pure inorganic and
organically templated phases.

Most of the inorganic uranyl selenites were obtained during low or medium temperature
hydrothermal experiments in the temperature range of 100 to 220 °C using Teflon-lined steel
autoclaves. Various reagents were used as the source of uranium (U(VI) oxide, uranyl hydroxide,
uranyl nitrate hexahydrate, uranyl acetate dihydrate), whereas selenous acid (H,SeOs3) was the
only source of Se(IV). To be precise, either acid itself or SeO, were used in the reactions, but
Se(IV) dioxide reacts with water to form selenous acid. H,SeOs is a very weak acid and it hardly
dissociates at room temperature, which explains the required heating for the reaction. Several
compounds obtained in different ways should be mentioned separately. Compounds 22
(Marukhnov et al., 2008) and 23 (Krivovichev, 2009) were obtained during evaporation at room
temperature. The first compound was obtained from the reaction of UO,(NOs;),-6H,O with
selenic acid (H,SeO4) in aqueous medium for 1 year, which could be explained by the reduction
of Se(VI) to Se(IV) in the solution during the experiment. Moreover, as it was recently shown,
the hydronium ions usually enter the structure at the very latest crystallization stages, when there
are no more other cations in the solution (Gurzhiy et al., 2016a, 2017a, 2018a). The Na-bearing
compound was obtained in the presence of sodium oxalate, which probably could be regarded as
a catalyst of the uranyl selenite crystallization process. Another five compounds, 11 (Almond
and Albrecht-Schmitt, 2004), 21 (Burns and Ibers, 2009), 27 (Loopstra and Brandenburg, 1978),
28 (Almond and Albrecht-Schmitt, 2004), and 32 (Trombe et al., 1985), were obtained in the
gas—solid or hydrothermal reactions using sealed tubes. In the case of the last three compounds,
the temperature reached over 425 °C.

The majority of the organically templated compounds are actually uranyl selenites-
selenates. The selenite anions that are arranged in the structures of such compounds are in minor
amounts with respect to the selenate groups. Such a tendency comes from the experimental
conditions, in which the source of Se was the selenic acid. Selenic acid is less stable in
environmental conditions than selenous acid, and it reduces to the latter during storage. Initially,
pure H,SeO, reagent after a few months of storage contains significant amount of [SeO3]* and
[HSeO;] ions, which participate in the structure formation along with [SeO4]* groups. There are
only five structures of organically templated uranyl selenites known without [SeO4]* oxyanions
(Table 2.4), three of which (34 (Almond and Albrecht-Schmitt, 2003), 35 (Almond and
Albrecht-Schmitt, 2003), and 46 (Wylie et al., 2014)) were obtained during mild hydrothermal

experiments (130—150 °C) when the source of Se was again selenic acid. Here, the temperature
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and amine molecules or ionic liquids (Wylie et al., 2014) acted as a reduction agent for H,SeOy,
since it is known that the selenic acid is easily reduced to H,Se*"O; and oxygen upon heating
above 160 °C (Kovrugin et al., 2017). The other two organically templated uranyl selenites (33
(Liu et al.,, 2006) and 36 (Liu et al., 2015)) were obtained during evaporation at room
temperature from the aqueous solution of UO,(NOs),-6H,0, SeO,, and respective amine. Since
SeO, transforms to weak selenous acid in water, the low dissociation ability of the latter
(Kovrugin et al., 2015) and the presence of [NOs] groups in the structures of both compounds
explains the long crystallization process of 1 to 2 months. It is likely that dissociation of uranyl
nitrate and the presence of amine finally helped to create an environment sufficient for the
selenous acid dissociation, and thus to start the crystallization of uranyl selenites. Nitrate groups,
in these cases, act as additional oxyanions involved in structure formation with a shortage of

[SeOs]* groups.

Topological Analysis of Uranyl Selenite Structural Complexes

The vast majority of the uranyl selenite crystal structures are based on the layered
complexes of various topologies (Tables 2.3 and 2.4), and only nine compounds have chain-
based crystal structures. However, among those nine compounds, two are uranyl selenite
minerals.

Crystal structures of derriksite and another two synthetic compounds (Tables 2.3 and 2.4,
Figure 2.9a—c), which are actually the same but were refined in different space groups, are based
on the 1D units of the ccl-1:2—-1 topological type (graph is an infinite chain of four-membered
vertex-sharing rings). The graph corresponds to the type of chains, which were observed in the
krohnkite (Hawthorne and Ferguson, 1975). This topology is one of the most common and
simplest chain topologies among U(VI)-bearing compounds with the [TO,]" groups (m =3.4; T
= S, Se, P, As). It was observed in the structures of uranyl-sulfate minerals as svornostite,
KoMg[(UO,)(S04)2]2(H20)s (Plasil et al., 2015a), rietveldite, Fe(UO;)(SO4)2(H,0)s (Kampf et
al., 2017d), and their synthetic analogues M* [(UO,)(TO4)2(H,0)](H20)s (M = Mg, Mn, Fe, Co,
Ni, Zn; T = S, Se) (Gurzhiy et al., 2019b; Kornyakov et al., 2021). Although the topology of
chains is the same, their structures are remarkably different, representing two different isomers.
In the case of derriksite (Figure 2.9c), U®" atoms present in the tetragonal bipyramidal
coordination, where all four equatorial O atoms are shared with the [SeO3]* groups, and each
selenite group in turn has only two O atoms shared with two neighbors’ Ur. Uranyl selenite
chains in the structure of derriksite are directed along [001] and the equatorial planes of uranyl

bipyramids are arranged parallel to the (101). In between the chains, Cu-centered tri-octahedral
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Figure 2.9. 1D complexes in the crystal structures of natural and synthetic uranyl
selenites (a-k: see text for details). Legend: U-bearing coordination polyhedra = yellow; Se
atoms = orange; O atoms = red; H atoms = white; N atoms = light blue; black nodes = U atoms,

white nodes = Se atoms. Se'" O; trigonal pyramids and NO; groups are shown in a ball-and-stick

mode.
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layers are observed as being arranged parallel to (010), in which each Cu atom has four OH™
groups shared with the neighbor Cu atoms and two more vertices in the trans-orientation are the
third vertices of selenite pyramids, non-shared with U-centered bipyramids. Selenite groups are
arranged in such a way that lone electron pairs from one side of the U-Se chain are directed in
one way, and from the other side, in the opposite direction (up or down), relative to the
equatorial planes of uranyl bipyramids. Thus, the sequence of orientation symbols could be
written as (u)(d). The latter has been termed an orientation matrix. In the structures of synthetic
[(UO,)(HSeO03)2(H,0)] (Mistryukov and Mikhailov, 1983; Koskenlinna et al., 1997) compounds,
U®" atoms are arranged in the center of pentagonal bipyramids, in which four equatorial O atoms
are shared with the [HSeOs] groups and the fifth vertex is occupied by the H,O molecule.
Hydrogen selenite groups also have two O atoms shared with two neighboring Ur and the third
vertex is attributed to the OH™ group. The linkage of chains into the 3D structure is carried out by
the means of H-bonding between the neighbor chains only. The arrangement of lone electron
pairs relative to the equatorial planes of uranyl bipyramids is staggered on both sides of the
chain, so the orientation matrix for the current geometrical isomer is (ud)(du).

The crystal structure of demesmackerite is based on the chains of the cc1-1:3-2 topology
(Figure 2.9d,e), which is very similar to the previous type. The graph is a vertex-sharing infinite
chain of four-membered rings with additional one-connected selenite group to each Ur. This
topology is quite rare and has been observed in the structures of two synthetic uranyl chromates
Nas[(UO)(CrO4)3] (Krivovichev and Burns, 2003b) and Ks[(UO,)(CrO4)3](NO3)(H,0);
(Krivovichev and Burns, 2003c), two uranyl molybdates Na3;Tls[(UO,)(M00O4)3],(H,0); and
Naj3Th[(UO2)(M004)3]4(H20)s (Krivovichev and Burns, 2003d), and one uranyl selenate
(CHgN)3[(UO2)(SeO4)2(HSeO4)] (Gurzhiy et al., 2017a). U®" atoms are arranged in the centers
of pentagonal bipyramids, so that four equatorial vertices of which are shared with two-
connected selenite groups (as in previous type), and the fifth vertex that was occupied by H,O
molecule, now is replaced by another one-connected [SeOs]*” pyramid. Uranyl selenite chains
are passing along the [101], and stacked one above the other, forming blocks parallel to (010).
These blocks are separated by the sheets of edge-shared Cu- and Pb-centered coordination
polyhedra. There are three types of Cu*'-centered octahedra in the structure of demesmaekerite,
[CuO4(OH),]*, [CuO3(OH)3]", and [CuO»(OH)3(H,0)]*, and the single type of ninefold
[Pb*"Os(OH);3]"*" complexes. Lone electron pairs of one- and two-connected selenite groups
from one side of the U-Se chain are oriented in the same direction, while on the other side the

direction is the opposite, thus the orientation matrix could be written as (u)(d).
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The crystal structure of the organically templated compound 33 (Liu et al., 2006) is based
on the uranyl selenite nitrate 1D complexes that belong to the ccl-1:2—12 topological type
(Figure 2.9f,g). This topology has been observed in the structures of several uranyl and neptunyl
sulfates and selenates, for example, see (Grigor’ev et al., 1999; Norquist et al., 2003b; Forbes
and Burns, 2005; Gurzhiy et al., 2014b), and represents an infinite chain of edge-shared four-
memebered cycles, in which each uranyl polyhedron has three equatorial vertices shared with
three selenite groups while the left pair of O atoms is edge-shared with the [NOs] group. Being
three-connected to the neighbor Ur, [SeO;]* pyramids have a lone electron pair oriented either
up or down relative to the equatorial planes of uranyl bipyramids in the (ud). sequence.

The crystal structures of Ca- (Almond et al., 2002) and Sr-bearing (Almond and
Albrecht-Schmitt, 2004) isotypic uranyl selenites are based on 1D complexes of the cc1-1:2-14
topological type (Figure 2.9h,1), which are built by the dimers of edge-sharing uranyl pentagonal
bipyramids that are interlinked by the pair of edge- and vertex-sharing selenite groups with
another one-connected selenite group decorating the fifth non-shared equatorial vertices of U
polyhedra from both sides of such a double-wide chain. It should be noted that [SeOs]*
pyramids, which are involved in the linkage of U dimers, have lone electron pairs oriented up
from one side of the chain, and down from the other side, thus illustrating the (ud). sequence.
This type of chains occurs in the structures of two uranyl minerals: parsonite, Pb,[(UO;)(POy),,
(Burns, 2000) and hallmondite, Pb,[(UO,)(AsO04)2](H20)n, (Locock et al., 2005).

The crystal structures of two more Sr- (Almond et al., 2002) and Na-hydronium-bearing
(Serezhkina et al. 2009) compounds are based on the uranyl selenite chains with an edge-sharing
motif, similar to the previous one. Chains belong to the ccl-1:2—15 topological type (Figure
2.9j.,k), and are built by the dimers of edge-sharing uranyl pentagonal bipyramids, which, in
contrary to the aforementioned topology, are interlinked by a pair of only vertex-sharing selenite
groups, while edge-sharing selenite pyramids in this case decorate both sides of the chain. Both
compounds represent two different geometrical isomers, assuming the orientation of lone
electron pairs. Thus, Sr uranyl selenite possesses the same (ud)., sequence, as in a previous case,
while the Na-bearing compound has a (u). sequence. This type of topology has been observed in
several synthetic uranyl chromates, phosphates, and arsenates, as well as in lakebogaite,
CaNa(Fe’)2[(H(UO,),(PO4)4(OH),](H20)s (Mills et al., 2008).

The crystal structures of 17 synthetic uranyl selenites are based on the layers, which
belong to the cc2—1:2—4 topological type (Figure 2.10a,b), the most common among the uranyl
selenite compounds and among the layered uranyl compounds, generally. The topology consists

of dense four-membered cycles and large hollow eight-membered rings. It is worth noting, that
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Figure 2.10. 2D complexes based on corner-sharing linkage in the crystal structures of
synthetic uranyl selenites and selenite-selenates (a-j: see text for details). Legend: see Figure 2.9;

Se"'0, groups = orange tetrahedra.
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almost all sheets of this topology contain protonated [HSeOs] groups with the H-bonds arranged
inside the eight-membered cycles. Although the topology of the sheets remains the same, their
real architecture is quite diverse, which occurs due to various blocks involved in the structure
formation. Thus, the structures of these compounds are formed via combination of the [UO;]*,
[HSeOs], [SeOs]*, and [SeOs]* coordination polyhedra through common oxygen atoms.
Uranyl pentagonal bipyramids share all of five equatorial O atoms with the selenite or selenate
groups, while Se-bearing oxyanions act as two- or three-connected units. Such a diversity of
building blocks opens up the possibility of a large number of geometric isomers’ existence.
Within the uranyl selenite and selenite-selenate compounds of cc2—1:2—4 topology, three isomers
are distinguished: layers, containing only selenite groups; those, having selenite and hydrogen
selenite groups; and those with hydrogen selenite groups and selenate tetrahedra. However, what
is the most interesting, is that all three isomers have a similar orientation of lone electron pairs
and fourth non-shared vertices (for tetrahedra), which is described by the very simple (ud)
matrix. Only except for the compound 36 (Liu et al. 2015), which has the (ud)(du) matrix.

The crystal structure of Ag-bearing uranyl selenite (Almond and Albrecht-Schmitt,
2002a) is based on the layered complex of cc2—1:2-5 topological type (Figure 2.10c,d). This
type of topology has been observed in the structures of several synthetic uranyl and neptunyl
molybdates as Nay(UO,)(MoOy), (Krivovichev et al., 2002a) and K3NpO,(MoO4), (Grigor’ev et
al., 1992). Topological types cc2-1:2-4 and cc2-1:2-5 have nearly identical chemical
composition and looks quite similar. Those graphs are built from the similar four- and eight-
membered rings, and even have the same connectivity of black and white vertices (U and Se
polyhedra, respectively), but the topologies are different due to differences in coordination
sequence (Krivovichev, 2008). Such chemically identical, but topologically different structural
units are called topological or structural isomers. It should be noted that the cc2—1:2—4 topology
is much more representative among the inorganic oxysalt compounds than cc2—1:2-5. If the lone
electron pair of the selenite pyramid would be equated to the fourth non-shared vertex of the
selenate tetrahedron, the current isomer can be described by the (uddu)(dduu) matrix.

The crystal structure of 41 (Kovrugin et al., 2012a) is based on the 2D complexes,
possessing unprecedented topology for both the structural chemistry of uranium and the
chemistry of inorganic oxysalts in general, of the cc2—1:2-14 type (Figure 2.10e,f). U atoms are
arranged in the centers of pentagonal bipyramids. Each [SeO4]* group is three-connected,
coordinating three uranyl ions, whereas protonated selenite groups coordinate one uranyl ion
each. The topology is remarkable due to the presence of one-connected branches inside eight-

membered cycles, which are actually selenous acid groups.
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The crystal structure of 25 (Almond and Albrecht-Schmitt, 2002a) is based on the layered
complexes of cc2—1:2—-19 topological type (Figure 2.11a,b), which is a derivative of the autunite
topology (Krivovichev, 2008), where each uranyl pentagonal bipyramid has only one edge
shared with the selenite group. The graph of the layer consists of eight-membered rings only.

The current isomer can be described by the (uudd)(uddu)(dduu)(duud) matrix.

Figure 2.11. 2D complexes based on edge-sharing linkage in the crystal structures of
natural and synthetic uranyl selenites and selenite-selenates (a-n: see text for details). Legend:

see Figures 2.9 and 2.10.
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Compound 26 (Almond et al., 2002) is the only known uranyl selenite, which crystal
structure is based on the layered complexes of cc2—1:2-21 topological type (Figure 2.11c,d). The
graph of the U-bearing sheet consists of dense 4-membered and large 12-membered rings.
Double links between the black and white vertices in a graph indicate sharing of an edge
between uranyl coordination polyhedra and the selenite pyramid. Despite the fact that [SeOs]*
groups are two-connected, edge-sharing coordination generates a possibility for an orientational
isomerism of the lone electron pair arrangement. Current isomer can be described by the (ud)
matrix. It is of interest that interlayer Ba®" cations are actually arranged within the layer, inside
the 12-membered rings.

Next compound, 42 (Gurzhiy et al., 2015a), got into the review with a large tolerance.
There are three nonequivalent positions of Se in the structure, only one of which was occupied
by both Se(VI) and Se(IV), and the amount of the latter is very small (~0.07 per formula unit).
The current topology of the cc2-2:3—4 type (Figure 2.10g,h) is one of the most common among
synthetic uranyl sulfates, chromates, and selenates (> 30 structures are known), but it has not
been observed for any compound with a higher content of selenite ions than here.

The crystal structures of three organically templated compounds, 43 (Krivovichev et al.,
2006a), 44, and 45 (Gurzhiy et al., 2015a), are based upon the layers with U:Se = 3:5 formed as a
result of condensation of the [UO,]*, [UOz(Hzo)]2+, [Se¥'04]*, and [HSe'Os] coordination
polyhedra by sharing common oxygen atoms. The corresponding graph of cc2—-3:5-3 topology is
built by four- and six-membered rings (Figure 2.10i,j). This topology of inorganic complexes is
typical for uranyl selenite-selenates but has also been observed in some pure uranyl selenates, for
instance, Rb4[(UO,);3(Se04)s(H,0)] (Krivovichev and Kahlenberg, 2005a). The presence of two-
connected selenite trigonal pyramids and three-connected selenate tetrahedra gives rise to
geometric isomerism. Thus, the orientation matrices can be written as (ududud)(udoduo) for
the first and second, and (duuudd)(udodun) for the third compound, respectively.

The simplest uranyl selenite, at least from the chemical point of view, [(UO,)(SeOs3)]
(Loopstra and Brandenburg, 1978), has a layered structure (Figure 2.11e,f). According to Lussier
et al. (2016), the anionic topology of the layer of this compound belongs to the topology
consisting of triangles and hexagons. The topology of the layer in this compound is the same as
in mineral rutherfordine, [(UO,)(CO3)] (Christ et al., 2005; Finch et al., 1999), which is why it is
called a rutherfordine anion topology. This topology consists of parallel chains of edge-sharing
hexagons divided by dimers of edge-sharing triangles. Each of the hexagons is occupied by Ur,
and one triangle per dimer is occupied by the [SeOs]* group. The other half of the triangles is
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vacant. Electroneutral sheets are linked together by van der Waals interactions only. It should be
noted that recently, an isotypic neptunyl compound has been reported (Diefenbach et al., 2014).
One of the most remarkable topological types within the uranyl selenite family of
compounds is the phosphuranylite topology (Figure 2.11g,h): the crystal structures of marthozite,
guilleminite, and larisaite are based on such layers, while haynesite and piretite (although their
structures are still unknown) are supposed to have topologically the same architecture due to the
similarity of their unit-cell parameters. Except for minerals, two more Li- and Sr-bearing
synthetic uranyl selenites have structures based on the 2D units belonging to the phosphuranilite
anion topology. The phosphuranilite topology contains two types of alternating infinite chains:
Edge-sharing dimers of pentagons that are further linked by edge-sharing hexagons, and zig-zag
chains of edge-sharing triangles and squares (Lussier et al., 2016; Demartin et al., 1991). The
topology can be described by the 6'5°4?3% ring symbol with pentagons and hexagons occupied
by Ur, triangles are occupied by selenite anions, while squares stay vacant. In the crystal
structures of natural and synthetic compounds, additional mono-, divalent cations, and H,O
molecules are arranged in between the layers forming covalent and H-bonding systems to build
the 3D structure. In the structure of marthozite, there are Cu®" cations arranged in between the
layers and octahedrally coordinated by two O atoms of uranyl ions from the above and
underlying layers and four O atoms of HO molecules from the interlayer space. There are also
four ‘zeolite’-like H,O molecules arranged in the interlayer space, which are not covalently
bonded to cations and held in the structure by H-bonds only. Na" and K sites in the structure of
larisaite are characterized by partial occupancies, as well as H,O molecules and hydronium
cations, which are statistically distributed over six sites within the interlayer space. Thus, there
are also two types of H,O molecules, those which coordinate alkali cations and ‘zeolite’-like, as
in the structure of marthozite. Na” and K cations in the crystal structure of larisaite alternately
occupy neighbor cavities in the interlayer space, while in the structure of guilleminite, those
cavities are equivalent and occupied only by Ba*" cations. It is of interest that according to
previous works (Pierrot et al. 1965; Cooper and Hawthorne, 1995), only two sites of H,O
molecules coordinating Ba®* cations have been determined in the structure of guilleminite,
leaving rather large cavity to be vacant. Our single crystal XRD studies at low temperatures
allowed us to determine the third site arranged within the void and occupied by the H,O
molecule, which suggests a change to the formula of guilleminite to
Ba[(U0,)3(Se03),0,](H,0)4. Such ambiguity allows reference to the variable character of H,O
molecules’ amount within these structures, which could depend on the chemical composition and

conditions, and the temperature and humidity storage of samples. Another interesting feature is
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that the structures of natural and synthetic compounds belong to different geometrical isomers.
The (ud)(du) isomer was determined in the structures of Li- and Sr-bearing synthetic uranyl
selenites, while (ud)(ud) isomer was observed in the crystal structures of all three minerals. It
should be noted that implementation of the (ud)(du) isomer results in formation of stepped
layers, in which each subsequent chain of edge-sharing uranyl polyhedra is located above the
level of the previous chain, whereas the (ud)(ud) isomer results in the formation of zig-zag
uranyl selenite layers, in which the chains of edge-sharing uranyl polyhedra are alternately

located above or below the mean plane of the layer (Figure 2.12).

Figure 2.12. The crystal structure projections along the layers, uranyl selenite layers,
symmetry elements, and the respective layer symmetry groups for guilleminite (a and b) and

Sr[(U0,)5(Se03),0,](H20)4 (¢ and d). Legend: see Figure 2.9.

Another topology that consists of hexagons, pentagons, squares, and triangles can be
described by the 6'5°4°3° ring symbol (Figure 2.11i,j), and is quite rare. There are only three
compounds known, whose structures are based on the layers of this type. Two of them are Cs-
bearing (Wylie and Burns, 2012) and organically templated (Wylie et al., 2014) uranyl selenites,
and the third one is a very exotic Cs;[(UO;)s(Co(H0),)2(HPO4)(PO4)] uranyl phosphate
compound (Shvareva and Albrecht-Schmitt, 2006). Layers are formed by the specific heptamers,
and the uranyl hexagonal bipyramid is in the center, sharing each even equatorial edge with three
uranyl pentagonal bipyramids, while the odd edges are shared with [SeOs]*" groups. The linkage

of these heptamers occurs via the third non-shared vertex of the selenite group and by the two
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additional selenite groups of each pentagonal bipyramid, which share all three O atoms with
three neighbor heptamers. Thus, all pentagons and hexagons in the anion topology are occupied
by the uranyl ions, triangles, and by the selenite groups while squares are vacant. It should be
noted, that the arrangement of the lone electron pair in the structures of both uranyl selenites is
different. In the structure of Cs-bearing uranyl selenite, the orientation of the lone electron pairs
around the core of uranyl bipyramids is uneven and can be described by the (uuudduuuuudd)
matrix, while that in the structure of organically templated uranyl selenite is uniform
(uududuuddudd), but it does not result in any visible differences in the distortion or undulations
between the layers.

The crystal structure of the Cs-bearing uranyl selenite-selenate 31 (Wylie and Burns,
2012) phase is based on the layers of a highly remarkable anion topology with the 6'5°4°3° ring
symbol (Figure 2.11k,l), which could be assumed as the modular structure, composed of blocks
from both the phosphuranylite and zippeite anion topologies. The latter, for instance, is one of
the most common topologies among the natural uranyl sulfates (Gurzhiy and PI4sil, 2019). The
zippeite fragment of the topology includes selenate tetrahedra, and the phosphuranylite fragment
contains selenite groups.

The crystal structure of the only uranyl diselenite compound (Trombe et al., 1985) is
based on the sheets of miscellancous anion topology of the 8'5%3% type (Figure 2.11m,n),
consisting of octagons, pentagons, and triangles. The layered complex is built by the dimers of
edge-sharing uranyl pentagonal bipyramids, which are arranged similarly as in the structures of
such minerals as deliensite, Fe[(UO;)2(SO4)2(OH),](H,0); (Plasil et al., 2012b) or plasilite,
Na(UO,)(SO4)(OH)(H,0), (Kampf et al., 2015c), but the linkage character is remarkably
different. Instead of isolated groups, uranyl dimers are interlinked length- and side-ways through
the vertex-sharing diselenite groups; besides, lone electron pairs within the [Se;0s]* oxyanions
are co-directed. In those diselenite groups, which are arranged along the extension of the uranyl
dimers, lone electron pairs are oriented towards one side relative to the plane of the sheet, and in
those groups, arranged side-ways, the direction of the lone electron pair is the opposite. The
crystal structure of 32 is anhydrous and free of additional ions, thus electroneutral layered
complexes are linked into the 3D structure by the means of electrostatic interactions involving

lone electron pairs only.

Structural and Topological Complexity of Uranyl Selenites

The crystal structure of derriksite is built on the 1D uranyl selenite complexes, whose

symmetry is described by the /cmll rod symmetry group. However, its highest (topological)
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symmetry is described by the centrosymmetric %2/m11 rod group (Figure 2.13a). Stacking of

chains doubles the complexity contribution of the uranyl selenite block (68.107 bits/cell) into the
whole structure, but is still less than the contribution of the Cu-O interstitial block (96.370
bits/cell) and nearly equal to the contribution of the interstitial H-bonding system (64.287
bits/cell; Figure 2.14 and 2.15). Alteration of uranyl tetragonal bipyramids by pentagonal ones
with the additional H,O molecule in the equatorial plane of Ur preserves the topology, but it

doubles the size of the reduced segment of a chain and changes its maximal symmetry to the

%12/a1 rod group (Figure 2.13b). The absence of the interstitial substructure makes the

topological complexity parameters be equal to those for the whole structure of 8 and 9.

Figure 2.13. 1D uranyl selenite units and their highest rod symmetry groups for derriksite

(a), [(UO2)(HSeO03)2(H20)] (b) and demesmacekerite (¢). Legend: see Figure 2.9.

The topological symmetry of the uranyl selenite chain in the structure of demesmaekerite
is monoclinic %lemll and is higher than its real triclinic %—l symmetry (Figure 2.13c¢). In this

case, the uranyl selenite substructure (117.207 bits/cell) makes the largest contribution to the
complexity of the whole structure. The interstitial complex contributes a slightly lower amount
of information (85.926 bits/cell), and even less is accounted for in the H-bonding system (60.842
bits/cell; Figure 2.14 and 2.15).



Table 2.5. Structural and topological complexity parameters for the uranyl selenite and selenite-selenate compounds.

Complexity Parameters of the Crystal = Structural Complexity of Topological Complexity of the

Structure the U-Se Unit U-Se Unit
No. Formula Topology Layer Layer or
or Rod
Sp. Gr. v le lG otal S lc  lgom RodSym. v I lG otal
ym.
Gr.
Gr.
Chains

1 Cuy[(UO,)(Se0s),](OH); / derriksite Pn2,;m 54 4236 228764  4mil 11 3.096 34.054 42/mll 11 2187 24.054

8 [(UO,)(HSeO0s),(H,0)] ccl-1:2-1 A2/a
9] [(UO)HSONIH0)  cye % 12 100000 Aldjal 32 3125 100000 Al2al 32 3125 100.000
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______________________ demesmaekerite .
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21 Cs[(UO,)(Se05)(HSe05)](H,0); P2,/n 88  4.459 392430 p2/b 48 3.585 172.080 48 3.585 172.080
22 Na[(UO,)(SeO5)(HSeO4)](H,0), cc2—-1:2-4 P2,/n 100 4.644 464386  p2,/b 48 3.585 172.080 p2,/b
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(CHSCO2H)O.5
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2 0.5
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38 [C,HN][(UO,)(SeO.)(HSeO5)] P2,/n 96  4.585  440.156
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,,,,,,,,,,,,,,,,,, (Se0o(H0)(NOs)gs  com=ot  vale 28 2 0m8 A2EST pa A0 ASS SRS pa 88 A0t 20l
[CsH1aNL[(UO,)3(SeO4)4(HSeO5)(H,0)]

43 (H,Se03)(HSeO,) P-1 258 7.011 1808.897 p-1 74 5.209 385.500
44 [CHNBGHMNI(UO(Se00)(HSeOs) () 5.5 5 Phma 364 5.629 2048837 p2/m 74 4399 325.500

(H,0)] p2/m 74 4399 325.500
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Figure 2.14. Ladder diagrams showing contributions of various factors to structural complexity in terms of bits per unit cell for the structures
based on chains (a), layers with edge-linkage of polyhedra (b), layers with corner-linkage of polyhedra (c) and organically templated compounds (d).
Legend: TI = topological information; SI = structural information; LS = layer stacking; IS = interstitial structure; HB = hydrogen bonding. See Table

2.5 and text for details.
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Figure 2.15. Ladder diagrams showing normalized contributions (in %) of various factors to structural complexity for the structures based on
chains (a), layers with edge-linkage of polyhedra (b), layers with corner-linkage of polyhedra (c) and organically templated compounds (d). Legend:
see Figure 2.14. See Table 2.5 and text for details.
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Figure 2.16. Uranyl selenite layers, symmetry elements, and the respective layer
symmetry groups for various isomers of the cc1-1:2—4 topological type (a-d: see text for details).

Legend: see Fig. 2.9 and 2.10.
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The crystal structures of 17 uranyl selenites and selenite-selenates are built upon the layers of
ccl-1:2—4 topological type and those are distributed almost equally between pure inorganic and
organically templated compounds having various monovalent inorganic ions and protonated
amine molecules of different shapes and sizes as an interstitial block. Moreover, this topology
preserves with changes in the chemical composition of uranyl-bearing layers, which involves the
occurrence of uranyl selenites, selenite-hydrogen selenites, and hydrogen selenite-selenates. It is
of interest that all isomers within this family of compounds, including chemical substitutions and
two geometrical isomers (see Chapter 2.2 Topological Analysis ...), have the highest symmetry
of the layer described by the p2i/b layer group (Figure 2.16). Furthermore, the topological
symmetry is preserved in the structures of almost all compounds, except for two of them (Table
2.5). All three aforementioned cases point to the fact that the current topological type is
unusually resistant and one of the most preferable in the systems with the U:T ratio = 1:2. As for
the complexity calculations, certainly, those will primarily depend on the number of orbits
(atoms). Thus, the H-free uranyl selenite layer has the lowest amount of information (152.196
bits/cell), next in a row would be the uranyl selenite-hydrogen selenite complex (172.080
bits/cell), and finally those containing selenate oxyanions (192.423 bits/cell). Analogously,
complexity parameters for the whole structure majorly depend on the size of the aliphatic part of
organic molecules.

The crystal structures of three uranyl selenite minerals and two synthetic compounds are
based on dense layers with a phosphuranylite anion topology. It is of interest that natural and
synthetic compounds are described by the different orientation matrices (Figure 2.12). The
(ud)(du) orientation of the lone electron pairs in the structures of synthetic uranyl selenites 28
and 29 resulted in the formation of layers with the c2/m topological symmetry (58.711 bits/cell),
whereas the highest symmetry of those in natural compounds is described by the (ud)(ud) matrix
and orthorhombic pmmn layer symmetry group (121.421 bits/cell). It should be noted that only
Sr-bearing synthetic compound 28 has the real symmetry of the layer equal to the topological
one. In the cases of marthozite, guilleminite, larisaite, and Li-bearing synthetic compound,
structural symmetry is significantly reduced by the interstitial cations and H>O molecules (Table
2.5, Figures 2.12 and 2.14). The contribution of each of the components makes the marthozite
the most complex inorganic uranyl selenite (960.860 bits/cell; Figures 2.14 and 2.15). It is of
interest that the formation of a particular isomer causes the specific arrangement of the layers,
and it appears that the (ud)(ud) isomer of the posphuranylite topology, which results in the
formation of zig-zag layers, is more stable and most likely thermodynamically preferable among

the others, since it has only been observed in the structures of natural layered uranyl selenites.
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Thermal Behavior of Uranyl Selenite Minerals Derriksite and Demesmaekerite

Single crystal diffraction data for derriksite (1) and demesmaekerite (2) were collected at
different temperatures without changing the crystal orientation in the range of —173 to +87 °C
(Gurzhiy et al., 2020b). The unit-cell and refinement parameters are listed in Table S2.1.

In the structure of derriksite (1), Ur cation is coordinated by four Ogq atoms in the
equatorial plane that belong to selenite groups to form a tetragonal bipyramid as a coordination
polyhedron of U atoms. Se*" atoms in the structure of 1 are arranged in the apical vertex of a
trigonal pyramid, surrounded by three O atoms. Selenite ions possess classical coordination
geometry with the lone-electron pair squeezes O ligands toward the other side of the Se*" cation,
while the pair itself arranges and behaves like the fourth vertex of the regular tetrahedron. All
four Ogq atoms are shared with the [SeOs]* groups, whereas each selenite group has only two O
atoms shared with two neighbors Ur, which results in the formation of an infinite chain as the
main structure building block (Fig. 2.9a,c, 2.17a,b). Chains pass along the [001] and the
equatorial planes of Ur tetragonal bipyramids are arranged parallel to the (101). Cu atoms in the
structure of 1 possess distorted octahedral coordination with nearly square equatorial plane of
OH™ groups and elongated apical contacts with O atoms due to the Jahn-Teller effect. Each Cu
atom shares its equatorial hydroxyl groups with the neighbor Cu atoms, forming tri-octahedral
layers (Fig. 2.17a,b) parallel to (010). Copper-oxygen layers are linked with uranyl selenite
chains through the trans- arranged apical O atoms, which are the third vertices of selenite groups
non-shared with Ur. Additional linkage is made through the H-bonding system, which involves
hydroxyl groups from the Cu-O layer and both Oyr and O¢q from the U-bearing chains
(OH7---03, OH8:--0O1, OH9:--0O5, OH10---0O5). Stereochemically active lone-electron pairs of
the Se*" cations are directed towards the neighbor uranyl selenite chains.

In the structure of demesmaekerite (2) Ur is surrounded by five O¢q atoms that belong to
selenite groups, to form a pentagonal bipyramid as a coordination polyhedron of U atoms. There
are three crystallographically non-equivalent Se atoms in the structure of 2 arranged in the apical
vertices of trigonal pyramids, surrounded by three O atoms. Sel- and Se2-centered groups have
two O atoms shared with two neighboring Ur, while the third Se3-centered group has only one O
atom shared with Ur, which results in the formation of infinite uranyl selenite 1D unit (Fig.
2.9d,e, 2.18a,b). The Ur shares four O¢q atoms with 2-connected selenite groups, and the fifth
vertex is occupied by another 1-connected [SeOs]* pyramid. Uranyl selenite 1D units are
arranged along the [101], having the equatorial planes of Ur pentagonal bipyramids being
parallel to (101). Chains are stacked one above the other, forming blocks parallel to (010)
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Figure 2.17. The crystal structure of derriksite (1): projected along the b axis (a);
projected along the c axis (b); the arrangement of figures of thermal expansion/contraction
coefficients (TEC) relative to the structure projections (c,d). Legend: see Fig. 2.9; Cu polyhedra
= dark blue; Se atoms = grey; H atoms = small white circles; TEC figures: expansion = green,

contraction = red.

(Fig. 2.18a,b). These blocks, in turn, are separated by the sheets of edge-shared Cu- and Pb-
centered coordination polyhedra. There are three crystallographically non-equivalent Cu atoms
in the structure of 2, which possess three different coordination geometries [CulO4(OH),]*,
[Cu205(0OH);]" and [Cu30,(OH);(H,0)]*, and one non-equivalent Pb>" cation is arranged in
the center of ninefold [PbOg(OH)(H,0)]'* complex. Cul atoms possess (2+4) distorted
geometry, while Cu2 and Cu3 atoms have (4+2) coordination, which is considered to be more
stable. Hathaway (1984) have shown that Cu®"-bearing polyhedra with the (2+4) geometry may
be the case of the dynamic Jahn-Teller effect of a series of (4+2) complexes that are rapidly
interchanging at various temperatures. However, we did not find such an effect within current

data. Cu-centered polyhedra form two types of chains directed along the [100] and linked
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together via Pb-centered complexes and a common O13H group. The first type is formed by the
alternating ...—one Cul— two Cu3-one Cul- two Cu3—... octahedra with an edge-sharing
linkage. There, the Cul octahedron shares four of its edges with four Cu3 polyhedra, and Cu3
shares two edges with two Cul octahedra, one edge with neighboring Cu3. This type of
connection is a shortcutting of the trioctahedral layer in 1. The second type is a narrow, one
octahedron wide chain built by Cu2-centered polyhedra that are connected only through the two

common edges.

Figure 2.18. The crystal structure of demesmaekerite (2): projected along the b axis (a);
projected along the a axis (b); the arrangement of figures of thermal expansion/contraction
coefficients (TEC) relative to the structure projections (c,d). Legend: see Fig. 2.9 and 2.17; Pb
atoms = dark grey, Pb—O bonds = dark grey stippled cones.

It should be noted that derriksite and demesmaekerite are the only uranyl selenite
minerals, which structures are built upon infinite 1D U-bearing units. Crystal structures of
guilleminite, marthozite, haynesite, piretite, and larisaite are based on dense uranyl selenite

layers of the phosphuranylite topology (Demartin et al., 1991; Gurzhiy et al., 2019a).
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The thermal behavior of 1 and 2 has a substantially anisotropic character (Tab. 2.6). The
general theory of thermal behavior (Filatov, 1990, 2011; Hazen and Downs, 2001) of crystalline
compounds points out that the maximal thermal expansion should be along the weakest bonding

direction.

Table 2.6. The main coefficients of the thermal expansion/contraction oy (i = 1-3) X 10°

°C! and orientation of the main axes in the structures of 1 and 2.

Sample T (°C) an ax a3 <apa <ayb <a33C

-100 2.5 17.6 4.4 0 0 0

1 -50 8.2 29.3 15.7 0 0 0
0 13.9 40.9 27.0 0 0 0
50 19.5 52.4 38.2 0 0 0
-100 36.6 12.3 -39 252 24.8 59

5 -50 32.6 14.5 -39 323 30.7 9.2
0 29.8 16.3 4.7 42.4 39.6 15.1
50 28.5 17.6 -6.5 55.1 51.8 22.4

Two types of solid constructions can be distinguished in the crystal structures of
derriksite and demesmaekerite. Those are uranyl selenite chains and interstitial layers built by
Cu- and Pb-centered polyhedra. Thus, one could expect the directions of these units’
arrangement to be the least prone to expansion. This is actually observed in the structure of 1.
The lowest expansion occurs along the [100], which coincides with the uranyl selenite chain
elongation. Uranyl tetragonal bipyramids, selenite groups, and Cu octahedra undergo relatively
the same expansion, which can be seen from the Table S2.2. So, the Cu-bearing layer contributes
equally to the rigidity along the [100] and [010]. Linkage of uranyl selenite chains with the Cu-
bearing layers via covalent and H-bonding systems provides additional rigidity along the [001].
Strong covalent bonding along the [010] occurs only within the octahedral layer, while there is
no connection between the U-bearing chains, which causes the largest expansion in this
direction. It should also be mentioned that some of the cis Cu—O-Cu angular parameters
decrease with temperature, which can be attributed to the response of the dense structure of
trioctahedral layer to the increase of Cu—O bond lengths.

The thermal expansion dynamics in the structure of 2 is more challenging to trace. The
first thing that should be worth noting is the change in the orientation of the figure of the TEC
with heating. For instance, at low temperatures ass; coefficient, which corresponds to the
contraction of the structure, almost coincides with the [001], and then it shifts towards the solid
diagonal of the unit cell. Although this direction corresponds to the space between the uranyl
selenite chains with the deficiency of strong bonds, the contraction of the structure and rotation

of the figure of the TEC should be mainly attributed to the orthogonalization of the oblique



290

triclinic angles of the unit cell. This effect was described by Filatov (2008) and recently observed
in (Izatulina et al., 2018, 2019). Along the [010], the linkage between the U-bearing chains and
interlayer Cu—Pb complex occurs via sharing O atoms of the selenite groups, which explains the
insignificant expansion of the structure in this direction. Thermal expansion of U, Se, Cu and Pb
coordination polyhedra is equivalent, which can be seen from the dynamics of bond lengths and
angles with heating (Tab. S2.3). The maximal expansion of 2 is observed approximately along
the [100], which matches the direction of the thin chain of Cu-centered octahedra and gaps
between Cu chains occupied by the Pb cations.

As the result of derriksite, Cus[(UO,)(SeO3);](OH)s, and demesmaekerite,
Pb,Cus[(UO,)2(SeO3)s(OH)6](H20),, thermal behavior studies, some general conclusions can be
made as follows. The lowest expansion is observed along the direction of uranyl selenite chains,
while the largest expansion occurs in the direction normal or inclined to chains, with the low
covalent bond distribution density. The crystal structure of demesmaekerite undergoes
contraction of the structure during heating, which can be attributed to the orthogonalization of
the oblique angles of the triclinic unit cell.

These studies allow to expand the common crystal chemical borders of the U®"-bearing
minerals and to estimate rather rarely studied parameters such as the strength characteristics of
crystal structures. By the current study, it has been documented that uranyl complexes are one of
the most stable and rigid blocks in the structural architecture of natural and synthetic uranyl
compounds, and the govern the thermal behavior of the whole structure, which is in agreement
with the results of recent studies (Gurzhiy et al., 2018¢c, 2020; Kornyakov et al., 2019). These
conclusions are valid, regardless of: 1) the dimensionality of U*"-bearing substructural units; 2)
both the arrangement and the chemical composition of an interlayer structure.

These observations reasonably justifies an assignment of U'-bearing units as the
fundamental building blocks (FBB) of the entire crystal structures of U®-compounds and

justifies the structural hierarchies based on these FBB (Burns, 1999, 2005; Lussier et al., 2016).



291

2.3. Structural Characterization of Natural Uranyl Compounds and Studies of Their

Alteration

Novel Natural Phase, Ca(U0O,)s(SO4)202(0OH)s-12H,0, Related to Uranopilite

The diversity of new natural uranyl sulfates is of particular interest (Gurzhiy and Plasil,
2019), since most of them do not have direct synthetic analogues and therefore are new to the
synthetic inorganic chemistry as well. Most of the new uranium sulfates are the products of
secondary low-temperature hydrothermal processes, which are often associated with
crystallization of  very complex mineral species such as ewingite,
MggCag(UO7)24(CO3)3004(OH)12(H20)138, the most structurally complex mineral known today
(Olds et al., 2017). The structural architectures of novel natural uranyl sulfates show many
similarities to synthetic uranyl sulfates, chromates, molybdates and selenates as reviewed in
(Krivovichev and Burns, 2007; Krivovichev, 2010). In most of them, uranyl ions are interlinked
via tetrahedral TO4 groups (T = S, Cr, Se, Mo) into finite clusters, chains or layers, in which
interaction between adjacent uranyl groups is mediated by the hexavalent T¢" cations. For this
group of minerals and synthetic compounds, the U:T ratio is usually smaller than 1 with the ratio
of 1:2 = 0.5 probably the most common. However, there exists a group of uranyl sulfate mineral
structures with U:S ratio larger than 1 (e.g., 2:1 for the minerals of the zippeite group (Frondel et
al., 1976; Burns et al., 2003; Brugger et al., 2003; Plasil et al., 2011a,2012¢,2014¢,2017; Kampf
et al., 2018a)) or equal to 1 (e.g., in adolfpateraite, K(UO,)(SO4)(OH)(H,0) (Plasil et al., 2012a),
and johannite, Cu(UO;)2(SO4)2(OH),-8H,0 (Mereiter, 1982)). In these structures, uranyl ions are
linked via common O or (OH) anions, thus creating uranyl oxo/hydroxo substructures
consisting of polymerized UO, coordination polyhedra (n = 5 or 6). For instance, in the crystal
structures of zippeite-group minerals, (UO7) pentagonal bipyramids share edges to form infinite
chains linked into [(UO,)2(SO4)d,] sheets (¢ = 0%, (OH)) via (SOy) tetrahedra (Burns et al.,
2003). The highest U:S ratios know so far are &8:1 reported for jachymovite,
(UO,)s(SO4)(OH)14-13H,0  (Cejka et al, 1996), and 6:1 reported for uranopilite,
(UO,)6(S0O4)02(0OH)6 14H,0, and metauranopilite, (UO;)s(SO4)(OH);0-5H,O (?) (Frondel,
1952).

The new oxy-hydrated calcium uranyl sulfate mineral phase 47 was collected in
December 1985 by N. Meisser (Krivovichev et al., 2018) in underground prospection and mining
workings of La Creusa U-deposit near Les Marécottes, Valais, Switzerland. Despite intense field
investigations conducted from 1988 to 2015, to date, only one specimen of the mineral is known,

collected only 4 years after the end of the mining works and deposited in Musée Cantonal de
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Géologie of Lausanne (Switzerland) under research collection number: XRD-NM-0005. The
data on this mineral presently known do not allow its full description as a new mineral species,
until more material is found.

Since the end of the underground workings in 1981, outcropping veins and stockpiled
high-grade U-ore (average of 3 analyses: U 0.8 wt.%, S 0.5 wt.%, Bi 0.1 wt.%, Pb 870 ppm, Cu
680 ppm, Zn 300 ppm and As 200 ppm) have been exposed to acid mine drainage water and
atmospheric oxygen in the abandoned galleries. The oxidation of the sulfides (mainly pyrite and
chalcopyrite) under the presence of strong bacterial activity resulted in the production of acid
(pH = 3.1), sulfate-rich waters. These waters reacted with uraninite, clinochlore, illite, calcite and
siderite and, after in situ natural evaporation, form a rich assemblage of secondary uranyl
sulfates minerals, including (by decreasing abundance): schrockingerite, uranopilite, marécottite,
magnesiozippeite, johannite, pseudojohannite, rabejacite, zippeite, natrozippeite, coconinoite,
jachymovite and the 47 phase.

The 47 phase appears as lemon yellow, up to 4 mm hemispheric efflorescent aggregates
on ore matrix and consists of tiny platy prismatic crystals with typical monoclinic forms up to
0.1 mm (Figure 2.19). The mineral is not fluorescent. Other supergene mineral species directly

associated with 47 on the same sample are: uranopilite, rabejacite, magnesiozippeite and

gypsum.

-l ‘ = - : b \':./l/‘

Figure 2.19. SEM-BSE image of 47 mineral phase. Note the typical monoclinic shapes

of the crystals.

Semi-quantitative chemical analyses were carried out by means of scanning electron
microscope, and despite various analytical problems due to intense dehydratation under electron

beam, only Ca, U, S, Ca and O were detected with the average ratio Ca:U:S~1:5.6:2.2.
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Synchrotron diffraction experiment was performed under ambient conditions at the Swiss-
Norwegian beamline BMO1 of the European Synchrotron Research Facility (ESRF). The
crystallographic information and refinement parameters for 47 are given in Table S2.4.

The (UO7) pentagonal bipyramids share Oy Oy edges to form hexamers oriented parallel
to the (010) plane and extended along [20-1] (Figure 2.20). The hexamers are linked via (SOj)
groups to form [(UO,)6(SO04),02(0H)s(H,0)4]* chains running along the ¢ axis. The adjacent
chains are arranged into sheets parallel to (010) (Figure 2.20). The Ca*" ions are coordinated by
seven O atoms and are located in between the sheets, providing their linkage into a three-
dimensional structure (Figure 2.21). According to the crystal-structure refinement, the crystal-
chemical formula of 47 can be written as Ca[(UO;)s(SO4)>0,(OH)s(H20)4]- (H,0)s.

The crystal structure of 47 is closely related to that of wuranopilite,
(UO2)6(SO4)02(OH)6- 14H,0 (Deliens and Piret, 1993), which is also based upon uranyl sulfate
chains consisting of hexameric units formed by polymerization of six (UO;) pentagonal
bipyramids (Figure 2.22). However, in uranopilite, each (SO4) tetrahedron shares its four O
atoms with (UO7) bipyramids (as also observed in zippeite-group minerals (Gurzhiy and PIasil,
2019)), whereas, in 47, each sulfate group is linked to three uranyl ions only and has one O atom
(016) linked to the Ca®" cation. The chains are also different in the U:S ratio, which is equal to
6:1 for uranopilite and 3:1 for 47.

Complexity calculations shows that the crystal structure of 47 should be described as very
complex, possessing 6.304 bits/atom and 1991.995 bits/cell. For comparison, the crystal
structure of uranopilite should be considered as complex (6.304 bits/atom and 995.997 bits/cell),
while the most frequent values of structural complexity of the natural uranyl sulfates (including
H-atoms) are between 500-600 bits/cell (Gurzhiy and Plasil, 2019). The high structural
complexity of 47 can be explained by the high topological complexity of the uranyl sulfate chain
based upon uranyl hydroxo/oxo hexamers and the high hydration character of the phase. Both
features are typical for low-temperature mineral phases that form in the oxidation zones of

mineral deposits (Burns et al., 1997; Gurzhiy et al., 2017a,2018b; Pankova et al., 2018).
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Figure 2.20. The layer of the [(UO,)s(SO4),02(0OH)s(H20)4]* chains in the crystal
structure of 47. Legend: U and S polyhedra are shown in yellow and orange colors, respectively;

O atoms are shown as red spheres.

Figure 2.21. The crystal structure of 47 projected onto the (100) plane. Legend: is as in

Figure 2.20; Ca atoms are shown as dark-blue spheres.
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Figure 2.22. The uranyl sulfate chains in the crystal structures of 47 (a) and uranopilite

(b).
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Crystallization of Cesium Uranyl Sulfates as the Result of Schoepite Alteration

Uranyl-oxide hydroxy-hydrate minerals are regarded to be the products of the first stages
of uraninite alteration under oxidizing conditions (Finch and Ewing, 1992; Finch and Murakami,
1999; PIasil, 2014, 2018a; Krivovichev and Plasil, 2013). Being formed as the result of the
reaction of bedrock with aqueous fluids, these natural compounds obviously play an important, if
not a key, role in the uranium transfer to the environment. In addition, uranyl-oxide hydroxy-
hydrate phases can be regarded as the precursors of the formation of other secondary uranium-
bearing minerals, under reaction with waters enriched by various cations (usually mono- and
divalent) and oxyanions (COs>, SO4*, PO4~, etc.). The description of the new mineral species is
rarely followed by the experiments, which could shed some light on the conditions of their
genesis. Due to the complexity of uranyl-bearing complexes forming in aqueous solutions in the
presence of a certain cation/oxyanion combination as a function of pH, the exact formation
mechanisms of uranyl minerals are not fully understood. In this chapter, we presented the results
of uranyl sulfate synthesis experiments that might elucidate some of the formation behavior of
natural uranyl sulfates.

As the result of the hydrothermal alteration experiment of the synthetic analog of uranyl-
oxide hydroxy-hydrate mineral schoepite, [(UO;)sO2(OH);2](H20)12 (Walker, 1923; Plasil,
2018b), four  different  crystalline phases  Cs[(UO2)(SO4)(OH)](H20)p25s  (48),
Cs3[(UO2)4(S04)203(0OH)](H20)3 (49) (Serezhkina et al., 2015), Css[(UO2)2(SO4)s](H20)3 (50),
and Cs,[(UO,)(SO4)2] (51) were obtained, including three novel compounds 48, 50 and 51
(Figure 2.23; Table S2.5; Tyumentseva et al., 2019).

An analog of the hydroxy-hydrated wuranyl oxide mineral schoepite
([(UO,)302(0OH)12](H2,0)12 (Walker, 1923; Plasil, 2018b)) was synthesized according to the
procedure discussed in (Nipruk et al., 2011), and its purity was checked using powder XRD;
H,S0O,4 (Sigma-Aldrich, 98%) and Cs,SO4 (Vekton, Russia, 99%) were used as received. The 0.2
g of synthetic schoepite (0.03 mmol), 0.12 g of cesium sulfate (0.33 mmol), and 0.01 (0.19
mmol) ml of sulfuric acid were dissolved in 10 ml of deionized water. The solution was stirred
and loaded in a 23 ml Teflon-lined steel autoclave, which was placed in a box furnace and heated
to 110 °C. After 24 h, the furnace was cooled at ~ 20 °C/h to room temperature. A fine
crystalline precipitate covered by a translucent light-yellow solution was found at the bottom of
the Teflon capsule. Afterward, the product was poured into a watch glass. The detailed
examination under the optical microscope revealed the presence of two types of crystals (Figure
2.23): The bulk of the precipitant was tiny yellowish isometric crystals with nearly diamond

luster (compound 48), interspersed with larger in size, but of much worse quality orange
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rhombus lamina crystals (compound 49). After picking several crystals for further diagnostics,
the product was left in a watch glass to evaporate at room temperature. In a few days, two more
kinds of crystals were detected in a small amount at the edge of the solution (Figure 2.23): green
rosettes of thin plates (compound 50) and light green flattened rhombic crystals (compound 51).

Chained and layered Ur-bearing complexes and their respective topologies in the
structures of 47-50 are shown on Figure 2.24.

The anion topology of the uranyl sulfate layered [(UO;)(SO4)(OH)] complex in 48
(Figure 2.24b) was determined using the approach described in (Burns et al., 1996). It belongs to
the 5%4'3%1 topological type according to the classification suggested in (Krivovichev, 2008),
and it has been observed in the structures of several synthetic uranyl sulfates (Grechishnikova et
al., 2005; Nazarchuk et al., 2018b), chromates (Unruh et al., 2012), and phosphates (Ok et al.,
2006). Topology consisted of chains of pentagons, half of which were occupied by the Ur edge-
sharing dimers, separated by the groups of one square and two triangles. Each triangle
corresponded to the 3-connected face of the sulfate tetrahedra, while the squares were vacant.

The orientation of non-shared vertex in the structure of 48 alternated by rows (Figure 2.24a): in

Figure 2.23. Crystals of 48 (a and b), 49 (a and b), 50 (c) and 51 (d) formed in the

described synthetic experiment.
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Figure 2.24. 1D and 2D complexes and their respective topologies in the structures of 48
(a,b), 49 (c,d), 50 (e,f), and 51 (g,h). Legend: U-bearing coordination polyhedra = yellow; S-
centered tetrahedra = orange; O atoms = red; H atoms = light grey; black nodes = U atoms, white

nodes = S atoms.
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the first row, all vertices were oriented down, in the second — up, then again down, etc. Thus, the
geometric isomer represented in 48 was described by the (u)(d) matrix. It should be noted that
the layered complex in the structure of 48 was very similar to those found in the structures of
uranyl sulfate minerals as deliensite, Fe[(UO,)2(SO4)2(OH),](H,0); (Plasil et al., 2012b),
plasilite, Na(UO,)(SO4)(OH)-2H,O (Kampf et al., 2015¢c), and others (Gurzhiy and Plasil,
2019). But their topologies were significantly distinct due to various arrangements of the uranyl
dimers within the layer. In the structure of 47, dimers were stacked in a ladder fashion, while in
the structures of aforementioned minerals, dimers were arranged parallel to each other, thus
forming, typical for minerals, so-called phosphuranylite topology (Demartin et al., 1991).
Differences between these topological isomers have been recently described in (Nazarchuk et al.,
2018b).

The crystal structure of 49 (Serezhkina et al., 2015) is based on the layered complexes of
the [(UO,)4(S04),03(0OH)]* composition (Figure 2.24c,d). Its topology was described by the
5%4°3? ring symbol and was related to one of the most common topological types among the
natural uranyl sulfates (Gurzhiy and Plasil, 2019), the so-called zippeite topology. Topology
consists of zig-zag infinite chains of edge-sharing pentagons separated by chains of squares and
triangles.

The topology of the wave-like uranyl sulfate infinite chains of [(UO,)x(SO4)s]®
composition in the structure of 50 (Figure 2.24f) could be visualized using the theory of
graphical representation (Krivovichev, 2004). Double links between the black and white vertices
in a graph indicate the sharing of an edge between uranyl coordination polyhedra and sulfate
oxyanion. The chain topology in 50 is unprecedented for the structural chemistry of inorganic
oxysalts and belongs to the novel cc1-2:5-1 type.

The graph of the uranyl sulfate layered complex of [(UO,)(SO4)2]*>" composition in the
structure of 51 belongs to the cc2—1:2-21 topological type (Figure 2.24h) and consists of dense
4-membered and large 12-membered rings. This topology is rather rare but has been observed in
the structures of a few actinide-bearing compounds. It has been described at first in the structure
of isotypic Cs neptunyl sulfate compound (Fedoseev et al., 1999), and later in the structures of
Ba uranyl selenite (Almond et al., 2002) and organically templated uranyl sulfate (Norquist et
al., 2003a).

The information-based complexity parameters for 48-51 are given in Table 2.7 and
Figure 2.25. The general trend in evolution of crystallization was recently summarized as follows
(Gurzhiy et al., 2016b, 2017a, 2018a, 2019b): complexities of structures formed on the latter

stages of crystallization are higher than those for the phases growing on the primary stages,
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Table 2.7. Structural and topological complexity parameters for the synthetic uranyl

sulfate compounds 4851 and structurally close minerals.

Complexity Parameters of the Structural Complexity of the Topological Complexity of

Crystal Structure U-S Unit the U-S Unit
Compound Sp Layer / Layer /
GI‘: v le | G, total Rod v lg 1 G, total Rod v Ic 1 G, total
Gr. Gr.
48 Pnma 100 3.844 384386 p2i/a 40 3.322 132.877 p2i/a 40 3.322 132.877
49 P-1 78 5285 412261 p-1 54 4755 256.764 p-1 54 4755 256.764
50 P-1 92 5524 508168 -1 62 4954 307.160 famam 62 3.599 223.160
51 P-1 141 6.161 868.677 p-1 54 4755 256.764 p-1 54 4.755 256.764

K;[UOy(SOy4);] Pnma 176 4.641 816.860 pm 36 4337 156117 pmm2 36 3.892 140.117
Marecottite P2;/n 60 3907 234413 p2i/a 52 3700 192423 p2i/a 52 3.700 192.423
Peligotite P-1 82 5382 441319
Lussierite Cc 104 5700 592846 p-1 23 4.524 104.042 pm 23 3915 90.042
Klaprothite P2,/c 164 5382 882.639
Ottohahnite P-1 126 6.000 768.000 p-1 62 4954 307.160 p-1 62 4954 307.160

Figure 2.25. Ladder diagrams showing contributions and normalized contributions (in %)
of various factors to structural complexity in terms of bits per unit cell. Legend: TI = topological
information; CI = cluster information; SI = structural information; LS = layer stacking; IS =

interstitial structure; HB = hydrogen bonding. See Table 2.7 and text for details.
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wherein very complex structures may form as transitional architectures prior or between phases
with relatively small amounts of structural information. Complexity calculations showed that the
crystal structures of 48, 49, and 51 should be described as intermediate, possessing the values
below 500 bits/cell, while compound 50 just slightly passed through this border (508.168
bits/cell) and should be described as complex. It is of interest that complexity parameters of the
synthetic compounds are generally lower than that of minerals, whose structures were based on
the complexes with the same or genetically similar topologies. Furthermore, the topological
complexity of the uranyl sulfate structural units contributes the major portion to the overall
complexity of the synthesized compounds, while the complexity of the respective minerals is
largely governed by the interstitial structure and H-bonding system.

An initial solution in the experiment contained the Cs:U:S molar ratio ~ 1:1:1, which
explained the predominance of the Cs[(UO;)(SO4)(OH)](H,0)025 (48) phase in the precipitate.
The lower amount of crystals of 49 could be explained by the lower temperature of the
experiment than that is preferable for the formation of the zippeite-type structures.

The presence of S-enriched [(UO,)(SO4)4]® clusters (50 and 51) in the heated solution
could explain local disturbance of the Cs:U:S ~ 1:1:1 concentration, which induced the
formation of S-“depleted” zippeite-like compound 49. There is one more known synthetic K-
bearing uranyl sulfate, whose structure is based on the double klaprothite-type clusters
(Mikhailov et al., 1977). This row could be continued by the further doubling of the cluster in
K4(UO2(S04)3) (Mikhailov et al., 1977) to get the quadruple 0D unit in the structure of
ottohahnite (Figure 2.26). Further increase of the cluster size led to the arrangement of the
infinite chains in the structure of 50, which in turn, during the dehydration process (Gurzhiy et
al., 2017a), would transform into the layer in the structure of 51. The absence of the structures
based on the 0D structural units in our experiment might come from the requirements for longer
storage at elevated, but not high, temperatures, and higher concentrations of Cs' cations and

[SO4]* oxyanions in the initial solution.
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Figure 2.26. Scheme of structural evolution for the 1D and 2D uranyl sulfate complexes,

which have an edge-sharing uranyl bipyramid and sulfate tetrahedron.
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Dimensional Evolution in Hydrated K*-Bearing Uranyl Sulfates

Our recent studies demonstrated that many secondary U(VI) minerals, including uranyl
sulfates, form from aqueous solutions under ambient pressure and different temperature
conditions (Sejkora et al., 2006; Gurzhiy et al, 2019a; Tyumentseva et al., 2019). Studies of
crystalline phases formation in K'-bearing uranyl sulfate system in the low-temperature range
system are of special interest due to the fact that K uranyl sulfates are known as minerals, e.g.
zippeite, geschieberite, adolfpateraite, etc. (Plasil et al., 2011b, 2012a, 2014b, 2015a, 2015b,
2017; Olds et al., 2019).

The mixture of (UO,)(NO3),-6H,O (0.1890 g, Vekton, 99%), KNO; (0.0947 g, Vekton,
98%) and Ca(NO;),4H,0 (0.1202 g, Vekton, 99%) was dissolved in deionized distilled water (4
ml) with addition of H,SO4 (0.2 ml, Aldrich, 98%) and KOH 2% solution (0.2 ml, Vekton, 99%)
(Kornyakov et al., 2020). The resulting aqueous solution was stirred to homogenization, placed
into 23-mL autoclave with PTFE liner and heated to 55°C in a furnace. After 8§ days the furnace
was cooled at ~20 °C/h to room temperature. A fine crystalline precipitate consisting of
CaS042H,0 (Boeyens and Ichharam, 2002) was found at the bottom of the Teflon capsule. The
solution with the precipitate was left to evaporate in a watch glass at room temperature. The
crystallization started in 4 days (Fig. 2.27): first, crystals of K»[(UO,)(SO4)2(H20)]-H20 (52), the
synthetic analog of mineral geschieberite, (Ninsto et al., 1979; Alekseev et al., 2006; PIasil et al.,
2015b) and KHSO4 (Swain and Guru Row, 2008) were detected. After ~12 hours from the
beginning of the visual observation of crystallization, numerous yellowish-green crystals of 53,
54 and 55 were formed in the solution. While the crystals of 53 and 55 remain in the solution up
to several days, the crystals of 54 start to dissolve after ~12 hours from their formation. The next
stage of the synthesis was characterized by the formation of crystals of 56 and 57, which
happened simultaneously with the dissolution of the crystals of 54. The crystals of 56 started to
dissolve after approximately 2 days, while the compound 57 remains stable throughout the whole
synthesis. Simultaneously with the dissolution of 56, the crystals of 58 and 59 have been formed.
The phase 59 started to dissolve approximately after 15 hours after crystallization, while the
phase 58 remains stable. After three weeks of the evaporation process, the following crystalline
phases could be found in the solution: CaSO42H,0 (Boeyens and Ichharam, 2002), KHSO4
(Swain and Guru Row, 2008), and phases 52 (Ninsto et al., 1979; Alekseev et al., 2006), 57 and
58. The chemical composition of the 53—59 single crystals was determined using SEM (Table
S2.6). The unit-cell parameters for 53—59 are reported in Table S2.7.

The first wuranyl-containing compound crystallized in the system s

K>[(UO,)(S04)2(H,0)]-H,0 (52) previously reported by Ninisto et al. (1979) and Alekseev et al.
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(2006). The crystal structure is based upon the [(UO,)(SO4)2(H.0)]* layers of corner-sharing
(UO,)04(H,0) pentagonal bipyramids and (SO,) tetrahedra with K* ions and additional H,O
molecules located within the interlayer space, providing the linkage between the adjacent layers.
The topology of the layer in 52 is unique among others due to the U:S ratio of 1:2. It consists
solely of eight-membered rings (Fig. 2.28) and is one of the most common in uranyl crystal
chemistry (Alcock and Roberts, 1982; Mikhailov et al., 1997a; Krivovichev et al., 2005a) as the
topology of the cc2-1:2-2 type.

Figure 2.27. Crystals of 52 — 59 (a—h, respectively).

Figure 2.28. The uranyl sulfate layer in 52 (a), its real (b) and idealized (c) topology.
Legend: U polyhedra = yellow; S tetrahedra = orange; O atoms = red; K atoms = cyan; black

nodes = U atoms, white nodes = S atoms.
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Figure 2.29. Layers and respective topologies in the crystal structures of 53 (a), 54 (b)
and 55 (¢). Legend: see Fig. 2.28.
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Figure 2.30. Idealized topologies of the layers in the crystal structures of 53 (a), 54 (b),
55 (¢), 56 (d), 57 (e,f), S8 (g) and 59 (h). Large rings are filled by light-red color for clarity. Note
that extra-layer uranyl bipyramids in 58 (g) are transparent in order to show the general

similarities with the topology of 56 (d). Legend: see Fig. 2.28.
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The basic structural unit of Kj3(H30)[(UO2)3(SO4)s(H20):](H,O)s  (83) is  the
[(UO,)3(SO04)s(H20)2]* uranyl sulfate layer of corner-sharing U®"- and S®-centered coordination
polyhedra. The interlayer space is occupied by K" cations, H,O molecules and hydronium ions
linking adjacent layers via hydrogen and ionic K — O bonds. The uranyl-sulfate topology in 53
(Fig. 2.29a) is new and unprecedented for inorganic oxysalts. It can be described as consisting of
ten- and four-membered rings (10MRs and MRs, respectively). The backbone of the graph is the
chain of edge-sharing 4MRs which are linked via dimers of 4MRs so that the 10MRs are formed
in between the backbone chains (Fig. 2.30a).

The linkage of the U®"-centered pentagonal bipyramids and (SO4)* tetrahedra in the
structure of Kj3s5(H30).5[(UO,)3(SO4)s(H,0)](H20)15 (54) results in the formation of the
[(UO,)(SO4)s(H,0)]* layers parallel to (010). The layers are corrugated with the modulation
vector parallel to [001] and equal to the C unit-cell parameter; the modulation amplitude is equal
to ~4.78 A (Figure 2.31a). The negative charge of the layer is compensated by the K™ and H;0"

cations located in the interlayer space.

Figure 2.31. Crystal structures of 54 (a) and 58 (b). Legend: see Fig. 2.28.

The crystal structure of Ks(Hs03)3(H30)[(UO3)6(SO4)10(H20)4](HSO4)(H20)3.25 (55) is
based upon the [(UO,)3(SO04)s(H20)2]*" layers formed by linkage of U- and S-centered
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coordination polyhedra via common O atoms. The layers are flat and parallel to (100). There are
four S°* positions in the structure of 55 tetrahedrally coordinated by four O” atoms each: three
of them involved in the formation of the layers and the S(4) position is arranged in between the
2D complexes, in every second interlayer space, with the S(4)-O(17)H bond elongated to ~ 1.7 A
(Gurzhiy et al., 2016b). The negative charge of the [(UO,)3(SO4)s(H,0),]" layers is
compensated by three crystallographically nonequivalent K cations, one hydronium ion and two
Zundel cations, arranged in the interlayer space along with three additional H,O molecules.

Figure 2.29 shows the comparison of the 2D topologies observed in 53, 54 and 55. The
three graphs are built by the linkage of 4MRs by sharing edges and corners. The topologies in 53
and 55 also contain 10MRs, albeit in different arrangements, whereas 54 contains 8MRs. The
idelized versions of the topologies are shown in Figure 2.30a-c. The topology in 55 belongs to
the cc2-3:5-5 type (linkage of 4-membered rings tetramers creating large 10-membered
crowns); it is unprecedented for the structural chemistry of inorganic oxysalts and is quite
different from the other topologies with M:T = 3:5 (Gurzhiy et al., 2016b). The topology in 54
can be easily derived from topology of 55 by adding one edge inside the 10MRs (Fig. 2.29b),
leading to their transformation into the 8MRs. The topology observed in 54 was previously
reported by Gurzhiy et al. (Gurzhiy et al., 2018b) as belonging to the cc2—3:5-6 type.

Compounds 56 and 57 have the same composition and crystal chemical formula
Ko[(UO,)2(SO04)3(H,0),](H20)3. The basic structural unit in 56 is the [(UO2)x(SO4)3(H,0)21*
uranyl sulfate layer parallel to (010). Adjacent layers are linked via hydrogen-bonding network
and ionic K-O bonds, formation of which involves interlayer H,O molecules and K" ions.

The S(2) position in the structure of 57 is half-occupied. Due to the disorder, one of the
oxygen atoms of the S(2)Oj4 tetrahedron is split into two inequivalent half-occupied sites, O(7)W
and O(7)S. The O(7)S position belongs to the S(2)O4 tetrahedron (S(2)-0(7)S = 1.486(13) A),
whereas the second site belongs to the H;O(7)W molecule. Both sites coordinate the uranyl
cation via U-O(7)W or U-O(7)S bonds with the bond lengths of 2.371(13) and 2.481(13) A,
respectively. Thus, the disorder results in the formation of [(UO,)O3(H,0),] and [(UO;)Os] or
[(UO,)04(H,0)] pentagonal bipyramids. The linkage of uranyl bipyramids and SO, tetrahedra
forms an infinite uranyl-sulfate layer, where S(1)O4 and S(2)O4 tetrahedra are tridentate and
bidentate, respectively. Two nonequivalent K atoms and three H,O molecules are arranged in the
interlayer space linking adjacent layers and compensating their negative charge. It should be
noted that the compounds 56 and 57 could be regarded as polymorphs, so that 57 possesses

higher symmetry and the unit-cell volume twice smaller than that of 56.
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The topology of the uranyl sulfate sheet 56 consists of 8MRs connected via common

edges to form complex clusters centered by one isolated four-membered ring each (Fig. 2.32).
The clusters are linked to each other by sharing common vertices of 8MRs. The space between
the clusters is filled by the trimers of edge-sharing 4MRs. Each trimer shares common vertices
with two adjacent trimers to form an infinite chain. The linkage of adjacent chains is achieved
through the additional four-membered ring via sharing two of its trans-vertices. The topology of
the uranyl-sulfate layer in 56 is novel and can be denoted as cc2—2:3—18.
As it was mentioned above, uranyl-sulfate layers in 57 are characterized by the disorder due to
the half-occupied sulfate oxyanion. There are two possible simplest ordered topologies as shown
in Fig. 2.33a,b, both containing 8MRs and 4MRs. The 8MRs form infinite ribbons by sharing
common edges, and linked to adjacent ribbons via sharing common vertices. Two 4MRs share
common edge to form a dimer. The dimers are linked via common vertices to form infinite
chains located in between two adjacent ribbons of 8MRs. The main difference between the two
alternative topologies is in the connection between the dimers. The common black vertex of two
4MRs forming a dimer serve as a link between two neighboring dimers in the first topology (Fig.
2.33a), whereas the second topology contains dimers connected via terminal vertices of each
four-membered ring (Fig. 2.33b). Another important difference between these two topologies is
the connection states of the black vertices. The first topology contains one three-coordinated and
one five-coordinated black nodes, whereas the second topology contains only four-coordinated
black nodes. The nature of the disorder remains unclear and both topologies are new.

The structural architecture of K,[(UO,)2(SO4)3(H20)](H20) (58) is remarkably different
from the other compounds due to arrangement of U and S coordination polyhedra into a three-
dimensional framework (Figure 2.31b), which can be described as consisting of layers of uranyl
bipyramids and sulfate tetrahedra, arranged parallel to the (111). The U1 atoms participate in the
formation of layers only, whereas the U(2) atoms link the adjacent layers together. The
framework contains 3D infinite channels filled by K" cations and H,O molecules. The
topologically identical framework was described by Ling et al. (2010) in the structure of
(H30)[(UO1)2(Se04)3(H,0)]. Even though the framework in both phases has the same topology,
the chemical composition and the content of channels are different. The structure of compound
58 is based upon a 3D framework that can be considered as based upon layers by removal of two
out four of U2 atoms from the graph. The resulting layer is almost identical topologically to the
layer observed in 56. The topology of 58 can be easily derived from that of 56 by the out-of-
plane shift of the black node that links adjacent 10MRs (Fig. 2.34a). As a result, the 3-connected
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Figure 2.32. The uranyl sulfate layer in 56 (a) and its topology (b). Legend: see Fig. 2.28.

Figure 2.33. Possible ordering schemes of the layered basis in the crystal structure of 57.

Legend: see Fig. 2.28.
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Figure 2.34. Layered basis and its topology in the crystal structure of 58 (a) and layer

and its topology in the 59 (b). Shifted uranyl bipyramids in the structure of 58 are transparent.
Legend: see Fig. 2.28.

Table 2.8. Structural complexity parameters for compounds 52—59.

Compound U:Sratio Ring Symbol V (atoms/cell)

Ig (bit/atom)

| G,total (b it/Cell)

52
53
54
55
56
57
58
59

1:2
3:5
3:5
3:5
2:3
2:3
2:3
2:3

81
4%10?
41082
48102
48%g8*
4482

4361

84
244
186
118
296
148
116
128

4.392
5.931
5.550
5.239
6.209
4.345
4.858
5.000

368.955
1447.100
1032.284
618.152
1837.998
642.999
563.526
640.000
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black node loses one contact and acquires three additional contacts with white nodes from the
adjacent layer (Fig. 2.30d,g).

The crystal structure of K(HsO,)[(UO,)2(SO4)3(H20)] (59) is based upon
[(UO,)2(SO4)3(H,0)]* layer of corner-sharing uranyl pentagonal bipyramids and sulfate
tetrahedra. The interlayer space contains K ions and Zundel cations (O(18)W—-O(19)W =
2.479(4) A) compensating the negative charge of the U-bearing units. The uranyl sulfate layer’s
topology in 59 (Fig. 2.34b) is well-known and was observed previously (see, for example,
Thomas et al., 2003; Doran et al., 2003; Krivovichev et al., 2006b). It consists of 6MRs and
4MRs. The 6MRs share edges to form infinite chains separated by ribbons of condensed 4MRs.
The topology belongs to the cc2-2:3—4 type.

The information-based complexity parameters for compounds 52-59 and are listed in
Table 2.8. The calculations allow to separate the phase formation in the system into four major
stages:

1. The initial crystallization of 52, which is based upon rather simple topology with the
U:S ratio of 1:2 and 368.955 bit/cell (intermediate complexity).

2. The formation of 53, 54 and 55, which are based upon uranyl-sulfate layers of similar
topological types with the U:S ratio of 3:5; the structures are either very complex (1447.100
bit/cell for 53 and 1032.284 bit/cell for 54) or complex (618.152 bit/cell for 55).

3. The crystallization of 56 and 57, which are polymorphs with the same formula of
K>[(UO2)2(S04)3(H20),](H20)3; however, the complexity of the phases is different with 56 being
the most complex compound in the system (1837.998 bit/cell), whereas 57 is much simpler with
642.999 bit/cell; this stage also includes crystallization of the compound 58 with the 3D
framework structure based upon layers similar to those observed in 56; the structure of 58 is the
second in simplicity (563.526 bit/cell).

4. The crystallization of 59 with the structure based upon layers containing 6MRs, in
contrast to all other topologies; the topology is rather simple with 640.000 bit/cell.

The overall tendency of the chemical evolution in the system is the increasing proportion
of U in the solid state in the course of the phase formation sequence. The U:S ratio is changing
from 1:2 (stage (i); 33% of uranium) through 3:5 (stage (ii); 37.5% of uranium) to 2:3 (stages
(111) and (iv); 40% of uranium). The observed chemical changes are associated with the evolution
of pH from ~0.5 at the beginning of crystallization to ~ 2.0 at the end of crystallization.

As it was mentioned above, at the end of crystallization, only phases 52, 57 and 58
remain stable, while phases 53, 54, 55, 56 and 59 dissolve. It is remarkable that the phases 52, 57

and 58 have the lowest structural information content per atom (lg < 5 bit/atom). Since,
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according to (Krivovichev, 2016), the configurational entropy is correlated with the Ig value, the
stablest phases in the system are those possessing highest configurational entropies, whereas
other phases can be viewed as metastable structures possessing transitional architectures that
crystallize and disappear in the course of the phase formation. Thus the major driver of the
evolution of the crystallization in the system is the evaporation-triggered changes in its chemical
composition, starting from U:S = 1:2 and ending at U:S = 2:3. The initial and final phases are the
simplest in the system (in terms of information per atom and per cell), whereas the complexity of
the intermediate phases oscillates, reaching the value of 1838 bit/cell for 5 in between. Thus, the
most complex compounds could be regarded as metastable phases with transitional architectures,
which grow between relatively stable compounds with smaller amounts of structural
information. Such tendency is in a good agreement with the recently obtained results (Gurzhiy et
al., 2016b, 2017b, 2019b; Tyumentseva et al., 2019).

The compound 58 deserves special attention due to its framework-based structure. There
are relatively few framework-based uranyl compounds known up-to-date, which are formed by
the evaporation from aqueous solutions (Baeva et al., 2006). Considering the fact that 56 is
unstable in the initial solution unlike to 58, it could be suggested that the structure of 58 is more
preferable due to its more condensed structure and higher configurational entropy.

The fact that one of the most stable phases (52) in the system under investigation is an
analogue of the mineral geschieberite once again indicates similarities of such synthetic media
with natural objects. During investigations of phase formation in the Cs-bearing uranyl sulfate
system (Tyumentseva et al., 2019), it was shown that mineral-like crystal structures with the
dense manner of interpolyhedral linkage through common edges grow from solutions heated
over 70 °C. Results of the current study demonstrate that 55 °C, to which initial solution was
heated, appears to be insufficient for the formation of zippeite- or klaprothite-like (Kampf et al.,

2017b) K-bearing uranyl sulfates.
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2.4. Crystallographic Insights into Uranyl Minerals Formation

Structural features of uranyl sulfate and uranyl selenite minerals make one think about the
conditions of their formation in nature. Analogies with synthetic compounds, which have a
similar structure, allow some of the most probable pathways to be suggested.

The formation of structural units with edge-sharing polyhedra in most cases indicates
their hydrothermal origin, and the synthetic uranyl selenites 28 and 29, whose structures are built
upon the layers with a phosphuranylite topology (Figure 2.11g), are no exception. Both
compounds were obtained from the aqueous medium at temperatures above 220 °C.

In the case of compounds with structures based upon 1D units, the situation is somewhat
more complicated. Topological type ccl-1:2—1, which is one of the most common among the
U(VI)-bearing oxysalts, was repeatedly observed in the structures of compounds obtained at
room temperature. However, synthetic uranyl selenite 9 was grown at slightly higher
temperatures of 80 °C. Moreover, the presence of rather specific uranyl tetragonal bipyramids in
the structure of derriksite refers to a family of isotypic uranyl phosphate (Guesdon et al., 2002),
molybdate (Krivovichev and Burns, 2003¢), and tellurite (Almond and Albrecht-Schmitt, 2002b)
compounds, which were obtained during hydrothermal (above 180 °C) or high temperature solid
state (above 650 °C) syntheses. Analogously, the crystal structures of synthetic uranyl chromates
(Krivovichev and Burns, 2003b,c) and molybdates (Krivovichev and Burns, 2003d), which are
isotypic to that one of demesmaekerite, were obtained at hydrothermal conditions (above 120
°C) or solid state reactions (at 300 °C). Nevertheless, based on laboratory (Charykova and
Krivovichev, 2017; Krivovichev et al., 2017) and field observations, namely of the mineral
association from Zalesi (Czech Republic) (Sejkora et al., 2006), it is clear that demesmaekerite
and piretite (and several other unnamed or poorly identified U-Se phases) formed as a result of
supergene alteration processes, which exclude hydrothermal activity. These observations are
supported by the radioanalytical dating of demesmaekerite.

The crystals of 48-51 could be distributed over two genetically distinct groups. The
crystals of 48 and 49 are formed during the first stage of synthetic schoepite alteration. Their
structures are based on the layered complexes with the edge-sharing linkage of uranyl pentagonal
bipyramids, which reflects the heating of the reaction solution during the growth processes. It
should be noted that original schoepite was obtained from nearly neutral solutions, whereas the
aqueous medium in our experiment was significantly more acidic (pH ~ 2). Acidic conditions
and the presence of additional Cs" cations destroyed the dense layer in the structure of schoepite,

but high temperature allowed preserving an edge-sharing complexation of Ur coordination
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polyhedra. The crystals of S0 and 51 could be attributed to the later genetic type because they
were grown after cooling the system at room temperature conditions. It is of interest that both
phases had in their structures uranyl pentagonal bipyramids that shared an edge with the sulfate
tetrahedra. Similar arrangement of Ur and sulfate oxyanions were found in the structures of four
natural wuranyl sulfates: klaprothite, Nag(UO;)(SO4)4(H,0)4, its polymorph peligotite,
Nag(UO,)(S04)4(H20)4, ottohahnite, Nag(UO2)2(SO4)s(H20)ss (Kampf et al., 2017b), and
lussierite Najo[(UO2)(504)4](SO4)2-3H,0 (Kampf et al., 2019d). The same clusters that were
observed in the structures of klaprothite and peligotite (Figure 2.26) were previously described in
a few synthetic compounds (P1asil et al., 2015¢; Burns and Hayden, 2002; Hayden and Burns,
2002a,b), which were grown using low temperature (70 °C) hydrothermal experiments. The
presence of such unusual arrangements of edge-sharing uranyl bipyramid and sulfate tetrahedra
have never been observed during regular evaporation experiments at room temperature. Thus, we
could assume that these clusters were formed on the first, hydrothermal stage of our experiment.

Summarizing our crystal’s chemical observations, we could suggest that the majority of
the discovered natural uranyl sulfates and presumably all natural uranyl selenites were grown
from heated solutions, and the temperature range could be assumed from the manner of
interpolyhedral linkage. The presence of edge-sharing uranyl bipyramids (phosphuranylite anion
topology (Gurzhiy and Plasil, 2019)), most likely pointed to the temperatures of higher than 100
°C, and the crystal growth should apparently occur directly in hydrothermal conditions. The
linkage of sulfate tetrahedra with Ur through the common edges also involved elevated
temperatures, but of less values (~ 70-100 °C), which could be achieved by cooling the system.
Moreover, in the second case, crystallization might start much later at environmental conditions
but from the initially heated solutions. The enriched solution might pass some way along the
cracks in the bedrock, transferring klaprothite-like clusters in the dissolved form.

It is of interest that complexity parameters of the synthetic compounds are generally
lower than that of minerals, whose structures are based on the complexes with the same or
genetically similar topologies. Furthermore, the topological complexity of the uranyl sulfate and
uranyl selenite structural units contributes the major portion to the overall complexity of the
synthesized compounds, while the complexity of the respective minerals is largely governed by
the interstitial structure and H-bonding system. Moreover, contribution of the topological
complexity of uranyl-bearing complexes into the overall complexity of the crystal structure for
the most of natural uranyl sulfates and selenites is no more than 30% (Fig. 2.35), while the main

contribution falls on the interlayer / interchain cationic complex (not less than 30%) and packing
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of H,O molecules (not less than 35%). The role of the topological complexity for the structures

of synthetic compounds significantly increases (with an average contribution of up to 52%).

Figure 2.35. Distribution of the topological complexity contribution into the overall

complexity of the crystal structures of studied natural and synthetic uranyl sulfates and selenites.
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Chapter 3. Crystal Chemistry of Synthetic Uranyl Compounds with Mineral-
Like Structures

3.1. Mixed Actinyl Sulfate-Selenates

The phenomenon of isomorphism, discovered by Eilhard Mitscherlich (Mitscherlich,
1821), or the so-called isomorphic substitutions, is a very important process in crystalline
materials that is responsible for dramatic changes in their various chemical and physical
properties. These processes are the most clearly at work in minerals, where almost inexhaustible
natural reserves of chemical elements is involved in the formation of crystals. In uranium
mineralogy, members of the autunite and meta-autunite groups can serve as a vivid example of
isomorphic substitutions, in which complete or substantial substitution occurs with maintaining
the symmetry and other crystallographic characteristics (Locock et al., 2004a, 2004b; Wylie et
al., 2014). Among the uranyl sulfates, one of the most representative groups of U-bearing
minerals, this kind of isomorphism is much less common (Lussier et al., 2016; Gurzhiy and
Plasil, 2019) with only few examples known, e.g., leydetite (Plasil et al., 2013a) and
magnesioleydetite (Kampf et al., 2019c). Isomorphic substitutions within the most common
zippeite group of sulfate minerals, results not only in symmetry changes, but also leads to the
appearance of uranyl sulfate layers’ isomers (Gurzhiy and Plasil, 2019). Rietveldite,
Fe[(UO,)(S04)2(H20)](H20)4 (Kampf et al., 2017d) is an interesting example, since in crystals
from different localities, the divalent cation site can be occupied by Fe*', Zn*", Mn*", and Mg
ions in various proportions. This means that one can expect the discovery of rietveldite analogs
with other divalent cations dominant in the octahedrally coordinated site.

Another interesting problem is the absence of exact correspondence between sulfate and
selenate systems, despite the structural and chemical similarity of Se®" and S®" ions, and the fact
that there are more than 400 uranyl sulfates and selenates known nowadays: for example see
(Forbes et al., 2007; Plasil et al., 2012a; Kovrugin et al., 2012b; Gurzhiy et al., 2009, 2014c,
2018b, 2019c).
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K*-Bearing Uranyl Sulfate-Selenates

In order to investigate mixed uranyl sulfate-selenate system, the K+—U022+—TO42'—N03'—
H,0 system was chosen (Gurzhiy et al., 2016b), which was previously investigated for T = Se
(Gurzhiy et al., 2011, 2012, 2014a). The mixture of uranyl nitrate hexahydrate (0.2 g, 0.4 mmol,
(UO2)(NOs),6H,0, Vekton, 99%), potassium hydroxide (0.05 g, 0.85 mmol, KOH, Vekton,
98%), and deionized distilled water (2 ml, 110.2 mmol) had been taken unchanged for each
synthetic experiment, while the amounts of selenic acid (40 wt. % in H,O, Aldrich, 99.95%) and
sulphuric acid (Aldrich, 98%) had been taken in different molar Se:S ratios according to the
Table 3.1. Aqueous solutions were stirred to homogenization and left to evaporate in watch
glasses at room temperature. After 2-5 days, yellowish-green crystals were detected in each
synthetic experiment. In total, fourteen crystalline phases were isolated as single crystals
numbered as 61-74 in Table 3.1 (the compound 60 is a pure selenate phase, which was reported
previously in Gurzhiy et al., 2012a). The unit-cell parameters for 6074 are reported in Table
S3.1.

In order to analyze the rates of the S-for-Se substitution in the crystalline phases, the
correlation plot of the Se:S ratio in the original solution versus the Se:S ratio in the solids has
been studied (Table 3.1, Fig. 3.1). According to the plot, the compound 60 (Gurzhiy et al.,
2012a) corresponds to the upper right point (100:100), while the pure sulfate compound 74
appears in the lower left corner (0:0).

The phases 61-63 crystalize in the monoclinic system, P2,/c, and are isotypic to the
previously reported K(HsO,)[(UO,)2(SeO4)3(H20)] (Gurzhiy et al.,, 2012a). The unit-cell
parameters decrease gradually with the increase of the S content (Table S3.1). The points
corresponding to the compounds 60-63 (Fig. 3.1) indicate linear correlation: gcryst = 0.79€501 +
20.76 with R? = 0.98, where &,y and & are the Se:S ratios in crystalline phase and solution,
respectively. It is also remarkable that the slope of the curve in Figure 3.1 is 0.8, which means
that Se:S ratio in crystalline phases is smaller than that in the mother liquid, which may be
explained by the lower solubility of sulfate component compared to the selenate one. The crystal
structures of 60—63 are based upon the [(UO,)2(TO4)3;(H,0)]* uranyl selenate (in 60) or sulfate-
selenate (in 61-63) layers formed by linkage of U and T coordination polyhedra via common O
atoms (Fig. 3.2a,b). The layers are parallel to (001) and are modulated. The modulation vector is
parallel to [010] and equals to the b unit-cell parameter; the modulation amplitude is about 6 A.
The charge of the layer is compensated by potassium and Zundel (HsO,") cations arranged in

between the 2-D uranyl complexes.
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Table 3.1. Chemical formulae and the details of synthesis of the compounds 60—74.

o Se / (Se+S),

5 H,Se0,:H,SO,|  mol %

g Formula in ml (in .

3 mmol) | in sol. strllrllct.

020:0

60 [K(Hs0,)[(UOL)x(Se04)s(H,0)]" 40:0) 100 | 100
0.19:0.01

61 |K(H50,)[(UO,)2(S€04)2.9(SO4)0.1(H,0)] (3.8:02) 942 1953
0.17:0.02

62 |K(H50,)[(UO2)2(S€04)2.7(S04)0.3(H0)] (3.5:0.5) 88.3 | 88.7
0.15:0.05

63 |K(H502)[(UO,)2(S€04),.4(SO4)0.s(H,0)] (3.1:0.9) 76.5 | 81.7
0.15:0.06

64 |K3(H50,)[(UO,)2(S€04)3.0(SO4)1.0(H20),](H,0)4 G.1:1.1) 73.0 | 76.8
0.14: 0.06

65 |K3(H50,)[(UO,)2(S€04)3.1(SO4)0.5(H20),](H,0)4 (2.8:1.1) 71.6 | 78.5
0.15:0.07

66 |K3(H50,)[(UO,)2(S€04)32(SO4)05(H20),](H,0)4 (3.1:1.3) 69.9 | 80.5
0.15:0.08

67 |K3(Hs02)[(UO2)2(S€04)3.1(S04)0.9(H20)2](H20)4 (3.1:15) 67.0 | 76.8
0.15:0.08

68 |K3(HsO,)(H30),[(UO,)s5(Se04)s3(S04),.,(H,0)](H,0), (3.1:1.5) 67.0 | 639
0.13:0.07

69 |K5(Hs0,)3(H30)[(UO3)s(SO4)4.58(S€04)52(H20)4](HSO4)0.3(HSeO4)0 2(H20)2 5 2.6:13) 66.8 | 53.9
0.10:0.07

70 |Ks5(HsO,)3(H30)[(UO,)6(SO4)s 5(Se04)4.5(H20)4](HSO4)0 s(HSeO4)0 2(H,0)3 4 2.0:1.3) 60.7 | 46.2
0.10:0.10

71 |K5(Hs50,)3(H30)[(UO,)s(SO4)6.1(S€0.4)3.9(H20)4](HSO4)0.9(HSeO4)0.1(H20)3 5 (2.0:1.9) 52.0 | 35.6
0.08:0.12

72 |K;5(Hs502)3(H30)[(UO,)s(SO4)7.2(S€04)2.8(H20)4](HSO4)0.9(HSeO4)0.1(H20)3 5 (1.6:2.3) 41.9 | 26.1
0.05:0.15

73 |Ks5(H50,)3(H30)[(UO,)6(SO4)5.4(Se04)1.6(H20)4](HSO4)(H,0)3.25 (1.0:2.8) 26.5 | 16.2

0:0.20
74 |K5(H50,)3(H;0)[(UO1)6(SO4)10(H20)4](HSO4)(H,0)3 5 0:3.7) 0 0

The compounds 64—67 crystalize in the monoclinic system, space group C2/c, with the
ideal formula K(HsO,)[(UO;)2(TO4)3(H,0)] (T = S, Se). These compounds are isotypic to the
recently published pure selenate compound (Gurzhiy et al., 2011). It is of interest that Se-S
distribution function shows rather variable scatter of points: compounds 64-66 show the
negative tendency (less Se in the solution — more Se in the crystal), whereas the compound 67
demonstrates the positive trend. However, the number of points is small and does not allow for
unambiguous conclusions. The crystal structures of 6467 are based upon the
[(UO,)(TO4)2(H20)]* uranyl sulfate-selenate layers formed by the linkage of U and T
coordination polyhedra via common O atoms (Fig. 3.2c,d). The layers are parallel to (10-1). The
negative charge of the layer is compensated by potassium and Zundel cations arranged in

between the 2-D uranyl complexes.
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Figure 3.1. Correlation graph of the Se-to-S ratio in the original solution and in the
resulted crystal structures for the compounds 60 — 74. Legend: following from right to left; blue
rhombs = compounds 60 — 63, green triangles = compounds 64 — 67 purple circle = compound
68, dark red squares = compounds 69 — 73; linear (black, solid) and polynomial (dark red,

dashed) trends are shown with the correlation coefficients.

The most interesting phase is the compound 68 found as tiny plates in the same synthetic
experiment that produced crystals of 67. The compound 68 is monoclinic, P2;, and has the ideal
formula K;3(Hs02)(H30)2[(UO2)s5(Se04)53(SO4)2.7(H20)](H20), with z ~ 7.5. The crystal
structure of 68 is remarkable by its unusually large b unit-cell parameter of 57.399(5) A. It is
based upon the [(UO,)s(TO4)s(H,0)]®” modulated uranyl sulfate-selenate layers parallel to (100)
(Fig. 3.3). The modulation vector is parallel to [010] and equals to the half of the b unit-cell
parameter; the modulation amplitude is about 7 A. The charge of the layer is compensated by

potassium, hydronium and Zundel cations arranged in between the uranyl sulfate-selenate layers.
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Figure 3.2. Crystal structure and crystals: compounds 60 — 63 (a and b); compounds 64 —
67 (c and d). Legend: U polyhedra = yellow, TO4 (T = S, Se) tetrahedra = orange, K atoms =

cyan, O atoms = red.
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Figure 3.3. Crystal structure (a) and crystals (b) of the compound 68; polyhedral
representation of layered complex in the structure of 68 (C) and its graphical representation.

Legend: see Fig. 3.2; black nodes = U atoms, white nodes = T atoms.
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Figure 3.4. Crystal structure (a) and crystals (b) of the compounds 69 — 74; polyhedral
representation of layer in the structures of 69 — 74 (C) and topology of its interpolyhedral linkage.
Legend: see Fig. 3.3.

In the ‘sufate’-rich region of the diagram (g5, = 0-66), crystallization of the phases 69—74
have been observed. The phases are isotypic, crystalize in the orthorhombic system, space group
Amm?2, and have the ideal formula Ks(HsO,)3(H30)[(UO2)s(TO4)10(H20)4](HTO4)(H2O)y (wWhere
T =S, Se and y = 3.25 for the pure sulfate 74). As for the compounds 60-63 (&5, = 78—100),
there is a positive linear correlation in unit-cell parameters increase with the increase of the Se
content in the structure. The Se-S distribution function is nearly linear, but is better describes by
the second-degree polynomial function: &erys = 0.00685012 + 0.37g, + 0.4 with R? = 0.99. The
crystal structures of 69—74 are based upon the [(UO,)3(TO4)s(H20),]*" layers formed by linkage
of U and T coordination polyhedra via common O atoms (Fig. 3.4). The layers are flat and
parallel to (100). The negative charge of the layers is compensated by three crystallographically
nonequivalent potassium cations, one hydronium ion and two Zundel cations, arranged in the
interlayer space along with three additional H,O molecules. With the increase of the Se amount
in the structures (from 74 to 69), positions of protonated and neutral H,O molecules split with

the change in their occupancies that could be associated to the tilting of (TO4)” tetrahedra.



324

Thus, the system under study displays two regions with (almost) linear relation between
Ecryst and €401 (0—-66 and 78-100) and the intermediate region, where the function alters its shape
and where structure types experience dramatic changes. It was also observed that crystallization
in this intermediate region proceeds with difficulty and requires more time that in the ‘linear’
parts.

Analysis of the topology of the uranyl-containing layers indicates that the topology of the
2-D layers in the structures of 60—63 belongs to the cc2-2:3-4 type (linkage of 4- and 6-
membered rings creating edge-shared chains of the later arranged along [010], Fig. 3.5a,c), one
of the most widespread in uranyl compounds. The topology of the layers in the structures of 64—
67 belongs to the cc2-1:2-3 type (sequential linkage of 4- and 12-membered rings along [101],
Fig. 3.5b,d). The topology of the layers in the structure of 68 belongs to the cc2-5:8-5 type
(linkage of 4-membered rings creating dimers of vertex-sharing 6-membered rings, Fig. 3.3c,d).
It is worthy to note that topologies with the M:T ratio = 5:8 are very rare — only six compounds
with four different topological types are known (Kovrugin et al., 2012b; Krivovichev, 2008). The
layer topology in 68 is unprecedented for the structural chemistry of inorganic oxysalts and
belongs to the novel (5™) type, though it has some similarities with the known ones. The
arrangement of the dimers of 6-membered rings in cc2-5:8-2 (Fig. 3.6b; Kovrugin et al., 2012b;
Norquist et al., 2003¢) has a sequential change of direction ...-up-down-up-down-... whereas, in
cc2-5:8-3, the dimers has a coaxial ...-up-up-up-up-... arrangement (Fig. 3.6¢; Krivovichev and
Burns, 2007). The cc2-5:8-5 topology observed in 68 represents more complicated sequence
with the double zones ...-up-up-down-down-up-up-down-down-... (Fig. 3.6a). The topology of
the 2-D complexes in the structures of 69—74 belongs to the cc2-3:5-5 type (linkage of 4-
membered rings tetramers creating large 10-membered crowns, Fig. 3.4c,d). This topology type
is very rare and has been also observed only in the structure of 55 (Kornyakov et al., 2020), it is
also quite different from the other topologies with M:T = 3:5.

The refinement of the occupancies of the T°" sites in the crystal structures of 61-73
shows the absence of a uniform statistical distribution (Tables 3.2, 3.3). Furthermore, for all
structure types there is a certain trend of selenium incorporation in each sulfate position (or vice
versa).

Thus, for 60—63, the T1 and T2 sites are equally occupied by Se and S, while the S-for-Se
substitution in the T3 site is twice as extensive. In 61-63 all tetrahedra are tridentate, having
three vertices shared with adjacent U polyhedra and only the fourth one ‘pending’. The T1 and
T2 sites are arranged around large 6-membered rings, whereas the T3 position is a connection

point for three small 4-membered cycles. Therefore, the T3 position has much less degree of
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Figure 3.5. Polyhedral representation of layers in the structures of 60 — 63 (a), 64 — 67
(b) and topology of its interpolyhedral linkage (C and d, respectively). Legend: see Fig. 3.3.
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Figure 3.6. Idealized black-and-white 2D graphs with the dimers of 6-memberd rings

arrangement shown by orientation vectors and shaded fragments for the topological types cc2-
5:8-5 in 68 (@), cc2-5:8-2 (b) (Kovrugin et al., 2012b; Norquist et al., 2003¢) and cc2-5:8-3 (¢)

(Krivovichev and Burns, 2007). Legend: see Fig. 3.3.
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Table 3.2. Occupancy of the T®" positions by Se atoms (p.f.u.) in the structures of 60 — 67
and 69 — 74. Dark grey color = relatively low content of Se; light grey color = relatively high

content of Se.

Se / (Se+S),
mol %
Compound TI T2 T3 T4
in in
solution structure

60 1.00 100 100
61 0.97 94.2 95.3
62 0.91 88.3 88.7
63 0.86 76.5 81.7
64 0.86 73.0 78.5
65 0.87 71.6 76.8
66 0.88 69.9 80.5
67 0.84 67.0 76.8
69 0.85 66.8 53.9
70 0.83 60.7 46.2
71 0.72 52.0 35.6
72 0.62 41.9 26.1
73 0.41 26.5 16.2
74 0.00 0 0

freedom, especially considering that its fourth non-bridged vertex is involved in a strong ionic
bond to K ion. In contrast, apical vertices of the T10, and T20, tetrahedra are involved only in
relatively weak hydrogen bonding to interlayer Zundel cations (Table 3.2).

In the crystal structures of 64—67, both symmetrically independent TO,4 tetrahedra are
bidentate. The T1 tetrahedra are involved in the formation of large 12-membered cycles whereas
the T2 tetrahedra form dense 4-membered rings. Therefore, the preference of S for the more
dense and tightly bonded site has a mechanistic structural explanation (Table 3.2).

Another situation is observed in the structures of 69—73. They contain four different T
sites (Table 3.2): two tridentate one bidentate and one located in the interlayer. The T1 position
is predominantly Se-preferred compared to others (with much higher occupancy than the

concentration of Se in solution). Analyzing the higher coordination spheres of the T positions, it



328

Table 3.3. Occupancy of the T®" positions by Se atoms (p.f.u.) in the structure of 68.
Dark grey color = relatively low content of Se; light grey color = relatively high content of Se.

Pos. Occ. Pos. Occ.

Tl 0.89 T10 0.57
12 0.83 T11 0.62
T3 0.51 T12 0.74
T4 0.79 T13 0.73

TS T4 053

T6 T15 076

T7 T16

78 087 X g
solution

To 081 €I g
structure

could be noted that the triangular fragment U(1)-U(2)-U(1) (with U(1)-U(2) = 6.2 A, U(1)-U(1)
= 6.6 A) around the T1 position is the most regular and rigid. Taking into account the flat
geometry of the layers, it looks like the insertion of Se into the T1 site does not require
considerable changes in structural geometry. In contrast, the increase of Se in the T3 site, for
instance, results in the change of the bi-dentate tetrahedra tilt. The interlayer T4 site
corresponding to the loosely bonded (HTO4) anion is predominantly occupied by S: it is evident
that the incorporation of larger Se into this site would result in the expansion of the interlayer
distance and the weakening of the interlayer connectivity.

There are sixteen tetrahedral positions in the structure of 68, and all of them are
tridentate. As it can be seen from Table 3.3 and Figure 3.1, the amount of Se in the structure of
68 better than in the other structures correlates with the Se concentration in the solution;
however, the occupancies of the T sites are much more diverse and vary from 0.29 to 0.89 Se per
formula unit (p.f.u.). The positions occupied predominantly by Se are mostly arranged at the
hollow 6-membered rings and the S-rich positions are arranged at the point of the association of
three 4-membered rings.

Analysis of the structural data of 60—74 shows that the structural evolution of the system
under changing S:Se ratio has a pronounced non-linear behavior. Whereas crystalline phases on

the sides on the diagram are of the same level of complexity (4.2 — 5.2 bits/atom and 300 — 560
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bits/cell), the crystallization of the phase 68 corresponds to the explosion of the structural

information amount measured as both per atom and per unit cell (Table 3.4; Fig. 3.7).

Table 3.4. Information-based structural complexity parameters for the crystalline phases

60-74.

Compounds Ig (bits/atom) 16 total (bits/cell)
60-63 4.644 464.386
6467 4.236 313.500
68 7.119 1979.066
69,70 5.162 536.846
71,72 5.200 551.160
73, 74 5.002 480.156

Figure 3.7. Evolution of information-based complexity parameters for the crystalline

phases in the K+—U022+—TO427—NO37—H20 system (T = Se, S; phases 60-74).
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Cs*-Bearing Uranyl Sulfate-Selenates

In order to investigate the influence of an alkali metal cation upon the formation of mixed
phases in uranyl sulfate-selenate systems, it was decided to analyze another system such taht
contains Cs' ions (Gurzhiy et al., 2017b).

The mixture of uranyl nitrate hexahydrate (0.2 g, 0.4 mmol, (UO;)(NO3),-6H,0, Vekton,
99%), cesium nitrate (0.028 g, 0.14 mmol, CsNOs, Vekton, 98%), and deionized distilled water
(2 ml, 110.2 mmol) had been taken unchanged for each synthetic experiment, while the amounts
of selenic acid (40 wt. % in H,O, Aldrich, 99.95%) and sulphuric acid (Aldrich, 98%) had been
taken in different molar Se:S ratios according to Table 3.5. Aqueous solutions were stirred to
homogenization and left to evaporate in watch glasses at room temperature. Crystallization starts
in 8-10 hours: crystals of 1-10 um size could be detected. After another 8-10 hours numerous
yellowish-green twined aggregates form in the solution as well as single crystals of size (up to
0.3 mm) and quality suitable for the structure analysis could be isolated (Fig. 3.8a-d). It should
be noted, that the shape of crystals changes from square to round plates with the increase of Se
content in the solution (Fig. 3.8a-c). Furthermore, the pure selenate crystals are of the worst
quality, forming twins and intergrowth at the earliest stages and then begin to roll up (Fig. 3.8f),
which made it difficult to isolate a crystal suitable for the single-crystal X-ray diffraction
analysis. It is worth noting that the pure Se experiment reveals another feature that has not been
detected in other syntheses (Fig. 3.8e): crystallization starts with the formation of
Csy2[(UO2)(Se04)2(H20)](H20) (phase 84) followed by its dissolution and simultaneous
formation of the crystals of 83. Although the pure sulfate phase 75 is known for more than 60
years as Csy[(UO,)2(S04)3] (Ross and Evans, 1960), we re-investigated its crystal structure in
order to provide more accurate structural data. In total, nine crystalline phases were isolated as
single crystals numbered as 75-83 in Table 3.5 (the compound 84 is a pure selenate phase, which
was reported previously (Mikhailov et al., 2001)). The unit-cell parameters for 75-84 are
reported in Table S3.2.

The phases 75-83 crystalize in the tetragonal space group P-42;m and are isotypic to the
previously reported cesium uranyl sulfate Cs,[(UO,)2(SO4)3] (Ross and Evans, 1960). The unit-
cell parameters increase gradually with the increase of the Se content (Table S3.2, Fig.
3.9).Variations of the a parameters and the volume of the unit cells can be described well by
linear equations with very high correlation coefficients. The lower sensitivity of the ¢ unit cell
parameters could be explained by the weaker dependence of the vertical dimensions of the

interlayer space (filled by the cesium atoms) to the variation of Se/S content in the structure.
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Table 3.5. Chemical formulae and the details of synthesis of the compounds 75 — 84.

2 Se / (Se+S), mol %
3 H,Se0,:H,S0; in ml
& Formula .
g (in mmol) . . .
S in solution in structure
0:0.20
75 | Cs2[(UO,)x(S04)s] ©:3.8) 0 0
0.025:0.175
76 | Cs2[(UO2)x(5¢04)030(SO4)2.70] 05:3.4) 13.2 10.0
0.05:0.15
77 | Cs2[(U02)2(Se04)0.57(SO4)2.43] (1.0:2.9) 26.3 19.0
0.08:0.12
78 | Cs2[(UO2)a(Se04)0.85(SO4)2.15] (1.6:2.3) 41.6 28.3
0.1:0.1
79 | Cs2[(UO2)x(S04)1.16(SO4)1 4] (2.0:1.9) 51.6 38.7
0.12:0.08
80 | Csy[(UO2)x(Se04)1.45(S04)1 52] 24:15) 61.6 49.3
0.15:0.05
81 | Cso[(UO2)2(S€04)2.03(SO4)0.97] (3.1:09) 76.2 67.7
0.18:0.02
82 | Cs5[(UO2)x(Se04)2.50(SO4)o.50] (3.6 0.4) 90.6 83.3
0.20:0
83 | Cs2[(UO2)x(SeOy)s] (37:0) 100 100
0.20:0
84 | Csy[(UO2)(Se04)3(H0)1(H:0) [14] (3.7:0) 100 100

Figure 3.8. Crystals and aggregates formed in 75 — 84 experiments: square plates
forming in S-dominant systems (a, b); round plates forming in Se-dominant systems (c);
overgrowing of the S-dominant system after ~ 1 day (d); pure selenate experiment with round
plates of phase 83 and rhombic crystals of 84 (e); overgrowing of the Se-dominant system after ~

18 hrs and rolling up of phase 83 aggregates (f).
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However, it should be noted that some discontinuity is observed through all the graphs at Figure
3.9 around the 60% value of Se/S ratio that could be attributed to the essential increase in Se
incorporation rates into the tetrahedral positions. It is interesting that for the K-bearing system
(Gurzhiy et al., 2016b) changes in structural architecture occurs at 67%, which apparently points

to the presence of a critical Se/S ratio range of 60 — 70 %.

Figure 3.9. Correlation graphs of the unit cell parameters and the Se to S ratio in the
resulted crystal structures for the compounds 75 — 83; linear trends are shown with the

correlation coefficients.

To analyse the rates of the Se-for-S substitution in the crystalline phases 75-83, the
correlation graph of the Se:S ratio in the initial solution Vvs. the Se:S ratio in the solids has been
studied (Table 3.5, Fig. 3.10). The points corresponding to the compounds 75-83 indicate
correlation with R* = 0.99 described by the second-degree polynomial function: €crys = 0.00585012

+0.48¢4, + 1.4.
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Figure 3.10. Correlation graph of the Se to S ratio in the original solution and in the
resulted crystal structures for the compounds 75 — 83; second degree polynomial trend is shown

with the correlation coefficient.

The crystal structures of 75-83 are based upon the [(UO2)2(TO4): ] uranyl sulfate (in
75), selenate (in 83) or sulfate-selenate (in 76-82) layers formed by linkage of the U and T
coordination polyhedra via common O atoms. The layers are parallel to (001) and are corrugated
due to the presence of 4-connected tetrahedr'a in an “eggs tray” manner with ~6 A diameter of a
cell (Fig. 3.11). The charge of the [(UO,)x(TO4):1> inorganic layer is compensated by Cs cations
arranged in the interlayer space.

Analysis of the topology of [(UO,)x(TO4);]* layers using graphs indicated that the
topology of the 2D layers in the structures of 75-83 (Fig. 3.12a) is based on the linkage of two
types of 4-membered rings. This type of topology (Fig. 3.12b), cc2-2:3-14, of heteropolyhedral
units have been previously observed in the structures of several actynyl compounds
(I(NpO2)2(S0O4)2(H2S04)](H20)4 (Alcock et al., 1982), B—Cs,[(UO2)2(Mo0O4)3] (Krivovichev et
al., 2002b), [N2C3Hs]2[(UO2)2(SO4)3] (Norquist et al., 2003b), (H3;0)[C3HsN2][(UO2)2(SeO4)s3]
(Krivovichev and Burns, 2007), (CH3NH3),[(UO;)2(SeOs);] (Kovrugin et al., 2012b) and
recently (CH3NH;3):2[(UO2)2(SO4)s] (Gurzhiy et al.,, 2014c) and [CHeN3]2[(UO2)2(SeO4)s]
(Gurzhiy et al., 2014c)).
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Figure 3.11. The crystal structures of 75 — 83 compounds (a) and 84 (b). Legend: U
polyhedra = yellow, TO4 (T = S, Se) tetrahedra = orange, Cs atoms = cyan, O atoms = red.

It is worthy to note that the maximal layer symmetry group of the layers with cc2-2:3-14
topology in actinyl oxysalts is p-42;m (Kovrugin et al., 2012b) and it realizes only in the
compounds 75-83. In all the other structures mentioned above, layer symmetry is lower (up to
pl), mostly due to the distortions induced by hydrogen bonding interactions between organic
molecules and O atoms of the layered complexes.

The crystal structure of 84 is based upon the [(UO,)(SeO4),]* uranyl selenate layers (Fig.
3.12¢,d) build up by corner-sharing [UOg(H,0)]® pentagonal bipyramids and [SeOs]*
tetrahedra, which results in the formation of 8-membered rings. Graphical representation of the
layered complex refers to the cc2-1:2-2 topological type which is quite common among the

synthetic uranyl sulfates and selenates (Krivovichev, 2008).
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Figure 3.12. Polyhedral representation of layers in the structures of 75 — 83 (a), 84 (c)
and topology of its interpolyhedral linkage (b and d, respectively). Legend: see Fig. 3.11.

The information-based structural complexity parameters for the crystal structures of 75—
84 and are given in Table 3.6. Analysis of these data shows that crystallization in system starts
with compound 84 of higher structural information amount measured as both per atom and per
unit cell. Hereinafter, the system decreasing the complexity of the solid state via re-
crystallization of phase 83. The observed values demonstrate that the topological complexity of
the 2D layer in 83 is much higher than that in the structure of 84. Such a tendency is in
agreement with the general trend in evolution of crystallization that can summarized as follows:
topologicaly more complex structures form at the latest crystallization stages (Krivovichev et al.,

2016; Gurzhiy et al., 2017a).
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Table 3.6. Information-based structural complexity parameters for the crystalline phases

75 - 84.

Structural complexity Topological complexity of the layers
Compound
v |G, IG,totaIa v IG: IG,totaI,
bits/atom bits/cell bits/atom bits/cell
75-83 46 3.306 152.084 42 3.059 128.477
84 84 4.392 368.955 32 3.250 104.000

The refinement of the occupancies of the T°" sites in the crystal structures of 75-83
confirms the selectivity of the Se-for-S substitution for different sites. In 75-83 there are two
different T sites: one 3-connected (having three O atoms shared with adjacent uranyl bipyramids)
and one 4-connected (having all four O atoms shared with adjacent uranyl bipyramids). The
occupancy (Or) of the 3-connected T1 site by the S and Se atoms is almost directly dependent on
the amount of hexavalent cations in the solution (Fig. 3.13a) and is described by the linear
equation: Ot = 0.01gs,; — 0.01. Another situation is observed for the T2 site (Fig. 3.13a). It is
more constrained, being 4-connected with four adjacent uranyl polyhedra, thus the excess of
internal tension induced by the entry of larger cation more likely regulates such a low rate of S
substitution by Se in the structures. Throughout the 7682 interval, the T2 accommodates site
much less Se than its amount in solution. The occupancy of the T2 site can be approximately
described by the second-degree polynomial function: Ot = 0.0001£g> — 0.001&4 + 0.05.

Another confirmation of such an uneven substitution rate can be found by analysing the
geometry of tetrahedral units. In the ideal case the <T—-O> distances should display a linear
dependence with the Se:S ratio. The <T1-O> distances deviate from the linear correlation with
the Se:S ratio in the solid state (Fig. 3.13b). The plot in Figure 3.13b shows almost linear
correlation for 75-79, for which the Se contribution from the T2 site is not so significant. When
the Se amount at the T2 site rapidly increases, the “T1 line” becomes flattened. And vice versa,
the very flat start of “T2 line” approaches to the <T1-O> values in the Se-dominant region.

Special attention should be given to the deviation of the U-O-T angles (Fig. 3.13c).
Recently (Gurzhiy et al., 2015a) we discussed the flexibility of actinyl layered structural units,
where the connection of adjacent coordination polyhedra through the common bridging vertices
can be compared with a flexible ball-in-socket joint. The main idea is that the lower U-Op—T
angles correspond to the direction of the higher layer undulation and the higher U-O,—T angle

values correspond to the flatter zones. Thus it can be assumed that the increase of unit cell
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Figure 3.13. Occupancy of the T positions by Se atoms (p.f.u.) in the structures of 75 —
83 (a); variation of the average T°—O distances with the increase of Se in the structures (b);
variation of the U-O-T°' angles with the increase of Se in the structures (c). Linear and

polynomial trends are shown with the correlation coefficients. See text for details.
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parameters (extension of the structure) caused by the increase of Se amount should be followed
by flattening of the layers and hence the increase of the U-Oy—T angles. However, all three
nonequivalent angles at the bridged O atoms decrease, which means the increase of the layer
deformation. According to Fig. 3.13c, the T1 site is largely responsible for the layer deformation,
whereas the angles at the 4-connected tetrahedron, i.e. more rigidly bound T2 site, are changing
less. Therefore, it turns out that the “physical” alteration of the ionic radii between S and Se
directly and largely affects the changes in the lattice geometry than the inverse “geometric”

influence caused by polyhedral tiltings.
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A family of Cs,[(AnO5)2(TO4)3] (An = U, Np; T =S, Se, Cr, Mo) compounds:
Chemically-Induced Variations of Physical Properties

The group of cesium actinyl compounds Cs;[(AnO,)2(TO4)3] (where An = U, Np; T =S,
Se, Cr, Mo) is a rare example family of structures that maintains very similar structural units
despite substitutions of the oxyanions contained therein (Ross and Evans, 1960; Krivovichev et
al., 2002b; Siidra et al., 2013; Gurzhiy et al., 2017b, 2020; Langer et al., 2018; Kornyakov et al.,
2019). Structural studies of the family of Cs,[(UO,)2(TO4)s] (T = S, Se, Cr, Mo) compounds
(Table 3.7) have occurred over more than half a century. The first crystal structure was reported
for the uranyl sulfate compound (Ross and Evans, 1960). The synthesis and unit cell parameters
were published by Serezhkin et al. for the Mo-bearing compound (Serezhkin et al., 1987),
although the reported data had an inconsistent space group assignment and the crystal structure
of this phase was reported later (Krivovichev et al., 2002b). The crystal structure of the chromate
member was described in (Siidra et al., 2013). Recently, structural information was reported for
the cesium uranyl selenite member and a series of mixed sulfate-selenate compounds (Gurzhiy et
al., 2017b). The most recent crystallographic data were obtained for sulfate, selenate and mixed

sulfate-selenate Np(VI)-bearing compounds (Langer et al., 2018; Kornyakov et al., 2019).

Table 3.7. Crystallographic data and refinement parameters for Cs;[(ANO;)2(TO4)3] (An =
U, Np; T=S, Se, Cr, Mo) compounds.

Ri

Chemical formula Sp.Gr. a, A c, A v, A’ (|Fo| > TC ICSD
46F)

Cs,[(UO,)5(SO04)s] (75) P-42m 9.6165(8) 8.1055(9)  749.57(15) 0.014 -123 4322381]

Cs,[(UO,)5(Se0y)s] (83) P-42,m 9.8560(16) 8.1587(14) 792.5(3)  0.020 -123 432446[1]

Cs,[(UO,)y(CrOy)s] P-42,m 9.9572(4) 8.0213(4) 795.28(6) 0.023 23 425785 [2]

Cs2[(UO,)5(Mo0y)s] P4,/n  10.1367(8) 16.2831(17) 1673.1(3) 0.026 23 280800 [3]

Cs,[(NPO1)1(SO4)s] (85) P-42,m 9.5737(3) 8.0824(4)  740.79(6) 0.016 -123 434353 [4]

Cs:[(NPO2)x(Se04).15(S04)252] (86)  P-42;m  9.6220(6) 8.0897(7)  748.97(11) 0.015 -123 434359 [4]
Cs:[(NpO2)»(Se04)055(S04)25] (87)  P-42,m 9.6272(18) 8.0970(15) 750.5(3)  0.018 -123 434365 [4]
Cs:[(NPO2)»(Se04)1 10(SO4)1 511 (88)  P-42,m  9.6604(13) 8.1046(11) 7563(2)  0.014 -123 434372 [4]
Cs,[(NpO,)»(Se0,)s] (89) P-42,m 9.817(3) 8.111(3)  781.8(6) 0.034 -123 434379 [4]

[1]— Gurzhiy et al., 2017b; [2] — Siidra et al., 2013; [3] — Krivovichev et al., 2002b; [4] — Kornyakov et al., 2019.

The large selection of isotypic structures with [(AnO,),(TO4)s]* layers provides an
opportunity to analyze the influence of the high valence cations on the sheet geometries. To

describe the corrugation of the [(AnO,)2(TO4);]* layers, the thickness and volume of layers were
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estimated. The layer thickness (Hiyer) was measured as the distance between planes plotted
through the highest and lowest (according to the atomic coordinates) oxygen atoms within the
layer. The volume of the layer (Viayer) Was calculated by multiplying Hiayer by the squared a unit
cell parameter (Table 3.8). The volume of the U-bearing layers increases with the (TO4)*
tetrahedral volume from 507.7 to 564.1 A’ for the structures with (SO4)* and (MoOs)*
tetrahedra, respectively. On the other hand, Hiayer values are not significantly correlated with the
variation of the volumes of the tetrahedra. The Viuy.r values are more sensitive to the variation of
the unit cell parameters, as demonstrated by the increase from 9.6165(8) A to 10.1367(8) A for
the sulfate and the molybdate compounds, respectively. Note that substitution of Ur by Npt
results in a slight increase of the layer thickness and volume of the respective sulfate and
selenate compounds.

It is of interest that the rates of Se-to-S substitution in the the structures of mixed cesium
neptunyl sulfate-selenates much slower than in U-bearing system: €cryst = 0.01485012 —0.43g,, +
3.5 (Fig. 3.14; Kornyakov et al., 2019). The occupancy of the 3-connected T1 site by Se atoms
obeys the second-degree polynomial correlation with R* = 0.99, unlike the recently reported
family of uranyl compounds where direct linear dependence was observed (Gurzhiy et al.,
2017b). Substitution of the larger U by Np®* cations leads to a decrease of the An = Oan bond
lengths accompanied by a decrease of the average <Cs1—-O> bond length from 3.313 A to 3.218
A, and the average <Cs2-O> bond length from 3.487 A to 3.302 A for U and Np selenates,
respectively. Hence, the influence of the Cs’ cations upon the conformation of the
[(ANO,)»(TO4)s]* layers increases with Se content. The excess of internal tension induced by the
incorporation of the smaller actinide cation likely regulates a low rate of S substitution by Se in
the structures due to the increasing volume of the tetrahedra from 1.65 A’ 10 2.16 A® for (SO4)*
and (SeO4)”, respectively. It is noteworthy that the O3 and O5 atoms of the (T104)* tetrahedron
in the structure of pure neptunyl sulfate (85) are disordered, which can be explained by the
increased influence of Cs' ions. The same situation is observed for the T2 site as for the T1 site,
but the influence of the excess of internal tension is much higher due to the T2 tetrahedron being
4-connected to four adjacent neptunyl polyhedra. When the Se amount at the T2 site reaches
100%, all the O atoms of the (Se204)* become disordered. Throughout the 86-88 range of
compounds, the T2 site is much less occupied by Se than its amount in solution. The occupancy
of the T2 site can approximately be described by the second-degree polynomial function: Ot =
0.0002¢4> — 0.0119gy, + 1.474 (Kornyakov et al., 2019). Strongly uneven Se-for-S substitution
rate is also observed, as in U-bearing system (Gurzhiy et al., 2017b). The tendency of Np—Op,—T
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Figure 3.14. Occupancy of the T®" positions by Se atoms (p.f.u.) in the structures of 85 —
89; (a) variation of the average T®—O distances with the increase of Se in the structures; (b)

Linear and polynomial trends are shown with the correlation coefficients. See text for details.

angles variation is similar to that observed for the isotypic uranyl compounds (Gurzhiy et al.,
2017b), although with smaller gradient (Fig. 3.15).

Another important feature of the compounds under study as the tetrahedral cations
change is the deviation of the An-O-T angles, which are one of the most important characteristics
of the flexibility of actinyl layered structural units, as the linkage of the adjacent coordination
polyhedra through common bridging vertices is comparable to a ball-in-socket joint (Gurzhiy et
al., 2015a, 2017b, 2020; Kornyakov et al., 2019). Lower An-Oy,-T angles correspond to the
direction of higher layer corrugation and the higher An-Oy-T angle values correspond to the

flatter zones in the sheet. The increase of the a unit cell parameter (extension of the structure)
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caused by the increase of the tetrahedral volume is accompanied by flattening of the layers, and
hence by the increase of the An-Oy,-T angles.

It was recently shown in (Gurzhiy et al., 2017b; Kornyakov et al., 2019) that Se-for-S
substitution results in the decrease of all U-O-T (Table 3.8) angles at the bridging O atoms within
this family of compounds, which corresponds to an increase of the layer corrugation degree. In
comparison to the pure selenate phase, U1-O4-T2 and U1-O6-T1 angles in the structure of the
Cr-bearing compounds have larger values (138.7 and 140.2° vs. 142 and 143.8°, respectively),
whereas the third UI-O3-T1 angle remains constant (131.8° vs. 131.7° for Se and Cr,
respectively). Layered complexes in the structure of uranyl molybdates are more flexible. There
are more non-equivalent U-O-T joints due to the lower symmetry of the compound; as such,
there are two 4-connected tetrahedral sites (T2 and T3) instead of the single T2 site in the
structures of the other compounds. The angles at the bridged O atoms in the structure of the

uranyl molybdate range from 126.8 to 151.4°.

Figure 3.15. Variations of the Np — Oy, — T angles with the increase of Se in the crystal
structures of 85 — 89 (Gurzhiy et al., 2020a) in comparison with the U — Oy, — T angles (Gurzhiy
et al., 2017b). Legend: Squares = Np compounds, shaded triangles = U compounds.

The range of An-T-An and T-An-T angles within the layer (Table 3.8) provides additional
insight into the deformation of the layers. The average U1-T1-U1 angle gradually increases from

95.17 to 100.13° with the increase of the tetrahedral volume, whereas the Ul-T2-Ul angle



Parameters were calculated using respective cif files; see Table 3.7 for details.

Table 3.8. Selected geometrical parameters of the crystal structures of Cs;[(AnO,)2(TO4)3] (An = U, Np; T = S, Se, Cr, Mo) compounds.

U1-03-T1, ° U1-04-T2, © U1-06-T1, ° UL-T1-UL, ° Vigen A 2, A <Cs1-0>, A 1\?:0(;(;.1
103.02(2)/ 100.19(2

Mo 126.8(4) 151.4(5)/1352(4)  140.1(4)/ 131.1(4) 030 (97)19?20) YA seanr 10.1367(9) 3.27 8

Cr 131.733) 143.83) 140.2(3) 99.41(4) / 98.25(3) 52547 9.9572(4) 331 10

Se 131.8(6) 142.0(6) 138.7(5) 97.63(4) / 96.04(3) 51485 9.8560(16) 3.29 10

S 133.703) 142.803) 143.2(4) 96.30(6) / 94.04(4) 507.69  9.6165(8) 3.26 10
UI-T2-UL, ° TI-UL-TL, ® TI-UL-T2,° T2-UI-T2,° HowA A <Cs2-0% A I\?:Oécsll

138.72(1)/ 17.792)/ 137.48(1)/
M 132.61(1 549 16.2831(17 331 8
° 136.62(1) 123.19(2) 141.53(2) () (17)

Cr 139.68(1) 122.35(3) 141.64(2) 133.63(1) 530 8.0213(4) 3.38 8

Se 142.24(2) 123.98(3) 143.24(2) 135.59(2) 551 8.1587(14) 3.3 8

S 144.47(1) 126.36(4) 144.94(3) 136.56(1) 549 8.1055(9) 3.41 8
Npl1-O3-T1, ° Np1-04-T2, ° Np1-06-T1, ° Npl-T1-Npl, ° Viayer, A’ a, A <Cs1-0>, A 1\(1:: O(rjcsl'l

Se 136.8(10) 138.65(15)* 129.05(15)* 97.74(4) / 96.20(4) 527.16  9.817(3) 327 10

S 132.803) 142.13) 142.6(4) 96.10(4) / 93.86(4) 50522 9.5737(3) 3.24 10
Npl-T2-Npl, ° TI-NpI-TL, TI-Npl-T2,° T2-Npl-T2,° HowA A <Cs2-0% A I\?;Oécsil

Se 142.01(1) 123.74(5) 143.07(3) 13547(2) 547 81113 337 8

S 144.29(1) 126.27(4) 145.02(3) 136.42(1) 551 8.0824(4) 3.39 8

* - averaged value for two crystallographically disordered O sites (O3A, O3B and O4A, O4B, respectively).

eve
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decreases from 144.47 to 137.67° for layers with (SO4)* and (MoO4)” tetrahedra, respectively.
All of the T-U-T angles gradually decrease with the increase of the tetrahedral volumes in the
series S—Se—Cr—Mo.

Changes in the coordination sphere of the Cs” cations may be important in influencing
the geometries of the sheets. Substitution of smaller (SO4)* tetrahedra by the larger (SeO4)™,
(CrO4)* and (MoO,)™ tetrahedra correlates with changes of the geometry of the [(UO,)x(TO4):]*
layers that result in slight relative displacement of the layers, which in turn increase the average
<Cs-O> bond lengths in the order of S—Se—Cr, and with a sudden decrease of these values for
the Mo-bearing compound. Moreover, the coordination number for the Cs1 cation is eight in the
structure of uranyl molybdate, but 10 in the other compounds (Table 3.8).

The fluorescence emission spectra of pure uranyl sulfate (75), uranyl nitrate hexahydrate
(Fig. 3.16) have six emission bands at 470, 490, 510, 530, 560 and 585 nm, corresponding to the
electronic transitions S;;—Syy and S;p—Sov (V = 0-4) of the uranyl ion (Gurzhiy et al., 2020a).
The emission spectra for uranyl selenate (83), and uranyl chromate phases are nearly identical to
the spectra of 75, and thus omitted from the Figure 3.16 for clarity. It is interesting that the same
set of bands is observed for the uranyl molybdate compound, but yellow-shifted by
approximately 10-15 nm (well distinguished bands are at 500, 520, 545 and 570 nm).

Figure 3.16. Emission spectra (365 nm) for U-bearing compounds.

According to thermal behavior theory (Filatov, 1990, 2011; Hazen and Downs, 2001), the

maximal thermal expansion is expected along the direction of the weakest bonding, and this is
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confirmed for Cs;[(UO;)2(TO4)3] (where T =S, Se) compounds, which have a layered structural
motif. The thermal behaviors of 75 and 83 are essentially anisotropic with the lowest values of
the main thermal expansion coefficients (TEC; Table 3.9) within the layers and with maximal
expansion observed in the direction perpendicular to the layers (Fig. 3.17). It is noted that the
values of TEC for the crystal structures of 75 and 83 within the layers are almost equal, whereas

TEC:s in the direction normal to the layers are slightly higher for the selenate compound 83.

Table 3.9. The main coefficients of the thermal expansion a;; (i =1-3) of the structures of

Cs2[(ANO,)2(TO4)3] (An=U, Np; T =S, Se, Cr, Mo) compounds.

Compound Temp., °C a4 033
Cs,[(UO,)2(S04)3] 23 14.9 34.6
100 14.8 345

200 14.8 344

300 14.8 342

CSz[(UOQ)z(SCO4)3] 23 14.1 39.0
100 14.1 38.9

200 14.1 38.8

300 14.1 38.6

Csy[(UO1)o(CrOy4)s] [1] 23 19.0 35.8
100 18.9 35.7

200 18.9 35.6

300 18.9 354

CSz[(UOQ)z(MOO4)3] [2] 23 13.0 3.0
100 13.0 3.0

200 13.0 3.0

300 13.0 3.0

Cs3[(NPO,)2(SO4)5] [3] 23 23.1 22.8
100 23.0 22.8

200 23.0 22.8

300 22.9 22.6

Cso[(NpO,)2(SeOy)s] [3] 23 29.2 35.7
100 29.2 35.6

200 29.1 35.5

300 29.0 354

a — coefficient of thermal expansion [a;, 0z, 033 — eigenvalues
(main values); x10°, °C™']. [1] — Siidra et al., 2013; [2] —
Nazarchuk et al., 2004; [3] — Kornyakov et al., 2019.

Variation of the chemical composition of the family of Cs;[(AnO,)2(TO4)3] compounds
(where An = U, Np and T = S, Se, Cr, Mo) strongly affects the thermal behavior and stability of
its members. Thus, the chromate appeared to be the less stable among the U-bearing compounds

with its decomposition temperature ~ 425 °C (Siidra et al., 2013), while the most stable is the
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Figure 3.17. Crystal structure of Cs;[(AnO;)2(TO4);] (Where An=U, Np and T = S, Se,
Cr, Mo) along [100] (a) and the arrangement of figures of thermal expansion coefficients relative
to the projection of the structure: uranyl sulfate (75) (b), uranyl selenate (83) (c), uranyl
chromate (d), neptunyl selenate (89) (e), neptunyl sulfate (85) (f) and uranyl molybdate (g). The

unit cell is shown for the cesium uranyl sulfate (compound 75).

uranyl molybdate, for which the structure remains unchanged to ~ 700 °C (Nazarchuk et al.,
2004). Hence, the decomposition temperatures are: Cr (425) — Se (560) — S (660) — Mo
(700). The thermal behavior of the cesium uranyl molybdate is remarkably different from the
other U-bearing molybdate compound (Fig. 3.17). Its maximal thermal expansion is within the
layers and is minimal in the direction perpendicular to the layers. Moreover, the values of TECs

are 3-5 times lower in comparison to the other compounds in this group. The thermal behavior of
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the cesium neptunyl selenate is similar to that of the uranyl selenate, sulfate and chromate
compounds, although the difference between the minimal and maximal TECs is not as large. The
thermal behavior of the cesium neptunyl sulfate is almost isotropic with slightly higher uranyl
expansion within the layer than perpendicular to it, and this behavior is close to that of the uranyl
molybdate.

Obviously, such diversity should be reflected in the geometrical aspects of the structures.
Analysis of the primary or mediated geometrical parameters of the structures points to the highly
important role of the Cs" cations. Thus, the compression of the coordination sphere in the case of
the Csl sites in the structure of Cs,[(UO,)2(Mo0QO4)s] strengthens the interlayered bonds, which in
turn changes the thermal expansion character of the structure, and most likely causes the shifts in

the luminescence spectra.
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Uranyl Sulfate-Selenate compounds with Divalent Cations

Along the line of Se-for-S substitution in uranyl compounds studies M** cations (M =
Mg, Mn, Fe, Co, Ni and Zn) were chosen to investigate the formation of mixed phases. The
mixture of uranyl nitrate hexahydrate (0.1 g, 0.2 mmol, (UO,)(NOs),-6H,0, Vekton, 99%),
magnesium oxide (0.023 g, 0.55 mmol, MgO, Vekton, 98%) or nickel nitrate hexahydrate (0.085
g, 0.29 mmol, Ni(NO;3),:6H,0), or =zinc nitrate hexahydrate (0.097 g, 0.33 mmol,
Zn(NOs3),'6H,0), and deionized distilled water (2 ml, 110.2 mmol) had been taken unchanged
for each synthetic experiment, while the amounts of selenic acid (40 wt. % in H,O, Aldrich,
99.95%) and sulphuric acid (Aldrich, 98%) had been taken in different molar Se:S ratios
according to the proportions reported in Table 3.10. Unit cell and refinement parameters for 90—

114 are listed in Tables S3.3.

Table 3.10. Chemical Formulae and the Details of Synthesis of the compounds 90-114.

2 Se/(Se + S), mol%

3 H,SeO4:H,SO4 in mL

g Formula (in mmol) .

8 In solution In structure
90  Mg[(UO,)(SO4),(H,0)](H,0)4 0:0.30(0:5.7) 0 0
91  Mg[(UO,)(SO4)157(Se04)013(H,0)](H0),  0.03:0.27 (0.6 : 5.2) 10.6 6.0
92 Mg[(UO,)(SO4)1£:(Se04)013(H,0)](H0),  0.05:0.25 (1.0 : 4.8) 17.6 9.0
93 Mg[(UO,)(SO4)1.63(Se04)032(H,0)](H0)s  0.07:0.23 (1.4 : 4.4) 24.5 16.0
94  Mg[(UO,)(SO4)156(Se04)0.44(H,0)](H0),  0.12:0.18 (2.4 : 3.4) 41.6 22.0
95  Mg[(UO,)(SO4)1.40(Se04)060(H,0)](H0),  0.14:0.16 (2.9 : 3.0) 48.3 30.0
96  Mg[(UO,)(SO4)1.06(Se04)004(H,0)](H0),  0.20:0.10 (4.1 : 1.9) 68.1 47.0
97  Mg[(UO,)(SO4)054(Se04)116(H,0)](H0),  0.22:0.08 (4.5 : 1.5) 74.6 58.0
98  Mg[(UO,)(SO4)071(Se04); 20(H,0)](H,0),  0.24:0.06 (4.9 : 1.1) 81.0 64.5
99  Mg[(UO,)(SO4)044(Se0y)1 56(H,0)](H0),  0.27: 0.03 (5.5 : 0.6) 90.6 78.0
100  Mg[(UO,)(SeO4),(H,0)](H,0), 0.30:0(6.1:0) 100 100
101 Ni[(UO,)(SO4)2(H,0)](H,0)4 0:0.2 (0:3.8) 0 0
102 Ni[(UO,)(SO4)156(S€04)0.14(H,0)](H,0)4 0.02:0.18 (0.4:3.4) 10.6 7
103 Ni[(UO,)(SO4)165(S€04)035(H0)](H,0)4 0.05:0.15 (1.0:2.86) 26.3 16.5
104  Ni[(UO,)(SO4)133(S€04)0.62(H,0)](H,0)4 0.08:0.12 (1.6:2.3) 41.6 30.5
105 Ni[(UO,)(SO4)121(S€04)0.70(H,0)](H,0),4 0.1:0.1 (2.0:1.9) 51.6 39.5
106  Ni[(UO,)(SO4)096(S€04)1 04(H0)](H0)4 0.12:0.08 (2.4:1.5) 61.6 51.5
107 Ni[(UOZ)(SO4)0‘78(SGO4)122(H20)](H20)4 0.135:0.065 (2.711.2) 68.9 61
108  Ni[(UO,)(SO4)061(S€04)1 30(H0)](H,0)4 0.15:0.05 (3.0:0.9) 76.2 69.5
109 Ni[(Uoz)(SO4)o,43(S€O4)1,57(H20)](H20)4 0.165:0.035 (3.4:0.7) 83.4 78
110 Ni[(UO,)(SO4)022(S€04); 78(H,0)](H,0),4 0.18:0.02 (3.7:0.4) 90.6 89
111 Ni[(UO,)(Se04),(H,0)](H,0)4 0.2:0 (4.1:0) 100 100
112 Zn[(UO,)(SO4)2(H,0)](H,0)4 0:0.2 (0:3.8) 0 0
113 Co[(UO,)(S04)2(H,0)](H,0)4 0:0.2 (0:3.8) 0 0
114 Mn[(UO,)(SO4)»(H,0)](H,0)4 0:0.2 (0:3.8) 0 0
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After 1-2 days numerous yellowish-green twinned aggregates form in the Mg-bearing
solutions (90-100) as well as laminar single crystals of the size (up to 0.2 mm) and quality
suitable for the structure analysis (Gurzhiy et al., 2019b). It should be noted, that the shape of
crystals changes from rectangular plates to isometric and prismatic crystals with the increase of
Se content in the solution (Fig. 3.18). Pure sulfate phase was first reported in (Serezhkin and
Serezhkina, 1978), but its crystal structure was not solved and incorrect unit-cell parameters and
space group was proposed. Although the pure selenate phase 100 was reported previously as
Mg[(UO,)(Se04)2(H,0)](H,0)4 (Krivovichev and Kahlenberg, 2005b), we re-investigated its
crystal structure for the completeness of the study. It should be noted that after 2-3 months of
storage, the recrystallization processes have been detected in the experiments of 92 and 97,

where the crystals of 93-96 type were found.

Figure 3.18. Crystals formed in 90-100 experiments: rectangular plates and twinned
aggregates formed in S-dominant systems (90: a; 92: b, c); aggregates of twinned crystals formed
in 95 (d); thickening of the plates and aggregates in Se-dominant system 99 (e); and prismatic

crystals formed in the pure Se experiment 100 (f, g).

The crystallization of Ni-bearing phases (101-111) started in 1-2 days, and single crystals
large enough for further investigations appeared in solutions no later than in one week
(Kornyakov et al., 2021). The Ni-bearing phases grow as yellowish-green twinned aggregates as
well as well-shaped laminar single crystals suitable for the single-crystal structure analysis. It
should be noted that the amount of twinned aggregates gradually decreases with the increase of

Se amount in the solution (Fig. 3.19).
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Figure 3.19. Crystals formed in 101 (a), 104 (b) and 111 (c¢) experiments.

Numerous attempts were made to synthesize the crystalline materials of the
M[(UO,)(TO4)2(H20)](H,0)4 (T = S, Se) family containing other transition metals (M = Co*",
Mn*", Fe*" and Zn®") following the same synthetic procedure. Despite the usage of different
synthesis conditions, including the variations of the temperature ranges of +8 — +55 °C, pressure
(synthesis in autoclave), evaporation rate, and even replacement of initial M-nitrate reagents by
M-oxides, the only Zn-bearing uranyl sulfate (112) was synthesized. Crystallization of 112
started in 3-4 weeks. Addition of any quantities of selenic acid to the Zn-bearing synthetic
experiments blocks the crystal growth: most of these solutions remained liquid for nearly 6
months, while several were thickened to nearly a tar state with no traces of crystalline material.

The crystal structures of Co- (Alekseev et al., 2005) and Mn-bearing (Tabachenko et al.,
1979) uranyl sulfates have been reported previously. While the structure of the Mn compound is
adequate though with no H atoms localized, the structure model of the Co compound was rather
doubtful. It was refined in a twice smaller unit cell and the orthorhombic space group, the
combination of which were unexpected according to our recent observations (Gurzhiy et al.,
2019b). Thus, we carried out additional experiments following another protocol. The crystals of
Co[(UO2)(S04)2(H20)](H,0)s (113) and Mn[(UO2)(SO4)2(H,0)](H20)s (114) have been
obtained by evaporation at room temperature of 2 ml aqueous solutions of (UO;)(NO3),-6H,0
(0.1 g, 0.2 mmol) and Co(SOs4)-7H,0O (0.081 g, 0.29 mmol) or Mn(SO4)-5H,0 (0.079 g, 0.33
mmol). Single crystals were formed in 1-2 days.

The original crystal structure of compound 113 was first reported in (Alekseev et al.,
2005) as refined in the Pmc2; space group with the a unit cell parameter equal to ca. 6.4 A,
which contradicts the existing data on other orthorhombic members of the
M[(UO,)(TO4)2(H20)](H,0)4 family with the Pmn2; space group and the doubled a unit cell
parameter of ca. 12.8 A. Alekseev et al. (2005) refined the structure of
Co[(UO,)(S04)2(H,0)](H20)4 in a “single” unit cell with superposition of sulfate tetrahedra,
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which non-shared vertices oriented up and down relative to the equatorial planes of U-centered
pentagonal bipyramids. This overlay was presented as structural disorder, which, in fact, can be
completely eliminated by doubling the a unit cell parameter, and with keeping common Pmn2,
symmetry. Reflections that double the unit cell of this phase are rather weak and can be
overlooked in a low-intensity data set (Kornyakov et al., 2021), resulting in the
misunderstanding of structure symmetry.

The crystal structures of 90—114 contain one symmetrically independent U atom each
with two short U*=0?" bonds forming approximately linear UO,*" uranyl ion (Ur). The
coordination sphere of Ur is complemented by four oxygen atoms belonging to the (SO4)*
and/or (SeO4)” tetrahedra and one H>O molecule, arranged in the equatorial plane and forming
the UrO4(H,0) pentagonal bipyramid. There are two symmetrically non-equivalent T°* (T = S,
Se) sites, which are tetrahedrally coordinated by four oxygen atoms each. Note that the T-O
bond lengths are gradually increasing with the increase of the Se substitution. The (T104)*
tetrahedra are two-connected, sharing two vertices with two adjacent Ur-bipyramids, while two
unshared O atoms serve as weakly bonded acceptors of H-bonds from H,O molecules. The
(T204)* tetrahedra are four-connected, sharing two vertices with two adjacent Ur-bipyramids,
and two remaining vertices are shared with M**-centered polyhedra.

The main building unit in the structures of 90-114 is the [(UO,)(TO4)2(H>0)]* chain
(Fig. 3.20) formed by the linkage of the Ur bipyramids and (TO4) tetrahedra via common O
atoms. The Ur-tetrahedral chains are passing along the [001] direction within the orthorhombic
structures with the equatorial planes of the Ur bipyramids arranged approximately parallel to the
(100) plane. The similar chains in the monoclinic structures are extended along [010] with the
equatorial planes of Ur bipyramids parallel to the (001) plane.

The H-bonding network between the H,O molecules located in the equatorial planes of
the Ur bipyramids and the O atoms of the (TO,) tetrahedra from the adjacent chain results in the
formation of pseudo-layered complexes coplanar with the equatorial planes of the UrO4(H,O)
bipyramids. The formation of the 3D structure occurs due to the linkage to U-bearing pseudo-
layers via M*'-centered octahedral complexes arranged in the interlayer space through the
common O atoms. The M*" cations occupy centers of the [M*"O,(H,0)4]* octahedra, where two
O atoms are arranged at the trans-apical vertices shared with the (T20,) tetrahedra of the upper
and lower U-bearing chains, and all four equatorial vertices are occupied by the H,O molecules,
providing additional stabilization of the whole structure via H-bonding network. The topology of
[(UO,)(TO4)2(H,0)]* chains (Fig. 3.20b) belongs to the ccl-1:2—1 type (Krivovichev, 2008),

representing infinite chain of four-membered rings connected through the common black nodes.
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This topology is one of the most common and simplest among uranyl compounds, and can be
seen in a number of structures (P1asil et al., 2015a; Ginderow and Cesbron, 1983b; Mercier et al.,

1985; Gurzhiy et al., 2015a, 2017a; etc.).

Figure 3.20. The arrangement of the [(UO,)(TO4)(H.0)]* chains into pseudo-2D
structure (a) and the topology of its interpolyhedral linkage (b). Legend: U polyhedra and U
atoms = yellow, TO4 polyhedra and T atoms = orange, O atoms = red, H-bonds = dashed black

lines, black nodes = U atoms, white nodes = T atoms.

As it can be seen from Table 3.11, Se is primarily incorporated into the T1 site. The
(T10y) tetrahedron shares no atoms with M**-centered octahedra and has its three oxygen atoms
placed within the plane of the pseudo-sheet and the fourth O atom arranged either up or down
relative to this plane (Fig. 3.21). In the structures that crystallize in P2; (90-92) and Pmn2; (93—
96, 101-105, 112 and 113) space groups, the (T104)* tetrahedra from the adjacent layers have

the same positions when viewed from the direction perpendicular to the sheet plane. In 90-92,
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tetrahedra with the same position have the same orientation of their non-shared corners (i.e.,
either ...-up-up-up... or ...-down-down-down-...), whereas arrangement in the structures of 93—
96, 101-105, 112 and 113 is exactly on the opposite (i.e., ...up-down-up-down-...). In the
structures of 97-100, 106-110 and 114 the layers are shifted relative to each other by ca. b/3.
Therefore, the increase of the Se content in the T1 site induces first the rotation of the (T104)*

tetrahedra in the adjacent layers and then the displacements of the layers relative to each other.

Table 3.11. Occupancy of the T positions by Se atoms (p.f.u.) in the structures of 90—

111.
Se/(Set+S), mol %
Compound  T1 T2 in in
solution structure

90 0 0 0 0
91 0.12 0.01 10.6 6.0
92 0.16 0.02 17.6 9.0
93 0.27 0.05 24.5 16.0
94 0.40 0.04 41.6 22.0
95 0.57 0.03 48.3 30.0
96 0.79 0.15 68.1 47.0
97 0.85 0.31 74.6 58.0
98 0.87 0.42 81.0 64.5
99 0.95 0.61 90.6 78.0
100 1.00 1.00 100 100
101 0 0 0 0
102 0.14 0 10.6 7
103 0.33 0.03 26.3 16.5
104 0.48 0.13 41.6 30.5
105 0.61 0.18 51.6 39.5
106 0.71 0.32 61.6 51.5
107 0.78 0.44 68.9 61
108 0.86 0.53 76.2 69.5
109 0.87 0.69 83.4 78
110 0.97 0.81 90.6 89
111 | 1 100 100

Probably one of the most interesting aspects of these systems is the difference in
structural architecture of 90—111 as a function of the Se:S ratio. There are three structure types
based on the same U-bearing infinite chains and pseudo-layers linked through M*'-centered
polyhedra. The difference between the structure types is in the stacking sequence of the layers
(Fig. 3.21a,c,d), which may be considered as polytypes (Guinier et al., 1984), though technically
the phases have different compositions. The phenomenon of polytypism is well known and has

been studied in details for clay minerals (Grathoff and Moore, 1996; Brindley, 1988), micas
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Figure 3.21. The crystal structures of compounds 90-92 (a, b), 93-96, 101-105, 112 and
113 (c, d) and 97-100, 106-110 and 114 (e, f). Legend: see Fig. 3.20; M*" octahedra = blue;

dashed green line = mutual arrangement of the TO, tetrahedra illustrating polytypism.
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(Kotelnikova et al., 1973; Punin and Kotelnikova, 1983), layered double hydroxides (Bookin and
Drits, 1993; Mills et al., 2012; Zhitova et al., 2018), silicon carbides (Bechstedt et al., 1997), etc.
According to the existing nomenclature, the structures of 90-92 could be regarded as belonging
to the 1M polytype (single layered monoclinic structure with the ---A—A—A--- sequence); the
structures of 93-96, 101-105, 112 and 113 as belonging to the 20 polytype (double layered
orthorhombic structure with the ---A-B—A-B--- sequence, where the B and A layers are rotated
relative to each other by 180°); and the structures of 97-100, 106—-110 and 114 as belong to the
2M polytype (double layered monoclinic structure with the --- A—A’—A—A’--- sequence, where
the A and A’ layers are shifted relative to each other by ca. b/3).

The refinement of the T°" sites occupancies in the structures of 90-111 verifies the
selectivity of the Se-for-S substitution (Table 3.11; Figs. S3.1, S3.2). In the structures of 90-111,
there are two T sites with different next-neighbour local coordination: one is 2-connected (T1,
having two oxygen atoms common with adjacent Ur bipyramids) and one is 4-connected (T2,
having two oxygen atoms common with adjacent Ur bipyramids and another two oxygen atoms
shared with the M*"-centered octahedra). The occupancy (Or) of the 2-connected T1 site is
nearly directly dependent on the amount of S®" and Se®" atoms in the solution (Table 3.11; Figs.
S3.1a, S3.2a). The dependence is very close to linear (R* = 0.98), but is slightly better defined by
the 2“d-degree polynomial function. Another dependence is found for the T2 site (Figs. S3.1a,
S3.2a), which is more constrained, being 4-connected with adjacent two U and two Mg
polyhedra. This makes Se incorporation into the T2 site less easy. Throughout the 91-99 and
102-110 intervals, Se much less accommodates the T2 site than its content in the solution. The
occupancy of the T2 site could be approximated by the exponential function (Figs. S3.1, S3.2).

It is seen from the correlation graph of the Se:S ratio in the mother solution vs. the Se:S
ratio in the crystalline phase within Mg-bearing system (90—-100) that two regions of essentially
uneven dependencies between the chemical composition of crystalline phases and solutions
separated by the transitional region, where the distribution is almost equal (Fig. 3.22). It should
be also noted that, for the K- and Cs-bearing systems (Gurzhiy et al., 2016b, 2017b), changes in
structural architecture or some discontinuity of the unit-cell parameters dependence to the
variation of Se/S content in the solution were observed at around 60 and 67%, respectively. It
can be seen from Figure 3.22, there is a phase transition range between 68 and 74%, which again
points to the importance of the above mentioned interval.

Unlike the Mg-bearing mixed uranyl sulfate-selenates (Gurzhiy et al., 2019b) that
crystallize in three various structure types, the Ni-bearing uranyl sulfate-selenates crystallize in

two space groups, Pmn2; and P2,/c, depending upon the Se amount (Fig. 3.23). Comparison of
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Figure 3.22. Correlation plot of the Se:S ratio in the mother solution and in the resulted
crystal structures for the compounds 90—-100. Legend: following from left to right; blue rhombs =
compounds 90-92, dark red squares = compounds 93-96, green triangles = compounds 97-100;
black lines = trends for each group of compounds, red line = overall polynomial trend,

correlation coefficients for each dataset are equal 0.99.

Figure 3.23. Correlation plot of the Se:S ratio in the mother solution and the crystal
structures for 101-111. Legend: Following from left to right; blue rhombs = compounds 101-
105, red squares = compounds 106-111; black lines = trends for each group of compounds.

Correlation coefficients for each data set are equal to 0.99.
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the graphs represented on the Figures 3.22 and 3.23, demonstrate that the rates of Se
incorporation from solutions into the crystal structures of Mg-bearing uranyl compounds is
slightly lower than that for the Ni-bearing sulfate-selenates.

It is of special interest that both pure S (90) and Se (100) phases in Mg-bearing
compounds are monoclinic, and morphotropy transition to the orthorhombic modification occurs
with the variation in the Se:S ratio. The similar mechanism was described, for instance, for the
solid solution series in paraffins (Filatov et al., 1989; Filatov and Kotelnikova, 1993;
Chazhengina et al., 1996). For the triclinic end members (Cy0H4, and CyHyg), isomorphism is
very limited and isomorphic miscibility occurs from both sides of the CyoH4, — CioHae solid
solution series, resulting in the crystallization of the orthorhombic phase. In the case of paraffins
such symmetry breaking happens due to the rather significant difference in the lengths of
aliphatic chains. The noticeable content of admixed paraffin molecules in the compact triclinic
phase causes appearance of local strains and defects, which in turn results in its transformation
into a less compact orthorhombic solid solution. Although in our case substitution occurs only in
two sites, one of which (T2) is much less responsive to compositional variations, it is likely that
alteration of the (T104) tetrahedra volume acts similarly: changes in tetrahedral volume became
crucial for both monoclinic structures, following by the transition of the solid solution into a
more stable orthorhombic phase. In the case of compounds 9092, the increase of Se content
makes “head-to-tail” arrangement of the (T104) in the neighboring layers too tight and results in
the rotation of tetrahedra in each second layer into “head-to-head” or “tail-to-tail” geometry. In
the case of compounds 97-100, the reduction of the Se content makes the shifted arrangement of
T1 sites too vacant, so the structural architecture transforms into a more appropriate form of 93—
96.

Complexity calculations (Table 3.12) show that the crystal structures of 90—92 should be
described as intermediate, while the structures of 93—114 are regarded as complex. It should be
noted that the structures of 90-92 and 97-100, 106-110 and 114 have the same information
content per atom, since they crystallize in monoclinic space groups and atoms occupy sites of the
same multiplicity, but the information content per unit cell is two times higher for the latter
group of compounds due to the twice larger cell volume, and thus the double number of

crystallographic orbits (or number of atoms per unit cell).
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Table 3.12. Information-based structural complexity parameters for the crystalline phases

90-114.

Compound Sp. Gr. Vv g, bits/atom |G total, bits/cell
Structural complexity of 90-92 P2, 58 4.858 281.763
Structural complexity of 93-96,

Pmn2, 120 5.074 608.827
101-105, 112 and 113
Structural complexity of 97-100,

P2,/c 116 4.858 563.526
106-110 and 114
Topological complexity of the
UT chain in 90 — 114 (Gurzhiy et

Sbmm 32 2.875 92.000

al.,, 2017a, 2019a; Gurzhiy and
Plasil, 2019)

The general trend in evolution of crystallization was recently summarized as follows:
topologicaly more complex structures form at the latest crystallization stages. Thus, the higher
complexity of the intermediate modification seems quite reasonable. Both pure S and Se end
members have the same information content, and their formation is equally likely for their
compositions, whereas mixed phase prefers orthorhombic architecture. This is also confirmed by
our further investigations: after 2-3 months, individual crystals of the orthorhombic phase were
found in the experiments of 92 and 97, which indicates the process of recrystallization in to a
more stable modification. In this light, recent discovery of the novel uranyl sulfate mineral
rietveldite, Fe[(UO;)(SO4).(H20)](H20)s (Kampf et al., 2017d), looks quite intriguing.
Rietveldite crystallizes in the intermediate orthorhombic structure type. Such breaking from the
monoclinic sulfate type is probably caused by the reduction of octahedral site volume and,
therefore, is following by the same convergence of the layers as in the case of Se-for-S
substitution. On the other hand, one could expect discovery of the novel mineral species or
technogenic mineral phases with the same or close composition but with the structural

architecture, more typical to sulfate compounds.
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General principles of Se-for-S substitution in the Structures of Actinide-bearing
compounds

The results of phase formation studies in the K'-bearing system reveal a rather
complicated evolution of the structure and composition of crystalline depending upon the
changing Se:S ratio (Gurzhiy et al., 2016b). First of all, the absence of a continuous solid
solution should be noted, along with the absence of isotypic sulfates and selenates, which
demonstrated that there are crystal-chemical restrictions on the incorporation of Se into the
sulfate-containing uranyl compounds. A general description of the basic evolutionary trends may
be outlined as follows. In the pure selenate system and for the first phases 60—63, the U:T ratio
(T =S, Se) in the solution and the solid state are equal (2:3). The topology of the uranyl selenate-
sulfate layer (Fig. 3.5a) is rather dense and contains tridentate TO4 tetrahedra only. This topology
is very common for uranyl selenates, but has very rarely been observed in uranyl sulfates. Due to
the difference between the ionic sizes of the Se®* and S ions, the SOy tetrahedra are essentially
smaller than SeO, tetrahedra, and their incorporation into the layer topology with tridentate
tetrahedra results in the high charge and atomic density of the layer, which most likely make it
unstable. This results in the stabilization of the layer topology with bidentate tetrahedra only
(phases 64—67; Fig. 3.5b). However, this means that the U:T compositions of the solution and the
solid phase differ considerably (2:3 and 1:2, respectively, i.e. the solution becomes U-enriched).
In order to decrease the difference, composition and topology of the crystalline solids changes
again to that of the phases 69—74. For these compounds, the U:T ratio equals 6:11, whereas the
layer topology contains both bidentate and tridentate tetrahedra with the Se®” preference for the
latter. However, the remarkable feature of the structures of 69—74 is that the layer itself has the
U:T ratio of 3:5, whereas there is an additional T site not bonded to U, located in the interlayer
space and occupied almost solely by S®.

The occurrence of the phase 68 deserves special attention. It was found in a very small
amount (as few crystals only), which, along with its unusually high structural complexity points
out at its possible transitional or even metastable character. The topology of the uranyl-based
layers in the crystal structure of 68 is very complex and contains tridentate tetrahedra only,
which represent rather stressed configurations for the incorporation of S°* cations instead of Se®".
As a result, the layers are strongly modulated with the large identity period of 57.399 A. It has
been recently observed that very complex structures with giant periods may form as transitional
architectures between phases with relatively small structural information amounts (Kovrugin et

al., 2015). Therefore we suggest that the phase 68 crystallizes as a transitional state between
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different ‘stable’ states of the system exemplified by the 60—63, 64—-67 and 69—74 series of
phases.

Cs-bearing uranyl oxysalts represent the solid solution series with variable content of
sulfur and selenium (Gurzhiy et al., 2017b). First, no immiscibility is observed between the pure
sulfate and selenate compounds. When passing from the sulfate to selenate, shape of crystals
undergo alterations, although their structure remains unchanged. Evolution of structure types
have been detected for the pure selenate system. Unfortunately, such a phase evolution had not
been observed in other synthetic experiments, which probably indicates the transience of process
and the necessity of its monitoring under much higher magnification. On the other hand,
analysing the structure of 84, it becomes clear why this structural type has been detected exactly
in pure selenate system instead of sulfate or mixed ones. The [TO4]* groups in 84 are 2-
connected (Fig. 3.11c), and such arrangement is highly preferable by larger Se®” cations as it was
shown in (Gurzhiy et al., 2016b). The study of 75-83 shows clearly a preference of S°" to more
tightly bonded positions.

Thus, it is the second example of mixed uranyl sulfate-selenates system with alkaline
cations (for K* see (Gurzhiy et al., 2016b)), that demonstrate highly complicated process of Se-
for-S selective substitution, which is certainly playing an important role in the natural processes
associated with the formation of uranyl sulfates.

Crystal chemical review and properties of probably the most exceptional family of
actinyl-bearing isotypic compounds Cs;[(AnO;)2(TO4)3] (where An = U, Np and T = S, Se, Cr,
Mo) reveal quite interesting tendency. This is the only known to date example of structural type
preservation with such a large diversity in chemical composition among the U-bearing
compounds. Vertex-sharing way of the polyhedral linkage leaves great opportunity for the
structure to reflect the substitution in the oxyanion or actinyl-ion parts. However, the
conservation of the structural motif doesn’t mean the maintaining of chemical and physical
properties. In the absence of definite dependencies between the angles at the bridged O atoms or
volume of An and T polyhedra, which are usually regarded as the most sensitive structural
fragments, the coordination of cesium atoms remains the only significant factor. Alteration in the
oxyanion composition of the An-bearing layers results in change of the Cs' cations local
environment, which in turn leads to the increase of its influence on the layered substructural
units and on the stability of the structure itself. Such substitution mechanisms could be regarded
as an interesting and valuable example of the chemical composition selection for the preparation

of compounds with the desired properties.
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There are three known structure types for the M* [(UO,)(TO4)2(H20)](H20)4 (M*" = Mg,
Mn, Fe, Co, Ni and Zn; T°" =S, Se) family of compounds based upon the topologically same U-
bearing infinite chains, arrangement of which can be described in terms of polytypism. The
Mg**-bearing compounds, with the increase of Se content in the structure, crystallize in all three
types starting from the 1M polytype (pure uranyl sulfate, 90), through 20 (uranyl mixed sulfate-
selenate) to the 2M polytype (pure uranyl selenate, 100). It was suggested (Gurzhiy et al., 2019b)
that the changes in tetrahedral volume results in the transition of both end-member phases to a
more stable orthorhombic modification. At the same time, pure Ni-bearing uranyl sulfate (101)
crystallizes as a 20 polytype, and the Ni-bearing pure uranyl selenate (111) as a 2M polytype. In
addition, Zn-bearing pure uranyl sulfate (112) also crystallizes as a 20 polytype. The difference
between the 1M and 20 polytypes is in the rotation of the (T104)* tetrahedra in the adjacent
pseudo-layers: “head-to-tail” or “head-to-head” geometry for the 1M and 20 polytypes,
respectively. The obvious explanation of such transition between two polytypes in the Mg-
bearing system is the Se-for-S substitution at the T1 site (since the T2 site is less responsive to
compositional variations). However, this assumption has come under question during the
comparison of the Se distribution at the T1 site within the Mg- and Ni-bearing phases: the
dynamics of the Se distribution is the same in both series of compound. Thus, it can be assumed
that not only the size of tetrahedral oxyanion, but the radii of divalent M*" metal cations (M = Ni,

Mg, Zn, Co, Fe, Mn) are responsible for the crystallization of particular polytypes (Table 3.13).

Table 3.13. Crystallographic Parameters of the M*"-bearing uranyl sulfates and selenates
of the M*[(UO,)(TO4)2(H20)](H20)4 family of compounds 90-114.

Compound SG a, A b, A A B° M <M-0>,
cation A
radii

Sulfates

Ni[(UO,)(SO4)>(H,0)](H,0), (101) Pmn2, 12.751 8309 11.293 90 0.690 2.053

Mg[(UO,)(SO4)-(H,0)](H,0)4 (90) P2, 6.388 11.304 8231 90345 0.720  2.058

Zn[(UO,)(SO.)»(H,0)](H,0), (112) Pmn2, 12.869 8282 11.292 90 0.740  2.096

Co[(UO,)(S04),(H,0)](H,0)4 (113) Pmn2, 12920 8299 11.296 90 0.745  2.087

Fe[(UO,)(SO4),(H,0)](H,0), [1] Pmn2, 12958 8318 11.297 90 0.780  2.114

Mn[(UO,)(SO,)»(H,0)](H,0)4 (114) P2, 6.511 11.383 8344 90.773 0.830 2.179
Selenates

Ni[(UO,)(Se04),(H,0)](H,0), (111) P2,/c  8.391 11.565 13.121 93.533 0.690 2.046
Mg[(UO,)(Se04)2(H,0)](H,0)4 (100)  P2,/c 8469 11.641 13.190 91.217 0.720 2.060
Zn[(UO,)(Se04),(H,0)](H,0)4 [2] P2,/c 8449 11.586 13.240 92382 0.740 2.096
[1]—Kampf et al., 2017d; [2] - Krivovichev and Kahlenberg, 2005b.

As we have found for the Mg -bearing series (Gurzhiy et al., 2019b), the increase of the

Se amount in the T1 site makes a “head-to-tail” arrangement too tight and results in the rotation
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of tetrahedra of each second layer into a “head-to-head” geometry. The alteration of the M**
cation radii should obviously affect the structure formation as well. With the passage of time
(after 2-3 moths) individual crystals of orthorhombic Mg* -phases were found in the
experiments with the 1M and 2M polytypes, which allows to suggest that the orthorhombic
modification is the most stable polytype among all three modifications, keeping in mind
variations of chemical composition.

The crystallization of pure Ni-bearing uranyl sulfate took a time interval comparable to
the Mg system. The multiple repetition of the experiment revealed the absence of the crystals of
the 1M polytype. Thus, it can be assumed that the introduction of the smallest Ni*" cations from
the row Ni, Mg, Zn, Co, Fe, Mn into the system works similarly to the incorporation of Se
atoms: the lower the ionic radii, the more tight the arrangement of tetrahedral oxyanions appears
to be. The larger Mg®" ions shift the pseudo-layered complexes, allowing crystallization of the
tightest 1M polytype structures.

The crystallization of the 1M polytype in the Zn-uranyl-sulfate system was not detected.
It can be assumed that this phase is metastable at the studied conditions, at least to form visible
crystals. It is likely that, prior to the formation of large and stable crystals of the 20 polytype,
system needs stabilization, which takes several weeks. The structure of the Fe-bearing uranyl
sulfate phase was determined from the natural sample of mineral rietveldite (Kampf et al.,
2017d). In the structure of rietveldite, the Fe*" cations occupy M** sites along with Zn*", Mn*"
and Mg”" (with ~ 0.8 portion accounted for Fe’"), which makes the direct comparison less
obvious. However, these findings do not contradict the theory of structural evolution within the
M [(UO,)(T* 04)2(H,0)](H20),4 family of compounds: the crystallization of metastable 1M
polytype, which is hard to obtain even under laboratory condition, is much less expected to be
found in nature. The only point deviating from the trend is the Mn-bearing uranyl sulfate, which
was described as a 1M polytype (Alekseev et al., 2005). According to the synthetic experiment
reported by Tabachenko et al. (Tabachenko et al., 1979), these crystals were obtained from an
aqueous solution of uranyl and manganese sulfates, which the increase the pH to 2.5-3.0 in
contrast to 0—1.0 in our systems. In order to reveal the role of pH in the crystallization in these
systems, we have conducted synthetic experiments with uranyl nitrate and respective sulfate salts
of various M*" metals. The powder XRD analyses have shown that crystallization starts with the
same polytypes that were detected under more acidic conditions: i.e. the Mg-bearing uranyl
sulfate crystallizes in a 1M polytype, while the Ni-, Zn- and Co-bearing compounds grow as 20
polytypes, though the crystal growth starts much faster at the higher pH values (1-2 days vs. 2-3

weeks).
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It can be suggested that the increase of the pH of initial solution creates more appropriate
conditions for the M*"[(UO,)(SO4)2(H20)](H20)4 phase formation with M?*" cation radii larger
than 0.72 A. It can be assumed that rietveldite most likely was grown from the solutions with pH
of 2-4. Moreover, the results of our experimental work have shown that the structural
architecture and crystallization of particular polytypes within the family of
M2+[(U02)(T6+O4)2(H20)](H20)4 (M = Mg, Mn, Fe, Co, Ni and Zn; T =8, Se) compounds is
governed by the interplay of the ionic radii of M*" and T°" cations, while pH of the initial
solution affects the rate of crystallization.

Thus, it can be summarized that these examples show obvious crystal-chemical
restrictions on the incorporation of Se into the sulfate-bearing uranyl compounds, and general
principles can be formulated as following: (a) smaller S®* cations tend to incorporate themselves
into more tightly bonded arrangements than the larger Se®" cations; (b) the interlayer species are
preferentially occupied by S° cations; (c) incorporation of Se®" ions may leads to the formation
of new structural topologies and changes in the general structural architecture (in particular,

polytypic transformations).
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3.2. Organically Templated Uranyl compounds

Mixed organic-inorganic compounds are of interest due to the combination in the same
compound of organic and inorganic substructures with their specific structure and properties.
The important problem is the nature of synergetic interactions between organic and inorganic
components. From this point of view, uranyl compounds are of special interest due to their
unique crystal chemistry. Over the past 20 years several hundreds of U®-containing compounds
have been reported with structures based upon the complexes of uranyl ions linked via oxygen
atoms to high-valent cations such as P*", P>", V°*, As”", S°", Cr", Se*', S, Mo, etc., and
separated by organic molecules of different shape and charge (Burns and Finch, 1999; Burns and
Sigmon, 2013; Krivovichev et al., 2007a, 2007b, 2011; Krivovichev, 2013b). Careful analysis of
structural architectures of these compounds has revealed a number of fundamental prinsiples
describing interactions between organic and inorganic substructures. Exploration of novel
structures largely confirms the proposed rules, but subtle details can still be found in a particular

chemical system.

The Principle of Hydrophilic and Hydrophobic Zones

During investigations of phase formation in the aqueous uranyl selenate and uranyl
sulfate systems with a simple heterocyclic ring system, azetidine, three novel uranyl compounds
templated by azetidinium molecules and its derivatives have been obtained (Gurzhiy et al.,
2018a): (C3HsN),[(UO2)2(Se04)3(H20)] (115), (CsHisN2)[(UO2)2(Se04)3(H,0)](H20) (116) and
(C6H16N2)(Hs502)[(UO2)2(S04)3(HSO4)] (117). The unit-cell parameters for 115-117 are reported
in Table S3.4.

Single crystals of 115 and 116 have been prepared by evaporation from aqueous solutions
of 0.1 g (0.2 mmol) of uranyl nitrate, 0.2 ml (3.8 mmol) of selenic acid, 0.01 ml (0.15 mmol) of
azetidine in 2 ml of deionized water. Single crystals of 117 have been prepared by evaporation
from aqueous solution containing 0.1 g (0.2 mmol) of uranyl nitrate, 0.2 ml (3.7 mmol) of
sulphuric acid, 0.01 ml (0.15 mmol) of azetidine in 2 ml of deionized water. For the synthesis of
115, a newly obtained azetidine reagent have been used, whereas compounds 116 and 117 have
been synthesized using azetidine reagent from storage (~1 year).

The U and Se coordination polyhedra in 115 polymerize by sharing common O atoms to
form two-dimensional uranyl selenate [(UO,)2(SeO4)3(H,0)]* anionic layers (Fig. 3.24a)

arranged parallel to (001). Two protonated azetidine cations [C3HsN]" are arranged between the
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Figure 3.24. Uranyl selenate layer in the structures of 115 and 116 (a), its graphical
representation (b); location of the interlayer species in the structures of 115 (c) and 116 (d)
relative to the black-and-white graph of the inorganic layer. Legend: U polyhedra = yellow; Se
polyhedra = orange; C, N and O atoms are white, blue and red, respectively; hydrogen atoms are

small grey circles; black nodes = U atoms, white nodes = Se atoms.

layered complexes and provide their linkage into a three-dimensional structure. Uranyl selenate
layers the structure of 115 (Fig. 3.24b) belongs to the cc2-2:3—4 type (graph is built of large six-
membered rings share edges to form infinite chains separated by highly dense chains of four-
membered rings), which is quite common in the crystal chemistry of U®" and has been observed

before in organically templated uranyl compounds, for examples see (Krivovichev et al., 2009a).
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Linkage of the U and Se coordination polyhedra in the structure of 116 results in the
[(UO1)2(Se04)3(H,0)]* layers formation (Fig. 3.24a) arranged parallel to (001). One protonated
l-azetidinepropanamine molecule and one H>O molecule are in between the uranyl selenate
layers. The topology of 2D uranyl selenate units in the structure of 116 belongs to the same cc2—
2:3—4 type as the layers in 115 (Fig. 3.24b). Moreover, the uranyl selenate layers in 115 and 116
belongs to the same geometrical isomer (the same system of up or down orientations of three-
connected tetrahedra relative to the plane of the layer) (Krivovichev and Burns, 2003a; Gurzhiy
et al., 2015a).

The linkage of the U and S coordination polyhedra in the structure of 117 results in the
formation of the [(UO,)»(SO4)3(HSO4)]> layers (Fig. 3.25a) oriented parallel to (101). There are
four S®" positions in the structure of 117 tetrahedrally coordinated by four O* atoms each [<S—
O> = 1.47 A for all S sites]. There is one elongated bond S4 — 020 = 1.510(3) A within all four
tetrahedra, which is the result of protonation of the O20 site. The asymmetric geometry of
[HSY'0,4] sulphate tetrahedra for protonated groups is typical and have been observed in the
structures of inorganic compounds as Mg(HSOy),'(H,O) (Worzala et al., 1991),
Zn(HSO4)2(H2S04),, CAd(HSO4), (Kemnitz et al., 1991), as well as in the structure of organically
templated uranyl sulfate (CsH;sN3)[(UO;)2(H20)(SO4)3(HSO4)](H20)45 (Norquist et al., 2003c).
Protonation of the tetrahedral complexes in uranyl-containing compounds is much more common
for uranyl selenites and uranyl selenates (Almond and Albrecht-Schmitt, 2002a; Gurzhiy et al.,
2015a, 2015b) than for sulfates. The negative charge of the layers in 117 is compensated by
protonated 1-azetidinepropanamine molecules and Zundel cations arranged in the interlayer
space. Appearance of protonated water molecules as (H30)™ or (HsO,)" is common for the
structures of uranyl compounds growing under highly acidic conditions (pH ~ 0-1) and usually
occurs at the latest stage of crystallization (Gurzhiy et al., 2015a, 2016a). The topology of the
uranyl sulfate layers in the structure of 117 belongs to the cc2—1:2—-13 type (Fig. 3.25b). The
graph of the layer is built by highly condensed chains of 4-membered cycles alternating with
hollow 12-membered rings. Topology is novel for uranyl sulfates but has been observed
previously in the structure of (Ci2H30N2)3(H30)2[(UO2)4(SeO4)s](H20)s (Krivovichev et al.,
2005b) templated by protonated 1,12-diaminododecane molecules.

Arrangement of the protonated azetidine (in 115) and 1-azetidinepropanamine (in 116
and 117) molecules is governed by the principle of hydrophilic and hydrophobic zones
(Krivovichev et al., 2006b, 2009a), which can be summarized as follows: aliphatic components
of the amine molecules associate with the large (6- and 12-membered) rings of the graph,

whereas hydrophilic amine groups associate with dense (4-membered) rings. Arrangement of the
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Figure 3.25. Uranyl selenate layer in the structure of 117 (a), its graphical representation
(b); location of the interlayer species in the structures of 117 (c) relative to the black-and-white

graph of the inorganic layer. Legend: see Fig. 3.24.
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azetidinium molecules in the structure of 115 occurs according to this rule (Fig. 3.24c), wherein
the organic molecules from the interlayer space of the structures 116 and 117 are complemented
with water molecules (Fig. 3.24d) and Zundel cations (Fig. 3.25¢).

The proximity of the unit-cell parameters of the crystal structures 115 and 116 as well as
the identity of the uranyl selenate layer topologies indicates a close role of organic molecules in
the formation of crystal structures, even despite the size differences. As a derivative of azetidine,
the 1-azetidinepropanamine molecules inherit some similarities in their structure. However,
hydrogen bonding net changes significantly: two bonding centers (N atoms) making two H
bonds each in 115 vs. two N atoms, making three and one H bonds in 116. Different linking
geometry of molecules should result in different inorganic layers architecture, which
nevertheless does not happen. From the arrangement of molecules along the b axis, it becomes
obvious that N atoms in the structures of 115 and 116 occupy almost the same positions
maintaining the N1-N2 distance [4.180(14) and 4.279(8) A, in 115 and 116, respectively],
whereas arrangements of hydrocarbon fragments remain suitable for the association with 6-
membered rings. Voids in the organic layer remaining after the imagined azetidine — 1-

azetidinepropanamine alteration are filled with additional H,O molecules (Fig. 3.26).

Figure 3.26. Scheme of azetidine molecules alteration (a); superposition of azetidine and

1-azetidinepropanamine molecules in the structures of 115 and 116, respectively (b).

Formation of significantly different topology of the uranyl sulfate layer in the structure of
117 more likely follows from the inclusion of larger in size than H,O and positively charged
(HsO,)" molecules in the interlayer space that stretches the propanamine ‘tail’ [NI-N2 =
4.922(1) A] and shifts the neighboring molecules (Fig. 3.25c¢).

Compounds 116 and 117 should be regarded as the first structurally characterized

examples of crystalline materials with isolated 1-azetidinopropanamine dications. Arrangement
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of azetidinium (in 115) and 1-azetidinopropanamine (in 116 and 117) cations in between the
uranyl selenate and uranyl sulfate layers is governed by the principle of hydrophilic and
hydrophobic zones (Krivovichev et al., 2006b, 2009a). Additional water molecules do not affect
the topological changes and even help to constrain more simple topology (compounds 115 and
116), whereas protonated Zundel cations (compound 117) saturate the interlayer space with H-
bonding centers and thus cause the alteration of the uranyl sulfate layer topology.

It should be noted that similar mechanisms of organic molecules and U-bearing layers
interaction, which follow the principle of hydrophilic and hydrophobic zones, have been
observed previously in compounds with various organic cations: methylamine (Kovrugin et al.,
2012b), diethylamine, diethylenetriamine (Gurzhiy et al., 2015a), choline (Tyumentseva et al.,
2013), etc.

Figure 3.27. Uranyl-selenate layer in the structure of 118 (a) and the graph of this layer
(b) overlaid with the protonated 1-butylamine molecules (the dashed line indicates the
hydrocarbon parts of the molecules) and the Zundel cations (shown as red circles). Legend: see

Fig. 3.24.

Thus, the crystal structure of (CH3(CH;);NH3)(Hs02)[(UO2)2(Se04)3(H,0)] (118) (Tab.
S3.5) is based on the layered complexes of [(UO)2(SeO4)3(H20)]*” composition that are built by
the combination via bridged O atoms of U- and Se-centered polyhedra, and which are arranged
parallel to (100) plane (Gurzhiy et al., 2012b). The negative charge of the U-bearing layers is
compensated by protonated molecules of 1-butylamine and the Zundel cations (Hs0,)" located in
the interlayer space. Uranyl-selenate layer in the structurre of 118 belongs to the cc2-2:3—-10
type (Fig. 3.27). Hydrocarbon fragments of the organic molecules form a hydrophobic zone
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arranged along the b axis, while the hydrophilic NH; terminal groups are associated with the
Zundel cations and form the zones elongated in the same direction. When comparing the graph
of the inorganic layer and the packing of organic molecules, it becomes apparent that chains of
six-membered rings within the inorganic layer are also arranged along the b axis, and their
location corresponds to the location of hydrophobic zones. At the same time, the hydrophilic

zones of interlayer packing are associated with the set of the dense 4-membered rings.

Symmetry Reduction of Uranyl Compounds Induced by the H-bond Interactions

Single crystals of guanidinium uranyl selenate [CHgN3]o[(UO2)2(SeO4)3] (119) and
methylammonium uranyl sulfate [CH3NH;]2[(UO3)2(SO4)3] (120) have been prepared from
aqueous solutions by evaporation under room-temperature conditions (Tab. S3.6). The crystal
structures of 119 and 120 (Gurzhiy et al., 2014c) are based upon the [(UO,)»(TO4);]* uranyl
selenate (119) or sulfate (120) layers formed by linkage of U and respective T coordination
polyhedra via common O atoms. The charge of the [(UOL)x(TO4)s > inorganic layer is
compensated by organic cations arranged in the interlayer space that link adjacent uranyl-bearing
layers through the system of H-bonds. Such type of arrangement is quite common for hybrid
organic-inorganic uranyl compounds (Krivovichev et al., 2009a, 2009b, 2010, 2011; Gurzhiy et
al., 2010). The linkage topology of the U and T coordination polyhedra corresponds to the cc2-
2:3-14 type. This topological type of heteropolyhedral units was discussed in tedails in the
Chapter 3.1.

An interesting fact is that all the compounds that possess the cc2-2:3-14 topological type,
except for (CH3NH3)2[(UO2)2(SeOs)s] (Kovrugin et al., 2012b), crystallize in tetragonal or
orthorhombic space groups. Crystal structure of 119 is monoclinic, whereas the symmetry of
heavy atoms — U and Se — correspond to the P2;2,2 space group (it is noteworthy that
[(NPO2)2(S04)2(H2S04)](H20)4 (Alcock et al., 1982) has the same orthorhombic symmetry). The
structure of 119 was refined in P2,2,2 space group as well, but the crystallographic data
appeared to be much worse in comparison to the original refinement (Tab. S3.6): R; (|F,| > 40F)
= 10.29; Rint = 15.77; Pmin, Pmax = —8.175, 6.268 e/A3; there are 22 of h0O and OkO type
reflections with 2n+1 values. The guanidinium molecules are arranged in the interlayer space
and are highly ordered as well. The orthorhombic symmetry is violated due to the tilting of
selenate tetrahedra (Fig. 3.28) that correspond to the shift of the O atoms from the ideal location
towards protonated amine groups of guanidine molecules, with which they form a moderate H-

bonds.
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Figure 3.28. Scheme of the selenate tetrahedra tilting under the hydrogen bonding with
guanidinium molecules in the structure of 119 (a), and an implication of guanidinium cations
over the black-and-white graph of the inorganic layer (b). Legend: U atoms = yellow; S atoms =
orange; O atoms = red; N atoms = blue; C atoms = white; H atoms = small light-grey spheres; H
bonds = dashed lines; flags “O in P2” and “O in P2,2,2” indicate the position of oxygen atoms at

structure refinement in P2 and P2,2,2 space groups, respectively.

Another case was found in the structure of [CH3NH;]2[(UO;)2(SO4)3] (120). The total
structure of 120 has low triclinic symmetry, whereas positions of the U and S atoms could be
refined in the higher monoclinic group P2;. Oxygen atoms of uranyl cations and non-bridging O
atoms of sulfate tetrahedra are highly ordered and correspond to the P2; and P2/c space groups,
respectively. In contrast, positions of carbon atoms of the methylammonium molecules obey the
Pm symmetry. The structure of 120 was also refined in P2, space group, and as it was found for
the structure of 119, crystallographic data became much worse in comparison to the original
refinement (Tab. S3.6): Ry (|Fo| > 40g) = 9.01; Rint = 12.96; Prmin, Pmax = —10.580, 12.759 e/A%;
there are 23 of OkO type reflections with 2n+1 values. Reduction of symmetry from monoclinic
to triclinic is governed by the mutual shifts of the U-Se bridging O atoms and N atoms of the
organic molecules towards each other due to the formation of weak hydrogen bonds (Fig. 3.29).

It is worthy to note that compound 120 is isotypic to the recently described uranyl
selenate (CH3NH3)2[(UO,)2(Se0s)s] (Kovrugin et al., 2012b) that was refined in the P2, space
group.

In general, the maximal layer symmetry group of the [(AO,)»(TO4);]* layers (A = U, Np;
T =S, Se, Mo) in actinyl oxysalts is p-42;m. The crystal structures of 119 and 120 show that
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even weak hydrogen-bond interactions between O atoms of uranyl-based inorganic units and
amine headgroups of organic cations may have a profound influence upon the symmetry of the
whole structure. Despite the fact that, in this particular case, the topology of the structure is not
controlled by organic molecules, interactions between organic complexes and inorganic layers
result in significant symmetry reduction, which was not observed in purely inorganic materials

(Gurzhiy et al., 2017b; Kornyakov et al., 2019).

Figure 3.29. Superposition of uranyl sulfate layers refined in P1 (O atoms = red) and P2,
(O atoms = dark grey) space groups in the structure of 120. Legend: see Fig. 3.28; S atoms =

orange.

Complex Organic Cations for Complex Topologies in Uranyl Compounds

The unique diversity of uranyl sulfates and selenates materials can be explained by the
high topological and structural adaptability of uranyl-based structural units to the charge and
shape of organic and/or inorganic complexes that compensate for the negative charge of the
uranyl complexes. Due to the small energetic differences between distinct topologies with the

same overall composition, the structures of uranyl-based units may adapt to a particular template
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through topological and geometrical variations, thus demonstrating considerable structural
flexibility. The interesting problem that appears in this regard is how complexity of a particular
topological structure is related to the shape and complexity of templating ions.

Single crystals of two novel uranyl sulfates and two novel uranyl selenates with
protonated cyclen and 3-aminotropane molecules, ((CgH24N4)[(UO,)3(SO4)s](H20)s (121),
(CsH24N4)(Hs02)(H30)[(UO2)4(Se04)7(H20)](H20)6.6 (122),
(CsH1sN2)(Hs0,)(H30)[(UO2)3(SO4)s(H.0)J(H20)0.5 (123), and
(CgH sN2)(Hs0,)(H30)[(UO,)3(Se0Os4)s (H,0)](H,0), (124) have been prepared by isothermal
evaporation from aqueous solutions (Gurzhiy et al., 2018b). In both series of synthetic
experiments all reagents were taken in similar molar proportions. The yellowish-green flattened
crystals of 121 formed in couple days; crystals of 122 formed in three weeks; crystals of 123 and
124 formed in two months. The unit-cell and refinement parameters for 121-124 are reported in
Table S3.6.

The U and S coordination polyhedra in the structure of 121 polymerize to form two-
dimensional uranyl sulfate [(UO,)3(SO4)s]* anionic layers (Fig. 3.30) arranged parallel to (010).
One protonated cyclen cation [CgH24N4]4Jr along with three additional water molecules are
arranged between the layered complexes, compensating their negative charge and providing their
linkage into a three-dimensional structure. The topology of the uranyl sulfate layers in the
structure of 121 belongs to the cc2—-3:5—1 type. The graph is built of 6- and 4-membered cycles.
Arrangement of the 6-membered rings corresponds to the closest packing of spheres, where each
6-membered ring has six neighbors within the layer and the space between the rings is filled by
the edge-sharing 4-membered cycles. This topological type is rather rare and has been observed
in the structures of several as pure inorganic as organically templated actinyl compounds with
various tetrahedral oxyanions: [C3H2N>](H30)2[(UO,)3(MoQy)s] (Halasyamani et al., 1999),
Nag[(Np” 02)2(Np* 02)(M00,4)s](H,0) 13 (Grigor’ev et al., 2003), a-Mg,[(UO2)3(Se04)s](H20)16
(Krivovichev and Kahlenberg, 2004), M,[(UO;)3(Se04)s](H20)16 (M = Co, Zn) (Krivovichev and
Kahlenberg, 2005c). All of the (TO,) tetrahedra (T = S, Se, Mo) within these structures are three-
connected that results in the appearance of different geometrical isomers. It is of interest that the
sheets in the selenate, molybdate and sulfate compounds correspond to different geometrical
isomers (Gurzhiy et al., 2018b).

Linkage of the U and Se coordination polyhedra in the structure of 122 results in the
formation of the [(UO,)4(SeO4);(H,0)]® layer (Fig. 3.31) arranged parallel to (100). One
protonated cyclen molecule, hydronium and Zundel cations, and partially occupied H,O sites are

arranged in between the uranyl selenate layers. Topology of the [(UO,)4(SeO4)-(H,0)]° layer in
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the structure of 122 belongs to the novel cc2—4:7-3 type that is unprecedented for the structural
chemistry of inorganic oxysalts. Topology consists of complex chains of ...—6-8—-4-8-6—4—6—...
membered cycles: if the 6- and 4-membered rings and their combination are quite common for

vertex-sharing structures, the combination of 4- and 8-membered rings is of great rarity.

Figure 3.30. The crystal structure projected along the c axis and crystals of 121 (a, b);
uranyl sulfate layer in the structure of 121 (c) and its graphical representation (d). Legend: U
polyhedra = yellow; S polyhedra = orange; C, N and O atoms are grey, blue and red,
respectively; hydrogen atoms are small white circles; black nodes = U atoms, white nodes = Se

atoms.

The crystal structures of 123 and 124 are isotypic with the slight increase of all unit-cell
parameters due to the substitution of sulfate oxyanions by larger selenate groups. The linkage of
the U and T coordination polyhedra results in the formation of the [(UO)3(TO4)s(H0)]" layers
(Fig. 3.32) oriented parallel to (010). The negative charge of the layers in 123 and 124 is
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compensated by protonated 3-aminotropane molecules, hydronium and Zundel cations arranged
in the interlayer space with additional H,O molecules. The layered complexes in the structures of
123 and 124 belong to the same novel topological type cc2—3:5-5 that is also unprecedented for
inorganic or organically templated oxysalts. Topology of the sheets is quite unusual due to

presence of irregular “comma”-shaped 8-membered cycles.

Figure 3.31. The crystal structure projected along the b axis and crystals of 122 (a, b);
uranyl selenate layer in the structure of 122 (c) and its graphical representation (d). Legend: see

Fig. 3.30.

It should be noted, that, except for the structure of 121, where positions of all atoms are
fully occupied, positions of O atoms in the interlayer spaces of the structures 122 — 124 are
strongly disordered with various site-occupation factors. It is of interest that positions of
hydronium molecules are less disordered and those of the organic molecules are not disordered

at all, owing to their involvement into the system of strong hydrogen bonds. It is also worth
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noting that the appearance of the (H;0)" or (HsO,)" complexes is common for the structures of
uranyl compounds that crystallize under highly acidic conditions at the latest stage of
crystallization (Gurzhiy et al., 2017a). This observation explains the absence of hydronium ions

in the structure of 121, since its crystals appeared in the solution much earlier than others.

Figure 3.32. The crystal structure of 124 projected along the a axis (a); uranyl sulfate (c)
and uranyl selenate (d) layer in the structures of 123 and 124, respectively, and its graphical

representation (b). Legend: see Fig. 3.30.

The information-based complexity parameters for the 2D uranyl complexes in the
structures of 121-124 are given in Table 3.14. Calculation has been performed in several stages.
First, the structural complexity of the units has been analyzed taking into account its real layer

symmetry group (LG). Second, the topological complexity (according to the maximal layer
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symmetry group) has been calculated. It should be taken into account, that positions of all atoms

(including H) have been determined for the compound 121 only.

Table 3.14. Information-based topological and structural complexity parameters for 122—

124.

Structural complexity Topological complexity | Complexity parameters for the
Compound | of the U-bearing layers of the U-bearing layers crystal structure

v le IG total v le IG total v I IG total

121 68 5.087 | 345.948 | 68 | 3.592 | 244.231 316 6.304 | 1991.995
122 100 | 5.644 | 564.386 | 100 | 5.644 | 564.386 202 6.658 1344.959
123 74 5.209 | 385.499 | 74 | 5.209 | 385.499 280 6.129 1716.199
124 74 5.209 | 385.499 | 74 | 5.209 | 385.499 284 6.150 | 1746.528

The structural information for the layer in the structure of 121 is higher than the
topological information by the factor of ca. 1.4, while structural symmetry of the layers in the
structures of 122—124 is equal to their topological symmetry (Fig. 3.33), taking into account the
observed isomeric variations. It is of interest that most common topological types of layers in
uranyl sulfates and selenates (Krivovichev, 2008; Krivovichev et al., 2009a) are cc2-2:3—4 and
cc2-2:3—-10 (Fig. 3.34). Their LG symmetry is described by the same p2; group and is invariably
equal to their real structural symmetry. The complexity parameters for these layers are Ig = 4.585
bits/atom and lg a1 = 220.080 bits/cell. Therefore, the structural complexities of the uranyl-
based layers in the structures of 122—-124 are higher than those that are most frequently observed
in uranyl sulfates and selenates. However, topological complexity of the layer in 121 is smaller

than topological complexities of the layers shown in Figure 3.34.
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Figure 3.33. Layer- symmetry of the uranyl-bearing layers in the structures of 121 (a),
122 (c), and 124 (d) and the maximal pm2;m layer symmetry group (b) for the cc2-3:5-1
topological type. Legend: see Fig. 3.30.
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Figure 3.34. Layer group symmetry of the uranyl-bearing layers of cc2-2:3—4 (a) and
cc2-2:3-10 (b) topological types and ideal graphs for these topologies (c and d, respectively).
Legend: see Fig. 3.30.

Dehydration-Driven Evolution of Topological Complexity in Ethylamonium Uranyl
Selenates

High solubility and ability to form single crystals of good size and quality allows
considering uranyl selenite and selenate systems as a model for the studies of natural and
technological processes involving uranyl-bearing compounds. In general, particular chemical
composition of a crystalline phase corresponds to a single synthetic experiment, but sometimes
synthetic systems demonstrate expanded diversity. Thus, the following case can be considered as

unprecendent.
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Single crystals of four novel uranyl selenate and selenite-selenate oxysalts with
protonated ethylamine molecules, (CHgN)2[(UO2)(Se04)2(H20)](H20) (125),
(CaHsN)3[(UO2)(Se04)2(HSeOs)]  (126),  (C.HsN)[(UO2)(SeO4)(HSeO3)]  (127), and
(C,HgN)(H30)[(UO,)(Se04)2(H20)] (128) have been prepared by isothermal evaporation from
aqueous solution within the single experiment (Gurzhiy et al., 2017a). The unit-cell and

refinement parameters for 125-128 are reported in Table S3.7.

Figure 3.35. The crystal structure of 125 projected along the b axis (a), the
[(UO,)(Se04)2(H,0)]* chain in the crystal structure of 125 (b), and its graphical representation
(c); the crystal structure of 128 projected along the C axis (d), the uranyl selenate chain in the
crystal structure of 128 (e), and its graphical representation (f); Legend: U polyhedra = yellow;
Se polyhedra = orange; C, N and O atoms are white, blue and, respectively; hydrogen atoms are

small grey circles; black nodes = U atoms, white nodes = Se atoms.

The U and Se coordination polyhedra in the structure of 125 polymerize by sharing

2~ anionic

common O atoms to form one-dimensional uranyl selenate [(UO;)(SeO4).(H20)]
chains (Fig. 3.35) running along the b axis. The chains are arranged into pseudo layers parallel to
the (001) plane via hydrogen bonding between the ‘uranyl’ H,O6 molecules and terminal O5
atoms of selenate tetrahedra from the neighboring chains. One protonated ethylamine cation

[C,HgN]™ and one H,O molecule are arranged between the pseudo-layers and provide their
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linkage into a three-dimensional structure. Topology of the uranyl selenate chains in the
structures of 125 and 128 (Fig. 3.35¢, f) belongs to the cc1-1:2—1 type (graph is a vertex-sharing
infinite chain of 4-membered rings). This topological type is one of the simplest and the most
common chain topology in uranyl compounds with the [TO4]" tetrahedra (T = S, Se, P, As). See
Chapter 3.1 for examples.

Figure 3.36. The crystal structures of 126 (a) and 127 (d) projected along the b axis;
projection of uranyl selenate chain in 126 (b) and layer in 127 (e), and their graphs (c) and (),
respectively. Legend: see Fig. 3.35; Se®" polyhedra = lined, Se*" polyhedra = reticulated.

Linkage of the U and Se coordination polyhedra in the structure of 126 results in the
formation of the [(UO)(SeO4)2(HSeO4)]’ chains (Fig. 3.36b) arranged into pseudo-layers (as in
125) parallel to the (-102) plane. However, in the crystal structure of 126, there is no direct H-
bonding linkage between the neighboring chains. The presence of monodentate tetrahedra shifts
the chains relative to one another, making large gaps in between that are occupied by protonated
ethylamine molecules, which provides the linkage between the neighboring chains via the

O---H-N-H---O bonding system. Another two ethylamine molecules are arranged in between
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the pseudo layers. Topology of the [(UO,)(SeO4)2(HSeO4)]’ chain in the structure of 126
belongs to the cc1-1:3-2 type and the graph could be described as a chain of vertex-sharing 4-
membered rings (as the topology of 125) with branches represented by additional white vertices
one-connected to the black vertices. This topological type is quite rare in uranyl compounds and
has been previously observed in the structure of (C¢H2N4)[(UO,)(SeO4)2(HSeO4)] (Ling et al.,
2009).

The crystal structure of 127 is based upon the [(UO,)(SeO4)(HSeO;)] layers (Fig. 3.36¢)
parallel to (10-1). The negative charge of the layers is compensated by the protonated ethylamine
molecules arranged in the interlayer space. The topology of the layers in the structure of 127
belongs to the cc2—-1:2—4 type (Fig. 3.36f), one of the most representative among the layered
uranyl compounds. Topology consists of condensed 4-membered rings and rather large 8-
membered cycles. It should be noted, that almost all uranyl-based sheets with selenium of this
topology contain protonated [HSeOs;] or [HSeOs] groups, whereas uranyl molybdates and
chromates do not: for instance, (C4H;2N2)os5[(UO2)(HSeO3)(SeOs3)] (Almond and Albrecht-
Schmitt, 2003), (CoH24N2)[(UO,)(Se04)(SeO,0H)J(NO3)  (Gurzhiy et al, 2010),
[CsH14N2[[(UO2)(M00O4):](H20) (Halasyamani et al, 1999), [C,H;oN2][(UO2)(M00O4):]
(Krivovichev and Burns, 2003f) and Tl,[(UO,)(TO4),] (T = Cr, Mo) (Krivovichev et al., 2005¢).

Condensation of the [UO¢(H,0)]° pentagonal bipyramids and [SeO4]*" tetrahedra in the
structure of 128 leads to formation of infinite chains (Fig. 3.35¢) running along the c axis. The
chains form layered-like structure by making hydrogen bonds between the ‘uranyl’ H,O
molecule and terminal O atoms of the selenate tetrahedra from the neighboring chains. Layers
are arranged parallel to (010). Negative charge of the uranyl selenate chains is compensated by
the ethylamine and hydronium molecules arranged in between the pseudo layers. Distance of the
interlayer space is about 4 A, being calculated as the distance between the terminal O atoms of
the adjacent layers.

The information-based complexity parameters for the 1D and 2D uranyl complexes in the
structures of 125-128 are given in Table 3.15. Calculation has been performed in several stages.
First, the structural complexity of the units has been analyzed taking into account its real layer
group (LG) symmetry. Second, the topological complexity (according to the maximal LG
symmetry) has been calculated. Fig. 3.37a shows the real LG symmetry (p2;/m) of the uranyl
selenate chains in the structure of 125. To calculate the topological complexity parameters, a
maximal symmetry of the chain should be taken into account. Such an ideal symmetry (pbmm,
Fig. 3.37b) could be obtained if two non-shared O atoms of selenate tetrahedra would be

arranged one above another along the ¢ direction, so the mirror plane would pass through the
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equatorial planes of uranyl bipyramids. Thereby, the ppmm LG will be the maximal symmetry
group for each chain of [(UO)(T* 04)2(H,0) > composition and the ccl-1:2—1 topological type,
whereas the structural symmetry could vary significantly. For instance, Fig. 3.37c shows the real
LG symmetry (p-1) of the uranyl selenate chain of the same topological type in the structure of
128. The structural symmetry of the chain in the structure of 126 is described by the p2; group
(Fig. 3.38). But there are two possibilities of the ideal symmetry. Centrosymmetric p2;/m group
requires slight rotation of the one-connected (HSeOy) tetrahedra, so that OH group should get
into the mirror plane. Non-centrosymmetric ppm2 LG option requires more alteration: rotation of
all tetrahedra to one side of the chain’s horizontal plane. Such rotations would affect neither
chain’s topology, nor formation of another topological isomer. The distinctive feature is that the
topological complexity in both ideal cases is the same. Analysis of the uranyl selenite-selenate
layer symmetry in the structure of 128 (Fig. 3.39) reveals that in this case the structural p2,/a
symmetry group is equal to the topological symmetry of the layer, so the maximal symmetry is
realized in the crystal structure of 128. Rotation of three-connected selenate tetrahedra or
replacement of selenite for selenate groups could increase the symmetry but such alteration will

give another topological isomer, so is not totally correct.

Table 3.15. Information-based topological and structural complexity parameters for 125—

128.
Structural complexity | Topological complexity of | Complexity parameters for
Compound of the USe unit the USe unit the crystal structure
v IG IG,total v IG IG,total v I G I G total
125 32 | 3.571 | 114286 | 32 | 2.875 | 92.000 184 4.611 | 848.335

126 38 | 4.248 | 161.421 | 38 |3.616 | 137.421 208 5.700 | 1185.691
127 52 3.701 | 192.423 | 52 | 3.701 192.423 96 4.585 | 440.156
128 32 | 4.000 | 128.000 | 32 | 2.875 |92.000 62 4.954 | 307.160

Topological similarities of the uranyl selenate structural units with consideration of
chemical composition along with the complexity calculations allow to suggest two dehydration-
driven evolution branches of the crystalline compounds in the aqueous system of uranyl nitrate —
selenic acid — ethylamine (Fig. 3.40). As it was recently shown (Kovrugin et al., 2012b; Gurzhiy
et al., 2015¢c) the reduction of H,O content in the structure increases dimensionality of the
structural unit. Therefore, the first evolution branch 125 — 126 — 127 could be regarded as a
transition from the chain in 125 to the more complex chain in 126 with the release of H,O and

subsequent substitution for the hydrogenselenate group. The second stage in this branch is
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merging of the chains in 126 into the layered structure in 127 through the replacement of

(HSeO,) tetrahedra by (HSeOs) groups.

Figure 3.37. Layer group symmetry of the uranyl selenate chains in 125 (a) and 128 (c)
and the maximal pbmm layer symmetry group (b) for this topological type.

Figure 3.38. Layer group symmetry of the uranyl selenate chains in 126 (a) and two

options of the idealized chain symmetry: centrosymmetric (b) and non-centrosymmetric (c).

Another evolution branch has the ‘structural’ character, because it links topologically the
same compounds 125 and 128, and transition is followed by the replacement of the interlayer
H,O molecules by protonated hydronium (H;O)" ions accompanied by the removal of one
protonated ethylammonium molecule. Inclusion of the protonated H,O complexes such as
hydronium or Zundel cations in the crystal structures of uranyl compounds is well known
(Gurzhiy et al., 2015a, 2016a; Krivovichev et al., 2006a) and usually occurs at the latest stage of

crystallization process, which makes the direction of transition 125 — 128 rather obvious and
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identifies the compound 125 as a starting phase for both evolution branches, in agreement with

the experimental observations.

Figure 3.39. Symmetry of the uranyl selenite-selenate layers in 127.

Figure 3.40. Scheme of structural and topological evolution in the aqueous ethylamine

(etN) — uranyl — selenate system.

Simulaneous discovery of the 125128 phases in the same solution is unprecendented and
more likely indicates the high sensitivity of the system to the local changes in organic (inorganic)
substance concentrations and pH. Thus, structural analysis and information-based topological
complexity calculations shed the light on the possible sequence of crystalline phases formation,

showing both topological and structural branches of evolution.
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Dimensional Reduction in Uranyl Oxysalts

The principle of dimensional reduction states that incorporation of an ionic reagent and
H,0 molecules into parent salts results in derivative compounds with decreasing dimensionality
of the structural unit. This principle was proposed in (Long et al., 1996) for the description of
decreasing dimensionality of chalcogenide structural units in REE sulphides and selenides. This
principle was applied to various materials, including a wide class of ternary compounds (Tulsky
and Long, 2001), organic-inorganic composites (Haddad et al., 2003), and some inorganic-
oxysalt-based systems (Krivovichev, 2008). The Chapter reports further extension of the
dimensional reduction principle onto wide class of uranyl oxysalts containing monovalent
organic and inorganic cations that play the role of reduction agents in complex uranyl-bearing
systems (Kovrugin et al., 2012b). This idea came from the structural studies of eight novel
uranyl selenate compounds with protonated methylamine molecules:
(CH3NH3)2[(UO2)(SeO4)2(H0)J(H20)  (129),  (CH3NH3)2[(UO2)(SeO4)2(H20)]  (130),
(CH3NH3)2[(UO2)2(SeO4)3]  (131),  (CH3NH3)(H30)[(UO,)2(Se04)3(H20)](H,0)  (132),
(CH3NH3)4[(UO2)3(Se04)s](H20)4 (133), (CH3NH3)(Hs02)(H30)2[(UO2)3(Se04)s](H20)4 (134),
(CH3NH3)4(H30)2[(UO2)s5(SeO4)5(H20)](H20)4 (135), and
(CH3NH3);.5(H502)1.5(H30)3[(UO3)s5(Se04)s(H20)(H2Se04)2.6(H20); (136). All crystals were
obtained from the synthetic experiments, in which uranyl nitrate, selenic acid, methylamine and
deionized distilled water were taken in various proportions. Crystallographic data and refinement
parameters for 129-136 are listed in Tables S3.8 and S3.9.

As it can be seen from the crystal chemical formulae, compounds 129-136 can be divided
according to the U:Se ratio into 4 groups: 1:2 (129, 130), 2:3 (131, 132), 3:5 (133, 134), and 5:8
(135, 136). In addition, these structures have various dimensionalities of U-baering complexes.
Thus the structure of compound 129 is built on 1D units of [(UO,)(SeO4),(H,0)]*” composition
and ccl-1:2—1 topological type. The crystal structure of 130 has the same composition, but
increased 2D dimensionality of U-bearing complexes with cc2—-1:2-3 topology. The crystal
structures of 131-136 are based on layered complexes. Besides, the crystal structures of 133, 134
and 135, 136 are based upon topologically similar inorganic sheets with [(UO,)3(SeO4)s]* and
[(UO,)s(H,0)(SO4)s]® compositions, respectively, but which represent various geometric
isomers. Nevertheless, all eight novel compounds can be described by the general formula
[CH3NH;3]n(UO2)p(TO4)g(H20)y. In order to investigate the chemistry-structure relationships, we
employ the dimensional reduction principle (Long et al., 1996; Tulsky and Long, 2001; Haddad
et al., 2003; Alekseev et al., 2007). In order to put the study in more general context, the whole
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range of the compounds with the general formula An(UO,)p(TO4)q(H2O)r (A = monovalent
cation; T = S, Se, Cr, Mo; n =2(q — p)) has been analyzed. It was supposed that the basic highly-
polymerized 3-dimensional parent structure is that of (UO;)(TO4), whereas the role of reducing
agents is played by Ay(TO4) and H,O. As a consequence, the relationships between different
compositions and structures may be visualized using the UO,TO4 — A;TO4 — H,O compositional
diagram (Fig. 3.41). Table S3.10 summarizes formulas and dimensional characteristics of the
structures of respective compounds that were used for analysis in (Kovrugin et al., 2012b). The
diagram shown in Figure 3.41 may be divided into regions, where structures have the same
dimensionality values (0 = finite clusters, 1 = chains, 2 = sheets, 3 = frameworks). Definition of
the borders between the fields is not unambiguous and is rather tentative in character. For
instance, due to the presence of only one point [35] (Krivovichev and Burns, 2001, 2002a,
2002b, 2003d) corresponding to the 0D phases, the borders between the 0D and 1D fields are
hypothetical. We suppose these borders are subparallel to the borders between 1D-and-2D, 2D-
and-3D fields, and are in agreement with the principle of dimensional reduction for inorganic
oxysalts. However, some deviations are observed. The points [20] (Blatov et al., 1988;
Kuchumova et al., 1989) and [22] (Baeva et al., 2006) are located within the 2D field, but
correspond to the 3D framework structures with the Ag(UO;)2(TO4)3(H,0)s and
As(UO,)2(TO4)3(H,0)7.5 compositions, respectively. We attribute these deviations to the double
role of H,O: in most cases, it acts as reducing agent, whereas, in the cases of [20] and [22], it
simply fills cavities of the uranyl-based framework.

For more detailed demonstration of the principle of dimensional reduction in the system,
one may consider the line originating from the left and ending at the top corner of the diagram.
The line describes compounds with the composition An(UO»)p(TO4)q. The points [23]
(Krivovichev and Burns, 2007), [29] (133, Kovrugin et al., 2012b), [27] (Krivovichev and Burns,
2003b), and [35] (Krivovichev and Burns, 2001, 2002a, 2002b, 2003d) correspond to the
structures with dimensionalities equal to 3, 2, 1, and 0, respectively. The points [16] (131; Ross
and Evans, 1960; Norquist et al., 2003b; Krivovichev and Burns, 2007; Krivovichev et al.,
2002b; Nazarchuk et al., 2005) and [8] (Krivovichev and Burns, 2002b, 2003e, 2005;
Krivovichev et al., 2002a, 2005¢c; Sadikov et al., 1988) are located on the borders between 2D-
and-3D, 1D-and-2D fields, respectively. Thus, the dimensionality of the structural unit is
decreasing from the points [23] (Krivovichev and Burns, 2007) to [35] (Krivovichev and Burns,
2001, 2002a, 2002b, 2003d), which is in agreement with the principle of dimensional reduction.
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Figure 3.41. Dimensional fields on the compositional diagram of the UO,TO4 — A,TO4 —
H,0O (A = monovalent cation; T = S, Se, Cr, Mo; n = 2(q — p)) system. See Table S3.10 for the

list of compounds and (Kovrugin et al., 2012b) for references.

Since the paper (Kovrugin et al., 2012b) has been published, structural data for
compounds within the named system significantly increased. And new data belong to both
natural and synthetic groups of compounds: for example, Na-bearing mineral geschieberite
(P1asil et al., 2015b), K-bearing minerals fermiite, oppenheimerite (Kampf et al., 2015b),
klaprothite, ottohahnite, and péligotite (Kampf et al., 2017b); recently studied K-bearing
synthetic systems (Gurzhiy et al., 2016b; Kornyakov et al., 2020), and novel synthetic uranyl
selenate phases with protonated ethylammonium cations (Gurzhiy et al., 2017a). It is of interest
that novel structural data in general fully correspond to the ternary diagram suggested in
(Kovrugin et al., 2012b) and makes only minor adjustments at the borders between 0D — 1D, and

2D — 3D dimensional fields (Fig. 3.42).
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Figure 3.42. Corrected dimensional fields (red lines) on the compositional diagram of the
UO,TO4 — Ay TO4 — H,O (A = monovalent cation; T = S, Se, Cr, Mo; n = 2(q — p)) system

according to the structural data reported since (Kovrugin et al., 2012b).
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Conclusion

In the course of the dissertation work implementation, all the tasks were completed on
compiling systematic crystal-chemical reviews on natural and synthetic uranyl sulfates, selenites
and selenates, conducting experiments on the synthesis of analogs of natural uranyl compounds,
and studying the stability of the crystal structures of uranyl compounds.

The following main results were obtained.

1. The crystal structures of novel 117 U(VI)-bearing compounds containing Se in various
oxidation states and S were obtained and investigated; the structural models of 4 known
synthetic uranyl compounds were refined.

2. The structures of 4 natural U(VI)-bearing phases were solved or refined.

3. The crystal structures of 6 actinide-bearing phases have been examined using X-ray
diffraction method at non-ambient temperatures.

4. Comparison of the isotypic natural and synthetic uranyl-bearing compounds suggests
that formation of uranyl selenite and significant portion of uranyl sulfate minerals requires
heating, which most likely, keeping in mind their surface or near-surface occurrence conditions,
can be attributed to the radioactive decay. The presence of edge-sharing uranyl bipyramids (for
instance, structures with phosphuranylite anion topology), most likely pointed to the
temperatures of higher than 100 °C, and the crystal growth should apparently occur directly in
hydrothermal conditions. The linkage of sulfate tetrahedra with uranyl polyhedra through the
common edges also involves elevated temperatures, but of less values (~ 70—100 °C) than in the
previous case, which could be achieved by cooling the system. Moreover, in the second case,
crystallization might start much later at environmental conditions but from the initially heated
solutions. The enriched solution might pass some way along the cracks in the bedrock,
transferring (ex. klaprothite-like) clusters in the dissolved form.

5. The complexity of the uranyl-sulfate, -selenate and -selenite structural units varies
significantly and it is highly dependent on the relative density of the layer (chain or cluster,
respectively), which in turn depends on the connectivity of the U-, S- and Se-polyhedra: the
more connectivity within the layer, the higher density is; and further the larger complexity
parameters related to such structures. Two-connected arrangement of the S- and Se-centered
tetrahedra or pyramids more likely enables easier possible rotation of these groups, which should
make the structure less stable. In contrast, three-connected arrangement has a less degree of
freedom, and thus it is more stable. The distribution of the complexity parameters confirms this

observation.
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6. Structural complexity studies revealed that the majority of synthetic compounds have
the topological symmetry of uranyl-sulfate, -selenate and -selenite building blocks equal to the
structural symmetry, which means that the highest symmetry of uranyl complexes is preserved
regardless of the interstitial filling of the structures. Whereas the real symmetry of U-bearing
complexes in the structures of minerals is lower than their topological symmetry, which means
that interstitial cations and H,O molecules significantly affect the structural architecture of
natural compounds. At the same time, structural complexity parameters for the whole structure
are usually higher for the minerals than that for synthetic compounds of a similar or close
organization, which probably indicates the preferred existence of such natural-born architectures.

7. Studies of thermal behavior of crystal structures of a number of uranium-bearing
minerals and synthetic compounds shows that uranyl complexes are one of the most stable and
rigid blocks in the structural architecture of natural and synthetic uranyl compounds, which
governs the thermal behavior of the whole structure regardless of the dimensionality of U®*-
bearing substructural units and both the arrangement and the chemical composition of an
interlayer structure.

8. The crystal-chemical review of a family of Cs,[(AnO,)2(TO4)3] (where An=U, Np; T =
S, Se, Cr, Mo) compounds have been prepared, supported with the results of spectroscopic and
thermal characteristics measurements that were not studied previously. It was shown that the
preservation of the structural motive does not mean the preservation of chemical and physical
properties, an alteration of which is the result of a change in the local coordination of Cs +
cations.

9. The crystal-chemical review of a family of M*[(UO,)(T®"04),(H,0)](H20)s (where M
= Ni, Mg, Zn, Co, Fe, Mn; T = S, Se) compounds have been prepared, in which a relationship
between the crystallization of various polytype modifications, and the size of the tetrahedral
oxoanion and the ionic radius of the divalent metal cation was found. It was shown that the
intermediate in composition orthorhombic modification among them is the most stable, and an
increase of the initial pH creates more acceptable conditions for phase formation in these
systems with a radius of divalent metal ions of more than 0.72 A.

10. As the result of phase formation studies in mixed sulfate-selenate uranyl-bearing
systems with various mono- and divalent cations, the presence of crystal-chemical restrictions on
the incorporation of Se into the structures of uranyl sulfates was found, which in some cases
affected the absence of a continuous solid solution along with the absence of isostructural sulfate
and selenate phases. Selective Se-S substitution was demonstrated, depending on the

coordination state of the tetrahedral oxyanion.
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11. In the crystal structures of uranyl-bearing compounds templated by amine molecules,
the structure formation is regulated by systems of hydrogen bonds and the arrangement of
hydrophobic and hydrophilic parts of molecules relative to voids and dense fragments of
inorganic complexes. The proposed principle of molecules’ organization in the interlayer space
of compounds can be summarized as follows: the hydrophobic zones of an organic complex (a
packing or a single molecule) are associated with the space of large hollow rings of an inorganic
complex, whereas hydrophilic zones tend to tight aggregates of small rings. Based on the
structural studies of uranyl compounds with cyclic polyamines, it has been shown that templated
structures with large and multi-charged organic cations lead to the formation of rare and much

more complex topologies of structural complexes than in more common crystall structures.
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Table S2.1. Crystallographic data and refinement parameters for derriksite (1) and demesmackerite (2) single crystals.

Crystal S.G. T[°C] alA]l/al°] b[A]/f]°] clAl/7y]° V [AY] RI:L':;B ICSD
-173 5.9679(3) 5.5501(3) 19.0613(9) 631.35(5)  0.0391 2033196

-120 5.9689(3) 5.5534(4) 19.0643(10) 631.93(6)  0.0358 2033197

—80 5.9693(2) 5.5579(3) 19.0674(7) 632.59(5)  0.0341 2033198

B —40 5.9702(2) 5.5629(3) 19.0733(8) 633.46(5)  0.0368 2033199
0 5.9720(3) 5.5688(4) 19.0840(11) 634.67(7)  0.0364 2033200

30 5.9743(4) 5.5759(4) 19.0983(11) 636.20(7)  0.0433 2033201

60 5.9784(3) 5.5874(4) 19.1254(11) 638.86(7)  0.0448 2033202

87 5.9843(3) 5.5966(4) 19.1599(10) 641.69(6)  0.0472 2033203

—173 5.6320(4)/88.622(3) 10.0417(3)/79.572(4) 11.9844(4)/89.699(4) 666.39(6)  0.0337 2033206

—130 5.6406(3)/88.638(4) 10.0492(4)/79.578(5) 11.9810(8)/89.763(4) 667.73(7)  0.0343 2033207

90 5.6456(3) / 88.654(4) 10.0564(4) / 79.604(4) 11.9803(6) / 89.804(4) 668.82(5)  0.0327 2033208

—60 5.6548(3) / 88.649(4) 10.0640(5)/ 79.611(5) 11.9794(7)/89.824(4) 670.38(7)  0.0321 2033209

2 P-1 30 5.6594(5)/ 88.659(3) 10.0663(4)/79.634(5) 11.9792(5)/89.844(5) 671.12(7)  0.0348 2033210
0 5.6611(4)/88.658(3) 10.0691(3)/79.631(4) 11.9759(4)/89.878(4) 671.31(5)  0.0354 2033211

30 5.6628(3)/88.670(4) 10.0773(4)/79.684(4) 11.9753(6)/89.912(4) 672.16(5)  0.0342 2033212

60 5.6660(3)/88.671(3) 10.0840(4)/79.718(4) 11.9746(5)/89.932(3) 673.00(5)  0.0345 2033213

87 5.6699(5)/88.674(4) 10.0953(4)/79.773(6) 11.9744(7)/89.940(5) 674.33(8)  0.0361 2033214
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Table S2.2. Selected geometrical parameters (bond lengths, A; and angles, °) in the structure of

derriksite (1).
-173 °C 87 °C -173 °C 87°C

U1-O1 1.802(18) 1.793) Cu3-06 2.438(15) 2.46(2)
U1-02 1.776(18) 1.77(3) Cu3-HO7 =2  1.973(12)  1.966(14)
<U1-Oy> 1.789 1.78 Cu3-HOS 2.374(16) 2.39(2)
U1-03 x2  2271(12) 2284(16) Cu3-HOI0 x2  1.970(10)  1.972(12)
U1-05 x2 2.315(13)  2.324(17) <Cu3-0O> 2.116 2.12
<U1-Og> 2.293 230
Sel-03 x2  1.736(13) 1.726(19) U1-03-Sel 1432(7)  143.5(12)
Sel-04 1.666(15) 1.67(2) U1-05-Se2 143.3(8)  143.5(11)
<Sel-O> 1.713 1.71  Sel-0O4-Cul 135.7(4) 136.0(6)
Se2-05 x2 1.720(12) 1.715(18) Sel-04-Cu2 122.6(8)  122.4(11)
Se2-06 1.653(15) 1.642) Se2-06-Cul 127.6(5) 127.8(8)
<Se2-0> 1.698 1.69 Se2-06—Cu3 138.8(9) 138.8(12)
Cul-O4 2391(12) 2.402(16) Cul-O4—Cul 77.3(5) 77.1(6)
Cul-06 2.398(13)  2.436(18) Cul-04-Cu2 83.1(4) 82.8(6)
Cul-HO7 1.982(13)  2.015(15) Cul-06-Cul 76.9(5) 75.7(6)
Cul-HOS 1.912(10)  1.914(12) Cul-06-Cu3 82.2(4) 81.5(6)
Cul-HO9 1.922(10)  1.927(13) Cul-HO7-Cu2 103.6(5) 103.7(6)
Cul-HO10 2.014(11)  2.044(14) Cu3-HO7-Cul 106.9(5) 106.9(7)
<Cul-O> 2.103 212 Cu3-HO7-Cw2 97.2(5) 98.0(6)
Cu2-04 2.399(16) 2.44(2) Cul-HO8-Cul 102.4(7) 102.7(9)
Cu2-HO7  x2  2.008(11) 2.000(13) Cul-HO8-Cu3 93.0(5) 93.3(7)
Cu2-HO9 2.267(16)  2.283(19) Cul-HO9—Cul 102.0(7) 102.0(9)
Cu2-HO10 x2  1.958(10) 1.969(12) Cul-HO9-Cu2 96.5(5) 96.7(6)
<Cu2-0> 2.100 211 Cu2-HO10-Cul 106.2(5) 105.6(6)

Cu2-HO10-Cu3 98.9(5) 98.8(6)

Cu3-HO10-Cul 103.4(5) 103.3(6)
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Table S2.3. Selected geometrical parameters (bond lengths, A; and angles, °) in the structure of
demesmackerite (2).

~173°C  87°C ~173°C  87°C
U1-01 1.777(7)  1.772(8) Cu3-07 2.049(7)  2.060(8)
U1-02 1.792(7)  1.780(8) Cu3-0O10 2.025(7)  2.041(8)
<U1-Oy> 1.785 1.776 Cu3-HO12 2.366(6)  1.950(7)
U1-03 2393(6)  2.394(6) Cu3-HOI2 1.956(6)  2.372(7)
U1-05 2.465(6)  2.477(6) Cu3-HOI3 1.958(6)  1.944(7)
U1-06 2.355(6)  2.361(7) Cu3-H,015 2.386(7)  2.407(9)
U1-08 2349(7)  2.363(7) <Cu3-O> 2.123 2.129
U1-09 2.3746)  2.377(6)

<U1-Ogg> 2.387 2394 U1-03-Sel 119.6(4)  120.5(4)
Sel-03 1.7196)  1.710(7) U1-0O5-Sel 1252(3)  125.7(3)
Sel-04 1.699(6)  1.709(6) U1-06-Se2 139.14)  140.2(5)
Sel-05 1.719(7)  1.716(7) U1-08-Se2 1443(4)  143.5(5)
<Sel-O> 1712 1712 U1-09-Se3 12493)  126.5(4)
Se2-06 1.7106)  1.694(7) Sel-O4-Pbl 125.03)  124.03)
Se2-07 1.710(6)  1.703(6) Sel-04-Cu2 130.04)  130.3(4)
Se2-08 1.691(7)  1.680(9) Sel-05-Pbl 121.6(3)  121.8(3)
<Se2-0> 1.704 1.692 Se2-O7-Cul 129.8(4)  130.0(4)
Se3-09 1.687(7)  1.673(8) Se2-07-Cu3 1209(4)  122.1(5)
Se3-010 1.708(6)  1.705(7) Se3-010-Cul 1383(3)  137.8(4)
Se3-011 1.725(6)  1.712(6) Se3-010-Cu3 116.8(4)  116.6(4)
<Se3-0> 1.707 1.697 Se3-O11-Pbl 107.93)  108.4(3)
Pbl1-04 2.748(6)  2.754(7) Se3-O11-Cu2 122.13)  123.03)
Pb1-O5 2.642(6)  2.644(7) Se3-O11-Cu2 116.1(4)  116.0(4)
Pb1-06 2.932(6)  2.924(7) Cu2-O4-Pbl 99.1(2)  100.3(2)
Pb1-O7 3.068(7)  3.085(7) Cu3-O7-Cul 102.82)  102.2(2)
Pb1-010 2.934(6)  2.949(7) Cu3-O10-Cul 95.2(2) 95.0(3)
Pbl-O11 2.536(6)  2.567(6) Cu2-O11-Pbl 98.1(2) 97.4(2)
Pbl1-HO13 2376(6)  2.390(7) Cu2-O11-Pbl 105.92)  105.4(2)
Pbl-HO14 2484(6)  2.496(7) Cu2-O11-Cu2 10433)  103.9(3)
Pbl-H,015 3.0998) 3.111(10) Cul-HO12-Cu3  100.52)  101.7(2)
<Pbl-O> 2.758 2769 Cul-HOI12-Cu3  107.53)  107.6(3)
Cul-07 x2 2.193(7)  2.240(7) Cu3-HO12-Cu3 93.5(3) 93.2(3)
Cul-010  x2  2222(6)  2.208(7) Cu2-HOI13-Pbl 92.32) 92.1(2)
Cul-HOI2 x2  1.9357)  1.933(7) Cu3-HOI3-Pbl 11433)  115.1(3)
<Cul-0> 2.117 2127 Cu3-HOI3-Cu2  1303(4)  130.5(4)
Cu2-04 1.984(6)  1.978(6) Cu2-HO14-Pbl 112.13)  112.403)
Cu2-0l11 2.380(6)  2.403(7) Cu2-HO14-Pbl 101.82)  102.5(3)
Cu2-011 2.003(6)  2.026(7) Cu2-HO14-Cu2 98.3(3) 98.3(3)
Cu2-HO13 2426(7)  2.452(7)

Cu2-HO14 1.982(6)  1.956(7)

Cu2-HO14 1.956(7)  1.989(6)

<Cu2-0> 2.122 2.134
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Table S2.4. Crystallographic and refinement parameters for Ca(UO,)s(SO4)202(OH)s 12H,0

(47).
Crystal System Monoclinic
Space group P2,/c
a, A 11.931(2)
b, A 14.246(6)
c, A 20.873(4)
B, ° 102.768(15)
Vv, A 3460.1(18)
Z 4
Pealc, g/Cl’Il3 4.170
(, mm 16.244
Crystal dimensions, pm 2x3x12
A A 0.800000
20 range, deg. 4.92-43.22
Index ranges —-12<h<12,-14<k<14,-21<I<21
Reflections collected 12545
Independent reflections 3805 [Rins = 0.144]
Data/restraints/parameters 3805/12/243
GOF 1.049
Final R indexes [1 > 20(1)] Ry =0.173, WR; = 0.380, Rgee = 0.192
Final R indexes [all data] R1=0.179, WR, = 0.386, Ree = 0.201

Ry = Z[|Fo| = [Fell / ZIFol; WRy = {Z[W(F,* — F)’]/ ZW(F, T} w =1/ [6°(F,%) + (aP)’
+bP], where P = (F,>+ 2F.%) / 3; s = {Z[W(F," — F%)] / (n — p)} * where n is the number
of reflections, and p is the number of refinement parameters.
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Table S2.5. Crystallographic and refinement parameters for 48, 50, and 51.

Compound 48 50 51
Crystal System Orthorhombic Triclinic Monoclinic
a(Ad) 9.2021(3) 7.5829(3) 10.8351(5)
b (A) 13.2434(5) 14.4441(11) 9.0317(5)
c(A) 12.5610(3) 14.6458(14) 11.8494(6)
a(°) 90 93.737(7) 90
L) 90 99.535(5) 110.7510(10)
7 (°) 90 99.614(5) 90
V(A% 1530.77(8) 1552.6(2) 1084.35(10)
Molecular weight 520.51 1871.87 727.97
Space group Pnma P-1 P2y/n
p(mm) 26.156 17.779 22.004
Temperature (K) 293(2)
z 8 2 4
Deatc (g/cm’) 4517 4.004 4.459
Crystal size (mm”) 0.06 x 0.04 x 0.02 0.04 x 0.03 x 0.005  0.08 x 0.05 % 0.02
Diffractometer Bruker Kappa Apex II Duo
Radiation MoKa
Total reflections 13617 8814 27773
Unique reflections 1824 5151 2493
Angle range 26(°) 4.47-55.00 3.84-50.00 4.38-55.00
Reflections with |F,| > 4o 1560 3806 2308
Rint 0.0503 0.0784 0.0358
R 0.0201 0.0949 0.0154
Ri (|Fo| = 40F) 0.0261 0.0829 0.0131
WR; (|F,| > 40F) 0.0607 0.2050 0.0278
R, (all data) 0.0336 0.1077 0.0157
WR; (all data) 0.0648 0.2215 0.0287
S 1.054 1.068 1.040
Prminys Ponas €/A -1.097, 2.145 -4.179, 3.819 —0.604, 0.692
CSD 1965819 1965817 1965818

Ri = X|Fof ~[Fell / ZIFol: WRy = {X[W(F," ~ F )1/ X[W(F, ) 1} w=1/[0°(F,) + (aP)" + bP], where P =
(Fo>+2F?) / 3; s = {Z[W(F," — FH)]/ (n— p)} > where n is the number of reflections, and p is the number of

refinement parameters.
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Table S2.6. Chemical composition of compounds 52 — 59.

Compound

structural data

found by EDX*

53
54
55
56
57
58
59

K 3.00, U 3.00, S 5.00
K 3.50, U 3.00, S 5.00
K 5.00, U 6.00, S 10.00
K 2.00, U 2.00, S 3.00
K 2.00, U 2.00, S 3.00
K 2.00,U 2.00, S 3.00
K 1.00, U 2.00, S 3.00

K 2.92,U3.05,S 5.03
K 3.45,U2.96,S 5.09
4.93,U 6.05, S 10.02

K 1.94,U 2.04, S 3.02
K 1.98,U 1.96, S 3.06
K 1.95,02.02, S 3.03
K 1.05,U1.97, S 2.98

* - Small fragments of the single crystals verified by single-crystal

X-ray diffraction were crushed, pelletized and carbon-coated. The

chemical composition was determined using a Hitachi TM 3000

SEM equipped with an Oxford EDX spectrometer, acquisition time

of 15 s per point in energy dispersive mode (acceleration voltage

15 kV). Analytical standards: sylvite (KK), pyrite (SK), and U3Og

(UK)

Table S2.7. Crystallographic and refinement parameters for 52 — 59.

e}

g

=]

2 Formula SG. aA/o° b,A/B,° c,Aly,° Vv, A’ R, ICSD

g

@)

52 K5[(UO,)(SO4),(H,0)]-H,O Pna2, 13.773(4) 7.288(2) 11.556(4)  1160.0(5) 0.033 415527
11.339(3) /

53 K3(H;0)[(UO,)5(S0.)s(H,0),](H,0)s  P2y/n  12.774(4) o ngg 6; 20.734(6)  3001.1(16)  0.0252 1996652
16.1105(5) /

54 Ks5(H;0)05[(UO,)5(SO04)s(H,0)J(H,0)1 5 P2/n 9.8901(3) 98.038(2) 17.2862(5) 2727.23(14)  0.0358 1996653

55 SUHO)ELONUOI(S0N0HON] gy 12.8259(6)  18.2778(9)  13.3388(7) 3127.0(3) 0.0184 430715

(HSO4)(H;0)3.55

12.5613(1) /

56 a-Ko[(UO,)5(SO4)3(H,0),](H,0)5 P2/n 17.30512) o 5770) 17.3240(2) 3741.01(7)  0.0212 1996656

57 B-Ka[(UO»)x(SO4)3(H,0),](H,0)5 Pnma 11.465(7) 12.605(7) 12.944(8)  1870.7(19)  0.0291 1996654

58  K,[(UO,)x(SO4)3(H,0)](H,0) P2,/c 8.229(6) ;3'22382;/ 13.921(14)  1626.8(19)  0.0238 1996651

. 13)/
59  K(Hs0,)[(UO,)x(S04)3(H,0)] P2,/c 11.1337(15) 10.0463(13) 14.697(2)  1612.2(4) 0.0126 1996655

101.280(3)




Table S3.1. Crystallographic and refinement parameters for 60 — 74.
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o

£ Se

3 R (|Fo|>

% contentin  S.G.  a,A/a° b,A/p,° ¢, A/p,° V, A3 ‘4((|5F°)|— ICSD

o structure

Q
10.231(1) / 423517

60 100 P2/ 11456() TN 14809()  16984(4) 00547
10.2486(11) /

61 953 P2jo 11444812) o000 148096(16) 1700.13)  0.0245 430719
10.2339(10) /

887  P2/c 11.4176(12 14.7868(15)  1691.3(3)  0.0224 430718

62 7 /e 612 e 7868(15)  1691.3(3) 7
10.2270(3) /

63 817  P2/c 11.4014(3) G 1477064y 1686448) 0.0293 430717
101.710(1)
8.1510(7) /

64 785 Co 17759(18) ol 17.7750(17)  2553.5(4)  0.0318 430725
8.1557(18) /

65 768 Clo 11T oo 17.785(4)  2558.5(10)  0.0204 430722
8.1487(7) /

66 805 Cle 177681(16) oo 17.7917(15)  2556.9(4)  0.0236 430726
135902

67 768  C2c 17.7245(4) 37(3)(5)?21;/ 17.7502(4)  2540.58(10) 0.0257 430728
57.399(5) /

68 639 P2 82050() (oS 103222(8)  4853.4(7)  0.0649 430727

69 539 Amm2 12.9496(10) 18.5797(14)  13.5134(11) 3251.3(4)  0.0269 430724

70 462  Amm2 12.9158(5)  18.5289(7)  13.4353(5)  3215.3(2)  0.0440 430723

71 388  Amm2 12.879Q2)  18.497(3) 13.402(2)  3192.5(9)  0.0422 430720

72 292  Amm2 12.8777(6)  184628(6)  13.3817(5)  3181.6(2)  0.0331 430721

73 162  Amm2 12.8530(17)  18.369(2) 13.402(2)  31642(8)  0.0451 430716

74 0 Amm2 12.8259(6)  182778(9)  13.3388(7)  3127.0(3)  0.0184 430715

* — Gurzhiy et al., 2012a
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Table S3.2. Crystallographic and refinement parameters for 75 — 84.

2 Se

g conent | sG | aAsac | bA/SCS | e Ay v.ao R 4(<|5|T:0)| =|  1csp
8 structure

1 0 | P-42,m |9.61658) |9.6165(8) |8.1055(9) | 749.57(15) | 0.0135 | 432238
2 | 100 | P-42m | 9.6268(12) | 9.6268(12) |8.1119(10) | 751.8(2) | 0.0147 | 432239
3| 190 | P-42m | 9.6518(12) | 9.6518(12) | 8.1163(10) |756.1(2) | 0.0163 | 432240
4 | 283 | P42m | 9.6835(10) | 9.6835(10) |8.1328(12) | 762.61(19) | 0.0174 | 432241
5 | 387 | P42m [9.6926(7) | 9.6926(7) | 8.1354(8) | 76429(13) | 0.0124 | 432242
6 | 493 | P42m [97075(19) |9.7075(19) | 8.1407(16) |767.1(3) | 0.0216 | 432243
7 | 677 | P-42m |9.7828(14) | 9.7828(14) | 8.1537(16) | 780.3(3) | 0.0222 | 432244
8 | 833 | P42m |9.8082(17) |9.8082(17) |8.1477(19) |783.8(3) |0.0202 | 432245
9 | 100 | P-42,m |9.8560(16) |9.8560(16) |8.1587(14) |7925(3) |0.0201 | 432446
10 | 100 | Pna2, |14367(3) | 11.682(3) | 7.826(1) 1313(1) | 0053 | 94526 %

* — Mikhailov et al., 2001
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Table S3.3. Crystallographic and refinement parameters for 90 — 114.

'2 Se
g C"?Itlem S.G. a, A b, A c, A 8,° V, A3 R, ICSD
8 structure
90 0 P2, 6.3876(12)  11.304(2) 8.2306(19)  90.345(4) 594.3(2) 0.0128 1923269
91 6.0 P2, 6.3910(15)  11.306(3) 8.246(2) 90.267(5) 595.8(2) 0.0120 1923266
92 9.0 P2, 6.3949(16)  11.323(3) 8.258(2) 90.095(5) 597.9(3) 0.0283 1923264
93 16.0 Pmn2, 12.824(3) 8.2843(18)  11.353(2) 90 1206.1(4) 0.0162 1923268
94 22.0 Pmn2, 12.828(3) 8.296(2) 11.363(3) 90 1209.2(5) 0.0210 1923271
95 30.0 Pmn2; 12.8572(19) 8.3529(12) 11.4457(16) 90 1229.2(3) 0.0178 1923265
96 47.0 Pmn2; 12.876(3) 8.3600(18)  11.452(3) 90 1232.7(5) 0.0203 1923267
97 58.0 P2,/c  8.3582(16) 11.504(3) 12.964(3) 90.680(5) 1246.5(5) 0.0204 1923272
98 64.5 P2,/c  8.3811(4) 11.5059(6)  12.9887(7)  90.721(1) 1252.4(1) 0.0192 1923274
99 78.0 P2,/c  8.382(2) 11.562(3) 13.023(3) 90.823(4) 1262.0(5) 0.0179 1923270
100 100 P2,/c  8.4694(4) 11.6410(5)  13.1904(6) 91.217(1) 1300.2(1) 0.0193 1923273
101 0 Pmn2; 12.7506(1)  8.3095(1) 11.2929(1) 90 1196.50(2)  0.0277 2039104
102 7.0 Pmn2; 12.7808(3) 8.2806(2) 11.3074(3) 90 1196.69(5)  0.0247 2039102
103 18.0 Pmn2; 12.7830(4) 8.2863(3) 11.3033(5) 90 1197.28(7) 0.0164 2039112
104 30.5 Pmn2, 12.8182(2) 8.2926(2) 11.3803(2) 90 1209.68(4)  0.0186 2039101
105 39.5 Pmn2, 12.8291(9) 8.2825(5) 11.3826(6) 90 1209.48(13) 0.0308 2039103
106 51.5 P2,/c  8.3202(4) 11.4227(4)  12.8820(6) 92.718(4) 1222.92(9) 0.0388 2039105
107 61.0 P2,/c  8.3598(1) 11.4808(2) 12.9631(1)  92.894(1) 1242.58(3) 0.0172 2039107
108 69.5 P2,/c  8.3534(3) 11.4839(3)  12.9409(4) 92.931(3) 1239.79(7) 0.0167 2039108
109 78.0 P2,/c  8.3752(2) 11.5330(3)  13.0328(3) 93.103(2) 1257.01(5) 0.0256 2039106
110 89.0 P2,/c  8.3902(1) 11.5601(2) 13.0744(2) 93.309(1) 1265.99(3) 0.0140 2039109
111 100.0 P2,/c  8.3912(2) 11.5652(3)  13.1209(3)  93.533(2) 127091(5) 0.0166 2039113
112 0 Pmn2;, 12.8695(3) 8.28206(15) 11.2920(2) 90 1203.57(4)  0.0207 2039110
113 0 Pmn2; 12.9198(3) 8.2988(2) 11.2962(3) 90 1211.17(5)  0.0408 2039114
114 0 P2,/c  6.5114(1) 11.3829(2)  8.3439(2) 90.773(2) 618.38(2) 0.0154 2039111
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Figure S3.2. Occupancy of the T®" sites by Se atoms (p.f.u.) in the structures of 90—100
(a); variation of the average T®—O distances with the increase of Se in the structures (b).

Polynomial or exponential trends are shown with the correlation coefficients.
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Figure S3.3. Occupancy of the T°" sites by Se atoms (p.f.u.) in the structure of 101-111
(a). Variation of the average T®—O distances with the increase of Se in the solid state (b).

Polynomial trends are shown with the correlation coefficients.
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Table S3.4. Crystallographic data and refinement parameters for 115-117.

Compound 115 116 117
Formula Mass 1103.16 1121.18 1078.55
Space group P2,2,2, P2,/c P2,/n
a(A) 10.8620(5) 11.3575(5) 8.677(3)

b (A) 11.1105(5) 11.0210(5) 10.294(3)
c(A) 17.8815(8) 17.8038(8) 26.474(8)
a(®) 90 90 90

L) 90 90.6080(10) 97.521(7)
7 (°) 90 90 90

V (A% 2157.98(17) 2228.39(17) 2344.4(12)
Size (mm’) 0.19x0.12x0.05 | 0.21x0.11x0.05 | 0.18x0.11x0.05
i (mm™) 20.130 19.500 14.258

z 4 4 4

20 range, ° 4.32-54.00 3.59-55.00 3.10-55.00
Deale (g/cm’) 3.395 3.342 3.056
Total ref. 23149 24352 21281
Unique ref. 4714 5118 5381
Unique |Fo| > 40r | 4536 4475 4953

Rint 0.0748 0.0758 0.0756

R, 0.0433 0.0455 0.0432

Ry (|Fo| = 40F) 0.0252 0.0246 0.0241
WR; (|Fo| = 40¢) 0.0587 0.0545 0.0570
GOF 1.053 1.003 1.041

Pumins Prmins ©/A° —1.764, 1.990 —2.142,1.749 —1.476, 1.328
CCDC 1518914 1518912 1518913

Note: Ry = 2 [|Fo| — [Fll/Z [Fo; WRy = { = [W(F,” — F&)’J/Z [W(Fo))’]H"; w
=1/[*(F.>) + (aP)* + bP], where P = (F,” + 2F.%)/3; GOF = {Z [W(F, —
FA))/(n - p)}'"* where n is the number of reflections and p is the number of
refined parameters.




430

Table S3.5. Crystallographic data and refinement parameters for 118.

a(A) 8.3908(11)
b (A) 12.3602(11)
c(A) 10.9150(13)
a (%) 90.00

Q) 101.567(10)
7 (°) 90.00
V(A7) 1109.0(2)
Space group P2,
w(mm) 19.588

Z 2

Deate (r/cM’) 3.267

Size (mm”) 0.16x0.10x0.08
Radiation MoK
Total ref. 9971
Unique ref. 5405

20 range, ° 3.80 — 58.44
Unique |F,| > 4oF 4861

Rint 0.0744

R, 0.0713

Ry (|Fo| = 4oF) 0.0456

WR; (|F,| = 40¢) 0.1095

R, (all data) 0.0531

WR, (all data) 0.1128

S 1.070

Dimins Prmaxs &/A° ~3.545, 1.277

Note: Ry = X ||Fy| — [Fell/Z |Fol; WRy = { 2 [W(Fo> — F&* V2 [W(F D)2 w
=1/[*(F,}) + (aP)* + bP], where P = (F,* + 2F%)/3; GOF = {Z [w(F.,> —
FA)/(n — p)}"* where n is the number of reflections and p is the number of
refined parameters.
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Table S3.6. Crystallographic data and refinement parameters for 121-124.

Compound 121 122 123 124
Formula Mass 1520.75 2429.57 1501.85 1765.15
Space group Pna2, P-1 P2,/n P2,/n
a(A) 16.8623(10) 8.7587(14) 10.147(3) 10.210(2)
b (A) 18.0113(11) 13.067(2) 18.726(6) 19.151(4)
c(A) 10.1928(6) 23.009(4) 17.076(5) 17.819(3)
a (°) 90 73.807(3) 90 90

£(©) 90 88.980(4) 99.043(7) 98.959(3)
7 (°) 90 86.129(3) 90 90

V(A% 3095.7(3) 2523.1(7) 3204.5(16) 3441.7(11)
Size (mm°) 0.12x0.08%0.02 | 0.09%0.05x0.01 | 0.08x0.06x0.01 | 0.11x0.08x0.01
u(mm™) 16.112 17.968 15.564 19.483

z 4 2 4 4

20 range, ° 3.31-53.00 3.25-55.00 4.35-55.00 3.14-60.00
Deare (g/cm’) 3.263 2.555 3.113 3.407
Total ref. 33416 27045 21416 40892
Unique ref. 7115 11564 7334 10021
Unique |Fo| > 40 | 6371 8381 5456 9433

Rine 0.1079 0.0761 0.0423 0.0263

Ry 0.0712 0.0941 0.0534 0.0250

Ry (|Fo| = 40F) 0.0392 0.0359 0.0340 0.0441
WR; (|Fo| = 40¢) 0.0923 0.0622 0.0679 0.1116
GOF 1.031 0.845 0.990 1.058

Prmins Prmins €/A° —1.335,2.038 —2.366, 1.827 —1.486, 1.998 —2.466, 1.981
CCDC 1581587 1581588 1581589 1581590

Note: Ry = Z||Fo| — [Fll/Z|Fo|; WR, = {Z[W(F.2 — FA)XV/ZIW(FS) 2 w =1/[6*(F,2)+@P)? + bP],
where P = (F,2+ 2F2)/3; s = {Z[W(F,> — FA))/(n — p)} " where n is the number of reflections and
p is the number of the refined parameters.
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Table S3.7. Crystallographic data and refinement parameters for 125-128.

Compound 125 126 127 128
Formula Mass 698.15 838.20 587.05 639.08
Space group Pnma P2,/c P2,/n P-1

a(A) 7.6176(9) 12.7463(11) 8.475(3) 7.5635(15)
b (A) 12.1811(16) 12.4261(7) 12.264(2) 7.6188(15)
c(A) 19.258(2) 14.9928(11) 10.404(3) 12.101(2)
a(°) 90 90 90 79.559(15)
L) 90 113.433(6) 95.23(3) 89.272(16)
7 (°) 90 90 90 82.356(16)
V(A% 1787.0(4) 2178.8(3) 1076.9(5) 679.6(2)
Size (mm’) 0.20x0.16x0.04  0.18x0.12x0.03  0.11x0.08x0.01  0.14x0.07x0.02
i (mm ") 13.215 12.526 21.864 17.351

z 4 4 4 2

20 range, ° 3.96-53.00 3.48-52.00 5.15-53.00 3.42-55.00
Deaie (g/cm’) 2.595 2.555 3.621 3.123
Total ref. 11773 14994 7934 5568
Unique ref. 1942 4344 2148 2874
Unique |Fo| > 40 1656 3622 1583 2552

Rint 0.0810 0.0555 0.0942 0.0300

R, 0.0404 0.0391 0.0715 0.0346

Ry (|Fo| = 40F) 0.0420 0.0462 0.0534 0.0253
WR; (|F,| = 40F) 0.0708 0.0675 0.0757 0.0500
GOF 1.169 1.289 1.114 1.066

Prmin> Prmins €/A° —1.460, 0.981 —1.188, 0.975 —1.526, 1.238 —1.114,0.975
CCDC 1514590 1514589 1514592 1514591

Note: Ry = 2 [|F| — [Fell/Z |Fol; WRy = { Z [W(Fo> — FAX/E [WFS 1 w =1/[A(Fy) + (aP)* +
bP], where P = (F,> + 2F.%)/3; GOF = {Z [W(F,” — F)J/(n — p)}"? where n is the number of
reflections and p is the number of refined parameters.




Table S3.8. Crystallographic data and refinement parameters for 129-132.

Compound 129 130 131 132

fw 639.99 623.99 1020.98 1042.96
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnma P2,/c P2, P2,/c
a(A) 7.5496(7) 8.2366(10) 8.5827(13) 8.4842(10)
b (A) 12.0135(9) 7.5888(6) 10.0730(15) 10.2368(8)
c(A) 15.8362(13) 22.260(2) 10.0915(14) 24.228(2)
o (deg) 90.00 90.00 90.00 90.00

B (deg) 90.00 104.566(9) 95.980(12) 102.803(9)
v (deg) 90.00 90.00 90.00 90.00
V(A% 1436.3(2) 1346.7(2) 867.7(2) 2051.9(3)
z 4 4 2 4

D (gem ™) 2.960 3.078 3.908 3.376

u (mm") 16.423 17.507 25.012 21.166

20 range (deg) 4.26 — 53.66 3.78 — 58.64 4.06 — 50.00 3.44 —-50.00
reflections collected 10099 12119 5477 12326

independent reflections
gof ®

Ri, WR; [I > 2a(1)]*

R, WR; [all data]
CCDC

1605 [R(int) = 0.0875]

1.334

0.0467, 0.0860
0.0566, 0.0882

866553

3656 [R(int) = 0.0828]
0.996

0.0466, 0.0637
0.0785, 0.0688
866549

2931 [R(int) = 0.1271]
1.083

0.1072,0.2712
0.1126, 0.2766
866547

3602 [R(int) = 0.1698]
1.049

0.0674, 0.1551
0.0957, 0.1693
866553

? gof = [IW(F,> — F2)? / (Nobs — Nparam)] ° Ry = Z(IFo] — [Fe)/ZIFo|. WR, = [S[W(F,” — F)7Ew(F,2)*]

ey



Table S3.9. Crystallographic data and refinement parameters for 133-136.

Compound 133 134 135 136

fw 1692.97 1678.91 2709.91 2946.25
crystal system orthorhombic orthorhombic orthorhombic orthorhombic
space group Pnna Ibca Pca2, Pnma

a(A) 16.4221(14) 20.956(2) 31.505(2) 30.9728(19)
b (A) 18.4773(9) 34.767(8) 10.3688(6) 37.022(2)
c(A) 10.3602(5) 18.663(2) 16.2424(11) 10.4171(5)
a (deg) 90.00 90.00 90.00 90.00

B (deg) 90.00 90.00 90.00 90.00

vy (deg) 90.00 90.00 90.00 90.00
V(A% 3143.7(3) 13597(4) 5305.9(6) 11945.0(11)
z 4 16 4 8

D.(gem ) 3.577 3.280 3.392 3.277

u (mm) 21.319 19.720 20.814 20.086

20 range (deg) 4.40 —50.00 2.34-47.00 2.58 -49.00 2.20-49.00
reflections collected 18468 32094 27846 61466

independent reflections
gof?

Ry, WR, [1>20(1)]°
Rl, WR2 [all data]
CCDC

2774 [R(int) = 0.1191]

1.104

0.0541,0.1119
0.0790, 0.1216

866546

4913 [R(int) = 0.3280]
0.968

0.1040, 0.1867
0.2138, 0.2287
866551

8463 [R(int) = 0.2070]
0.997

0.0852, 0.1901
0.1305, 0.2150
866548

10116 [R(int) = 0.2139]
1.055

0.0858, 0.1736

0.1556, 0.2083

866550

2 gOf: [ZW(FO2 - Fcz)2 / (nobs - nparam)]l/z' ; Rl = Z(|Fo| - |Fc|)/2|Fo| WRZ = [Z[W(Fo2 - Fc2)Z/ZW(F02)2]1/2

143%



Table S3.10. Phases of uranyl oxysalts with monovalent cations in the UO,TO4 — A;TO4

— H,0 system ",

435

Point Formula type D T A
1 (UO,)(TO4)(H0), 1 Se, Cr -
3 Mo -
2 (UO2)(TO4)(H20)s5 1 S -
3 (UO,)(TO4)(H,0); 1 Cr -
4 (UO)(TO4(H:0)5 5 1 S -
5 (UO)(TO4)(H0)4 1 Se -
6 (UO)(TO4)(H20)45 1 Cr -
7 (UO)(TO4)(H20)s 5 1 Cr -
8 Ay(UO,)(TO,), 1 Mo Li
2 Mo Na, K, Rb, Cs
2 Cr, Mo Tl
9 Ay(UO,)(TO4)2(H0) 1 Se amine, H;O
2 S, Se amine, H;0
2 Mo K, Rb, Cs, NHy4
10 A(UOy)(TO4)(H,0), 5 1-2 Se amine
11 Ay(UOy)(TO4)2(H,0), 1 S, Se amine
2 S, Se K, Rb, Cs, NH,4
2 Se amine, H;0
12 Ay (UO,)(TO4)2(Hy0)s 5 2 Se amine
13 Ay(UO,)(TO4),(H0)5 1 Se amine
2 S, Se amine, H;0
14 Ar(UO,)(TO4)2(H20)35 2 Se K, H;O
15 Ay(U0O,)(TO4)2(H,0)4 2 Se, Mo Na
16 Ay(UO,)y(TOy), 2 S, Se amine, H;0
2 S, Mo Cs
3 Mo Rb, Cs
3 Mo Tl
17 Ay(UOy)»(TO,)3(H,0) 2 Se amine
3 Se H;0
18 A(UO,)»(TO4)3(Hy0), 2 Se K, H;0O
2 Se amine, H;0
19 A(U0O,)x(TO4)3(H20)s5 5 2 Se H;0
20 A (U0O,)2(TO4)3(H20)6 2 Se, Cr K, Rb, NH,4
3 Se Rb, H;0
21 Ay (UO,)»(TO4)3(H,0), 2 Se K, H;0
22 Ay(UO,)x(TO4)3(H20)75 3 Se Na
23 Ay(UO,)5(TO4)4 3 Mo Na, K



24
25

26
27
28
29
30
31
32
33
34
35
36
37
38
39

Ar(UO,)4(TO4)s(H20),
As(UO,)6(TO4)7(H20),

Ax(UO,)6(TO4)7(H20)4
A4(UO2)(TO4)3
A4(UO,)(TO4)3(H20)1 5
A4(UO,)3(TOy)s
A4(UO,)3(TO4)s(H,0)
A4(UO2)3(TO4)s(H20)s
A4(UO2)3(TO4)s(H20)s
A4(UO,)3(TO4)5(H,0)s
A4(UO,)s5(TO4)7(H,0)
Ag(UO,)(TO,),
As(UO2)4(TO4)7(H20)5
As(UO,)s(TO4)s(H20)s
Ag(UO,)s(TO4)s(H20)s 5
Ag(UO2)s(TO4)s(H,0)10

436

—_— = W W W W

NN DN O W NN N NN

amine
amine

Rb, Cs, NH,
amine

Na

Na, Tl
amine, H;0
Rb

amine, H;O
amine, H;O
K

NH4

Na, Rb, Cs, Tl
K

amine, H;0
amine, H;0

H;O0

* — for References see Kovrugin et al., 2012b; ** D — dimensionality of structural unit.




