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BBenenue

AKTYanbHOCTH TeMbl. Cyb(aThl ABISIOTCS OJHUMHU U3 BAXKHEHIIINX KOMIIOHCHTOB JIUTOC(EpHI
u ruapocoepsr (Wedepohl, 1984). OHu urparoT CyleCTBEHHYIO pOJib B ()OPMUPOBAHUU Pa3THYHBIX
TUTIOB MHHEPAJIBHBIX MECTOPOXKIACHH, B TOM YHCJIE MMCIOIIUX BaXKHOE MPOMBINIICHHOE 3HAYCHHE.
Hutepec k cynbdarconepkamum (azam o0yCIIOBIIEH, B TOM YHCIIE, TPOOIeMOi cynbhaTHON aTaku B
oeronax (Neville, 2004; Mullauer et al., 2013). PaznooOpa3ue MUHEPAIOB ¢ CyIb(paTHHIM aHHOHOM B
COCTaBe Ha CETOAHSIIHUN JeHb npeBbimaeT 600 BUIOB, uTO coctaBisieT Ooiee 9 % OT M3BECTHBIX
muHepasioB. CynbhaTsl JTEMOHCTPUPYIOT IIHPOKOE pa3HOOOpa3ue CTPYKTYPHBIX apXHTEKTYp
(Hawthorne et al., 2000). Cpenu reoornueckux popManuii, CBI3aHHBIX ¢ HAMOOIBIINM MUHEPAIbHBIM
pa3zHooOpasuem, 1, B YaCTHOCTH — CYJIb()aTHBIM, 0c000€ MECTO 3aHUMAIOT (hyMapoJIbl JEHCTBYIOIINX
BynkanoB (Bali¢-Zuni¢ et al., 2016). Onuumu u3 HauGosIee U3BECTHBIX MHHEPATOrHUECKHX 00BEKTOB
SIBIITFOTCS AKTUBHBIC (DyMapoJsIbl OKUCIUTEILHOTO THIIA HA IIJJAKOBBIX KOHYcax ByskaHa Tonbauyuk (1-
oB Kamuartka, Poccus) (Bepracosa, ®umaros, 2012, 2016; IlekoB u op., 2020). B ¢dymapoaax
Tonbaunka yctaHOBIIEHO cBbIIIE 350 MUHEpAIBHBIX BUIOB (B TOM uncie 6osee 120 BrepBbie OTKPBITHIX
311eCh), U3 KOTOPBIX Oosiee 60 comepkaT cynb(aTHbie KOMIUIEKCH. Takoe MHHEpaIbHOE pa3HOOOpasue
BKJIIOYAET KaK IICPBUYHBIC BBICOKOTEMIICPATYPHBIE OC3BOJHBIC MHUHEpabl, TaK W aCCOIHMAINU
BTOPHYHBIX THIPAaTUPOBaHHBIX (a3. B Hacrosmieli paboTe Ha OCHOBE MOJEIBHBIX IKCIEPUMEHTOB
MOKa3aHa TeHETUYEeCKasi B3aMMOCBS3b MEXKIy NMEPBUYHON CcynbpaTHOW MUHEpanu3anuei ¢hymapoin, u
HIMPOKUM pa3HOOOpa3neM I'MIpaTUpOBaHHbIX (a3.
HccnenoBanue cyab(haTHBIX MHHEPAIOB IMEPCIICKTUBHO U C TOYKH 3PCHUS CTPYKTYPHOU XUMHH
u Matepuanosenenus (Lander et al., 2018). Cunres u ncciieJ0BaHNE CBOWCTB CHHTETUYECKMX aHAIOTOB
(yMapobHBIX CYJIb(pATHBIX MUHEPAIIOB MO3BOJISIOT M3y4YaTh TaKWe MPAKTUYCCKH Ba)KHBIC CBOWCTBA,
KaK MUTpalus KaTHOHOB IIENOYHBIX METaioB. MuHepanonoqo0Hble cyib(aThl MIETOYHBIX U
MEPEeXOJIHBIX METAJUIOB  SBISIOTCS TIEPECIEKTBHBIMU MaTepUANaMU  JJI  DJIEKTPOXUMHUYIECKUX
npwitoxxenunit (Singh et al., 2015).
Heanb nanHOW pabOTHl — WCCIENIOBAHHE KPUCTAUIOXUMHH U (DU3MKO-XUMHUYECKUX CBOMCTB
(byMapoNbHBIX CyNTb()aTHBIX MUHEPATIOB U UX CUHTETHUYECKHUX aHAJIOTOB.
3ajaum, penraBmuecs B paMKax MOCTaBICHHOH 1IEJTH, BKITIOYaIIH:
1. Uzyuenme Pa3zooOpazoBaHusi TIpU THUApATAMK W TOCIEAYIOMIEH  JeruapaTaiuu
IKCTASIIMOHHBIX OC3BOTHBIX CYJIb(ATHBIX MUHEPAIIOB.
2. HccrnepmoBanume  TepMHUYECKOH  YCTOWYMBOCTH W TEIUIOBOIO  pACIIMPEHUs  KaWHHUTA
KMg(SO4)C1-2.75H20. YTouHEeHHE KPUCTAIUTMYCCKON CTPYKTYPHI.
3. CuHTe3 U KpHCTAIIOXUMHYECKOE HCCIeIoBaHIe HOBBIX coeuHeHnit ATM?*(SO4)X (A" = Na, K,

RDb, Cs, Tl, NHs*; M?* = Zn, Cd; X = CI, Br, 1), poacTBEeHHBEIX 5€10yCOBUTY.
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CuHTEe3 W KPUCTAJUIOXMMHUYECKOE HCCIEeIOBAaHUE HOBBIX OE3BOJHBIX CyIb()ATOB Meau H
HIETIOYHBIX METAJUIOB.

BhInonHeHHe KPUCTAJUIOXMMHUYECKOTO 0030pa 10 M3BECTHBIM KapKaCHBIM O€3BOJIHBIM
cynb(araM MeJu U BBISIBICHUE 3aKOHOMEPHOCTEH B CBOWCTBAX MUTPAIIMU HOHOB.

O0BbexkTaMu 1TaHHOW paOOTHI SBISUTUCH:

be3BonHbIe CynbdaTHbIE MUHEpAIIbI SKCrATSIMOHHOTO TeHe3uca — Bxiopud KNaCus(S04)30,
xanpkokuaHutT Cu(SOs), monepodanur Cuz(SO4)O, amomorimoueBckut KsCusAl(SO4)402 u
urenbMeHUT Na2CuMg2(SO4)4 U3 MuHepanbHBIX accouuanuii Gymapossl SnoButas (ByJKaH
Ton6aunk, KamuaTka, Poccust), oToOpaHHBIC JUCCEPTAHTOM IIPH MOJIEBBIX padOTax HA BYJIKaHE
Tonbauuk.

Kauaut KMg(SO4)Cl-2.75H20 u3 mecropoxnenus Bumbrensmcxami, CakcoHus-AHXAJbT,
I'epmanus.

CHHTETHYECKHE aHAJIOTH SKCraJAlMOHHOrO MuHepana OenoycoButa KZn(SO4)Cl ¢
pa3TMYHBIMU MIEIIOYHBIMI KATHOHAMH U aTOMaMH T'aJIOTCHOB.

KapxkacHble cynb(haThl IETOYHBIX U IEPEXOHBIX METAUIOB.

MeToabl HCCIEI0BAHUS. I[J'ISI MMPOBCACHUA HCCIIeJOBaHUI MHUHCPAJIOB U CHUHTCTUYCCKHUX

COCI[I/IHGHI/Iﬁ B paMKax HaCTOHHleﬁ paGOTbI, HCIIOJIb30BAJICA KOMIIJICKC Pa3JIMYHbIX MCTOOOB:

1.

[TopomikoBast peHTreHorpadus BBHIMOIHIACH C HUCMOMb30BaHMEeM audpakromerpa Rigaku
Ultima IV. [lanHble mpuM OTpPHUIATENBHBIX W BBICOKHX TEMIIEpaTypax OBUTM TMOJNYYEeHBI C
UCIIONIb30BaHUEM HU3KoTemreparypHoir kamepbl Rigaku R-300 u BbIcOKOTEMMEpaTypHOI
kamepbl Rigaku HTA 1600, coorBercBenHo. IlonydyeHHbIE pe3ysbTaThl 00padaThIBAIUCH C
ucnoibp3oBanueM 0a3bl nanHbix PDF-2 (2020), a Takke mporpaMMHbIX KoMmiuiekcoB PDXL u
Topas V.5.0.

MoHOKpHCTaJIbHBIE PEHTI€HOBCKHE MCCIIEI0BAHUS MPOBOIMINCH Ha Tudpakromerpax Bruker
Smart Apex II CCD, Bruker Kappa APEX II DUO, Rigaku OD XtalLAB Synergy-S, Rigaku OD
SuperNova. Jls1st 00pabOTKH JTaHHBIX MCIOJIb30BAIMCh KOMIUIEKCHI Tiporpamm Bruker APEX2,
Bruker SAINT, CrysAlisPro, SHELX u PLATON.

OJEeKTPOHHO-30H/IOBBI  MHKpPOAaHaJIM3 TPOBOAMJICS C  HCIOJB30BAaHHEM  PAaCTPOBOTrO
anekTpoHHOro Mukpockorna Hitachi  S-3400N, ocHameHHOTO HYHEPrOAUCIEPCHOHHBIM
cnekrpomerpoM Oxford Instruments X-Max 20.

Nudpakpacupie ciekTpsl Obl1H monyueHbl Ha UK-Dypee criektpomerpe Bruker Vertex 70 ¢
nopoukoBbIx mpo6 B KBr.

TepmoaHnain3 BeIIONHSAICS ¢ Uctioyib3oBaHueM aHanuzaropa NETZSCH STA 429 CD.
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[MompoOHbIe TEXHUYECKUE JIETaIH BCEX MPOBEICHHBIX SKCIIEPUMEHTOB ONMCAHBI B TPHIIOKCHHH.
B tex cirydasix, Koria MeToInKa SKCIIepUMEHTOB Obl1a pa3paboTaHa aBTOPOM, 3TO ONMCAHO B OCHOBHOM
YacTH JIaHHOU paOOTHI.

Hayuynasi HOBH3Ha oOInpeneiseTcs CyMMOW TIIOJNyYCHHBIX pE3yJbTaTOB H MOXET OBITh
Ipe/CTaBICHA B BU/IE CICAYIOUINX 3alIMIAeMbIX MOJIOKEHHUI:

1. Tlpu rugpaTanuy 3KCTAAIUOHHBIX CYNb()aTOB — IBXJIOPUHA, XaTbKOKHAHUTA, A0JIepOdhaHuTa,
UTEIbMCHHUTA M AFOMOKIIFOUEBCKUTA 00pa3yercsi 17 aHAIOroB THIPATUPOBAHHBIX HMPUPOIHBIX
cynbdartoB. Jlns 3BXJIOpUHA, XaJbKOKHAHHWTA, AOJEPOPAHUTa M HTEIBMEHHTA MPOLECCHI
THpATalui YaCTHYHO 0OpaTUMBI IIPH NOBBILICHUH TeMIlepaTypbl. [Ipy neruaparanuy KauHuTa
IPOMCXOIUT 00pa3oBaHue YaCTHYHO 00e3B0keHHON (assl KMg(SO4)Cl-(2+8)H20, 6 ~ 0.1.

2. JIBeHaamaTh HOBBIX CHHTETHYCCKHX AaHAJIOTOB (PYyMapoJpHOTO MHUHEpasia OeloyCoBHTa
A*Zn(SO4)X (A" = K, Rb, Cs, Tl, NH4"; X = CI, Br, |), mony4eHHbIX ¥ CTPYKTYpHO
OXapaKTepPH30BaHHBIX aBTOPOM, O0Opa3ylOT MOPQOTPOIHBI psAJ, 4YTO YKa3blBaeT Ha
HPUCIIOCOOSIEMOCTh OCHOBHOTO CIIOMCTOrO CTPYKTYpHOTo MoTHBA [ZN(SO4)X]™ K KaTMOHHBIM
u annoHHbIM 3amerenusM. Coenunenne CSZN(SO4)l memMoHCTpUpPYET CHIIbHYIO AehOpPMAaIIUIO
cios [Zn(SO4)I]T m ckaukooOpazHOE H3MEHEHHE [MapaMEeTPOB 3SJIEMEHTAPHOU SYCHKH.
Kpucrammmaeckass crpykrypa HoBoro cynbdar-xiopuaa NasZn(SO0s)2Clz ocnoBana Ha
octpoBHBIX KomIuiekcax [ZN(SO4)2Clz2], mpou3BOAHBIX OT CTPYKTYpHI OenoycoButa. [1pu 3amene
Zn na Cd me oOpasyroorcs rumnoretudeckue amanoru Oenoycosura ATCdA(SO4)X, a TonbKo
coemunenns 4 2Cd3(SO4)4.

3. Kpucrammdeckue CTPYKTYpbl MIECTH HOBBIX KapKacHbIX CyJb(aTOB MEAM M MICTOYHBIX
MeTauIOB co crexuomerpueii capanunHauta A2Cu(SOs4)2 u urensmenuta A2Cu3(SO4)4,
MOJYYSHHBIX METOJIOM KPHUCTAJUIM3allii W3 paciijlaBa, OCHOBAHBI HA TPEXMEPHBIX KapKacax,
cioxxeHHBIX onmdpamMu CUOn u Tetpadapamu SO4. PacueTHRIMU METOIaMH yCTaHOBIICHO, YTO
OTCYTCTBYET KOPPEISIHs MEXIy MapaMeTpaMy MOPHCTOCTH KapKaca M 3HAUYCHHSIMH MOHHOMN
MPOBOJIUMOCTH O KATHOHAM IIEJIOUHBIX METAJIJIOB JIJISl BCEX M3BECTHBIX KAPKACHBIX CYNb(aTOB
MEIN W IIENOYHBIX MeTaioB. CTPYKTYpHBIH THIT KPHIITOXAIBIIUTA IOKAa3bIBaeT HamOoiee
HU3KWW Oapbep MUTPALIMHA HOHOB, paBHBIN 2.14 3B, u sBiseTcs Hanboee MepCIeKTUBHBIM IS
ANMEKTPOXUMHUYECKUX TTPHIIOKECHUH.

TeopeTnueckasi 1 MPpaKTHYeCKasi 3HAYMMOCTB. [loyTydeHHbIE B HACTOsIIEH paboTe ITaHHBIC
pacIupsOT  MpeacTaBieHUs o TpaHcopmamusx Oe3BOAHBIX  Cynb(aTHBIX MHHEPAJOB H
HEOPraHMYECKUX COCIWHEHHI B MIMPOKOM MHTEpBalle (PU3UKO-XUMUYECKUX OOCTAHOBOK, B TOM YHCIIE
— Ttemnepatyp. JlaHHbIE pe3ysibTaThl MOTYT OBITH TOJIC3HBI Ul MIOHMMAaHUS BTOPHUYHBIX TPOIIECCOB
U3MEHEHHS CyJIb(aTHBIX MHHEPAJIOB M HEOPTaHMYECKUX MaTepuaioB. HakoruieHHbIe CBECHUS O HOBBIX

CUHTCTUYCCKUX COCAMHCHUAX U UX KPUCTANIMUCCKHUX CTPYKTYpPAX BHOCAT BKJIAJ B KPUCTAJIIOXUMHIO
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MaTepHaJioB C CyJdb(aTHBIM aHWOHOM, HCIONB3YIOIIUXCS B PAa3IMYHBIX O00JACTAX COBPEMEHHOMH
uHAycTpuu. Pe3ynpTaThl OLEHKM MHIPAallMd HOHOB B CYJb(GaTHBIX COECIUHEHUSIX, O0JIaJaroniux
KapKacHOM CTPYKTYpPHOW apXWUTEKTypod, MOTYT CTaTh OCHOBOHM [Jsi CO3[aHUS MaTepHalloB IUIs
IIEKTPOXUMUYECKUX MTPHIIOKEHUH.

Amnpodbamusi padorbl. OCHOBHBIC peE3yJbTaThl PabOTHl JOKIANBIBAINCH HA CIEAYIOIINUX
KOHIpeccax, KoHpepeHuusx u copemanusax: Oouneitnsiii cbe3n Poccuiickoro MuHepaaoruyeckoro
obmectBa «200 mer PMO»y» (Cankt-IlerepOypr, 2017); XXIII Bcepoccuiickas HaydHass MOJIOAEKHAS
KoHpepeHus «Ypanbckas MuHepanorudeckas imkona — 2017» (Exarepunbypr, 2017); IX
Hammonanenas kpuctamuioxumuueckas koHpepenuuss (Cysmans, 2018); XVI  Mononexnas
koHpepeHuus «CoBpemeHHble uccienoBanusi B reosorum» (Cankr-IletepOypr, 2018); XIX
MexyHapoHOE COBELIaHHE M0 KPUCTAUIOXMMUU, PEHTIeHOrpaduu U CHEKTPOCKOINUU MHHEPAJIOB
(Anmatutel, 2019); X HauumonanbHas kpuctamuioxumudeckas koHpepenuus (IIpusrnsbpycbe, 2020);
YerBeprast KOHGEPEHIHS U LIKOJIa ISl MOJIOABIX yueHbIX « TepMopeHTrenorpadus u peHTrenorpadus
HaHomarepuanioB (TPPH-4)» (Cankr-Ilerep6ypr, 2020); XIII cve3n Poccuiickoro MuHepaaoru4eckoro
obmectBa u Pegoponckas ceccus (Cankt-IlerepOypr, 2021); MexayHapoHas HaydHass KOHQEPESHIIHS
«CoBpeMeHHbIe TeHICHIIMU Pa3BUTUS GYHKIMOHAIBHBIX MaTepuanon» (Coun, 2021).

Hy6namkanuu. OCHOBHBIE pe3yNbTaThl paObOTHl M3JI0KEHBI B 7 CTAThAX, OIyOJMKOBAHHBIX B
PEICH3UPYEMBIX MEXKIYHAapOAHBIX HAydYHBIX JKypHajaX, a Takke B Te3ncax 9 [OKJIAJIOB Ha
MEXIyHAPOJHBIX U BCEPOCCUUCKUX HAYYHBIX KOH(DEPEHIIMSIX U CUMIIO3MyMax.

BuaarogapuocTu. ABTOp BbIpaXaeT TINyOOKyI0 OJIarofapHOCTb HAayYHOMY PYKOBOJHUTEITIO,
npodeccopy kad. kpucramiorpadpuum HMucturyra Hayk o 3emse CIIOIY, moktopy reosoro-
MuHepanoruyeckux Hayk Onery MoxannecoBudy Cuiipa 3a MOCTAaHOBKY 3aJad U BCECTOPOHHEE
PYKOBOJICTBO Ha BCE€X dTamax BHIMOJHEHHS AUCCEPTALUU; JOLUEHTY Kad. Heopranudueckon xumuu MI'Y
uM. M.B. JIomoHOCOBa, A.X.H. JMutputo Onerosudy YapkuHy 3a HEOLIEHUMBIN BKJIa/l B CHHTETHUECKYIO
4acTh HACTOsAIICH paboThl; momeHty kad. kpucramiorpadhuu CIIOIY, n.r.-m.H. E. B. Hazapuyky; Kk.r.-
M.H. H. B. IlmaronoBoii, k.r.-m.H. O. C. I'pyHCKOMYy M Bcem coTpyAaHUKam PecypcHoro neHtpa
«Pentrenonudpakmonasie MeTo bl uccnenoBanus»y CIIOIY; un.-kopp. PAH, a.r.-m.H. . B. [lekoBy,
k.r.-m.H. B. M. KoBpyruny, k.x.H. A. A. ['onoBy, k.x.H. B. JI. YronkoBy; komieram u3 Kuibckoro
yauBepcurera uM. Kpuctnana Anpbpexrta (['epmanusi) — npod. n-py B. Jlenmaiiepy u nipod. a-py
A. Xonbixaita. OcoOyro 6J1aro1apHOCTh XOUETCS BBIpa3uTh Ao1eHTY Kad. munepanoruu CIIOIY, k.r.-
M.H. AHaTONMIO0 AJIEKCAaHAPOBUIY 30JI0TapEBY — MOEMY MEPBOMY YUUTEITIO0 MUHEPATOTHH.

Cnacu6o moum poaurensm, Vcakosoit Upune BukropoBHe u bopucoBy Cepreto Pumosnuy 3a

OECKOHEUYHYIO MOAIEP)KKY MOMX HHTEPECOB.
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I'maBa 1. AKTyalbHOCTHh MUHEPAJIOTHYECKOT0 U KPUCTATIIOXUMHYECKOT0

HCCIe0BaHus CYJIb(aToB

CynbhaTHble MUHEPAJBI SBISIOTCS HHTEPECHBIMU O0BEKTaMU ISl UCCIICAOBAHMS KaK C TOYKH
3pEHHsI MUHEPAJIOTHUA U TEOXUMHH, TaK ¥ C MO3UIMHA HEOPTaHUYECKOW XUMHU U MAaTEPHAJIOBEICHHUS.
Pa3Ho00pa3ue U3BECTHBIX HA CETOJHSIIHUI JCHB CYJIb(AaTHBIX MUHEPAIOB BECbMa BEJTMKO — HMX YHCIIO
npesbiiaeT 600 MUHEpaTBHBIX BHIOB, YTO COCTaBIIsieT Ooiiee 9 % OT BCEX M3BECTHBIX HA CETOTHSITHUN
neub MuHepanoB. Cysbdarhl BCTPEYArOTCS B PA3IUYHBIX TEOJOTHYECKHX (OpMaIusx — 30HaX
OKHCIICHHSI PYJIHBIX MECTOPOXKACHUH (B TOM YHCIIE B YCIOBHSAX apUIHOTO KJIMMATa), SBAlIOPHUTOBBIX
MECTOPOXKJICHHSX, OCAIOUHBIX TIOPOJAX, a TAKXKE B (hyMaposax JACHCTBYIOMIMX ByJkaHOB. OmHaKo, Ha
CCTOHSAIIHUN JIeHb (ha30Bbie B3aMMOOTHOIICHHS, 0OECICUYHNBAIOIINE TAKOE INMUPOKOS MHHEPAIHHOE
pa3HooOpa3ue M3y4deHbl JTOBOJIBHO €1ab0 M HYXKTArOTCsA B Oojee MeTalbHOM aHalu3e, B TOM YHUCIE,
OCHOBAHHOM Ha MOJICIIbHBIX SKCIIEPUMEHTAX.

OnHuM U3 HauboJIee PacIPOCTPAHEHHBIX U AKTUBHO MPOTEKAIONIUX MPOIECCOB, MPUBOISAIINX K
pazHo00pa3uio CyIb(PaTHBIX MUHEPAIOB SBJISIOTCS MPOIIECCHI THApaTalud. B epBoii 4acTH HACTOSIIEH
paboThI TPEACTABICHBI PE3yJIbTaThl YKCIIEPUMEHTOB 110 THAPATAIMKA U MOCICIYIOIMIEH AerHIpaTaiu
psiia MHHEPAJIOB SKCTASIIMOHHOTO TEHE3UCa, a TaK)Ke aHAIM3 MOJyUYEHHBIX JaHHBIX C TOYKU 3PCHUS
MUHepayioruu, xumun U kpucrawtoxumuu (Siidra et al., 2019c, 2021a). Ilpouecchl TuapaTanud u
MOCJICYIOIIEH JeTuapaTalui MePBUYHBIX CYJIb()ATHBIX MUHEPAJIOB SIBJISIOTCS BaXKHBIM BOTIPOCOM HE
TOJILKO B CBETE T€OXUMUH, HO TAK)KEe B KOHTEKCTE TEOPUH «IBOIOIIMK MuHepasioBy (Hazen et al., 2008),
aKTUBHO pa3BUBAIONICHCS B TMoclenHee aecsatwietde. OqHa W3 WHTEPECHBIX 3aKOHOMEPHOCTEH,
OIMCaHHAs B paMKax 3TOU TEOPUH, CBSI3aHA C TEM, UTO MUHEPAJIbHBIC BUJIbI, SIBJISFOIIUECS MPOYKTaMHU
THJIPATaIK, OOBIYHO UMEIOT 00JIee BHICOKYIO CJIOXKHOCTh, Y€M MEPBUYHBIC MHUHEPAJIBL. 3a4acTyio IpU
THIpATAllii  KaKoro-iubo TEePBHYHOTO MHHEpada o0pa3yeTcs 0 HECKONBKMX Pa3IdnIHbBIX
MUHEpaIBbHBIX (a3. Tarxke MpOIEecChl THAPATAIlMH MOXXHO paccMaTpuBaTh M B KOHTEKCTE WHBIX
AKTyaJbHBIX BOIMPOCOB: UX POJHM B (POPMHUPOBAHUU MECTOPONKIACHUH IMOJIE3HBIX MCKOMACMbIX WIH B
CBSI3U C YIPO30M 3KOJOTMYECKOW 0OCTaHOBKe. ['maparaiisi 4acTO BBICTYNAeT B KadyecTBE Hadaia
BBIBETPHBAHHUS, KOTOPOE, B CBOIO OUYEPEIb MOKET NMPUBECTH K BBHIOPOCY TOKCHYHBIX 3JIEMEHTOB B
OKPY’KaIoIIyIo cpefy. Pe3yapTaToM 3TOro MOryT OBITH BCEBO3MOXKHBIC MAryOHBIC TTOCIICICTBHSL.

B mnocnemHue HECKOIBKO JCCATWICTHH AKTUBHO W3Y4YarOTCs MPOIECChl THApATAllid U
JeTUApaTALiU Kelle30coepxaniux cynbdatHeix mMuHepanos (Xu et al., 2009; Sklute et al., 2018).
Kpome Toro, Gombimoe 4YuCIIO PabOT MOCBSIIEHO H3YYECHHUIO ATHX MPOIECCOB MPHUMEHUTEIHHO K
cUCTEMaM C BOJHBIMH CyJib(haTaMi MarHus, 4TO SIBJISCTCS BAXKHBIM ISl IOHUMAaHUS M PEKOHCTPYKIIUU
naneoarMocepHsIx ycioBuit Ha Mapce (Vaniman et al., 2004; Chipera, Vaniman, 2007; Altheide et

al., 2009; Grevel, Majzlan, 2009). 3ameTuMm, 4TO BCE JaHHBIC PAOOTHI MOCBSIIECHBI OTHOCHTEIHHO
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npocteiM cuctemam, TakuM kak Fe(SO0s)—H2(SO0s)-H20 wim Mg(SO4)—-H2(SO4)-H20. Cucremanm,
COJIEpIKAIM WHBIE TIEPEXOHBIC DJIEMEHTHI, IIEJIOYHbIC METAIUIHI (B TiepByto odepend Na mmu K), a
TakKe Jpyrue aHuOHbI (K MPUMEPY, TaJOTEHBI) IO HACTOSIIET0 BPEMEHHU yAETSIIOCh HAMHOTO MEHbIIIe
BHUMaHHUSI.

be3BojHbIE BHICOKOTEMIIEPATYpHBIE CyIb(paTHbIE MUHEPAJIbI C MepexoIHbIMu MeTauiamu (Fe,
Cu, Zn, V ¥ T.1.) ABISAIOTCS JOBOJBHO PEIKUMH U BCTPEYAIOTCS 10 OOJBIICH YaCTH 6 (yMaponibHbIX
cucmemax, C6a3anHHbIX ¢ Oelicmgyrowumu gyakanamu. Takxe mog00HbIe MUHEpalbHbIE aCCOLMALUU
00pa3yroTcsi B pe3yJIbTaTe eCTECTBEHHBIX MOI3EMHBIX YTOJBHBIX TOXxapoB (Hamp. Pautov et al., 2020).
Taxue MUHEpabl SBIAIOTCS HECTAOMIBHBIMHU NPU U3MEHEHUH TEMIEPAaTYPHBIX YCIOBUHA U OCOOCHHO
HEYCTONYMBBIMU B CIyyae BO3IEHCTBUS BIaKHOW aTMocdeps! (Wi ocaikoB). B ycinoBusx BbICOKOMH
BJIQXKHOCTH OHH MOTYT OBICTPO THAPATUPOBATHCA U TNPETEpreBaTh pa3jIHMYHble XUMHUYECKHE U
¢u3nueckue Hu3MEHEeHUs. B TOM uuciie BO3MOXKHBI HPOLIECCHl PACTBOPEHHSI-PEKPUCTAIUIM3ALINY,
HOCAIIME  IHUKJIWYHBIA  xapaktep. IIOBTOpHOE  BBICOKOTEMIIEpATypHOE  BO3ACWCTBHE  HA
THIIPaTUPOBAHHBIE MHHEPAJIbHBIE ACCOIMAIMKA MOXET OCYHIECTBISATHCS BBHIY IPOJIOIDKAIONIETOCS
BBIX0/Ia TOPAYUX T'a30B U3 (pyMapos. ITo MOKET MPUBECTU K 00E€3BOKUBAHUIO THAPATUPOBAHHBIX (a3
1100 ¢ BO3BpAILIEHUEM K COCTaBY IMEPBUYHBIX MUHEPAJIOB, JINOO C 00pa30BaHUEM HOBBIX COEIMHEHUH.

@dymaponbl Ha JEHCTBYIOIIMX BYJKAaHAX MOXKHO YCIOBHO pa3ieiuTh Ha JBE TPYIIIbL:
(1) dymaponbr okuciuTeapbHOro THMAa W (2) GymMapoibl ¢ BOCCTAHOBHTEIBHBIMH  YCIOBUSMH
MuHepanooOpazoBanus. [locrneqHue ropasno mupe pacrnpoCTPaHEHbI, a UX MUHEPAJIOrHs JAETaabHO
u3yueHa. B ¢ymaponax BOCCTaHOBHUTENIBHOTO THUIIA MEPBUYHBIMH MHHEpalaMH SBISIOTCS MPOCTHIE
BEIIECTBA, CyIb(GUABI U cylbhoconu. B otnuune oT HUX, pyMapoIibl, OTHOCAIINECS K OKUCIUTEIIEHOMY
THUITY, BCTPEYAIOTCS B IPUPOIE TOPA3II0 PEKE U CYIMIECTBEHHO OTIMYAIOTCS OT BOCCTAHOBUTENBHBIX TIO
KOJIMYECTBY M Pa3HOOOPa3ui0 MUHEPaNbHBIX BUIOB. OJHM M3 HanboJee M3yUYEeHHBIX (M U3BECTHBIX C
JpeBHOCTH) (yMaposl C OKUCIMUTENbHBIMU YCIOBHUSMHU PpAacCHOJOXKEHbl Ha BylkaHe BesyBuil u
XapakTepu3yIoTCs OoraTeiei megHoN MuHepanu3amueit (Balassone et al., 2019). B cepenune XX Beka
IIPU MCCIIEOBAHUN OKUCIUTENbHBIX (pyMapos Ha BynkaHe Mcanbko B CanbBagope OblIO 0OHAPYKEHO
Ooratoe MmeaHO-BaHaaueBoe opyaeHenue (Hughes, Stoiber, 1985).

B 1975-76 ronax Ha Bynkane Tonbauuk (mosyoctpoB Kamuarka) mpou301UIO OJHO U3 CaMBIX
U3BECTHBIX u3BepxkeHU XX Beka — bonbimoe tpemmuHoe TonbaunHckoe uzBepxkenue (Penotos,
1984). B xome 3TOro M3BEep)KEHUS 00pa30BaJICA Psi/I MUIAKOBBIX KOHYCOB. Pacroyio)keHHBIE HA HUX
bymMapoIibl OKHCIUTENBHOTO THIA OKA3aJIUCh HACTOALIUMH «KJIAJOBBIMU» YJIUBUTEIBHO OOraThiX U
pa3HOOOpa3HbIX MUHEPATbHBIX AacCOLMAlWi, CTaBIIMMHU IUIOJOPOJHONW TOYBOW ISl HM3YyUYCHHS
MUHEPAJIOTHU W KPHUCTAUIOXMMHH BYJIKaHWYeCKUX JKcransiui (Bepracosa, ®@umaros 2012, 2016;
Pekov et al., 2018a, IlekoB u dp., 2020). Munepanuzanus Gpymapoa BToporo mmiakoBoro KoHyca

Bonpmoro tpemmuanoro TonbaunHCKOro M3BepKeHHs OblIa HACTOJIBKO Ooratoi, 4yTo B KoHie 1970-x
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rOIoB 3TH (yMapoJibl pacCMaTPUBAIKMCh KaK MEPCIEKTUBHOE (XOTS U HEOOJBIOE) MECTOPOIKICHHE
meau. K cyacTeio, yJaJleHHOCT W TPYAHOAOCTYIHOCTh TAKOTO MECTOPOKIEHUS CAEIAIH €ro
9KCIUTyaTanuio HepeHtabenbHo. dymaponsl Tonbaunka npuoOpesnn BCEMHPHYIO H3BECTHOCTh HE
CTOJIBKO KakK OOrarblii MCTOYHHK MEAM, CKOJBKO H3-3a OOJIBIIOrO YHWCla PAa3IUYHBIX MHHEPAJIOB-
SHJIEMHUKOB, a TAaK)Ke M3-3a OOLIET0 MUHEPAIBHOTO Pa3sHOOOPAa3Hs, KOTOPOE NENaeT UX YHUKAIbHBIMU
MUHEPAJIOTHYECKUMHU 00bekTamMu. MHTepecHO, uTo miiomans (ymMaposibHBIX MMOJIEH Ha ILIAKOBBIX
koHycax BTTU noBonbHO Mana: k mpumepy, GpymapoiabHoe nojie Ha BTopoM 1Hu1akoBoM KOHyce UMeeT
IUIOIAb BCEr0 B HECKOJBKO COTEH KBaJpaTHHIX MeTpoB. HecmoTps Ha 3710, n3 pymapon BTTU na
JTAHHBI MOMEHT onrcaHo Oosee 120 HOBbIX MuHepaabHbIX BUa0B ([lexoB u dp., 2020), B ToM uuncie
uMeroux 0e3BOJHBIM XapakTep. Bkiiag B 3TH OTKpBITHS BHECEH TaK)Ke KOJIJIETaMU aBTOpa JaHHOM
pa6ortsr (Siidra et al., 2014a, 2017, 2018a,b,c, 2019a,b, 2020a,b; Nazarchuk et al., 2018, 2020).

[TocTBynkannueckue nporueccsl Ha pymaponax BTTU npopomkaroTcs 1 ceroiHs, 4To NpUBOAUT
K 00pa30BaHHIO HOBBIX MUHEpAIbHBIX BHJOB. Temmeparypa B (hymaposax IMOCTOSHHO MEHSETCS BO
BPEMEHHU, TO MOBBIIIASICH, TO NOHWXKasACh. HekoTopsie pyMaposasl, KOTOpbIe OB aKTUBHBI HECKOJIBKO
JNECATWIECTUN Hazal, TENepb SABIIOTCA «HOTYXIIMMW». B pe3ysbraTre pasiuyHBIX T'MIIEPIEHHBIX
IPOIIECCOB (B MEPBYIO OUepelb — I'MIpaTaliu) HabaroaaeTcsi 00pa3oBaHUe YHUKAIBHBIX acCOLMALUi
BTOpPUYHBIX cyibdaTHbix MuHepanoB (Siidra et al., 2014b,c). TemneparypHblii pexum B
IIPUIIOBEPXHOCTHBIX 30HaX ¢ymaposl (BCIEACTBHE HUX B3aUMOJCHCTBUS ¢ OOJNBIIUM 00BEMOM
aTMOC(EPHBIX 0CAIKOB) OJBEPKEH CE30HHBIM KosiebanusaM. OIHaKo caMu ITpoLecchl TpaHchopMalun
NEePBUYHBIX (YMapOIbHBIX MHUHEPAJIOB MOJ JeiicTBHEM aTMOc(epHON BIArd J0 CUX MOp SBISIOTCS
c1ab0 U3yYEHHBIMHU.

Opnnolt u3 Hanbonee u3BecTHBIX (ymapon Ha koHycax BTTU sBnsercs dymapona SnoBuras
(55°49'59"N, 160°19'59"E). Omna pacrnonoeHa B npejenax ¢pymMapoabHOTO Mo Ha BepiirHe Broporo
nTakoBoro konyca CeepHoro npopsiBa bonsiioro Tpemna Ton6aunHckoro u3BepxeHus. JJaHHbII
KoHyc Haxonutcs B ~18 km k FOKO3 ot geiictByromero mmuroBoro BysikaHa [lmockuit Tonbaumk
(denotos, 1984).

Oymapona SnoButas Oblia OJHOW M3 MEPBBIX (yMaposi, OMMCAHHBIX Ha KOHycax bosbiioro
TpemuHHOro TondaunHckoro u3Bepkenus (Bepracosa, ®uaros, 2016). UHTEeHCHBHOCTH TOTOKOB Ta3a
B HEll CHJIBHO BaphbHpOBANACh B MEPBbIC rojbl Mocie u3Bepkenus (Mensitnos u dp., 1980), Ho u Ha
CeroHAMIHUN JeHb (ymapona SnoBuTas OTHOCHUTCS K HambOosee akTuBHBIM (ymaponmam BTTH.
PazHooOpaszue mMuHepasoB — cynb(aToB MeOH C Pa3iIUYHBIMH JIOTIOJIHUTENFHBIMU KaTHOHAMH WU
aHMOHAMM B acCOLMALMAX JaHHOM (pymapoiibl orpoMHO. OZHHUM M3 CaMbIX PACIpPOCTPAHEHHBIX B HEH
cynbdarabix muHepanoB sBisiercss 3BxiaopuH KNaCus(SO4)3sO (Puc. 1). Ilo cytu oH sBisercs

OpPOI000Pa3yIOIIUM MHHEpPAJIOM. BBHIy 3TOrO, SKCIIEPHMEHTHI, CBSI3aHHBIC C €r0 THIpaTainueid u
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MOCIICAYIOMIEH AeTHAPATAIINCH, PEACTABIISIOT OCOOBI HHTEPEC, TAK KAaK MOTYT OOBSICHUTH TIPOIECCHI
bopMHUpOBaHHUs 3HAYUTEIILHON YaCTH BTOPUYHOM cynbhaTHOi MuHepanu3armu (Siidra et al., 2019c¢).
Ha Puc. 2a nokasana ¢ororpadus paspesa ¢pymapoins! SnoButas riryouHoit 2.5 merpa. 30Ha,
HanOosee OoraTas pa3nUYHbBIME O0€3BOJHBIMU CyJIb(paTaMu MeJu, HAXOJUTCA B JHanazoHe oT 35 ¢M 10
65-70 cMm ot moBepxHocTH. O6pasiubl MuHepaios (Puc. 2b,d,e), ucrnonb30BaHHbIC /15 SKCIICPUMEHTOB
10 THpATalMy, OMMCAHHBIX B HACTOSIICH paboTe, ObLIM OTOOpaHbl ABTOPOM MMEHHO M3 TOH 30HbI.
Temmeparypa ¢(ymaponbHBIX Ta30B, 3aMEpEHHAss Ha YPOBHE MeEIb-CYJIb(AaTHBIX aCCOLUAIIHA,
cocraBisiia ~300 °C. Bee 00pa3ipl ObUTH yITAKOBAHBI B IJIACTHKOBYIO IUICHKY Cpa3y IMociie oToopa ¢

HCJIBIO IIPEAOTBpAICHUS KOHTAKTa C BHEIIIHEH aTMOC(bepOﬁ.

Puc. 1. OOpaser ByJIKaHHUECKOTO IIIJTaKa, MOJIHOCTHIO MOKPBITHIN KpUCTaIaMu 3BXJIOopHHA pasmepoM 0.1-2 MM
u3 Gymapoinsl SnoBUTas, NCIIONB30BAHHBIMH ISl MCCIICOBAaHUI B HACTOsIIEH paboTe (&), mosie 3peHus 5 cm;
6oxpmme (10 3 cM) meHApUTOOOpa3HbIe KPHUCTAIIIBI 3BXJIOPHHA B TOJIOCTH M3 CyIh(paTHON 30HBI (yMapossl
Snosuras (b)

N3 ugumcna wmsyueHHsix MmunepanoB sBxyopuH KNaCus(SO4)30, xamskokmanut Cu(SOs),
nonepodpanut Cuz(SO4)O u amomokioueBcKUT K3CusAl(SO4)s02 06pa3oBainch HEMOCPEICTBEHHO
KaK MPOJYKThI BYJKAaHHUECKUX BO3TOHOB, OJIHAKO, HTeIbMEeHUT Na2CuM(g2(SO4)4, KOTOPBIIT COTEPIKUT
3HAQUUTENIbHOE KOJIMYECTBO Mg, TPENNoNOXKUTEIbHO SBISETCS MPOAYKTOM PEAKIUU MEXKIY
BYJIKAHWYECKUMH Tra3aMH U 0a3aJIbTOBBIM IIJIAKOM. ITO MOATBEPKIAETCS TEM (PAKTOM, YTO COCTUHECHHS
Mg umeroT oueHb HM3KYHO JietydecTb npu 300 °C, moatomMy npsiMoe OCa)KIEHUE 3TOr0 MUHEpana U3
ra30B CUMTAETCS MaJOBEPOATHBIM. B moBepxHOCTHOW wacTu (ymaponsl Haxomutcs 30Ha (~10 cm),
MPEJICTABIISIONIAasi B OCHOBHOM (PTOPUIHYIO MUHEpaIU3aui0. Mexay GTOPUAHON 1 MeIb-CyabhaTHOU
30HaMH JIETKO Pa3Iu4YUTh MPOMEKYTOUHYIO 30HY TOJIMHOW oT 15 mo 25 cm, cocTosmyio u3

W3MEHCHHBIX M THAPATHPOBAHHBIX CyIb(haTHbIX MuHEpaioB (Puc. 2a).
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Puc. 2. O6muit Bug paspesa dymaponsl SdnoButast; 30Ha, Haubonee Oorartas cyiabparamu Menud oO03HaueHa
KpacHbIMU JIHHUsAMH (3); MakcuMmalibHasi MOIIHOCTh JaHHOW 30HBI COCTAaBISET OKOJIO 35 CM; XOpOIIo
PaCKpHCTAIIM30BaHHbIN 00pa3ell XalbKOKHaHWTa U3 JaHHOW 30HBI (D) M OH ’Ke, MPaKTHYECKU MOIHOCTHIO
W3MEHMBILIUICS B XaJbKaHTUT IIOCIE OJHOW HEJENM HAaXOKACHHS BO BIAXHOW armocdepe (C); TeMHO-
KOPHYHEBBIE KPHCTAILIBI 10JIePOpaHUTa B ACCOLUAIIUH C SPKO-3€I€HBIM IBXJIOPHHOM (d) M CPOCTKU UTOJIBUATHIX
KpPHUCTAIJIOB ANMIOMOKIIIOYEBCKHTA (€) U3 cynbhaTHOM 30HBI (yMapossl S1oBuTasi, HCHONB30BAaHHBIE B JaHHOU
pabore

OnmHUM M3 pacpOCTPaHEHHBIX THMIPATHPOBAHHBIX CYJIb()ATHBIX MUHEPAJIOB, BCTPEUAOIINXCS
KaKk B (DyMapoJIbHBIX acCOIMAIMAX, TaK U B JPYTHX T'COJIOTHYECKUX (OpMAIMAX, SBISCTCS KAUHUT
KMg(SO4)CI-2.75H20 (Zincken, 1865; Robinson et al., 1972). B ¢ymaposbHbIX accoluanusix
TonbGaurka OH CBsSI3aH C OTHOCHTENBHO HU3KOoTeMmiieparypHoi (50-150 °C) cynbhaTHO-XITOpHUIHON
3oHo0it (Pekov et al., 2015b), comepkariieit 60JbIIOE YUCITO THAPATUPOBAHHBIX CYIb(aToB. OTMETUM,
YTO B OTHOIICHUH BBHICOKOTEMITEPATYPHBIX MUHEPAIBHBIX aCCOLMAINN OCTAETCS OTKPBITHIM BOIPOC 00
«aaruapokanauTey KMg(SO4)Cl, HEOTHOKPATHO TIOJHUMABIIHICS B TEYCHHE TOCIECIHETO CTOJICTHUS
(Janecke, 1912; Kassner, 1958 u ccbuiku tam). KpoMe Toro, npeactrapisieTcsi HHTEPECHBIM U3yUYeHHE
NPOIIECCOB TpaHCc(oOpMaIMy KaWHUTA TPU BBICOKHX TEMIIEpaTypax JUIs YCTAHOBICHHS €TI0 CBSI3U C
HIEpPBUYHBIME OE€3BOJAHBIMHU SKCTAJSIIIMOHHBIMI MUHEPaJIaMHu.

Hapsiny ¢ hymMaposibHbIME acCOIMALUSIMUA KaUHUT SBJISICTCS OJHUM W3 BOKHEHIITMX MUHEPAJIOB
IBANOPUTOBBIX MecTopokaenuit (Braitsch, 1971; Jena, 2021). B nmannoii dopmanuu OH CIYKHT
KOHIIEHTPAaTOPOM KaJlusl, a TaKKe BaKHOM KanuitHoW pyaoi Hapsany c¢ cuiabBuHoM KCl, xapHammuTomM
KMgCl3-6H20, nanr6eitnurom K2Mg2(SO4)3 n nonuramurom K2CazMg(SO4)4-2H20 (Spencer, 2000;
Babel, Schreiber, 2014; Jena, 2021). BBuay Takoil BBICOKOW MPOMBINUICHHOW 3HAYUMOCTH
IBAIIOPUTOBBIX MECTOPOXKICHUH, JJIsl BCEX JaHHBIX MUHEPAJIOB, M B TOM YHCJIC — KAaWHUTA, aKTUBHO
u3yvanuch ux (roranmonneie coiicta (Miller, Yalamanchili, 1994; Hancer, Miller, 2000). B
HoCJIe/IHee BpeMsi OOJIbIIIOE BHUMAHHUE yIeNsAeTCs polieccaM BhiBeTprBanus 3Banoputos (Censi et al.,

2016), KOTOPBIC HMCHOT BaAKHOC DJKOJOIMYCCKOC 3HAUCHUC B Oprxca}omeﬁ cpeac COJICHOCHBIX
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mecropokaennii (Warren, 2010; Wang et al., 2019; Shields, Mills, 2021). Kpome Toro, kKauHUT
IPEJICTABISCT MHTEPEC JJISl U30TOMHBIX UCCIICIOBAHUIA, MOCKOIBKY OH coaepxkut cepy (Hryniv et al.,
2007) u xmop (Eggenkamp et al., 1995).

AKTUBHO TPOBOAWINUCH uccienoBanus (B ToM uucie wmetrogoMm AMP-cnekrpockonun)
CHUHTETHUYECKOTO KAWHUTA, JONMHUPOBAHHOIO PpAa3IUYHBIMA MArHUTHO-aKTHBHBIMH KAaTHOHAMH, K
npumepy, Mn?*, Cu?*, Cr**, (VO)**, Co?" u Ni?* (Subramanian, Hariharan, 1986; Rao et al, 1994;
Narasimhulu et al.,, 2000; Dhanuskodi, Jeyakumari, 2001, 2004). Psx pabGoT mOCBSIIEH
CIEKTPOCKOITUYECKUM UCCIICIOBAaHUSM CTPYKTYPHOI poiiu cynibhaTHoro anuoHa B kaunute (Murthy et
al., 1992a,b; Salagram et al., 1988, 1994). Kpome TOro, KauHUT SIBJISIETCS MOAXOIAIIMM OOBEKTOM JIJIst
UCCIICIOBAHMSI KPUCTAUIOXUMHUECKOTO MOBEACHHS XJIOPUA-aHHOHOB IIPH BBICOKHX JIaBIICHHSIX
(Nazzareni et al, 2018). OxgHako 10 CETOAHSAIIHErO JHS OTCYTCTBOBAIM PabOTHI MO HCCIICIOBAHHIO
CHUCTEMBbI BOJOPOJHBIX CBSI3¢H B CTPYKTYpE KaWHUTA, UTPAIOIINX KIIIOUEBYIO KPUCTAJUIOXUMHUYECKYIO
POJIb B CTPYKTypax ruapaTupoBaHHbIX MuHepasioB (Hawthorne, 1992). B Hactosiieii pabore aeTaibHO
UCCIIC/IOBAH XapakTep BOJOPOIHBIX B3aUMOJCHCTBUMN, B JOMOJIHEHHE K YeMy yTOYHEHA HCTHHHAS
xumuueckas Gopmysia kauauta KMg(SO4)Cl-2.75H20 (Borisov et al., 2022a).

HecMoTpst Ha MHOTOYHUCIICHHBIE HCCIICIOBAHUSI KAMHUTA, TPAKTUYCCKH HE U3YYaJiCsl U XapaKTep
€ro TEIUIOBOT'0 paciuupeHus. B kpaTkom onucanuy ero repMudeckoro noseaenus (Bish, Scanlan, 2006)
coolimaercs Jmiib o pasnoxennu muHepana (mpu 60 °C B Bakyyme u 80 °C Ha BO3ayXe), IPU 3TOM
TPOIYKTHI PA3JI0OKEHUS HUKAK HE OXapaKTepH30BaHbI (B YaCTHOCTH, OCTABJIEH 0€3 BHUMAaHHS BOTIPOC O
BO3MOXXHOCTH CYIIIECTBOBAHUS «aHTUIAPOKAMHHUTA»). CTOUT OTMETHTh, YTO KAUHUT MOXET
CylIecTBOBaTh M Ha ToOBepxHocTH Mapca B kparepe I['yceBa (Rice et al., 2010). PesynbraTs
TEPMUYECKHUX UCCIICIOBAaHUIA KAMHUTA MOTYT OBITh TIOJIE3HBI I TOHMMAaHUS TOBEJACHHUS COCIUHCHHMS,
AQHAJIOTUYHOTO MapchaHcKkoMy. OTMETHM, YTO TeMmIepaTypa MOBEPXHOCTH Mapca HM3MEHSETCsl OT
—150 °C no 10-20 °C (Barlow, 2008, 1 ccbuTku TaM), 4TO BKIIFOYEHO B TEMIIEPATYPHBIN IUAIa30H MPH
HAIlleM MCCIIeIOBAHUU KaMHHUTA.

Kak ormedasnocs BbIlie, Cyab(paTHble MHHEPAIBI MMPEACTABIAIOT HHTEPEC HE TOJBKO C TOYKH
3peHHsI MUHEPAJIOTUH U TEOXHMHUH, HO TaK:Ke BXKHBI U C TIO3UIUI CTPYKTYPHOH XMMHUH, B YACTHOCTH
KaK TPOTOTHIIBI HOBBIX TEPCHCKTHBHBIX MaTepuaioB. Kak mnpupogHble, TaKk M CHHTETHYCCKUE
0e3BOJIHBIE CYIb(aThl IPEICTABISIFOT COOON aKTUBHO MCCIIEAYEMYI0 001acTh XMMHH TBEPAOTO TEa.

OmHUM U3 HIMPOKO HCCIEAYEMBIX CEMEHCTB SBISIOTCSA CYJb(aT-TalOTeHUIbI TEPEXOTHBIX
METAJUIOB,  XapaKTEpU3YIONIMECs  3HAYUTENIBHBIM  Pa3HOOOpa3HMeM  XHMHYECKOTO  COCTaBa,
KPUCTAUTUYECKUX CTPYKTYp U (PU3MUYECKHX CBOMCTB. B MarepuanoBeseHWH HauOOJIbIIICC BHUMAHUE
ynaensiercs cynbdar-propumam (mamp., Ati et al., 2011; Reynaud et al., 2012; Sun et al., 2016).
CHUHTEeTHYECKHE COCTMHEHUS ¢ MHBIMU TajorenaMu, a uMeHHo — ¢ Cl, Br u I, sBisitoTcst cpaBHUTENEHO

PCAKHMHU, U PAaHEC paCCMATPHUBAINCH (B OCHOBHOM B COCIHUHCHMHAX MCI[I/I) H3-3a UX HHTCPCCHBIX
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maruuTHbIX cBoicTB (Hélg et al., 2014; Kikuchi et al., 2017; Soldatov et al., 2018; Fujihala et al,
2020a,b). Cynbdar-ramoreHumaM Apyrux 53JAEMEHTOB YICIAIOCH TOpa3go MeHblle BHUMaHH. K
pUMEPY, COSTMHEHHSI TAKOTO KJIacca ¢ IMHKOM OBLJIM ONMCAHBI JIAIIb B €TUHUYIHBIX pabotax (Bosson,
1973, 1976).

T'oBopst 0 cysb(har-raoreHu1ax, CTOUT OTMETHTh HEJABHO OTKPBITHIA MUHEpad OCIOYCOBHUT
KZn(SO4)CI (Siidra et al., 2018C), ycraHOBJIEHHBI B accONMAIMAX OMHCAHHOHN BbIIIE (HyMapoOJIbl
Snoutas (BTTU). benoycoBUT NpuHAIICKUT K CPaBHUTEIBLHO OOTaToMy CEMEWCTBY CyJb(aTHO-
XJIOPUIHBIX MHHEPAJIOB, NPEACTAaBICHHOM, K mpumepy, kamuaTkutoM KCus(SO4)20Cl, nuiinurom
K4Cu4(S04)40-(Na,Cu)Cl, xmoporuonurom K2Cu(SOs)Cl2 u atmacoBurom CusFeBi(SO4)504-KCI.
[Mogasnstomee  OONMBIIMHCTBO OE3BOMHBIX  CYJIb()AT-XTOPUIOB  SBISIOTCS  ME/Ib-COACPIKAIIMMU
MUHEpaJlaMi, B TO BpeMsl KaK LWHK SBISETCS BHIO0OPA3yIOIIUM JJIEMEHTOM JIMIIb B €IMHUYHBIX
npumepax — B repmanHsauTe CuZn(SO4)2 (Siidra et al., 2018b), rimukunute Zn3(SO4)20 (Nazarchuk
et al., 2020) u maiiiyranure K2Na(ZnNa)Ca(SOa)4 (Siidra et al., 2020a).

B Hacrosimeit pabote ObUTO 3HAYMTEIBHO PACIIUPEHO CEMEWCTBO AaHHBIX coenuHeHui (Borisov
et al., 2022b). B npomomkenue psma pabot mociemHero aecstwirerus (mamp. Singh et al., 2015;
Kovrugin et al., 2019), B KOTOpbIX OBUIM OIUCAHBI CHHTCTUYCCKHE COCIAMHCHUS, aHAJIOTHYHBIC
MHUHEpaJiaM, B KadeCTBE IPOTOTUMA I CHHTE3a HOBBIX OC3BOJIHBIX CYJIb(PATOB OBLI MPHHAT
cTpykTypHbI Tun OenoycoButa KZn(SO4)Cl (Siidra et al., 2018c). CuHTe3upoBaHBl U H3YUYCHBI
JIBEHAATh €r0 CHHTETHYECKUX AHAJIOTOB C PA3JIMYHBIMH MICTOYHBIMH KAaTHOHAMH W aTOMaMHU
rajoreHoB. Ha OCHOBE TOJYYCHHBIX JaHHBIX MOSBHJIACh BO3MOXHOCTH PacCMOTPETh Pl
KPUCTAULIOXUMHUYECKUX SIBJICHUH, B dacTHOCTH — Mopdotpormto (Kalman, 2005), 3akonomepHOe
U3MEHEHHE KPUCTAITHUECKOW CTPYKTYPhI C U3MEHEHHEM XHMHUYECKOTO COCTAaBa.

OnHako, siBIeHHEe MOP(OTPOIIUU UMEET OoJiee MIMPOKOE PaCIPOCTPAHEHUE Cpe OE3BOIHBIX
CyIb(haToB IMICTOYHBIX W MEPEXOIHBIX METAUIOB. SIpKUM mpuMepoM (GyMapoJIbHOTO MHUHEpaa,
CTaBILIETO OCHOBOW JUISI CHMHTE3a OOJIBIIOTO YHCJIa CHHTETHYCCKHX aHAJIOTOB SBJSCTCS CapaHYMHAUT
Na:Cu(SOas)2 (Siidra et al.,, 2018a). B mnameii paboTe TakKe pacCMOTpEHa CEpHUS aHaJOrOB
CapaHYMHAUTAa C pa3JIMYHBIMU IIEIIOYHBIMH KATHOHAMHM, CTaBIIMX II0Ka3aTEIbHBIM MPUMEPOM
MopdoTtponuu U psaa mopdorpomnubix nepexonor (Siidra et al., 2021c). Dra vacTh HccieI0BaHUS
0COOEHHO aKTyajlbHa HE TOJbKO C TOYKH 3pPCHHS pa3BUTHS CTPYKTYpPHOW MHUHEPAJIOTHHA U
KPHCTAJULIOXUMHH, HO M BBHIYy BBICOKOTO MHTEpeca K 0E3BOIHBIM CyJib(aTaM IIEIOYHBIX META/UIOB Ha
npeMeT 3JIEKTPOXUMHUYECKUX TMPHIOKEHWH. B TmocieqHee BpeMmsi MOIXOA «OT MHHEPAJIOB K
MaTepuajam» IMoKa3al CBOK 3((EKTUBHOCTh I LEJIOr0 psijia MaTepUAIOB, HWHTEPECHBIX IS
snexTpoxumun. OIHUM U3 IPUMEPOB sABJseTcs MuHepan smbadenaut NaFe® (SOs)2, koTopsIii 6BLT
OTKPHIT B (ymaponax Byiakana Dibademns, Mcmanmms (Balié-Zuni¢ et al., 2009). Amnanoru

anbAdesuTa, CHHTE3UPOBaHHbBIC B Mmocieayromux padorax (Singh et al., 2015; Yu et al., 2017; Ri et
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al., 2018), meMOHCTPHPYIOT CTAOMJIBHOE TIOBEACHUEC MPU SJICKTPOXUMHUYECKOM IHKIEe. Jlpyrum
IPUMEPOM MHUHEPAIa, SBISIOMIETOCS 00bEKTOM HCCIEeJOBAaHHUS HHTEPKAISIIMOHHBIX CBOMCTB, SBISETCS
nanroeitnuT K2MQ2(SOs)s. Ha ceromHsHuii 1eHbh U3BECTHO OIPOMHOE KOJIHYECTBO CHHTETHUYECKUX
COEIMHEHUH CO CTPYKTYPOH JIAaHTOCHHUTA U PA3TMYHBIMH KOMOWHAIIMSMEI XUMHYECKOTO COCTaBa (Harmp.
Lander et al., 2017; Trussov et al., 2019). Kpome 3T0ro, ¢ TOUYKH 3pSHHUS IEKTPOXUMHHU TPUBIICKIN
BHHMaHHE TAaKKe HEKOTOpbIC CyJb(aTHble MUHEpalbl, 00pa30BaHHE KOTOPBHIX CBS3aHO C 30HAMHU
BTOPUYHBIX HM3MEHEHHWH Ha aKTHBHBIX (ymaponax, Kk npumepy — KpEHKHT Na2Cu(SOs)2:2H20
(Barpanda et al., 2014; Watcharatharapong et al., 2017) u 6iéautr Na2Mg(S04)2-4H20 (Reynaud et al.,
2014).

BBuay Takoll BBICOKOW aKTyalbHOCTH WCCIENOBaHHA O€3BOTHBIX CYJb(PATOB IIEIOYHBIX
METaJJIOB, B Hacroslield paboTe MPHBEICHBI pPE3yJIbTaThl HCCICIOBAaHHA Kak CyJIb(paToB CO
CTeXMOMETpHUeH ymoMsHyToro Beiie capanduHanta Na2Cu(SOs)2 (Siidra et al., 2018a), Tak u
COCIMHCHUH, pOJCTBEeHHbIX HUTeabMeHUTY Na2CuMg2(SOas)s (Nazarchuk et al., 2018). ITomumo
OITMCAHUS HOBBIX COCIMHEHHI, B pa0OTe MpPEACTaBICHBI PE3YJIbTaThl TOMOJIOIMYECKOTO aHaIN3a BCEX
U3BECTHBIX HAa CETOJHSIIHHUIA JCHb (IPUPOAHBIX U CHHTCTUYECKUX) OC3BOJHBIX CYJb(ATOB MEIH U
IIEJIOYHBIX METAJUIOB, 00JIaIAI0IINX KapKaCHOW CTPYyKTypHOU apxutektypoi (Borisov et al., 2021).
Kpome Toro, mpuBeAeHbI HTOTH OIIEHKH BO3MOXHBIX TmyTeii murpamuu Na® u K B pamkax
pPAacCMOTpPEHHBIX CTPYKTYp ¢ ucmonbs3oBanueMm Metona BVEL (bond-valence energy landscapes), a

TAKXKEC aHAJIM3a pacCrpeaciiCHuA BHGKTpOHHOfI IIOTHOCTHU B T.H. IPOKPUCTAJLIIAX.
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I'masa 2. JBoawonus pymMapoJbHbIX Cyab(aTHBIX MHHEPAJIOB IPH U3MEHEHHUHU

(pu3uKO-XMMHUYECKHUX 00CTAHOBOK

2.1. YTouHEeHHe KPUCTANINYECKO CTPYKTYPBbI U TeIJIOBOE paCIIHpPeHHe IBXJIOPHHA

KNaCus(S0.)s0

[Tepen HayamOM SKCIIEPUMEHTOB MO THAPATALUH U ICTUAPATALNH CYIb(PAaTHBIX MUHEPATIOB JUISI
oaHoro u3 Hux — 3BxiopuHa KNaCus(SO4)30 — Obuia yrouHeHa Kpuctawindeckas crpykrypa (Siidra
et al., 2019c). DBXJIOpUH KPUCTAJUIU3YETCSI B MOHOKJIMHHON CHHTOHUH, B MPOCTPAHCTBEHHOW TpyIINe
C2/c, ¢ mapameTpaMu >neMeHTapHOl syeiiku a = 18.131(15), b = 9.386(8), ¢ = 14.353(12) A, S =
113.217(12)°, V = 2245(3) A3, B kauecTBe MCXOHOM MOJIE/H Il YTOYHEHHs CTPYKTYPhl SBXJIOpPUHA
UCIIOJIb30BAJIMCh KOOPAMHATHI aTOMOB, OMyOJuKoBaHHbIC B pabore Scordari, Stasi (1990). Bce
IKCIIEPUMEHTAIbHBIC IAHHBIC IPUBEICHBI B IPUIOKeHHA 1.

Kpucrammudeckas cTpykrypa sBxiopuna (Puc. 3) conepkur aBe CHMMETPHUYHO HE3aBUCUMbIC
no3unuy menoyHbix MetasuioB Al u A2 (rne A = Na, K). YTouHeHre cTpyKTyphbl ¢ yUeTOM 3aCElIeHHOCTH
NO3UIH mokasaino, 4ro no3umus Al seisercs K-momunanTHol (Ko.e53)Nao.s53)), B To Bpems kak A2 —
npakTudeckn nonHocThio 3aceneHa Na: (Nao.ss)Koozs). OOmas ¢opMyiaa MHHEpaIOB TIPYIIIBI
sxsopuHa — A1A2[Cusz0](SO4)s (A = Na, K). Takum 00pa3om, KpucTauioXUMU4ecKasi hopmyia s
JTAHHOTO MHHEpajia MOXKeT ObITh 3anucana Kak (Ko.e53)Nao.35(3))(Nao.9s3)Ko.023)) [CusO](SO4)s. Pasuuia
B aTOMHBIX paauycax K u Na mposiBisieTcs B yBeTUUEHUH 00beMa 3JIEMEHTApHON sTYEHKU MUHEpaIoB
nauHol Tpymmel — mynuEuTa NaNa[Cus0](SO4)s (2182.6 A3, Siidra et al., 2017) u denorosura
KK[Cu30](SO4)3 (2396.8 A3, Starova et al., 1991). O6beM d>neMeHTapHON SYeHKM H3y4eHHOTO
IBXJIOpPUHA HAXOJUTCS IMOYTH Ha CEpeANHE MEX/y 3HAUYCHUSIMHU ISl TAaHHBIX MUHEPAJIOB.

B ony6nukoBanHoO# panee pabore Scordari, Stasi (1990) cTpykTypa 3BXJI0oprHa ObLTa ONKCaHa
B TEPMHHAX KATHOHOICHTPHPOBAHHBIX IONMAIAPOB. Takod MOAXOI WMEeT psia HEAOCTaTKOB, W, B
NIEPBYIO OYepe/lb, OH HE IMO3BOJIET OMMCATh XapaKTep TEIUIOBOTO PACIIUPEHUS KaK I TAHHOTO
MHHEpaia, TaK W JUIsi LEeJIOro psaa JIpyrux coenuHeHui. OnuchiBas CTPYKTYpPY B TEepMHHAx
AQHMOHOIICHTPUPOBAHHBIX KOOPAHMHAIIMOHHBIX monu3ipoB (Krivovichev et al., 2013), MOXHO BBIACTHTH
«JIOTIOJTHUTENbHBIE» aTOMBI KUCIIOPOa (HE OTHOCAIIUECS K CYIb(aTHBIM IPyIIiaM), KOTOpbIe 00pa3yroT
tetpasapbl O1Cus u O2Cus, 00beAMHSIOMNECS, B CBOIO OUEpeib, Uepe3 pedpo, ¢ 00pa3oBaHrEeM TuMepa
[02Cus]®* (Puc. 3a). /JIBa cynb(aTHBIX TETpadaApa COEAUHAIOTCA C JaHHBIMM AUMEpPAMH MO MPUHIIHITY
«rpanb K rpanny. Cynb(aTHeId TETpadAp, HEHTPUPOBAHHBIA aTOMOM S3, CBS3BIBACT IOJIyYHBIIHECS
KITacTephl, U TakuM obpasom dopmmpyercs cioit {CusO(SO4)3}?, mapamnensHsii mmockocTH bC.

ATOMBI Kanus 1 HAaTpUA HaXOLATCA B MCIKCIOCBOM ITPOCTPAHCTBC.
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Puc. 3. Kpucrammueckas crpykrypa 3Bxinopuna; Ol- u O2-nenrpupoBannsie Terpadapbl OCus 00benHsIOTCS
1o pedpy ¢ obpasosanneM aumepo [02CUs]®* (a); yeThipe cymb(aTHBIX TETpasapa COSAMHEHBI TI0 NPUHIMHITY
rpaHb K TPaHH; TETPadphl, EHTPUPOBAHHBIC aTOMOM S3, 00pa3yroT CBsi3b Mexay kiaactepamu (D); obmras
MIPOEKIMST KPUCTAIUTNIECKOM CTPYKTYPHI 3BXJIopHHa B0k oceit b u ¢ (c,d); [K (Al) = opamxessrii, Na (A2) =
CHHUH |; DBOJIIOIMS TEH30pa TEPMHUUYECKOTO PACITMPEHHUS IBXJIOPHHA TIPH Pa3HBIX TeMIeparypax (€)

AHnanuz vlcokomemnepamypHo2o noedeHus: U MePpMUYecKo20 paculuperus I6X10PUHA

Temneparypa pa3fo)KeHHS SBXJIOpPHHA ObUIa ONpe/AeieHa Kak CpemHSAs MEXIy IByMs
COOTBETCTBYIOIIMMHU TU(PPAKTOrpaMMaMH, TJ€ TOSBISIOTCS IMHKH, HE OTHOCSIIHECS K HCXOJHOMY
MuHepairy. TakuM 00pazoM OBUIO yCTaHOBIIEHO, YTO 3BXJIOPUH cTabmieH no 650-675 °C, nocne vero

OH HayMHaeT pasznaratbes Ha TeHOpUT CuO u HeupeHTHuIUpoBanHyio (aszy (Puc. 4). B Hebonbiom
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KOJIMYECTBE TMPOJIYKTHl Ppa3JIOKEHUS OHBXJOpUMHA pearupyroT C IJIaTUHOBOM MOAJIOKKOH (C
obpa3zoBanueM okcyja matuHel PtO2). ®a30BBIX MEpPeXol0B B JaHHOM JKCIIEPUMEHTE OTMEYCHO He
Ob10. OOBEM 3JIEMEHTAPHOW siYCHKH, MapaMeTpbl 8, D ¥ C HenpephIBHO yBEIMYHUBAOTCS C

TEMIIEPaTypoOii, B TO BpeMs KaK yroJl MOHOKIMHHOCTH f ymeHbmaercs (Puc. 4)
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Puc. 4. 3aBuUCUMOCTh TapaMETPOB 3JICMEHTAPHON SYEHKM OT TeMIepaTypbl M SBOJIONHS MOPOIIKOBBIX
PEHTIEHOIPaMM IPH HArpeBe BXJIOPHHA; AU(PAKTOTPAMMBI, CBUJICTEIBCTBYIONIME O PA3JIOKCHUH IBXIIOPHHA,
o0o3HaueHbl kKpacHbIM (Pt = mnartuna, PO = PtO,, Te = tenopur CuO, X = HeunenTuduupoBanHas ¢asa)

TemoBoe pacmmpeHue 3BXJIOpUHA CHIBHO aHM30TPONHO (Puc. 3€) m MokeT OBITH BBIPAXKEHO
CJICIYIONIMMH yPaBHECHHUSMU:

a:=18.5315(56) + 0.156(41) x 1073 + 0.356(60) x 10°°

b:=9.3800(20) + 0.104(14) x 103t + 0.172(21) x 10757

ci=14.3409(17) + 0.0415(45) x 107

Bi=113.871(12) + 0.163(89) x 1073t — 2.32(13) x 10757

Vi=2270(2) + 134(5) x 1073, rae t — Temneparypa.

CuIIBHO aHM3OTPOIIHBINA XapaKTep TEIUIOBOTO PACIIMPEHUs IBXJIOPHHA OCTACTCS MPAKTUYECKH
OJTMHAKOBBEIM  BIUIOTH JI0O €ro pasloxkeHus. HauOomplmee pacmipeHne o011  HaOIogaeTcs
neprnesauKyIsapHo cnoam {Cuz0(S04)3}> (Puc. 3¢,d), B To BpeMs Kak MUHHMAJILHOE PACIIMPEHHE 022
¥ 033 MPOUCXOJUT MapaUie]bHO NaHHBIM (parmeHTam ctpykTypbl (Puc. 3b—e). Takoit xapakrep
TETUTOBOTO TIOBEICHUS MOXKET OBITH HHTEPIIPETUPOBAH B PAMKAX KECTKOCTH CTPYKTYPHBIX KOMIUIEKCOB
B CTPYKTyp€ 3BXJOopuHa, re TeTpa’apbl SO4 u OCus sBisitoTcs Hanbosee )KeCTKUMU (pparMeHTaMu,

KOTOpPBIC, BBUY CBOUX CBOI>'ICTB, HUMCIOT TCHACHIIUIO NPCIATCTBOBATL TCPMUICCKOMY paCIIMPCHUIO.
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2.2. Kpucrauioxummieckoe uccjaegosanue gpazoo0pa3oBaHusi IpH Npoueccax ruApaTanum u

AeruapaTanuu pyMapoabHbIX 0€3BOIHBIX CYJIb(ATHBIX MUHEPAJIOB
2.2.1. MeToanka 3KCIEPUMEHTOB

Bce MuHepaibl, nccieioBaHHbIe B paMKax Hacrtosmei padots (Siidra et al., 2019c, 2021a) —
IBXJIOPHH, XaJIbKOKHAHUT, 10JIepOdaHHT, AITIOMOKITIOUYEBCKUT U UTEIBMEHUT — PACTBOPUMBI B BOJIC U
B Pa3HOH CTENEHH YyBCTBUTENBbHBI K BIAKHOCTH Bo3Ayxa. KpucTamibl JaHHBIX MUHEPAIOB HAUMHAIOT
U3MEHATHCA C 00pa30BaHUEM THIPATUPOBAHHBIX «KOPOUEK» Y)KE IMOCIIE HECKOIbKUX JHEH HaXOXKACHUS
Ha OTKPBITOM BO3/IyX€ C OTHOCUTEIbHOH BlaxkHOCThIO 81 % u Temnepatypoit 23 °C. I1o stoil mpuunse,
KaK 0TMEYaJIOBb BBIIIE, TIOCIIE 0TOOpa MUHEpaIOB U3 (pymapon Broporo mmakoBoro konyca BTTU onn
OBLTH HAJIC)KHO 3alleuaTaHbl B IIACTUKOBYIO IUICHKY (BO M30€KaHHE KOHTAKTa C BO3IYXOM).

Jlis BceX M3Y4YEHHBIX MUHEPAJOB ObUI BBIMOJIHEH KAYECTBEHHBIN 3IIEKTPOHHO-30HIOBBIM
mukpoananus. [To ero pesynbratam B 00pa3iax MUHEpaIoB, OTOOPAHHBIX JJIs1 SKCIIEPUMEHTOB, HE OBLIO
O00HApy’>KEHO CYIIECTBEHHBIX INpPUMECEHd, M HMX COCTaBbl COOTBETCTBOBAJIHM OMYOJMKOBAaHHBIM B
creayromux paborax: xampkokmanur Cu(SOas) (Siidra et al., 2018b), sexmopun KNaCus(SO4)30
(Scordari, Stasi 1990), amromoxsroueBckut KsCusAl(SO4)402 (I'opekas u dp., 1995; Siidra et al., 2017)
u urenbMeHUT Na2CuMgz(SO4)s (Nazarchuk et al., 2018). Oo6paszen; monepodanuta Cuz(SO4)0,
UCTIOJIb30BaHHBIN B TaHHOH pabore, coaepxan 1.8 macc. % ZnO, uto cornacyeTcs ¢ oy OJIMKOBaHHBIMU
paHee JaHHBIM [0 XMMHYECKOMY cocTaBy 3Toro munepaia (Kahler, 1962). [Ipumech nuHka 10BOJIBHO
OoObIYHA Ml KCTAJSIMOHHBIX MHHEpPAIoB — CyJIb(haTOB MeAu. DTO CBSI3aHO C TE€M, YTO ra3bl B
¢ymaponax bonbimoro tpeumHHOro Ton0auMHCKOTO W3BEP)KEHHUS CHIBHO OOOTalleHbl JIaHHBIM
metauiom (Menyailov, Nikitina, 1980; Mewnsitnos u dp., 1980).

DKCIepUMEHTHI MPOBOJMINCH C HCIOJIB30BAHUEM OJMHAKOBOW METOAMKHU: 1 rpaMM Kaxaoro
MuHepana Obll 0TOOpaH BPYYHYIO MOJ ONTUYECKUM MHUKpOCKomoMm. OToOpaHHBIE KPUCTAUIBI ObLIH
pacTtepThl B aratoBoi cTymke. llepen HauanioMm SKCIEPUMEHTOB YHCTOTa Kaxa0M mpoObl Obuia
IpOBEpEHa C TOMOIIBIO MOPOIIKOBOW peHTreHorpaduu, U B CiIydae OOHApYKEHHsS MPUMECHBIX (a3
oTOupascs HOBbI 0Opaser. YucTas neperepras mpobda nepeHocuiach Ha KpeMHHUEBYIO KioBeTy. KioBeta
MoMeIanach BHYTPhb dKCUKaTopa (00beMoM 3 11), a ero JAHO 3amoiHsuIoch 250 M JUCTUIUTMPOBAHHOU
BOABl. BIa)XHOCTb B 3KCHUKAaTOpe BO BpPEMs OSKCIIEPUMEHTOB KOHTPOJIMPOBANIACH TUIPOMETPOM,
coBMenieHHbBIM ¢ TepMomerpom CEM DT-625. PacueTHoe cTaHAapTHOE OTKIOHEHUE 3HAYCHHI
BrnaxHocTH coctaBisuio 0.5 %. Kaxmas cepus SKCIEpUMEHTOB TOBTOPSIAch JABaXIbl. Bcero mist
Ka)KIO0r0 U3 U3yUYEeHHBIX MUHEPAIOB ObLIO MPOBEIECHO IIECTh MOCIEAOBATEIbHBIX CTAANNA THIpATALUN
— COOTBETCTBYIOILIME Pe3yJIbTaThl MpUBEACHHI B Tabnumax 1, 3, 5 u 7. 3MeHenune kaxaoil mpoOsl B

TEYECHHUE HKCIICPHIMEHTA COIIPOBOKAAIOCH H3MeHeHHeM IBeta (Puc. 5-9).
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JlaHHBIE TIOPOIIKOBOM PEHTIeHOTpaHH NOCIE KaXI0W CTaIMU TUAPATAUH ObLIH MOTYYCHBI Ha
muppakromerpe Rigaku Ultima IV (u3nydenune CuKoa). IIpomosmbKUTENTbHOCTh KaXKIOW ChEMKH
coctapisiia okono 15 muH. [lonmydeHHbIE peHTTeHOTrpaMMbl MoKa3aHbl Ha Puc. 5-9. Kaxnas u3 Hux
ObUTa TpOaHATM3UPOBaHA C HCIOJIB30BAaHMEM NporpamMmHoro komruiekca Topas (Bruker, 2014a).
Hcmone3yst omyOnMKOBaHHBIE CTPYKTYPHBIE JTAHHBIC [Tl KXKI0H U3 MPOoMeKyTodHbIX (a3 (Tadxn. 1-8),
OBLT TIPOBENICH KOJWUYECTBEHHBIN (a30BbIii aHaim3. B Xoje manmpHEWIIEro OMUCaHUs MOJYYCHHBIX
pe3ysibTaToB  Bce  MHHepanonogoOHble  ¢a3pl,  KOTOpble  MOSBISIOTCS  BO  BpeMs
TUApaTalyy/ IeruapaTanu, 0003HaYeHbI B KaBbIUKaX, TaK KaK He SBISIOTCS UCTUHHBIMU MUHEpaIaMH,
a JTUIIb aHAJIOTHYHBI UM.

[ToBeneHne ruaPaTUPOBAHHBIX P00 NMpPU HarpeBaHWHU OBLIO W3YyYEHO B aTMOcdepe BO3ayXa C
WCIIOJIb30BaHWeM aHajornyHoro audpakromerpa Rigaku Ultima IV (usnydyenne CoKo (B ciyuae
9KCHEPUMEHTOB C IBXJIOPHHOM J10JI€pO(HAHUTOM, ATTFOMOKIIFOUEBCKUTOM U UTEIIBMEHUTOM) U U3Ty4YECHUE
CuKoa (TOIBKO B SKCIIEPUMEHTE C XaJIbKOKHAHUTOM)), a TAK)Ke BEICOKOTEMIIEpaTypHOi kamepsl Rigaku
HTA 1600. O6pa3zen nepeHocuiics ¢ KpeMHHEBOM KroBeThl Ha Pt—Rh mactuny. lllar mo temmnepatype

coctanis 25 °C, nuamnaszoH temrepatyp — ot 25 go 400 °C.

2.2.2. l'ugparanus u nocjenywimas geruaparanus pxjopuaa KNaCuz(SO4)30

Tuopamayus

Bo BnaxHol arMmocdepe 9SBXJIOPUH MPETEPIIEBACT CIOXKHYIO TpaHC(HOpPMAIHUIO  CO
MHOTOKOMIIOHEHTHBIM (pa3zooOpazoBanueM. [locne mepBbix 30 MHHYT ruapartanuu OoJbIIas 4acTh
npoObI mpeBpatmiiack B aBe ¢assl — «imanoxpout» (Na,K)2Cu(SO0as)2-6H20 (Robinson, Kennard,
1972) u «xanpkantut» Cu(SOas)-5H20 (Bacon, Titterton, 1975). MoxHO caenatb NpearnonokKeHne o
npucyTCTBUM Na B «IIHAHOXPOUTE» M TaKHMM OOpa3oM yuYecThb COJepKaHHWE HATpUs B NEPBUYHOM
IBXJIOPHHE, KOTOPOE AOCTHTaeT ~ 65 Macc. %.

Ha stom sxe stamne HaunHaeT mosBIAThCs «KoOsieBuT» Cus(SO4)2(OH)s-4H20 (Pekov et al.,
2013). KoOsmeBuT Obu1 OTKpHIT B BumiHeBbix ropax Ha FOkHOM VYpane, U Ha JaHHBIM MOMEHT HE
U3BECTEH BO BTOpHYHBIX accormanuax ¢ymapon BTTU. Taxke Ha 3TOMl craguu coxpaHsercs
HE3HAUNTENIbHOE KOJIMYECTBO McXoaHoro 3BxyopuHa (Puc. 5, mud. 2). LluaHOXpOUT M XalbKaHTHT,
orpeziesIieHHbIE Ha IAHHOM 3Talle — XOPOIIIO U3BECTHbIE MUHEPasbl, KOTOPBIE IIUPOKO PACIPOCTPAHEHBI
BO BTOPUYHBIX MUHEPAIBHBIX accormanusax Broporo nutakooro konyca bTTH. DTansl runpaTtanun 3—
6 (Puc. 5) umerot cxoxuit (azoBbiil coctaB. B HuUX npeobnanaoT (has3bl KIHAHOXPOUTY, «KOOSIIIEBUT
U «XampKaHTUT». Takke oOTMe4aeTrcs TOSABJICHUE 3HAUUTENBHBIX KOJIMYECTB «KPEHKUTA»
Na2Cu(S0a4)2:2H20 (Hawthorne, Ferguson, 1975). B kauectBe BTopocTeneHHOM (a3bl Ha dTamax 3—6

HaOmoaaercst «kanuoxanpiuT-HaTpoxanb (K,Na)Cu2(SO04)2(OH)-H20 (Giester, Zemann, 1987,
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Pekov et al., 2014a). Ota ¢a3a cTaHOBHUTCS JOMHHHUPYIOIICH Ha (UHAJIBHOM 3Tare 3KCIICPUMEHTA,
1I0CJI€ 3HAYUTENIBLHOIO BpEMEHHU ruparainun. B octanbHOM (a30Bblil cocTaB 00paslia coxpaHseTcs, 3a
UCKJIIOUEHHEM MCUYE3HOBEHHUsI (a3bl, COOTBETCTBYIOIIEH «KpEHkUTY» (Puc.5, mud. 7). YciaoBus
BJI&KHOCTH Ha BCEX 3Tamax rujaparamuu jaocrarouyHo cxoxu (Tabum. 1). Mcxons w3 3TOro, MOXKHO

clenaTh TPEANOJIOKEHHE, YTO pelIalonlylo poiib B (a3000pa3oBaHMM HrPaeT HMEHHO
POJOKUTEIBLHOCTD IIPOLIEcca TupaTalu.
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V - «aBxnopuH» KNaCu,0(SO,), ¥V - «xanbkaHtut» Cu(SO,)-5H,0
V - «kobswesut» Cu,(SO,),(OH),-4H,0 ¥V - «umanoxpout» K,Cu(SO,),"6H,0
V - «kanuoxanbyut-Hatpoxansumt» (K,Na)Cu,(SO,),(OH)-H,O

V - «kpéHkut» Na,Cu(SO,),-2H,0 V - «nyatBeHuT» Cu(SO,)-H,0
V - «Bynbpput» K;NaCu,0,(SO,), ¥ - «6powaHTut» Cu,(SO,)(OH),
V - «gonepocanut» Cu,0(S0O,) Pt - nnatuHa

Puc. 5. JludpakrorpaMMbl pa3nTuYHBIX CTQAUNA THAPATAIMN SBXJIOpUHA (BHHU3Y); CTaJIUU ITPOHYMEPOBAHEI ClIeBa
OT KaXJI0H Tu(paKTorpaMMBbl; IMKK COOTBETCTBYIOMNX (a3 0003HAYECHBI TPEYTOIBHUKAMHU PA3IHMYHOTO IBETa
(cM. ycioBHBIE 0003HAUEHHS); BBEPXY — AUPPAKTOrpaMMBbl Pa3IMUHBIX CTaJUi JeruapaTanii 0O0BOIHECHHOM
poOBI IBXJIOPUHA; THAPATAIHS TPOOBI IBXJIOPHHA COITPOBOXK/IANACH I3MEHEHHEM IIBeTa (CIpaBa); B MpoIiecce
JaTBHENIIero HarpeBa THIPaTUPOBAHHON MPOOBI IIBET CTAHOBUTCS OJM3KUM K M3HAYAIBHOMY SIPKO-3€JICHOMY,
YTO AOMOJHUTEIBHO MOATBEPKAAET YACTHUHYIO 00PaTUMOCTD MPOLIECCOB THApPATaLUK/ IeTuAPATALlUK BXJIOPHUHA



Taoauna 1. DBomouus 3BXJIOpUHA B CMECh THAPATHPOBAHHBIX CYJIb(aTOB BO BpEMsI SKCIIEPUMEHTOB MO ruapaTauuy npu 23°C, pa3nuyHoi MpoAOIKUTEIEHOCTH U
Pa3IIMYHON OTHOCUTENFHOU BIAXXHOCTH; ipeobanatomntue ¢ga3sl (> 20 %) BAETICHBI )KUPHBIM MIPU(TOM; KOJINIECTBO KaX 10 (a3bl yKa3zaHO B Macc. %o; MOTPEUTHOCTh
~3%

Oran 1
HUcxonusrit obpazern

Oran 2
30 MuHYT,

BIAXXHOCTH 85 %

Otan 3
30 MUHYT,
BIIAXKHOCTE 86 %

Oran 4
60 MuHYT,

BIIAKHOCTE 88 %0

Otan 5
120 munyT,
BraxxaocTs 90 %

Dtan 6
30 MuHYT,
BIakHOCTH 91 %

Ortan 7
14 yacos,
BIIAKHOCTE 94 %

3BxJopuH 100

«uaHoxpout» 47
«xXaJbKaHTHT» 37
«3BXJIOpUB» 12
«KOOsIIEBUT 4

«IHAHOXPOUT» 48
«XAJTBKAHTHT» 28
«KoOstmeBuT» 21
«KpEHKUTY 3
«BXJIOpUH» ~1

«ua”Hoxpout» 41
«KOOSIIIEBUT» 25
«Kp&HKHUTY» 17
«XaIbKaHTHT» 16
«KaJTHOXAJIBIUT-
HATPOXAIBIHT |

«uuanoxpout» 40
«KOOsIImeBuT» 24
«XalbKaHTHT» 18
«KpE&HKHUTY» 14
«KaJTHOXaJIbIUT-
HATPOXaJTbIUT» 4

«uuanoxpour» 39
«KOOsIIIEeBUT» 25
«KpEHKHUT» 18
«XanpKaHTUT» 13
«KaJTMOXAJIBIINT-
HaTPOXaIbIUT» 5

«KATHOXAJTBIUT-
HATpOXaabUUT» 64
«xo0smeBuT 19
«IUAHOXPOHT» 12
«XaJbKaHTUT» 5

Tadauma 2. DBOJIOIMS [IPU HATPEBAHUH CMECU T'MIPATUPOBAHHBIX Cyib(aTHBIX (a3 — MPOMYKTOB THIApATAllMU IBXJIOpUHA; npeobianaroume ¢dassl (> 20 %)

BBIJICJICHBI )KUPHBIM IIPH(TOM; KOTMUECTBO Kaxkao# (a3l ykazaHo B Macc. %; morpemHocts ~ 3 %

I cramus Il cramust
+25 °C +50 °C +75 °C +100 °C +125 °C +150 °C +175 °C +200 °C
«KOOSIIIEeBUT» 49 «KOOSIIIEBHT» 65 «KoOsTIeBuT» 41 «KAJTHOXAJTBIHT- «KAJIHOXAJIbIUT- «KAJTHOXAJIBIUT- «KAJINOXAJIbIUT- «KAJTHOXAJIbITUT-
«KAJTHOXAJIBIUT- «KATHOXAJIBIHT- «KATHOXAJIBIUT- HATPOXAJbIHT» 51 HATPOXAJbUIUT» 60 HATPOXAJAbIHUT» 72 HATPOXAJIBLIHUT» 75 HATPOXAJILUUT 76

HATPOXAJbLUT» 25
«uuanoxpout» 20
«XaJBKaHTUT» 5
CKpEHKUTY» <1

HATpoOXaabUuT» 24
«ITAHOXPOHT 8
«XaIBKaHTUT) <2
«KpEHKUTY <1

HaTpoxaabuuT» 37
«IIUAHOXPOUT» 8
«ITyaTBEHHUT» 6
«XaJBKOKHAHHUT 5
«OpomanTuT 2
«KpEHKUTY <1

«KOOSIIIEBUT» 27
«uuranoxpout» 11
«ITyaTBEHUT» 5
«XaNbKOKUAHHTY 4
«bpomantuTy <1
«KpEHKUTY <1

«OpommaHTUT» 12
«BynbpuT» 11
«k00smeBuT» 11
«boHaTTUTY 2
CKPEHKHUTY» 2
«IyaTBeHUT» <l
«XalIbKOKHAHUT» <1

«ByIBDHUTY 7
«OpomaHTuT 7
«IyaTBEHHT» 6
CKPEHKUT» 6
«XaJIbKOKHAHUT) <1
«boHaTTUT» <1

«BynbduT» 9
«IyaTBeHHUT» 7
«OpormmanTuT 7
«XaJbKOKHAHHUT» <1
«bonarTHT» <1

«ITyaTBEHHUT» 8
«OpommaHTUT» 8
«BYIBOHUT» 6
«boHarTHT» <1
«XaJIbKOKHAaHUT» <1

111 cragus 1V cragus
+225 °C +250 °C +275 °C +300 °C +325 °C +350 °C +375 °C +400 °C
«KAJIHOXAJIbIHT- «KAJINOXAJIbIHUT- «KAJIHOXATbIHUT- «KAJINOXAJIbIHUT- «IBXJIOpUH» 64 «IBXJIOpHH» 90 «3BXJIOpUH» 89 «IBXJIOpUH» 89
HATpOXaJbuuT» 78 HATPOXAJbLHT» 76 HATPOXAJbIUT» 71 HATpOXAabUUT» 48 «KAJHOXAJIbIHUT- «ronepodanuT» 5 «nonepodannT» 7 «momnepodannT» 8

«IryaTBeHHUT» 9
«OporanTuT» 6
«BynbduT» 5
«boHarTuT» <1
«XaJIBKOKHAHUT» <1

«OpomaHTuT) 8
«IyaTBeHHT» 7
«XaJIbKOKMAHUT» 5
«BynbhuT» 3
«boHaTTUT» <1

«XaJBKOKHAaHUT» 7
«OpomanTuT» 7
«IlyaTBEHUT» 5
«OBXJIOpUH» 5
«ByIb(UT 4
«boHaTTHT» <1

«IBXJIOPHH» 29
«iyarBeHuT» 10
«XaNbKOKHaHUT» §
«BynbhuT» 5

HATPOXAJbIUT» 25
«ByIbGuT» 11

«ByIbhuT» 5

«ByIBOUTH 4 «BYJIBOUT» 3

(44
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Jecuopamayus

Bce cTanum sKcriepiMeHTa 0 HarpeBaHUIO THAPATUPOBAHHON MPOOBI 3BXJIOPUHA MOXKHO
paznenuTh Ha 4eTbipe crtaauu (o6o3naumm ux kak |, I, Il u IV), B coorBercTBUU C
JOMUHHUPYIOIIUMH (pa3aMu: «KOOSIIEBUTY — ISl cTaanu |, «KaaroXaablUT-HATPOXATBIMT IS
craguu |1, «axmopun» — mna craguu 1V, a cranuu 11l cooTBeTCTBYET nepexoHblil 3Tal, riae
«IBXJIOPUHY» BHOBB TOSIBIISIETCS] U3 THIPATUPOBAHHOMN MPOOKI, HO MTOKA MPUCYTCTBYET B Ka4eCTBE
BTOPOCTETICHHOM (a3bl, COJCpKaHNE KOTOPOH YBEITMYHUBACTCS C pOCTOM TemIiieparypsl. Ciemyer
OTMETHUTh, 4YTO (ha30BBIH COCTaB CMECH BECbMa UYYBCTBHUTEJIEH JaXe K HE3HAUUTEIbHBIM
U3MEHEHUSM YCIIOBUH AKciepuMenTa. Hampumep, Heo0X0AMMOCTh CMEHBI KIOBETHI it 00pasia,
UCIIOJIb30BABIICHCS JJIs1 SKCIIEPUMEHTOB 10 ruapartanuu, Ha Pt—Rh noamoxky uist skcriepuMeHTa
10 JIETUpaTaliy MPUBOJAUT K HEOOIBIIOMY HarpeBy OT KOMHATHOM Temrepatypbl (okoio 23 °C)
n0 25 °C u u3meHeHuto cooTHomeHus (a3 (cMm. mocneaHuit cronbderm Tabm. 1 u mepBwid U3
Tabmn. 2). da3a «ko0smeBUT» ocTaeTcst JoMuHupyromei Ha craauu | 1o 100 °C, rae Ha cMeHy e
NPUXOANT «KATUOXAIBIUT-HATPOXAIBLUT». «XaJIbKaHTUT» Hcue3aeT mpu 75 °C u BMECTO HEro
nosiBisieTcs (hasa, coorBercTByromas myarsenuty Cu(SO4)-H20 (Giester et al., 1994; Ting et al.,
2009) — cynbdary Meau ¢ MEHBIIUM KOJHYECTBOM BOIbl. TemmeparypHbiii stam B 75 °C
XapaKkTepu3yeTcs MEPBbIM MOSBICHUEM HEOOJBIINX KOJIMYECTB OE3BOIHOrO Cylb(haTa MEIu —
«xanmpkokuanutay Cu(SOa) (Siidra et al., 2018b). Takxe Ha 3TOM dTare OTMEYaeTCsl HEOOBIIOE
konuuecTBo «Opomanturay Cus(SO4)(OH)s (Merlino et al., 2003). Cramus |1 xapakrepusyercs
JIOCTAaTOYHO OJHOPOJHBIM (pa3oBbiM coctaBoM (Taom. 2; Puc. 5). Taxxke na cragum Il (m 1o
OKOHYaHUs HKCIIEpUMEHTA) MMPUCYTCTBYET U OoJiee ciokHast ¢aza — 0e3BoaHbIH cynbdat K, Na
u Cu, ananornunsiii Munepaiy Bynsputy KsNaCua(SO4)402 (Pekov et al., 2014b). Bynbdur Ob1
OTKPBIT HECKOJIBKO JIeT Ha3a B hymaposie Apcenatnas, BTTU (Pekov et al., 2014b).

daza, COOTBETCTBYIOMIAs MCXOJAHOMY 3BXJIOpUHY, mosBisgercs Ha craguu 111 (275 °C),
KOTJja KOJIMYECTBO T'MJIPATUPOBAHHBIX (ha3 HAYMHAET yMEHbIIAThcA. B KOHIE »KCIepuMeHTa
oOpasen; MOJHOCTHIO JAETHAPATHPOBAH M TIIOYTH HAIEJIO BO3BPAIIACTCSI K HCXOJAHOMY
IBXJIOPUHOBOMY COCTaBY H CTPYKType. Takke Ha OCIeTHeH CTaluu, HapsIy C «IBXJIOPHHOMY, B
HEOOJBIIMX KOJIMYECTBAX MPHUCYTCTBYIOT «BYibpur» (Pekov et al., 2014b) u «monepodanut
(Effenberger, 1985). Kpucrammmdeckue CTPYKTypbl JaHHBIX MHHEpPAIOB OCHOBaHBI Ha
OKCOIleHTpHpoBaHHbIX TeTpadapax OCus (Krivovichev et al., 2013). Dra o0coOeHHOCTDH
XapakTepHa KakK Il KPUCTAIUTMYECKOW CTPYKTYPHI IBXJIOPHHA, YTOUYHEHHE KOTOPOI OMHMCAaHO
BBIIIIC, TaK W JUIsI OOJBINMHCTBA OKCTAJSAIMOHHBIX MHUHEPAIOB — CyJb()aTOB MeaH,

yCTaHOBIIEHHBIX B (pymapoiax Broporo nurakoBoro konyca bTTH.
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2.2.3. l'uaparanus u nocjaeaywmas aeruaparanus xajibkokuanura Cu(SOy)

Tuopamayus

Bo Bnaxnoit artmocdepe XadbKOKMAHUT OBICTPO MpEeBpallaeTCs B «XaJbKaHTUT»
Cu(S04)-5H20 (Bacon, Titterton, 1975). MonodasHbIii cocTaB, TOCTUTHYTHIN YKe MOCIIE IEPBBIX
30 MHHYT 3KCIIEpHUMEHTA, COXPaHAETCS J10 MoceaHen cTaauu ruapaTaiuu (Puc. 6). L{er oOpasna

K KOHIY 3KCIICPUMCHTA SABJISICTCSA HaCBIH_[eHHO-FOJIY6BIM, TUIIUYHBIM JIA IIATHBOJAHOTO IT'UJpaTa

cyabdara meau (Puc. 6).

Herupparayus

[ervapatauus

14 vacos
30 mMuH
120 muH
a : : 60 MUH
S ! — ~— 30 MuH
s s e b e ~— 30 MuH

Mpparayus
NWOAEOON

Mpparayvs

r T T T T T I T T T T T T T T T I T T T T T T T
20 20 30 0 40
20, epad (CukK,)

V¥ - «xanbkaHTuT» Cu(SO,)-5H,0 ¥ - «boHatTuT» Cu(SO,)-3H,0
¥ - «nyatBeHuT» Cu(SO,)-H,O V¥ - «xanbkokuauut» Cu(SO,)

s — N VCXOfHbIi
T T |

Puc.6. dudpaxrorpaMMbl pasiMUHBIX CTaAMH THAPATalMU XalbKOKMAHWTa (BHHU3Y); CTaluH
NPOHYMEPOBaHBl CJE€Ba OT KaXIOW IU(PAaKTOrpaMMbl; HMUKH COOTBETCTBYIOIIMX (a3 0003HAYECHBI
TPEeyroJbHUKaMH pPa3JIMYHOTO IIBETa (CM. YCJIOBHBIC OOO3HAYEHUS); BBEPXY — JAUPPAKTOTPaMMBbI
pa3nMMYHBIX CcTaauil JeruaparalMd  OOBOAHEHHON MNpoObl XalbKOKMAHWTA; THIpaTalus MpoObl
XaJIbKOKHAaHUTa COMPOBOXKAANAch W3MEHEHHWEM IIBeTa (CrpaBa); B IMpoOIlecce NalbHEHIIero Harpesa
THIPAaTUPOBAaHHOW TPOOBI IBET MOJHOCTHIO BEPHYJCS K HW3HAYAIBHOMY, YTO JIOTOJHHUTEIBHO
HOATBEPKAAET 00PaTUMOCTh IIPOLIECCOB MMAPAaTALUU/ACTHAPATALUY XaIbKOKHAHUTA

Jlecuopamayus

IlepBas cragus HarpeBa rujparupoBaHHONM mnpoObl (mpu 25°C u 50 °C) Ttaxxke
XapaKTepU3yeTcsi HaJHMYheM «XalbKaHTUTOBOW» (asel (Puc. 6). Omnako, mpu TemmepaTrype B
50 °C HauMHAIOT MOSBIATHCSA TepBbie NMUKK «OoHaTTHTay Cu(SO4)-3H20 (Zahrobsky, Baur,
1968), u yxe npu 75 °C obpasel] MOJTHOCTHIO COCTOUT U3 JaHHOM (ha3bl. TpeTbst cTaaus BKIIOYaeT
OTHOCUTENILHO Oonbmioi nuamazoH Temmepatyp — oT 100°C go 200°C wu Takxke
XapakTepusyeTcs MOHO(pA3HBIM COCTaBOM, COOTBETCTBYIOIIMM OJHOBOJHOMY THAPATY CyJbdara

menun — «myarBeHuty» Cu(SO4)-H20 (Giester et al., 1994; Ting et al., 2009). IIpu 225 °C
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Ha6HIOI[aeTC§I nepexoaHas craavud € OJHOBPCMCHHBIM COCYHICCTBOBAHHCM «IIYATBCHUTA» U
oe3BogHoro cymbdara meaum Cu(SOs) («xanpkokmanuta»). Haumnas c¢ 250 °C  cocraB
MIOPOIIKOBOM MPOOBI TOJHOCTBIO BEPHYJICSA K MCXOJHOMY XalbKOKHAHHTOBOMY cocTaBy. L[Ber
oOpasiia KaKk ¥ B Hayalle SKCIEPUMEHTA, CEPbIi, YTO KOCBEHHO MOATBEPIKIAET OOPaTHMOCTD

NPOIIECCOB ruaparanuu u Aeruaparanuun (Puc. 6).

2.2.4. T'uaparanus v nocJjaeayrwmias xeruaparamus gojaepodanura Cuz(SO4)0

Tuopamayus

Ncxonueiii obpaszent goiepodanuta He coaepkan npumecerd apyrux ¢as (Puc. 7), a ero
nudpakTorpaMMa MoJIHOCTBI0 cooTBEeTCTBYeT cuHTeTnueckomy Cuz2(SO4)O (Effenberger, 1985).
[Tocne nHauana mpouecca ruapatauuu ¢Ga3zoBblii cOCTaB MPOOBI MPETEpHEBACT 3HAUYUTEIbHBIC
u3MeHeHus: (audpakrorpammbl 2—4 Ha Puc. 7). B CyliecTBEHHBIX KOJIMYECTBAX MOSBISIOTCS
¢assl, coorBeTcTBYOMIIKE MuHEpaaaM koosmeBuTy Cus(SO0a4)2(OH)s-4H20 (Pekov et al., 2013) u
xanpkanTuty Cu(SO4)-5H20 (Bacon, Titterton, 1975). KoiuuecTBo ucxomaHoro aosnepodaHuTa
MOCTENeHHO cHIKaeTcs 10 13 macc. % (1aHHOE KOMMYEeCTBO COOTBETCTBYET audpakTorpamme 4
Ha Puc. 7). Ha cnenyromiem atame ruapartanuu (3tansl 5—6 Ha Puc. 7 u B Ta6n. 3) nonepodanur
MPAKTHYECKH UCYE3 — €T0 KOJUYECTBO YMEHBIIIIOCH /10 3 Macc. %, 94TO HaXOAMUTCS B IIpeIenax
MOTPEIIHOCTH KOJIMYECTBEHHOT0 aHanu3a. « KoOsmeBuT» Ha JaHHOM 3Tare cTajl OCHOBHOM (ha3oi
(67 macc. %). Bmecte ¢ HUM colepkaHHE «XallbKaHTUTa» cocTaBisieT okono 30 macc. %.
IMocnenuuit sTam sKCrepuMeHTa 1o TUApaTanuu aoyiepodanura (3tan 7 Ha Puc. 7 u B Taom. 3)
XapaKTepU3yeTCs TOYTH TOJTHBIM UCUEC3HOBEHHEM «XaJbKaHTUTa» (< 6 Macc. %), U MOsSBICHHEM

BMecTO Hero (asbl, anamornunoi munepany antieputy Cus(SO4)(OH)s (Hawthorne et al., 1989).

Jecuopamayus

[Ipomiecc  mermaparamyii  OOBOJHEHHOW TPOOBI  mosiepodaHUTa C  TMOBBIIMICHHEM
TEeMIIepaTypbl MOXKHO pa3/ielIuTh Ha TPU OCHOBHBIX cTamauu (Tab:x. 4). XapakrtepHoi uepToi
nepBoii (l) sBnseTcs mpeobiamaHue «KOOSIIEBHTa», OJHAKO, €r0 KOJUYECTBO IMOCTETICHHO
YMEHBIIAETCS C TOBBIIIeHHEM Temnepatypsl. udpakrorpammer 10-12 nwa Puc. 7 (mpu

temneparypax 75 °C, 100 °C u 125 °C) nemoHCTpHpYIOT nosiBienue «myarsenutay Cu(SO4)-H20

(Giester et al.,, 1994; Ting et al., 2009) — pe3ynbTara MOCTENECHHON JeTHApPATAIIUN
«XaJIbKAaHTUTA.
Cragus nerunpatauuu |1, wmaumnaromasics npu 150 °C, xapaktepusyercs MHOTHBIM

HCUC3HOBCHHEM «KOOSIMIEBUTOBOI» (a3pl. Ha naHHOM »JTame «IyaTBEHUT» U «aHTIEPUT»
CTaHOBSTCS TpeoOagaromuMi Ga3zaMi, ¥ B HE3HAUYUTEILHOM KOJIMYECTBE HapsIy C HUMH

COCYHIIECTBYET «XalbkOkHaHuT». [lpu mnoBbeimeHun temneparypbl 10 300 °C  KoJIM4eCTBO
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«IIyaTBCHUTA» IMOCTCIICHHO YMCHBIINACTCHA, KOJUYCCTBO «AHTICPUTA» OCTACTCSA HA TAKOM IKC

YPOBHEC, a COACPIKAHUC «XAJIbKOKMAHNUTAa» YBCINYNBACTCS.
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Puc. 7. [IudpaxtorpamMMbl pasNIWYHBIX CTaAWNd THApaTamuu gojepodaHuta (BHHU3Y); CTaIuU
MPOHYMEPOBaHbl CJIEBa OT KaXIOW AM(paKTOrpaMMbl; MUKH COOTBETCTBYIOIIMX (a3 0003HAUYEHBI
TPEYTOJNbHUKAMH PA3JIMYHOTO IIBETa (CM. YCJIOBHBIE O00OO3HAuYEHUs); BBEPXY — ITUPPAKTOTPaAMMBbI
PasIUYHBIX  CTaAWil JerHapatanuy OOBOTHEHHOW TIPOOBI gonepodaHWTa; THApATAHS IPOOBI
nojaepohaHuTa CONpOBOXKIATACh N3MEHEHUEM LIBETa (CIIpaBa)



Ta6auna 3. DBomtonus goepodaHnTa B CMECh THAPATUPOBAHHBIX CYIb()aTOB BO BpeMs SKCIIEPUMEHTOB 110 ruapaTaiuy npu 23°C, pa3nuyHoi IpoI0IDKUTETLHOCTH
U pa3InYHOM OTHOCHUTEIBHOW BIAXHOCTH; mpeobiagaromue ¢aspl (> 20 %) BbLAENEHB! KUPHBIM IIPUPTOM; KOIMYECTBO KaxIod (azpl ykazaHo B macc. %;

morpemrHocTs ~ 3 %

Oran 1
Hcxomusrit oOpasenn

Oram 2
30 MuHYT,
BIIAXKHOCTE 85 %

Oram 3

30 MuHYT,
BIIAKHOCTE 86 %

Dran 4

60 MUHYT,
BIIYKHOCTE 88 %

Dtan 5

120 munyrT,
BIIaxHOCTE 90 %

Oram 6
30 MuHYT,

BIIAXKHOCTE 91 %

Ortan 7
14 gacos,
BIIAXKHOCTE 94 %

nonepodanut 100

«nosepodanur» 47
«KOOSIIIEBUT» 28
«XaJbKAHTHT» 25

«KoOsIIeBuT» 41
«noaepodanut» 31
«XaJbKAHTHT» 28

«KOOALIEBUT» 58
«XaJbKAHTHT» 29
«nonepodanuT» 13

«KOOAIIEBUT» 67
«xaJabKaHTHT» 30
«nonepodanuT» 3

«KOOSILIEBUT» 67
«XaJbKaHTHUT» 30
«moaepohaHuT 3

«KOOSIIIEBUT» 67
«aHTIepuT> 27
«XAJIBKAHTHUT» 6

Tadmuma 4. DBOMOIKS IPH HATPEBAHUHM CMECH THIPATHPOBAHHBIX CyJIb(aTHBIX ()a3 — MPOAYKTOB THApaTallK JojepodanuTta; npeodnanaromiie dassr (> 20 %)

BBIJICJICHBI )KUPHBIM IIPH(TOM; KOTUUECTBO KaXKA0H (Ppasbl ykazaHo B Macc. %; HOrpemHocTs ~ 3 %

I cragus

II cramus

+25°C

+50 °C

+75 °C

+100 °C

+125 °C

+150 °C

+175°C

+200 °C

«KOOSIIIEBUT» 63
«XaJbKAHTHT» 29
«aHTIEpUT» 8

«KOOSIIIEBUT 62
«XaJbKAHTHT» 29
«aHTaepuT» 9

«Ko0siIeBUT» 73
«aryaTBeHUT» 17
«antaeput» 10

«Ko0sIeBUT» 68
«IMyaTBeHHT» 22
«antaeput» 10

«Ko0sIeBUT» 49
«myaTBeHHT» 39
«antaeput» 10
«XaJBKOKHAHHUT 2

«ImyaTBeHuT» 67
«aHTIAepuT» 27
«XaJTBKOKHAHHT» 3
«KOOsIIEeBHT» 3

«ryaTBeHHT» 69
«aHTIepuT» 27
«XaNBKOKHAHUT 2
«KOOSIIEBUT 2

«ImyaTBeHHuT» 67
«aHTJepuT» 28
«XaJTBbKOKHAHHT» 3
«KOOSIIEeBAT» 2

Il cragusa

11l cramus

+225°C

+250 °C

+275°C

+300 °C

+325°C

+350 °C

+375°C

+400 °C

«ImyaTBeHHT» 63
«aHTIepuT 31
«XaTBKOKHAHHUT 5
«x00stmeBuT 1

«ImyaTBeHuT» 49
«aHTJaepuT» 33
«XaNbKOKHaHUT» 18

«myaTBeHUT» 39
«aHTJIepuT» 32
«XaJIbKOKHAHUTY 29

«myaTBeHHT» 38
«aHTaepuT 33
«XAJbKOKHAHUT» 29

«XaJIbKOKHaHUT» 40
«aHTJIepUT» 29
«ImyaTBeHMT» 29
«TEHOPHUTY 2

«XAJIbKOKHAHUT» 68
«posepodanur» 20
«re”HopuT» 12

«XaJbKOKHAHUT» 69
«nonepopanut» 19
«reHopuT» 12

«XAJIbKOKHAHUT» 69
«gonepodanut» 18
«re”HopuT» 13

N
-~
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Hocnenusis cranus neruapatauuu (111) Haunnaercs npu 325 °C u 3aBepiaeTcst K KOHILY
skcniepuMenTa. Ha nanHom stame mpeobOnangaer «xanbkokuaHut» (~ 70 macc. %), a Takke
HaOJI0/1aeTCsl MOBTOPHOE TOSBJIEHHUE «A0JNEpO(aHUTa» B KOJUYECTBE, HE IPEBBIIIAIOIIEM
20 macc. %. ITpucytctue «reHoputay CuO (Brese et al., 1990) (~ 12 macc. %) MOXHO OOBSICHUTD
Pa3lIoKEHUEM «XaJIbKOKHAHUTa» W/Win «aojepodanutay. L{Ber oOpaslia B KOHIIE CTAHOBUTCA
KopuuyHeBaThIM (Puc. 7), OIM3KMM K M3HAYAIBHOMY, YTO KOCBEHHO TOATBEP)KIACT TOTYICHHBIN

pe3yJibTar.
2.2.5. l'uaparanus u nocjeaywimas geruaparanus atoMmoriaodeBckuTa K3sCusAl(S04)10;

Tuopamayus

Hcxonnast mpoba amoMOKITIOYEBCKHUTA HE CojieprKaia Kakux-1uoo nmpumeceit (Puc. 8), tak
KaK JKCIIEpUMEHTAIbHAS AU(PPAKTOrpaMMa TOJHOCTHIO COBIAJIA C PACCYMTAHHOHN IO HEIABHO
YTOYHEHHON KPHCTAJUIMYECKON CTpyKType maHHoro muHepana (Siidra et al., 2017). O6pazen
ATIOMOKIIIOUEBCKUTA HAa4YMHAET MpeTepIieBaTh M3MEHEHUS cpa3y IOclie Haudaja ruapartanuud. B
npobe ompenenstores aABe (a3l (mudpakrorpammbl 2 w3 Ha Puc. 8): «maHOXpouT»
K2Cu(S0O4)2:6H20 (Bosi et al., 2009) u, B MenbiieM konuvectse, «xanbkanTut Cu(SO4)-5H20
(Bacon, Titterton, 1975). Ilocne 60 MuUHYT TuUIpaTaliu THKHA, OTBEYAIOIIHNE HCXOIHOMY
QITIOMOKJTFOUEBCKUTY, TOJIHOCTBIO  HMcUYe3nd. KOJMYecTBO  «IIMAaHOXPOUTa»  IMOCTEIEHHO
YBEJIMYMBACTCS, U B KOHIIE DKCTIEPUMEHTA MPo0a MOYTH MOTHOCTHIO IPEICTaBIeHa JaHHOH (a3oii

(mudpakrorpamma 7 Ha Puc. 8; Taou. 5).

Hezuopamayus

da3zoo0pa3oBaHue MpU JAETHApATAlldM OOBOJHEHHOM MpPOOBI ATIOMOKIIOYEBCKHUTA
SIBJISIETCSI OTHOCUTENBHO MPOCThIM. OHO XapakTepu3yeTcsi TpeMsi OCHOBHBIMU dTanamiu (Taour. 6).
B Hawane »skcmepuMeHTa, KOrja TeMmIiepaTypa crabmnmsupoBanack Ha 25 °C, ocTtaTku
«XaJTbKAaHTUTOBOI» (a3bl MOTHOCTHIO HCYE3TH, MU OCTAIUCh TOJBKO MU(MPAKIUOHHBIE MHUKH,
COOTBETCTBYIOIIME «MaHOXpouty». CormacHo nudpakrorpammam 10-18 na Puc. 8, obpasen
IpeTepIieBaeT NoCTENeHHy o amopdu3amuio. [ToBropHas kpuctamumsanus oopasia HabtogaeTcs
B wuHTepBaie oT 300°C mo 400°C. Bce mnukm Ha pgudpakTorpaMmax JaHHOTO dTara
cootBeTcTBYIOT coenuneHmio K2Cu(SOas)2 (kaprouka PDF Ne00-017-0485, daiin mopomrkoBoit
mudpakuuu 13 6a3sel gaHHbIXx PDF-2). CTpyKTypHBIX JaHHBIX, COOTBETCTBYIOIIMX JaHHOMY
COCIIMHEHUIO, Ha CETOIHSIIHUNA JIeHh He omyOsnkoBaHO. HenaBHO ommcaHHOE COeTUHEHHE C
aHajorngabiM coctaBoM K2Cu(SOa4)2 (Zhou et al., 2020), umeet nnyto 1upakiiuOHHYIO KapTHHY,

4TO, CyJisl IO BCEMY, TOBOPUT 00 MHOM mosuMoppHON MoaudUKanuu.
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CtouT OTMETUTh, UYTO HECMOTpPsS Ha O00pa3oBaHME 3HAYUTEILHOTO KOJMYECTBA
KPUCTAJUTIIECKOTO «IIMaHOXPOHUTa» BO BPeMsl THApPATAIMH, IIBET IMOPOIIKOBOW MPOOBI HE UMEET
TUIHWYHBIX JJIs IUAHOXPOUTA T0JyOOBaThIX OTTEHKOB, @ BMECTO 3TOI0 MMEET >KENThIH, clerka
3€JICHOBAThIN OTTEHOK. DTO MOXKET CBUAETENBCTBOBATD O TOM, 4TO amop¢Has (asza Al203 (nnu ee

THJIPAaTUPOBAHHBIE AHAIIOTH) MOTYT OKPY’KaTh MEIKOIUCIIEPCHBIE KPUCTAJUTUTHI «IIUAHOXPOUTAY.
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N

V - «anomoknodeBckuT» K,Cu,(Al,Fe*)(S0,),0, ¥V - «xanbkaHtut» Cu(SO,)-5H,0

¥V - «ymaHoxpout» K,Cu(SO,),-6H,0 @ - K,Cu(S0O,),
Puc. 8. JludpakrorpaMMbl pasmUYHBIX CTaJAWd THApATAMU ATIOMOKIIOYEBCKUTAa (BHH3Y); CTaJuu
MPOHYMEPOBAHBI CJIeBa OT KaXIOH nudpakTorpaMMmbpl; MHKH COOTBETCTBYIOMHX (a3 0003HAYCHBI
TPCYroJIbHUKaM pPA3JIMYHOI0 IBECTa (CM. YCIIOBHBIC O603Ha‘lCHI/I$I); BBCPXY — I[I/I(l)paKTOFpaMMLI
Ppa3JINIHBIX CTaI[I/Iﬁ ACTuaparaiqun 06BOHH6HHOﬁ Hp06LI AITIOMOKIIIOUEBCKUTA, ruaparanusa HpO6I>I
ATIOMOKITIOYCBCKHTA COMPOBOXKAAIaCh USMCHCHHUEM IIBETA (cnpaBa); B IIpouecce )IﬁJILHGfIIHGI‘O HarpeBa
FHI[paTHpOBaHHOﬁ Hp06BI IBCT YaCTUYHO BCPHYJICA K U3HAYAJIbHOMY (CM. IIOSICHCHUS B TeKCTe)



Tabdauma 5. DBONOIMSA aTIOMOKIIOUEBCKHTA B CMECh THAPATHPOBAHHBIX CYIh(PaTOB BO BpeMs SKCIEPUMEHTOB IO Tuapartarmuud mpu 23 °C, pasmnaHou

MIPOIOJDKUATEIHHOCTH M PAa3IMIHON OTHOCUTEIHHOM BlIaXKHOCTH, ITpeodaamaromme (has3sl (> 20 %) BeIIEICHBI KUPHBIM MPUGTOM; KOIMIECTBO KXKI0H (a3l yKazaHO

B Macc. %; morpemHocTs ~3 %

Orar 1 Orarm 2 Oram 3 Oram 4 Oram 5 Orarm 6 Oram 7
Wcxonnusrii o6pasern 30 MuHyT, 30 MuHYT, 60 MuHYT, 120 muHYyT, 30 MuHYT, 14 gacos,
BJIaXKHOCTE 85 % BJIaXKHOCTEL 86 % BJIAXKHOCTE 88 % BIIaykHOCTEL 90 % BIIaykHOCTEL 91 % BJIaXXHOCTEL 94 %
amoMoKkIroueBckUT 100 «umanoxpout» 82 «uMaHoxpouT» 86 «uuaHoxpour» 89 «umanoxpour» 90 «umanoxpour» 81 «umanoxpouT» 98
«AITFOMOKJTFOUEBCKAT» 13 «XalIbKaHTUT» 9 «XampKauTuT» 11 «xampKkauTtuT» 10 «XaJIbKaHTUT» 19 «XaJIbKaAHTHUT» 2
«XaJIbKAaHTUT» 5 «ATFOMOKJIFOUEBCKHTY 5
Taésuna 6. DBoJOLMS NIPU HArPEeBaHUM CMECH TUAPATUPOBAHHBIX CYyJb(aTHBIX (Pa3 — MPOJYKTOB THApATAIMN ATIOMOKIOYCBCKUTA; Mpeodiiaaroimue (hasbl
(> 20 %) BbIAEIICHBI )KUPHBIM HIPH(TOM; KOIUUECTBO KaXI0M (a3bl yka3zaHO B Macc. %; MOrpenrHocTs ~ 3 %
| ctamus Il cragus Il cragus
+25°C +50 °C +75 +100 +125 +150 +175 +200 +225 +250 +275°C | +300°C +325°C +350°C +375°C +400°C
«umanoxpoum 100 «umanoxpout» 100 Amopduzanus K2Cu(SO4)2 100

0€
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2.2.6. F'uaparanus u nocjaeaywmas aeruaparamus ureabMmennta Na,CuMg2(SOa)s

Tuopamayus

Hcxonnpiit 0Opazer; urenbMenuTa 0b1 yucThIM (Puc. 9), Tak kak ero mudpakrorpamma
XOpOIIO COTJACyeTcsi C PACCUUTAHHOW IO CTPYKTYPHBIM JaHHBIM IS JAHHOTO MUHepaia
(Nazarchuk et al, 2018). HrenbMeHUT JEMOHCTPUPYET YIUBHTEIBHO CJIOXKHBIE U
MHOTOKOMIIOHEHTHbIC ()a30BbIC TPEBPAICHHS TaXKe 1Mocie nepBbix 30 MUHYT ruaparanuu. JIumb
HOJIOBHHA MOJM(A3HON CMECH TO-TIPEKHEMY NPEICTaBIeHa UCXOIHBIM UTEIbMEHUTOM. BTOpoii
1o KojuyecTBy (a3oi sBisiercs: «rekcaruapumy Mg(SO4)-6H20 (Zalkin et al., 1964). Takxe
OTMEUEHBI U JPyTHe TUApaThl cyibdara Marnus: «neHtaruaput» Mg(S0a4)-5H20 (Baur, Rolin,
1972), «crapkent» Mg(SO4)-4H20 (Baur, 1962) u «cannepur» Mg(S0a4)-2H20 (Ma et al., 2009).
Taxoke B He3HaUUTENBHBIX KoudecTBax (Tabum. 7) npucytctByroT «kpEHKUT» Na2Cu(S04)2:2H20
(Hawthorne, Ferguson, 1975) u «6pycur» Mg(OH)2 (Mitev et al., 2009).

[Tocne cnenyromux 30 MUH rUApaTanuy KOJMYECTBO UTEIBMEHHUTA TAK)KE YMECHBIIACTCS.
Conepxanne «kpéHkutay Na2Cu(SOs)2:2H20 mocturaer 3HaUMTEIBHBIX KOJIMYECTB, a (a3bl
«ancomut» Mg(S04)-7H20 (Calleri et al., 1984) u «ansnepcut» (Mg,Cu)(SOa4)-7H20 (Mills et al.,
2010), nosiBUBIIMECS HA JAHHOM 3Tarle, IPUCYTCTBYIOT B HE3HAYUTEIEHOM 00BEME.

Tperbst cramus rupparamuu (nugpaxkrorpammel 4—-6 Ha Puc. 9) xapaxrepusyercs
NPAKTHYECKH TMOCTOSHHBIM (Da30BbIM COCTaBOM. VCXOAHBIA HTEIBMEHHT K 3TOMY MOMEHTY
HOJHOCTBIO M3MEHWICS, W B MpoOe OJHOBPEMEHHO COCYIIECTBYIOT TOJIBKO «KPEHKHUTY
Na2Cu(S0a)2:2H20, «rekcaruapur» Mg(SO4)-6H20, «dncomur»y Mg(SO4)-7H20 u «anbnepcur
(Mg,Cu)(S04)-7H20.

[Mocnennsss cragus OKCIEPHMEHTa  XapaKTEpU3yeTCsl TOSIBICHHEM H  PE3KHM

npeobiamanreM «koHbsuTay Na2Mg(SO4)2-5H20 (Mills et al., 2010) B konugectse 62 macc. %.

Jecuopamayus

[Tpu 25 °C u 50 °C coctaB MpoOBI aHATOTUYEH 3aKITFOYUTEIBHON CTaquu TuapaTanuu. [pu
75 °C o0Opa3ell OTHOCTHIO MTPEeBpaIiaeTcs B IBYX(Pa3HYI CMECh, YTO MOKHO pacCMaTpUBaTh Kak
okonvanue nepsoro (l) srama.

Bropas (Il) cramus perumaparanuu xapakTepU3yeTCs IMOYTH TOJIHOW amopduzarueit
oOpa3ua (nudpakrorpammsel 12—17 na Puc. 9). HecMoTps Ha npucyTcTBHE HEKOTOPBIX PEIUKTOB
KpUCTaUTUYECKOH (as3pl, mHTepnperalys IUPPAKIMOHHOW KAPTHHBI 3aTPyJHHUTEIbHA W HE

IIPEACTABIISIETCS JOCTOBEPHOM.
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Tabauma 7. DBONIOUA UTSIBMEHUTA B CMECh THAPATHPOBAHHBIX CYIH()ATOB BO BPeMs SKCIIEPUMEHTOB 110 ruapatanuu mpH 23 °C, pasmnIHON MPOoI0IDKATETFHOCTH

U pa3IM4YHOi OTHOCHUTEIBbHOW BIKHOCTH; mpeoOnanaromme ¢aspl (> 20 %) BbIgeNCHBI KUPHBIM IIPUGTOM; KOJMYECTBO Kaxaod (asel ykazaHo B macc. %;

rorpentHocTs ~ 3 %

Oram 1

HUcxomusrit 0Opaserr

Oram 2
30 MuHYT,
BJIQYKHOCTH 85 %

Orar 3
30 MuHYT,
BJIQXKHOCTDH 86 %

Oram 4
60 MUHYT,
BJIQYKHOCTH 88 %

Ortam 5
120 muHyT,
BIIAXKHOCTH 90 %

OTan 6
30 MuHYT,
BJIAXHOCTH 91 %

Otan 7
14 gacog,
BJIAXHOCTH 94 %

ureasMeHut 100

«uTeIbMEHHT» 48
«rekcaruapur» 35

«KpEHKUTY 8§
«IIEHTaruapuT 3
«caHaepur» 3
«cTapKeuT» 2
«Opycur» 1

«KpEHKUT» 34

«HTeaIbMEeHuT» 31
«rekcaruapur» 24

«aIIBIIEPCUT 6
«Opycur» 3

«ncomMuT» 66
«KpEHKUT» 24
«reKcaruipuT» 7
«arpIrepcuT» 3

«KpPEHKUT» 46
«ncoMuT» 42
«TEKCaruIpuTH9
«ampIepcuT» 3

«ncoMuT» 52
«KpPEHKUT» 44
«TeKCaTHIPUT» 2
«aJpIepcuT» 2

«KOHBAUT» 62
«ajabnepeut» 31
«KpEHKHT» 3
«ncomMut 3
«Opycur» 1

«ITCOMUTY» 2

Tadauma 8. DBomOIMS NPU HarpeBaHUM CMECH T'MJPAaTUPOBAHHBIX CYNb(PATHBIX (a3 — MPOIYKTOB T'MApATAllM¥ MTEIbMEHHTA; npeobnanaromme dassl (> 20 %)
BBIJIETICHBI )KUPHBIM MIPU(PTOM; KOINIECTBO KX 101 (ha3bl yka3zaHo B Macc. %; MOrpenrHocTs ~ 3 %

| cragus Il cragusa
+25°C +50 °C +75°C +100 °C +125°C +4150°C +175°C +4200°C +225°C +250°C
«KOHBLAUT» 68 «KOHBLAUT» 68 «KpEéHKuT» 90 «KpEHKuT» 75 Amopduzanus
«aapmepcur» 29  «Cu-nentaruaput» 19 «KOHBSIUT» 10 «KOHBAUT» 25
«Opycut» 2 «TeKcaruapuT» 8
«ncomMur» 1 «KPEHKHUT» 5

11 cragus

+275°C +300 °C +325 °C +350 °C +375°C +400 °C
Mg(SO4) 70 Mg(SO4) 69 Mg(SO4) 50 Mg(SO4) 45 Mg(SO4) 39 «MTeIbMEHUT» 38
«XaJbKOKHAHUT 23 «XATbKOKHAHUT» 23  «XaJIbKOKHAHUT» 29  «UTEJbMEHUT» 29 «UTEeJIbLMEHUT» 35 Mg(SO4) 37

«UTEIIBMEHHUT» 6
MgO 1

«UTEIbMEHUT» 7

MgO 1

«UTETBMEHUT» 16
MgO 2
«BaHTrOQYUT 2
«MeraTeHapauT 1

«XaJTbKOKHAHHT» 21
MgO 2
«BaHTrOQYUT 2
«MeTareHapauT» 1

«XaJIbKOKHAHUT» 16

«BaHTrOQYUTY 7
MgO 2
«MeTaTeHapauT 1

«XaTbKOKHaHUT» 13
«BaaTrOQPuT» 10
MgO 1
«MeTaTeHapauT 1

w
w
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Cragus nerunparanuu |1 xapakrepusyeTcst HaTMYUEM TOJTBKO O€3BOJIHBIX COCTUHEHHM.
®da3oii, goMuHUpYIOMmeH B awmama3oHe temrepatyp oT 275 °C mo 375 °C sBisercs mpocToi
cynbar wmarams Mg(SOs4) (Rentzeperis, Soldatos, 1958). Ero Koiu4ecTBO MOCTEIECHHO
YMEHBIIACTCS C TIOBBINICHHEM TEMIIEPATyphbl, OJHOBPEMEHHO C YBEJIHMUCHHEM COJCPIKaHHS
«xanpkokuanutay Cu(SO4). K 275 °C B mpobe mosiBisieTcst (aza, aHaJOrHMYHAs HCXOTHOMY
UTEJIbMEHUTY, U K KOHILy JKCIEPUMEHTa OHa CTAaHOBUTCS Ipeodiajarolieil Bo BceM oOpasle.
BMmecte ¢ «urenpMeHuTOM» B mpobe ompeaenstorcs «Bantropdur»y NasMg(SOas)s (Fischer,
Hellner, 1964), «metarenapaur» Naz(SO4) (Rasmussen et al., 1996) u okcung MgO (Fan et al.,
2008). Ha dotorpadusx (Puc.9) xopomo BHAHO, YTO HCXOAHBIA CEpHId IBET IOPOIIKA

HUTCIBMCHHUTA 6HC,I[H€€T K KOHITY 3KCIIEPUMEHTA U CTAHOBUTCS CBETJIO-CCPBIM.

2.2.7. DU3UKO-XUMHYECKHE ACNIEKTHI TpaHCchopMaLun

0e3BOJHBIX CY/Jb(aTHLIX MUHEPAJIOB NIPH MpoLeccaX THAPATALUN

2exnopun

HccnenoBanue ruapaTtaluy 3BXJIOpPUHA IPOAEMOHCTPUPOBAJIO €ro BeChbMa CIIOKHOE
nosenenue (Puc.5). Hekoropele M3 yCTaHOBIEHHBIX MHUHEpalbHBIX (a3 (kK mnpumepy,
«KOOSIIEBUT») HE OBUIM paHee 0OHapy>KEHBI BO BTOPUYHBIX MUHEpabHbIX accormanusix bTTHU.
Kpome Toro, ncxons 3 3KCIIEpUMEHTAIBHBIX PE3YJIbTATOB, MOKHO OXKHIATh OTKPHITHS HOBOTO
(Na,K)-ananora mmanoxpouta u (K,Na)-anamora kpéHkuta. JlaHHOE HCCIEOBAHUE TaKXKe
JI0Ka3alo TOT (hakT, YTO THApaTHpOBaHHBIE cylbpaTHble MuHepanbl Na u K ob6magaror
3HAYUTEJIBHON CTa0OUIIBHOCTBIO.

MHOTOKOMITOHEHTHasI CMECh THIPATUPOBAHHBIX CYJIb(PaToB (TMPOIYKTOB THApATAIAN
IBXJIOPMHA) TIPU TIOCTETIEHHOM HarpeBe mpeBpamaercs B a3y, aHATOTHYHYIO HCXOIHOMY
MuHepaiy. be3BoaHble a3bl, cCOOTBETCTBYIOIINE NoIepodaHuTy U ByabduTy, (oOpasyromuecs Ha
(GUHATBHBIX CTAAMAX JETHUAPATALMU) CXOXKH C HIBXJIOPHMHOM, TaK KaK MX KPHCTAIMYECKUe
CTPYKTYpHI TaKKe OCHOBAaHBI Ha OKCOIEHTPHpPOBaHHBIX TeTpadupax OCus. Jumeps [O2Cus]®”,
NOJOOHBIE JMMEpaM B CTPYKTYpe HBXJIOPHHA, NMPHCYTCTBYIOT B 00€WX JaHHBIX (azax, HO
HOJMMEPHU3YIOTCS MT0-Pa3sHOMY: B CTPYKTYpe ByJb(pura — yepes obuue pedpa, c 00pazoBaHHEM
nenouek [02Cus]** (Pekov et al. 2014b), a B nonepodanute — vepes oOIIME BEPIIUHEL, B CIOH
[OCu2)?* (Effenberger, 1985). Kpome Toro, ByIb(UT XMMHYECKH AHAIOTHYEH BXJIOPHHY, U
COAEPKUT HECKOJIBKO MO3UIMHI, TPEUMYILECTBEHHO 3aceneHHbIX Na wim K.

ITo pe3ynbTataM 3KCIIEPUMEHTOB MOKHO OTMETUTH €IIIe OJHY UHTEPECHYIO OCOOCHHOCTb.
[ToCcKONBKY «IOTIOHUTEIBHBICY» aTOMBI KUCIOPOAA B CTPYKTYpPax MHHEPAJIOB — OKCOCYJIb(HaTOB
MEIN TPEICTaBISIIOT co00il cuibHbIE JIBIOMCOBCKHE OCHOBAaHHWS, MX MOXHO PacCMOTPETh B

KadyecTBe (PaKTOpOB, KOHTpOJHpYyrONMX (a3zooOpazoBaHWe TMpU TMpoleccax THApaTaIlUU.
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[TpucyTcTBUE «JIOTIOIHUTENBHBIX» aTOMOB KHCIOPO/a, TO-BUANMOMY, CKa3bIBa€TCsl HE TOJIBKO Ha
oOpa3oBanum (a3, colepKalliuxX KPUCTAUIOTHIPATHYIO BOIY, HO W (Da3, UMEIONIMX B CBOEM
COCTaBE€ TUAPOKCUIIBHBIC TPYTIITHL.

B pabote ®@unaros u dp. (1992) npeanoxken MexaHU3M EpEeHOCA MU BYJIKAHUIECKIMHU
ra3amMH B BUJI€ OKCOIICHTPUPOBAaHHBIX KoMIuIeKcoB OCua. ITO paccMaTpuBaeTcs Kak 00bsICHEHUE
YHHKQJILHOTO pa3HO00pa3usi OKCOLEHTPUPOBAHHBIX KOMIUIEKCOB B KPHCTAITMUECKUX CTPYKTYpax
0€3BO/IHBIX MHHEpAJIOB JIKCTAIALMOHHOrO reHe3uca. [lo  pesyiapraTaM  HpPOBEICHHBIX
UCCIICIOBAaHUNA MOKHO MPENOI0KHUTh, YTO TaKUe KOMILJIEKCHI MOTYT TaK)K€ CYIIECTBOBATh U B
BOJIHBIX PAaCTBOpax, BO3HUKAIOIINX BO BPEMsI IIPOLIECCOB BHIBETPUBAHMSI, CBI3aHHBIX C CE30HHBIMU

HJIN KPaTKOCPOUYHBIMU aTMOC(l)epHBIMI/I U3MCHCHUSIMU.

Xanvkoxuanum

OOpaTtumas ruapartaiys 3TOro MUHEpalia u3yJaliach paHee ¢ MOMOIIbI0 CHHXPOTPOHHOTO
uanyuenus (Ting et al., 2009). [lomHoe coBmajeHHE MONYYCHHBIX PE3YJILTATOB C JaHHBIMU
yKa3aHHOW paOOoTHI JaeT HaM yBEPEHHOCTh B TOM, YTO METO/MKA IPOBEICHHBIX SKCIIEPUMEHTOB
JIOCTATOYHO XOPOIIO BOCIIPOU3BOAMT MPOIECC THIPATAIIMH JAHHOTO MHHEpalia. TakuM o0paszom,
M3MEHEHHUsl XaJbKOKHAaHUTAa MOXHO pPacCMaTpHUBaTh KaK STAJIOHHYIO cuctemy. llpu BbICOKOM
OTHOCHTEIIbHOW BIaKHOCTH OKPYKAIOIIEH cpesibl THIpaTaIHsl XallbKOKHAaHUTA TIPOTEKAET B OJAMH
aTamn ¢ 00pa30BaHUEM TEPMOAMHAMUYECKH CTAOMIIBHOTO MPOIYKTa — €ro MATHBOAHOTO aHAaJora
— xampkantuta Cu(SO4)-5H20 (Bacon, Titterton, 1975). He6onbmoe KoIM4eCTBO
XaJIbKOKHAHHUTA, OCTAIOIIETOCs JaXKe TOCIIe HECKOJIBKUX YacOB THPATAIlUH, BEPOSTHO, MOKHO
OOBSCHUTH O00pa30BaHHEM XalbKAHTUTOBBIX «OOOJOYEK» BOKPYr HCXOJHBIX YaCTHIL
XaIIbKOKMAHNUTA, KOTOPBIE OJIOKUPYIOT WIM CHJIBHO 3aMeIUISIIOT Tporecc ruapartauuu. [lpu
mporiecce HarpeBa oOOpa3oBaHHE TpeX-, JABYX- M OJHOBOJHOW (OpM MPOUCXOAUT B
TEMIIEpaTyPHBIX HHTEpBaliaX, cornacyrommxcsa ¢ nanasiMa Cheng et al. (2019). ITo xapakTepy
TUGPAKIIMOHHON KapTHHBI MOXHO CYIUTh OO0 OTHOCHTENHHO HH3KOH KPHCTATUIMYHOCTU

MOHOTHU/JIpaTa.

Honepogharnum

Tudpamayus. ITOT dKCHEPUMEHT MMeeT OoJyiee CIOXKHBIN XapakTep, YeM B CiIydae C
XaJIbKOKHAHUTOM, MTOCKOJIbKY THpATalus BKIOUYAET 00pa30BaHHUE OCHOBHBIX CYJIb(ATOB MEIH,
¢daz000pa3oBaHUE KOTOPHIX 3aBHUCHUT KaK OT KPUCTAUIOXMMHUYECKUX (PaKTOPOB, KOTOPHIE
00CY)X/aJKich BBIIIE, TAK M OT MHOXECTBA BHEIIHMX YCJIOBHH, TaKMX Kak TeMIepaTypa,
NPUCYTCTBUE XKUAKOH (a3bl M ee KUCIOTHOCTD, a Takxke KoHIeHTpanus meau (Yoder et al., 2007;

Stanimirova, lvanova, 2019).
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[lepByro cTaguio THApATalMM MOXHO IPEIBAPUTEIBHO OMNHCATh ypaBHEHHEM
3Cu2(S04)0 + 14H20 = Cus(S04)2(OH)s-4H20 + Cu(SO4)-5H20 wmnm BBIpa3uTh COKPAILCHHO
cootHomrenuem Cu:SO4 kak 3(2:1) = (5:2) + (1:1). [To nuTepaTypHbIM JTaHHBIM W3BECTHO, YTO
coenuHeHue (5:2) merko oOpazyercs nubo B pe3ynbraTe peakiimu CuO ¢ BOJHBIM PacTBOPOM
CuSOq (Stanimirova, Ivanova, 2019), nu6o npu nocrenernom yBenmmueHuu PH pactopa CuSO4
nyTem gobasienus HeOoabpinux Komdects 1eaoun (Yoder et al., 2007). Beiio oGHapysKeHO, 4TO
JTAHHOE COCJMHCHUE CTAaOWIBHO IPH KOHTAKTE C BOJIHBIMU pacTBOpaMu cyiibhata Meau
(xoHUeHTpanueil 1M nin HEeMHOTO HIDKE), TOrJa KaK B YUCTOM BOJIE OHO JIETKO MPEBPAIIAETCS B
OporanTut (4:1) uiu ero ruApatel (MMO3HSIKUT U JAHTHUT).

3aMeTHM, YTO OOpa30BaHUE CHUHTETHYECKOTO KOOSIIeBHTA (PUKCUPOBAJIOCH H IIPU
aKcrepuMenTax 1o ruaparamnuu 3xiaopuHa KNaCus(SO4)20. [pu 3ToM 00pa3oBaHus aHTIEpUTA
B JIAHHBIX JKCIEPUMEHTaX HE HaOoganoch. BO3MOXHO, KOHIEHTpamus cyibdara Meau B
00pa3oBaBIIeMCs] pacTBOpe OblIa HEIOCTATOYHOM HM3-3a OTHOCUTEIBHO HU3KOH PACTBOPUMOCTH

I[BOﬁHBIX CYHB(baTOB MEAU U IICJIOYHBIX MCTAJIJIOB.

Hecuopamayus. Vicnapenue BoJbl U3 THAPATUPOBAHHON MPOOBI MOCTETIEHHO MPUBOIUT K
KpUCTAIM3alMY XaJbKaHTUTAa. Cojaep)kaHUEe aHTJIEpUTAa YBEJIWYMBAETCS C IOBBIILICHUEM
TEeMIIepaTypbl IpU MOCTENEHHOH Aeruapartauuu 0oraToro BoAoi KOOSIIEBHTA, YTO XOPOILIO
coryacyercsi ¢ paboroit Yoder et al. (2007). JlaHHBIH STam MOXHO ONKCATh ypaBHECHHEM
2Cus5(S04)2(OH)s-4H20 = 3Cus(SO4)(OH)4 + Cu(SO4)-H20 + 7H20, wnu cokpamenno 2(5:2) =
3(3:1) + (1:1). [IyaTBeHUT 3/1€Ch, OUEBHUIHO, MOKHO PACCMaTPUBATh KaK MPOAYKT ACTHUIpaTaIlIN
XaJbKaHTHTA.

Ha 3akmiounTenbHBIX CTaAWsAX JAETHApATAlldH Cyldb(paThl MeIu C THIPOKCHIbHBIMU
rpynnamMy pasnaraiorcsi (Tepsisi BOAY), 4YTO MPUBOJUT K 0Opa3oBaHUIO IIMAaHOXPOWUTA
(Na,K)2Cu(S04)2:6H20 u tenopura CuO. Creayer OTMETHTb, YTO, IOCKOJBKY TaHHOE
uccnenoBanue 66u10 orpanndeno 400 °C (mpeanonaraemMoit TemmnepaTypoil 00pa3oBaHus TaHHBIX
MHUHEpaJIOB B (¢ymaponax), B Mpobe Obula yCTaHOBJIEHA HEOONbIIas YacTh HMCXOIHOTO
nonepodannta. B TepMOaHATMTUYECKHX HCCIECIOBAHUAK, MOCBANICHHBIX JICTHIPATAIIH
OCHOBHBIX CyibparoB meau (Ramamurthy, Secco, 1970; Tanaka, Koga, 1988; Uzunov et al.,
1995), remnoBeie 3G deKTH, MPUNHCHIBAEMble 00Pa30BAHNUI0 CHHTETUYECKOTO JlojiepodaHnTa (B
cmecu, 6oratoii CuQO), mpoUCXOoAT MPU HECKOIBKO Oojiee BbICOKUX Temmeparypax (~ 500 °C). B
OTHOM W3 TPOBEJCHHBIX TECTOBBIX JKCIIEPUMEHTOB B TePMETHYHOW KBapleBOW TpyOke He

HaOmronanock peakiuu Mexy CuO u Cu(SO4) o 550 °C.
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Antomoknouesckum

Cyns no Bcemy, Al-comepkamie (asbl mpu rugpaTanyy amTOMOKIFOUEBCKHTA UMEIOT
aMop(dHBII XapakTep, TaK Kak Cpey KpUCTAUIMYECKUX MPOIYKTOB OHM HE ObUIM yCTaHOBJICHBI
(Puc. 8). HMcxoms w3 ompefeicHHbIX B Xonae (a30BOro aHaiumsa MPOAYKTOB THApATAIMN
QITIOMOKJIFOUEBCKNTA, 00pa30BaBIIMXCS HA TIEPBOM JTare SKCIEPUMEHTa, MpPEroIaraeTcs
cinenyroree ypasaenue: 2K3CusAl(SO4)402 + (26+x)H20 = 3K2Cu(SO4)2:6H20 + Cu(SO4)-5H20
+ [Al2(SO4)(OH)4-xH20], toe B kBajpaTHBIX CKOOKax yKa3aH MPUMEPHBIH cocTaB aMOpQHOit
yactd. Huzkasg Temmeparypa mpolecca THApaTalid CIOCOOCTBYeT 00pa30oBaHWIO aMOp(HBIX
OCHOBHBIX CYyJIb()aTOB aJIOMHHHUS, KPHCTALUIM3AIMs KOTOpBIX 3aTpyauutensHa (Nordstrom,
1982). Bo03MOXHO, IOCTENIEHHOE HMCUE3HOBEHUE XalbKaHTUTA BBI3BAHO €ro MEJJICHHBIM
pacTBOpeHHeM B 00pasyrolleics Npyu TUpaTaluy CycleH3nu (1anHas ¢a3za 3HaYMTeIbHO Oosee
pacTBOpHMa B BOJIE 10 CPAaBHCHHUIO C IIMAHOXPOUTOM), a Takke copoOuuein Al-conepikarieit
amopdHoil (a3oii. Bo3MOXHBI Takke JaNbHEWIINE peakuuud ¢ oOpa3oBaHMEM aMOp(HBIX
JBOMHBIX TUAPOKCUCYIIH(ATOB MEIU U AIFOMHHHUS.

IIpu mnpouecce HarpeBa, yuuThbIBas OOIIee COOTHOLICHHE KAaTHOHOB B HCXOJHOM
AITFOMOKITFOUEBCKHTE, MOYKHO OBLIIO OBI 0KHIaTh 00pa3oBaHus Cyib(haToB ¢ cooTHomennem K:Cu
1:1, to ectb coemunenus K2Cuz2(SOs)s (Lander et al., 2017), wiu cmecu K2Cu(SO4)2 u Cu(SO4).
Bonpeku »ToMy MpenanoyiiokeHuo, B XoJe SKCIepuMeHTa (UKCHUPYETCs JUIIb AeTUApATAIUsI
[MUAHOXPOUTA, KOTOpas, CyJs MO BCEMY, MPOHMCXOJAUIIA TAKKE C MPOMEXKYTOUHBIM aMOP(HBIM
srarmoM. [lo JHTEpaTypHBIM JaHHBIM HCCIEAOBAHHS METOJaMH TEPMOTPABHUMETPUU U
muddepenumansHoro repmudeckoro ananusa (TT/ATA) cuntetnueckoro nuaHoxpouta (Nagase
et al., 1978) mokazanu JABYXCTYIEHYATYIO MOTEPIO BOBI (3aBEPINAIOIILYIOCS MPH TEMIIepaType
Hwke 150 °C) ¢ nocnenyromumu IByMs sHAoTepMuueckumMu 3¢dexramu npu 370 u 520 °C,
MOCJETHUI M3 KOTOPHIX COOTBETCTBYET IUIABJICHHIO BellecTBa. /laHHbIE, TpEACTaBICHHBIE B
kaprouke PDF Ne 00-017-0485 (cMm. BbIIIE) OTHOCATCS K COCAMHEHHUIO, MOIYYECHHOMY
neruaparanueit uaHoxpouta. Ckopee Bcero, 3TO BBICOKOTEMIIEpAaTypHas MOAM(pUKAIUS
K2Cu(SO4)2, B TO BpeMs Kak coeMHEHHE, OnucanHoe B padote Zhou et al. (2020) sBiseTcs ero
HU3KOTEMIIEpaTypHOU ¢bopmoii. B HaIleM IKCIIEPUMEHTE KpUCTAILTU3AIUS
BBICOKOTEMTIEpATypHOH Moaudukaruu HauuHaetrcs ¢ ~275 °C. O4eBUAHO, YTO HEOOXOIUMBI
noapoOubie Tepmudeckue wuccienoBanus KoCu(SO4)2:6H20 u ero 6e3BoJHOrO aHaiora, B
YaCTHOCTH METOJIaMU T€PMOpEHTTreHorpaduu U TepMOaHaIN3a, sl OITBEPKICHUS PUPOIBI

COEJIMHEHUS, yKazaHHoro B kaprouke PDF Ne 00-017-0485.
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Hmenvmenum

BBuy OTCYTCTBUS TOTIOJHUTEIHHBIX aTOMOB KHCJIOPOJIa B CTPYKTYpE UTEIbMEHUTA TIPH
TUApaTaliy 1aHHOTO MUHepaja He Mpernosarajoch 00pa3oBaHus KaKuX-ITM00 OCHOBHBIX COJIel
Mmaraus wid Memd. Panee, B pamkax cucteMbl Naz(SOs)-Cu(SO4)-Mg(SO4)-H20 6bu10
BBIMOJIHEHO JIUIIIh HECKOJIBKO OT/CNIbHBIX HcciieqoBanui (Hamp. Steiger et al., 2011; Lindstrom et
al., 2016). Bbeictpas ruaparaiiusi HWTEJIbMEHHTA, CKOPEe BCEro, BbI3BaHA KHHETHYCCKUMU
dakTopaMu, Tak Kak Ha MEPBOM K€ ATare HaOIIOAAI0TCS CPaBHUTEIBHO JIETKO 00pa3yroluecs
coenuHeHus. HauvanpHas cTaaus TrUApaTaliid  MOXKET OBITh ONHCaHAa  CIEAYIOIIUM
npubnusutenbHbiM  ypaBHeHHeM:  Na2CuMg2(SO04)4 + (2 + 2X)H20 = Na2Cu(S0a4)2-2H20 +
2(Mg,Cu)(SO4):xH20. Tlocnemuuii  4YieH ypaBHEHHs O00O3HAYaeT  MOCJICAOBATEIBHO
o0pasoBaBIrecs Cyib(haThl MarHUs, KOTOPbIE MOT'YT HMETh H30MOP(HYIO IPUMECH MeIn (TaK Kak
cobctBeHHble TuApathl CU B XOje THApaTallii He ObUIM YCTaHOBICHBI). JlanpHelIe JTarbl
OKCIIEPUMEHTa B OCHOBHOM COOTBETCTBYIOT pacTylleil ruapatanuu cyibdatoB Mg/Cu. D10
IPOMCXOTUT JI0 CTaUH, HAa KOTOPOH HaOII01al0TCs HanboIee THAPATHPOBAHHBIE (Da3bl (ATICOMUT
Mg(SO4)-7H20 u ansnepcur (Mgo.67CU0.33)(SO4)-7H20).

B uzyuennoit mpoOe npeanonaraeTcs U psl IPYTUX peakiiuid, B TOM YUCIIE — PACTBOPEHUE
KpEHKUTA U 3MCOMUTA C 00pa3oBaHMeM KOHbsUTa. OOpa30BaBIIMICS MPHU 3TOM CyJbhaT Meau,
pearupysi ¢ OSICOMHMTOM, Yy4acTByeT B oOpaszoBaHum anbiepcuta: Na2Cu(SO0as)2:2H20 +
3Mg(S0O4)-7H20 + 3H20 = NazMg(SO4)2-5H20 + 3(Mgo.67Cu0.33)(SO4)-7H20. lanHas peakius
YacTHYHO OoOpaTHMa MpU HArpPeBaHHM, B XOJE MOCTEMEHHOTo HcmapeHus Bojbl. OOpa3oBaHue
nepexonHoro Cu-coeprkaliero MeHTaruaApuTa TaKkke OOBSICHSIETCS YaCTUYHOW Jeruaparanueit
QJIbIIEPCHUTA.

Kak m B ciiyuae c aJIOMOKITFOUEBCKUTOM, DPAa3JIOKEHHE CIOKHOW CMECH THAPATOB
OPUBOIUT K amMopduzanuu (CONpsHKEHHOW C YacTUYHBIM pacTBOpeHueM). Bauay storo
MPEJICTaBISIETCST  3aTPYJAHUTEIBHBIM YCTAHOBUTH TMPOUCXOXKIECHUE KPHUCTAJUTMUECKUX (a3,
BO3HHKAIOMUX MpHu Temreparype ~ 275 °C. Ilocnenuss cTaaus SKCIEpUMEHTa XapaKTepu3yeTcs
MEJJICHHOW peakiueid O0e3BOMHBIX Cylb(aToB C¢ 00pa3oBaHWEM HCXOJHOTO HTEIbMEHHTA,
BEPOSATHO, HA OCHOBE KPUCTANIUTOB, 00pPa30BaHHBIX U3 aMOP(HOH (pa3bl MPOMEKYTOYHOTO FTaIIa.
He6onpmoe xommuectBo Mg(OH)2, oOpa3oBaBiierocss B pe3yjbTaTe YaCTUYHOIO THAPOJIH3a,

npespatiaercs B MgO.

Deonoyus pazoobpazosanus
Anamu3 QazooOpa3oBaHusi B XOJ€ MPOBEACHHBIX AKCIEPUMEHTOB IOKA3BIBACT, YTO
NIOBEJICHUE N3yYEHHBIX MUHEPAJIOB cymecTBeHHo pasnmudaercs (Puc. 10, 11). Kak ¢popmysl, Tak

U CTPYKTYpbhl THAPATOB, OOpa3yOIIUXCs B pe3yjbTaTe MPEeBpaleHUN XalbKOKHAHUTA MpU
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THJIpAaTallii ¥ TOCJICIYIONIEM HarpeBaHUH, CIIOKHEE HCXOIHOTO TMPOCTOro cyibdara Memau
Cu(S0a). A, x ipumepy, A1 CHCTEMBI C IBXJIOPHHOM XapaKTEPHO MPOTHBOIOI0KHOE TIOBEACHUE

— oOpa3oBaHue 0oJiee MPOCTHIX (a3 MPHU Mpolleccax THaApaTaIUH.
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Puc. 10. OGiast cxema 3BOJIIONNH XadbKoKHaHuTa (@), nosnepodanuta (D) 1 asromokiroueBckuta (C) mpu
nporieccax THAPATAluU U MOCIEAYIONIed JeruapaTalin; cripaBa — BOJIOIHS CTPYKTYPHOH CIIOKHOCTH
(cpenHe-B3BelIeHHBIE 3HAUEHUs lg B OWTax/aTom); cieBa Uil KaxaoW (a3bl MpHUBEICHA CTPYKTypHAas
ceTio-rony6oit, 0% =

cnoxkHocTh |l B Gurax/atoM m THIEl momu3apoB CUOx(H20)n(OH)m (Cu®
kpacusiii, H;O = cunnit 1 OH™ = 3eseHblif); TakKe MaHbl 3HAYCHUS MCKAKEHUH Aoctx10% 1151 kaxmoro
HOJIMBIPA MEAU

Jlns aHanmM3a TOCIIENOBATEIBHOCTH IPEBpAIICHU MHHEPaTbHBIX (a3 ObUT MPOBEICH
aHaM3 WX CTpykTypHOU cinokHoctd (Il B OWMT/aTOM) C  HCIOJNB30BAaHHEM IOJXOJA,
npe/iokeHHoro B padorax Krivovichev (2012, 2013). JIonofgHHUTENBHO IS KaXIOW CTaIuu
IKCIIEPUMEHTA PACCUUTHIBAIMCH CPEIHEB3BEIICHHBIC 3HAUeHUs |G BceX yCTaHOBIEHHBIX (a3
(Puc. 10, 11), ucrosb3ys MOJIPHYIO OO KQKIOH U3 HUX.

B okcmepuMeHTe C HTETBMEHUTOM CPEIHEB3BEIICHHAs CTPYKTYpHAs CIOXKHOCTD
oOpa3yronmxcsi a3 TakKe YMEHBIIACTCS, OJHAKO K KOHILy JCTHApATAIMH, MPOUIS CTaIUI0
aMOp(HOTO COCTOSIHUS, KOT/Ia MPU BBICOKUX TeMIIepaTypax o0pa3yroTcs 0€3BOAHBIC CYIb(aThI,

ee BennunHa cHoBa yBenmuuBaercs (Puc. 1la). Ananormuno, asbl, oOpasyromuecss B XoJe
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THIpaTalii ¥ TOCIeayomei aeruaparanuu  3pxiopuna (Puc. 11b), aemoncTpupyrot
3HAYUTENIbHOE CHIIKEHUE CTPYKTYPHOH CIIOXKHOCTH IO CPAaBHEHHMIO C MCXOJHBIM BemecTBOM. K
KOHITy 3KCIIEpPUMEHTA, Korja (a3oBblii cocTaB 00pa3iia MPaKTHUECKH MOJHOCTHIO BO3BpAIllaeTCs
K HCXOJHOMY, CpEIHEB3BEIICHHAs CTPYKTypHas CIO0XHOCTb CTAHOBUTCS OJHM3KON K

HN3HaYaJIbHOMY 3HAYCHMUIO.
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Puc. 11. O6mast cxema 3BosOIMK HTelbMeHUTa () W 9BxiopuHa (D) mpu mporeccax rumpaTaiuu U

NOCIIEYIONIeH JAeruapaTaliy; clipaBa — 3BOJIIOLUS CTPYKTYPHOH CIOKHOCTH (CpeiHe-B3BEIICHHEIE
3HaueHus |g B Ourax/atom); creBa It Kol (as3el MpuBeIeHa CTPYKTYpHAs CIOXKHOCTS lg B OuTax/aToMm
u ikl onm3apoB CUOx(H20)a(OH)m (Cu?* = ceerno-romy6oii, 0% = kpacusiii, H,O = cunmit u OH™ =
3eJIeHbIi); TAKIKE JaHbI 3HAUCHHs HcKakeHHit Aoctx 103 mms kaxmoro mommsapa Meu
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Vcxons U3 MPOBEICHHOTO aHAIU3a BHIHO, YTO MHOTHE M3 MEPBUYHBIX IKCTAISAIMOHHBIX
Cu?*-conepxammx cynb(haToB IMEIOT CpEeHNE 3HAUEHUs CTPYKTypHO# cnoxuaoctH (Krivovichev,
2013). AnmromoxmtoueBCKHT (4.892 Out/atom), utenbmeHuT (4.644 6ut/atom) u 3BXJI0pHH (4.440
out/atrom) (Puc. 10, 11) cTpykTypHO ClOXHee, 4eM MpOAYKThI MX THapaTtauuud. Hecmotps Ha
YMEHBIICHHE CTPYKTYPHOH CIIO)KHOCTH B TIPOIECCE THIpATAllMM JaHHBIX MHHEPAJIOB, C
MOCJIETYFOIIUM HarpeBOM, COTIPOBOXKIAIOIIUMCS JeTUAPATALINEH, CII0O)KHOCTh CHOBA BO3PACTACT U
CTAaHOBUTCA OJIM3KOM K UCXOAHBIM 3HaUeHUAM. OTMETHM, 4TO Ha (JOHE NaHHBIX FKCTATSALMOHHbBIX
MHUHEpaJIOB, Opo1000pa3yromue MuHepansl nuiaka (Oenoros, 1984) ctpykTypHO Ooiee mpocThl
(madbpanoput 3.700 6ut/arom, auoricup 2.522 6ut/atoM, onuBuH 2.522 6ut/atom, xpomut 1.379
out/aTom).

U3meHenus koopAauHAnuu KathoHoB Cu?* mpu mporeccax THApaTaluu/JerduapaTaiiu
TaKXe JIEMOHCTPUPYIOT psAJ HMHTEPECHBIX 3aKOHOMepHocTed. Tumbel KOOpAMHALMOHHBIX
HOJM3POB MEAU B CTPYKTYpE KaKAOro M3 MHUHEPAJoB (MUHEpANbHBIX (ha3), ONpesleIeHHbIX B
X0JI€ DKCIIEPUMEHTOB, CXEMaTH4YEeCKH H300pakeHbl B JieBbIX yacTsax Puc. 10 u Puc. 11. dns
JIAHHOTO aHAJIU3a Y4UThIBamUCh cBasu Cu—O ammHoi 10 3 A. Jlns paccMOTpeHHBIX Ge3BOIHBIX
MHUHEpaJIOB — CyJIb(haToB MeAu (KaK, B LEJIOM, M JUIsl APYIMX H3BECTHBIX (YyMapOJIbHBIX
cyiabdaroB CU) xapakTepHbl CIEAyIOIIME TUIBI KOOpAMHALMU: KBajapatHas nupamuaa CuOs c
pa3HoOll creneHbl0 uckaxkeHUss U okra’ap CuOs. Becbma pacnpocTpaHEHHOH CTPYKTYpPHOM
0COOEHHOCTHIO psifia 0€3BOHBIX CYIh(PATHBIX MHHEPAJIOB MEIH (PyMapOIEHOTO MTPOUCXOKIACHHUS
(x mpumepy, nojaepodaHnTa, BXJIOPUHA, ATIOMOKIIOYEBCKUTA U BYJIb(UTA) SBISETCS HAIUUNE
OKCOLIEHTPUPOBaHHBIX TeTpa’ipoB OCus. Ilpm 3TOM JaHHBIE KOMIUIEKCHI OTCYTCTBYIOT B
CTPYKTYpax BCEX pACCMOTEPHHBIX THAPATHPOBAHHBIX MHHEPAJIOB MM CHHTETHYECKHX
COEIMHEHU M.

B cnywae rugpatupoBaHHBIX (a3 (pa3HooOpa3ue KOTOPBIX HAMHOTO OoJjblle, 4eM Yy
0€3BOHBIX CYJIb(ATOB) MPOsIBIIsAETCS 00IIas 3aKOHOMEPHOCTh — 00pa30BaHHE OKTA3ApPOB THIIA
(4+2) ¢ oomeit dopmynoit CuOn(H20)m(OH)k (Tabm. 9) ¢ pa3HO# CTENEHBIO HCKAKEHHS
(Puc. 10, 11) BBumy nposiBneHusi ¢dekra SHa-Temnepa. Jlump B ciiydae WTEIbMEHHTA U
BYyJIb()UTa BMECTO OKTa’3pOB THIIA (4+2) UMEIOT MECTO CUIIbHO UCKaxkeHHbIe oau3apbl CuO400
tuma (4+1+1). Bo Bcex pacCMOTPEHHBIX CIy4asXx, COIJIACHO TNPHBEICHHOW BHIIIE OOIIeH
dbopmyne, kKoopauHaIMOHHOE OKpy)eHHe Cu?* mpeacTaBIeHo TpeMs TUIAMH JIUTaHI0B: AHHOHEI
O, rpynms1 OH™ 1 Mmonekysl H20.

JIisl OIIEHKH WCKaKEHHs OKTad’JIpOB B JaHHOW paboTe MCIOJB30BaCA mapaMerp Aoct
: Ive [@dw)]?
(Wildner, 1992): Aoch o [d—] ,rae di = mmHa cBsazu Cu—0, a dm = cpeHssl UTMHA CBSI3U
m

Cu-0. Kak BUIHO 3 IMOJYYCHHBIX PE3YJIbTAaTOB, B CIy4ae HEITPOTOHUPOBAHHBIX OKTadipoB CuOs



42

B 0E3BOJHBIX CTPYKTypaX 3HaueHHs Aoctx10° Bblle yeM sl OKTa>ApoOB, BKIIOYAIOMIMX B
koopauHanmio menu rpynnsl OH™ w/mmm monekynsr H20. VckimodeHne cocTaBisieT OKTadp
Cus(H20)402 B cTpyKType KOOAImEBUTa ¢ HcKakeHneM Aoctx 10% = 23.93. Takoke HCKIIOUEHHEM
sapyisiercst okTasap CuOs B CTPYKTYpe XallbKOKHAHHTA, KOTOPhIi HMeeT Hu3Koe 3HaueHHe Aoctx 103,
paBHoe 8.05. Eciu MCKIIOUMTH 3TH [Ba TONHMAAPA M3 aHAIN3A, TO 3HadeHHe (Aoctx10%) mms
IPOTOHUPOBAHHBIX OKTa3POB B CTPYKTypax MpOaHAIN3UPOBaHHBIX (a3 cocrasiser 8.03, a ais

0€3BO/IHBIX OHO B HECKOJIBKO pa3 BhILLIE U paBHO 25.18.

Taﬁ.m/[ua 9 MI/IHI/IMaJ'H)HBIe, MAaKCUMAJIBHBIC U CPCAHUEC SKBATOPUAJIBHBIC U allUKAJIbHBIC JTJIMHBI
cesseit Cu—O B okrasapax CUOx(H20)n(OH)m B cTpykTypax (a3, mepeuncieHHbx Ha Puc. 10 u
Puc. 11

be3Boanbie dpas3bl

CU—0O¢q Cu—Ogy
Cu—O¢qmin 1.882 Cu—Ogpmin 2.153
Cu—0O¢q max 2.070 Cu—0O35p max 2.885
(Cu—0¢q) 1.964 (Cu—0Oap) 2.623
I'mppatupoBanHblie ¢a3bl
Cu—0Oe¢q Cu—0Oxy Cu—OHeq
Cu—O¢qmin 1.940 Cu—0Ogpmin 2.290 Cu—OHegmin 1.906
Cu—0Oeq max 2.033 Cu—0O3p max 2.659 Cu—OH¢q max 2.090
(Cu—0O¢q) 1.974 (Cu—Oap) 2.409 (Cu—OHeg) 1.984
Cu—OHyp Cu-H;0¢q Cu—H>04
Cu—OHgymin 2.259 Cu—H30¢q min 1.885 Cu—H;04, min 2.275
Cu—OHap max 2.380 Cu—H20¢q max 2.100 Cu—H204, max 2.420
(Cu—OHap) 2.311 (Cu—H20eq) 1.993 (Cu—H;04p) 2.342

Kak HEOmHOKpaTHO YNOMHHAJIOCH BBINIE, KPUCTAJUIOXMMHUS KAaTHOHOB JIBYXBAJIEHTHOMN
MeIN B OKCOCOJISIX B 3HAYUTENbHOM cTerneHu ompenensercs sgpdexkrom SAna-Temnepa. [laHHbIi
3¢ dexT HapsAdy ¢ HU3KOH 3Heprueil cTabuin3anuy KpUcTauIMYeCKOoro Mojist A1 KOH(PUrypayuu
3d° nenmaroT KoOpAMHALMOHHOE OKpYsKeHHe KaTuoHa Cu?* cTpyKTYpHO «THOKHM», a 3TO, B CBOIO
ouepeib, CIIOCOOCTBYET CTPYKTypHOMY pa3HooOpa3zuto. Ilo monmsapam Meau, npUBEIEHHBIM Ha
Puc. 10 u Puc. 11, BugHO, 4TO B ruApaTUPOBAHHBIX (ha3ax MPOTOHUPOBAHHBIE ATOMBI KUCIOPOJa
0OBIYHO HAaXOAATCA B 9KBaTOPHAIILHOMN MJIOCKOCTH, B TO BpEMsI KaK allMKaJIbHbIE ATOMBI, 3a4aCTYIO
CBSI3aHHBIE C CyJNb(aTHBIMU TETpad’paMM, OCTAIOTCS HENPOTOHUPOBaHHbIMU. Emie ojHO
MHTEpPECHOEe HAONIOJIEHHE, KOTOPOE YK€ OTMEYaJoCh BBINIE — 3HAUYUTENBHO OOJiee CIIOKHOE
MOBEJICHUE SKCTASIIHOHHBIX MHHEPAIOB C JOINOJHUTEIBHBIMA aTOMaMHM KHCIOPOJA B CBOEM
cocrase (Krivovichev et al., 2013). B menoM, KpUCTaNTIOXUMHES THAPOKCOCOJICH CYIIIECTBEHHO
pasHooOpa3Hee H3-3a OONbIIeH CIOCOOHOCTH K TOJMMEPU3ALUU MOJUAIPOB, IMOCKOIBKY
OTPHLIATENIBHO 3apsDKEHHBIE THIPOKCUIIBHBIE I'PYIIIBI MOTYT CBS3BIBaTh HECKOJIBKO KATHOHOB
METAJIJIOB, YTO HE TUIIMYHO I JIUTaHJOB, NIPEACTABICHHBIX HEUTPAIbHBIMU MOJIEKYJIAMH BOJBI.

Takum 06p330M, ruaparanus MUHEPAJIOB, U3HAYAJIIbHO COACPKAIUX NOIMMOJITHUTCIIBHBIC ATOMbI 02_
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(BXJIOpUH M J0Jepo(aHUT), IPOTEKaeT ¢ OOpa3oBaHMEM OOJBLIOTO YHCIA THIPOKCOCOJECH.
CeMelCcTBO OCHOBHBIX CYJIb(ATOB MEAM SBISETCA JAOBOJBHO OOraTbIM B CTPYKTYPHOM IUIAHE,
OJIHAKO aHaJu3 OMyOJMKOBAaHHBIX JAHHBIX IMOKA3bIBAET, YTO WX B3aUMOOTHOIICHUS H3Yy4YECHBI
JIOBOJBHO cnabo. Ha ocHOBaHWMU 3TOrO0 MOXHO cJienaTh BBIBOA, YTO, C OJHOW CTOPOHBI, ATO
CEMEICTBO, CKOpEE BCEro, IONOJHUTCS B pe3yJbTaTe MAANBHEHIINX SKCIEPUMEHTAIBHBIX
WCCJIEIOBAHMI; C IPYTOM CTOPOHBI, HEKOTOPBIE OCHOBHBIE CYJIb(aThl MEIH, U3BECTHHIE TOJHKO B
KayeCTBE CUHTETUYECKHX COCIUHEHHM, MOTYT OBITh OOHApyXEHbI B MPHUPOJAE, OCOOCHHO €Clu
0TOOp NMpo0 MpeHaMEepEeHHO MPOBOAUTD BO «BJIAXKHBIE» CE30HBI.

I'upparauus WTEIbMEHUTA, MMEIOIIET0 OTHOCHUTEIBHO CIIOXKHYIO CTPYKTypy 0€3
JIOTIOJTHUTEIIHHBIX aTOMOB KHCJIOPO/Ia, SIBJISIFOIINXCS CHIIbHBIMEA OCHOBaHUSAMH JIbIonCa, TPUBOIUT
K 00pa30BaHUIO CTPYKTYpHO Oo0jiee MpPOCTBIX THAPATOB. UeM JUIUTeNIbHee MPOAOIKUTEILHOCTD
TUApaTallii, TEM BbIIIE «THAPATHPOBAHHOCTH» KaTHOHOB. B KoOHIlE 3KcmepuMeHTa IO
THJIpAaTallii MHOTOYHUCICHHBIE MOJIEKYJIbI BO/IbI YMEHBIIIAIOT KOJIMUECTBO CBSI3€H C CYIb(paTHBIMU

aHUOHAMH, U 00pa3yroTcs 0oJiee MPOCThIe, MOJHOCTHIO THAPATUPOBAHHBIE CTPYKTYPBHI.
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2.3. Kpucra/Luioxumuyeckoe Ucc/iel0BaHie U TeIUI0OB0e pacliipeHne KANHUTA

KMg(SO.)CI-2.75H,0

B npenpiaymux pasaenax JaHHOM TJIaBbI OCHOBHOE BHUMAaHHUE OBIIO YIEJIEHO OE3BOTHBIM
(byMapobHBIM CyJb(paTHBIM MUHepasiaM. B To e Bpems, Kak ObUIO OTMEUYCHO B IUiaBe 1,
BBI3BIBACT WHTEPEC MUHEPATOTHYECKOE M KPHCTANIOXMMHUYECKOE HCCIEOBAHNE HE TOJIBKO
OC3BOJIHBIX, HO U THIIPATHPOBAHHBIX (PyMapoIbHBIX Cynb(aToB. OMHUM U3 HUX SBJISICTCS KAHHUT
KMg(SO04)CI-2.75H20 (Zincken, 1865; Robinson et al., 1972), Bcrpeuarommiics Kak B
(yMapoJIbHbIX MUHEPAJIbHBIX aCCOIMAIIUAX, TAK U B IBAIIOPUTOBBIX MECTOPOXKICHUIX. B panee
OIMyOJINKOBAHHBIX Pab0TaxX KaWHUT aKTUBHO HM3Yy4yalcs Ha MPEIMET KPUCTAIOXUMHYECKHX
ocobennocteit (Subramanian, Hariharan, 1986; Salagram et al., 1988, 1994) u pa3nu4HbIX
¢usuueckux cBoiictB (Hancer, Miller, 2000; Nazzareni et al., 2018). Oxnako, He ObUTH
UCCIICZIOBAaHBl HU XapaKTep BOJOPOIHBIX CBS3EH B CTPYKTYpe KaMHHUTA (MTPAIOLIUX KIFOYCBYIO
poJIb B CTPYKTYPHOW OpraHM3allii TuApaTtupoBaHHbIX coeauHenuit (Hawthorne, 1992)), mu
TEIIOBOE PACIIMPEHUE €T0 CTPYKTYPbI, HU OOIIHE 3aKOHOMEPHOCTH TEPMHUUECKOTO MOBEICHHS.
[Tocnemaue MOTYT UMETH 3HAYCHHE IJIs1 TOHUMaHUs (a3000pa3oBaHus B CyTb(ATHBIX CUCTEMAX,
B YaCTHOCTH — B 3BAIIOPUTOBBIX MECTOPOKICHHUSX.

B nmanHOM pasznene ommcaHbl pe3yibTaThl YTOUHEHUS KPUCTAJUITMUECKOH CTPYKTYPBI
kauauta  KMQ(SO4)Cl-2.75H20,  Biirodas  WCCIeIOBaHHWE  CHUCTEMbI  BOJOPOJIHBIX
B3aWMOJICHCTBHI, a TaKKe pPe3yibTaThl M3ydeHHs (Ha3000pa3oBaHUs MPH €ro HAarpeBaHUH B
HIMPOKOM Jauana3one temmeparyp (Borisov et al., 2022a). Bce skcrnepuMeHTalbHbIE JaHHBIE
U3YYCHHUS KaWHHUTA, KOOPAWHATHl AaTOMOB U MEXATOMHBIE PACCTOSIHHSI B €ro CTPYKType

NIPUBEJICHBI B IPHJIOKCHHH 2.

2.3.1. YTouHeHHe KpUuCTALIHYecKoii cTpykTypbl Kannuta KMg(SO,4)Cl-2.75H,0

Kpucrammyeckas cTpykTypa KauHHATa Oblila BIIEpBBIE M3yueHa B padote Robinson et al.
(1972). Hamuu naHHbIe TO3BOJIMIN YTOUHUTB CTPYKTYPY, @ TAK)KE JIOKAJIU30BaTh MO3ULIUN aTOMOB
BOJIOpOa. KauHUT KprcTalM3yeTcsl B MOHOKJIIMHHOM CHHTOHUH, B TIPOCTPAHCTBEHHOM IpyIIe
C2/m, ¢ mapamerpamu sIeMEHTapHON sueiikm a = 19.6742(2), b = 16.18240(10), ¢ =
9.49140(10) A , p = 94.8840(10)°, V = 3010.86(5) A3. B ocnoBe cTpykTyps! kannuta (Puc. 12a)
nexat kpéukutonoaobusie nernouku (Puc. 12b) (Hawthorne et al., 2000; Fleck et al., 2002).
Kaxas 1memouka pacrosioxeHa BI0JIb OCH C ¥ cocTouT u3 okTadapoB Mg404(H20)2 (Puc. 12b,c),
CBsI3aHHBIX Cyib(aTHeiMU TeTpadapamu S10s4 u S204. llemouxu cBsi3aHBl MeXay coOoOMH
noamapamu MglO4(H20)2 u Mg204(H20)2, obpasys ciiou (Puc. 12¢), mapamiensusie (100). C
ydeToM cBsi3H ciioeB uepe3 okradapsl Mg302(H20)4 cTpykTypy KamHHTa MOXKHO paccMaTpHBAThH

KaK MOPHCTHIN Kapkac. Atombl Mgl, Mg2 u Mg4 umerot koopaunaiuio mpanc-MgOa(H20)2, rae



45

B HKBAaTOPHAJIBHON IUIOCKOCTH PACIOJIOXEHBI aTOMbI KHCIOpOJa Cylb(aTHBIX Tpymnm, a B
ANMKAIBHBIX BEPUIMHAX — MOJEKYJBI BoAbl. AToM M3 koopauHupyeTcst IByMs CyIb(paTHBIMA
KHCIIOPOJAaMHU B DKBATOPUAIBHBIX BEPIIMHAX U YETHIPbMS MOJCKYJIaMHU BOJIBI B allMKAJIbHBIX U

JIBYX 9KBaTOpHaJbHbIX Bepiunax (Puc. 13).

HT a

"

d

Puc. 12. Kpucramdeckas CTpyKTypa KaMHUTa B POSKIMH BJIOJIb ocH D (8); 1iernoyku KpEHKUTOBOTO THITA
(b) (BbLIENICHBI KPACHO# MYyHKTHPHOMW JIMHKEH) 00pa3yroT ciion (C), Aajiee COeMHEHHBIC Yepe3 OKTadIp
Mg3 B kapkac; TEH30p TEIJIOBOTO PACIIUPEHHUsS CTPYKTYpbl KanHuTta (d) U TeH30p cxumaeMocT (€) (o
Nazzareni et al., 2018)

Paccrosinust (Mg—O) s Bcex okTa’apoB MgOn(H20)m Haxonsatcs B muanaszone 2.057—
2.078 A, uto xopomio cormacyercs ¢ cooTBeTcTByromuM 3HauenneM 2.089 A, mpusenenusIM B
pabore Gagné, Hawthorne (2016). Cynbdarabie TEeTpasapbl UMEIOT T€OMETPHIO, OIU3KYIO K
paBUIBLHOM, a cpemuue pacctrosuus S-O B 1.473 u 1.475 A nna terpasapos S104 u S20s,
COOTBETCTBEHHO, MPAKTHYCCKH COBIAJAIOT CO CTATUCTUYCCKUMH JaHHBIMH JJIsl CYJb(haroB
(Hawthorne et al., 2000; Gagné, Hawthorne, 2018). Ilojoctu kapkaca comepkaT TpH
CHMMETPUYHO HE3aBUCHMBIX MO3HIHHN Kanus, n3 KoTopbix K1 n K2 nmerot kooprunarmio KO4Cls
co cpenHuMu 3HaueHusMu 2.856 u 2.810 A (K-0O) u 3.291 u 3.173 A (K-Cl). Atom K3 umeer
unyto koopauHaimro — KOs(H20)3Cl. Hcxons w3 NpHBEICHHOTO BBINIE  ONMUCAHUS
KPHUCTAJUIMYECKOW CTPYKTYPbl KaWHUTa TIPEIUIaraeTcsi CIEAYIOas KpUCTANIOXMMHUYSCKAsI
dopmyna mist mannoro muHepana — K[Mg(H20)25(SO04)]CI(H20)0.25, Tae B ckoOkax ykazaHa

dopmyna kapkaca.
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Puc. 13. KoopauHanus KATHOHOB B KPHCTATMYECKON CTPYKTYpe KAUHHUTA; BCE MEKATOMHBIE PACCTOSHISI
npuBeNeHsl B A; JIIMICOMABI AHM3OTPONHLIX TEIUIOBBHIX KONEGAHMH aTOMOB yKa3aHBl C
BeposTHOCTEIO 50 %

CrpykTypa KawHHTa COJEPKUT CEMb CHMMETPUYHO HE3aBHCHMBIX MO3UIUH, 3aHATHIX
monekyinamu Bojabl (Puc. 13, 14). Monekynsr Owl, Ow2, Ow3, Ow4, OwS5 u Ow6 TnpodHO
CBA3aHEI ¢ KaTHOHaMH Mg?*, B To Bpems Kak Momnekyna Ow7 HaXOAWTCS B TONOCTAX KapKaca.
CrepeoXuMHYECKUe JEeTaIN CUCTEMbI BOJIOPOTHBIX CBsI3ei mpeacraiensl B Tabmuie 10. [Ipu ee
XapaKTePUCTHKE MPUHUMAIHUCH BO BHHMAaHHE B3aMMOJCHCTBHSI, yIOBJIETBOPSIOIINE YCIOBUIO
H---A<r(A)+2A u<D-H---A (D = nonop, A = akuentop) — Gonee 110° (Steiner, 2002). s
MOJITBEPIKJICHUS TTPABUIIBHOCTH aHAJIM3a CUCTEMBI BOJOPOJIHBIX CBSI3€H JMaHHBIC MCCIICIOBAHUS
OBUTH JOMOJHEHBI pacueTaMu MeTOJA0M (YHKIIMOHAIA 3JeKTpoHHOM mioTHocTH (DFT), neranu

KOTOPBIX ITPUBCACHLI B IIPHUJIOKCHUU 2, a pe3yJIbTaTbl — B Ta6J'II/II_IC 10.

Ta6auna 10. MexxaToOMHBIE pacCTOSIHUS U BETUYMHBI YIIIOB B CHCTEME BOJAOPOIHBIX CBSI3eH B KAUHHTE I10
SKCMIEPUMEHTALHBIM JaHHBIM PEHTTEHOCTpYKTypHOTO aHam3a (XRD) u o pe3ynsratam DFT-pacueros

D-H-A d(D—H) d(H--A)  <DHA d(D--A)

Owl-Hla-ClLT  XRD 0.998(5)  2.388(6) 177(4) 3.3851(17)
DFT 0.987 2.183 153.62 3.099

Ow2-H2a--Ow7  XRD 1.000(5)  1.658(11)  168(4) 2.644(3)

DFT 1.000 1.586 172.56 2.581
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IIpooonacenue mabauywr 10

D-H--A d(D-H) d(H--A) <DHA d(D---A)
Ow3-H3b--CI2 XRD 0.997(5) 2.188(10) 165(3) 3.1601(12)
DFT 0.983 2.207 159.49 3.147
Ow4-H4a---Cl3 XRD 0.995(5) 2.076(6) 174(3) 3.0673(12)
DFT 0.986 2.170 151.46 3.072
Ow4-H4b---Ow2'  XRD 0.998(5) 1.826(9) 168(3) 2.8096(15)
DFT 0.991 1.860 169.03 2.839
Ow5-H5a---CI2 XRD 0.996(5) 2.303(14) 157(3) 3.2442(12)
DFT 0.977 2.278 158.15 3.205
Ow5-H5b---Owl"  XRD 0.998(5) 1.858(11) 165(3) 2.8331(16)
DFT 0.991 1.760 168.84 2.739
Ow6-H6a---Cl1 XRD 0.996(5) 2.109(6) 174(3) 3.1012(12)
DFT 0.987 2.081 172.03 3.062
Ow6-H6b---06 XRD 0.993(5) 1.928(18) 149(3) 2.8281(16)
DFT 0.992 1.757 159.99 2.711
Ow6-H6b---02 XRD 0.993(5) 2.29(3) 121(2) 2.9351(16)
DFT 0.992 2.336 116.80 2.920
Ow7-H7a---CI1™"  XRD 0.998(5) 2.066(6) 177(4) 3.064(2)
DFT 0.990 1.999 174.10 2.985
Ow7-H7b---CI3V  XRD 0.998(5) 2.560(11) 133.3(11)  3.3238(18)
DFT 0.981 2.469 135.08 3.239

Omneparuu cummerpun: (i) —X, —y+1, —z+1; (ii) —x, -y, —z+1; (iii) x+1/2, -y+1/2, —z+1; (iv) X, y, z+1.

B xpucrammuecko CTpyKType KaWHHMTa B POJIA AKLENTOPOB BOJOPOJHBIX CBS3EH
BBICTYMAIOT JINOO XJIOPUI-aHUOHBI, JINOO COCETHUE MOJEKYJbl BOJABI, JUOO KHUCIOPOIBI
cynbdarueix rpynn (Tabn. 10, Puc. 14). Monekyna Boast OwW1, koopaunupytomas arom Mg2
(Puc. 14a) obGpasyeT TOJBKO OJHY BOJOPOJAHYIO CBs3b depe3 arom Hla c¢ akmnenropom Cl1, ¢
MeKaTOMHBIM paccTosinueM 2.388(6) A u yrmom D-H---A 177(4)°. Yron D-H---A s Hlb u
OwsS5 B kauecTBe MOTEHIIMATBLHOTO aKienTopa coctaBigeT 109°, 4To HE COOTBETCTBYET KPUTEPHUSIM
BOJIOPOJTHOM CBSI3M, YKa3aHHBIM BhIie. Monekyna OW2 uMeeT HeCKOIbKO MOX0Kee OKpYKeHHE
(Puc. 14b). Atom Bogopoaa H2a obGpasyeT BOIOPOIHYIO CBsI3b C MOJIEKyJoi Boasl OW7, B TO
BpeMs kak aroM H2b ObuT UCKITFOUEH M3 CHCTEMBI BOJOPOIHBIX CBSA3EH IO BBIMICYTTOMSIHYTOMY
kpurepuio — yron Ow2-H2b---Ow4 pasen 105°. Monekyna Bogei Ow3 (Puc. 14C) Taxxke
o0pasyeT BOAOPOAHYO CBsI3b uepe3 arom H3b ¢ akientopom Cl2.

Monexyinbl Bogsl Ow4 u OwS5 (Bxopsiire B KoopAuHaIuio noaudapa Mgéd) umeror cxoxee
KoopauHaIroHHoe okpyskenue (Puc. 14a,b, 15), mpudem B 1aHHOM ciiydae BCe aTOMbl H BXOST
B CHCTEMY BOJOPOJHBbIX cBsizeil. ATombl H4a u HS5a cBd3aHbl ¢ aTomMamMu Xjopa B KayecTBe
akuenTopos ¢ paccrosHuamu 2.076(6) A mns H4a---CI3 u 2.303(14) A mna HS5a---CI2 wu
BeMYMHAMHU BasieHTHBIX ycmnuit 0.27 u 0.18 6.e., coorBercTBeHHO. AToMBI H4b 1 H5b Taroke
00pa3yroT BOJIOPOJIHBIC CBSI3U C COCETHUMH MOJIeKyamMu Boibl (Ow2 u Owl), ¢ cormocTaBUMBIMU
yrmamu D-H---A B 168(3)° u 165(3)° u mexaromubiMu paccrosausivu H---A 1.826(9) u
1.858(11) A, cooTBeTCTBEHHO.
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cl2e '_-—"-'.
cne- 2.188H3

Puc. 14. KoopauHallMOHHOE OKPY’KEHHE MOJEKYJ BOABI B KPHUCTAIIMYECKON CTPYyKType KaWHUTa;
BOJIOPOJHBIE CBSA3U MOKA3aHbl CHHUMM IIyHKTUPHBIMH JIMHUSAMH

Atom H6a, npunamiexamuii Mojekyiae Boasl Ow6 (Puc. 14C) oOpasyeT BOIOPOIHYIO
csa3b ¢ atoMoM Cl1 ¢ mesxaTomubiv paccrosauem 2.109(6) A u yrnom D-H---A 174(3)°. Atom
H6b npunuMaer ydacThe B TpPEXLEHTPOBOW AaCHMMETPUYHON BOJIOPOJHOW CBS3M — T.H.
oudypxarnoii csa3u (Rozas et al., 1998). Ou o6pasyer ase cszu HEb---A ¢ akuentopamu O6 u
02 ¢ paccrosuusamu 1.928(18) u 2.29(3) A, coorserctBenno (Puc. 14c). Vraer D-H---A
HaxoJsITcs B Auanasone 121-150°, a yron A---H---A umeer Benmunny 83°. B padote Rozas et al.
(1998) ormeuanoch, uTO B Clydae TPEXIEHTPOBBIX BOIOPOIHBIX CBS3€H, PACCTOSHUS HMEIOT
0oyiee BBICOKHME 3HAUCHHUS MO CPAaBHEHHWIO C OOBIYHBIMH, BBHJY PAaBHOTO pacHpeiciICHHS
AIIEKTPOHHOM IUIOTHOCTH MEXy aroMoM H u mByMms akuentopamu. B padore Taylor et al. (1984)
ObUT TIPEIJIOKEH BeChbMa YyBCTBUTEIBHBIH KPUTEPUH Il TOATBEpXKICHUs OuypKaTHOTO
XapakTepa BOIOPOIHBIX cBsi3eil. CyTh KPUTEPHUS B TOM, YTO aTOM BOAOPOAA JOJDKEH HAXOTUTHCS
B npezenax 0.2 A BHe mnockocTu, onpenensemoit D, A u A'. B paccMaTpuBaeMoM ciydae 3To
3Havenue coctasnser 0.19 A.

Monekyna Boasl OW7 He cBsi3aHa HU ¢ OAHUM K3 OKTa’aApoB MgOn(H20)m (Puc. 14d), u
uMeeT «CBoOOaHbIIN» XapakTep. CoriacHo padote Hawthorne (1992), monekyina OW7 MoKeT ObITH
omucaHa Kak BHyTpHKapkacHas (interstitial) rpymma (H20)°, cBs3anHas ¢ BHyTpUKapKacHBIM

(interstitial) karnonom. Atom H7a obpa3yer BogopoaHyto cBs3b ¢ akuentopom Cl1, ¢ yrmom D—
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H---A 177(4)° u paccrosauem H---A B 2.066(6) A. Bogopox H7b yuactByer B cnaGoit
CHMMETPHYHOMN BOIOPOIHOM CBsI3H ¢ AByMsi aromamu Cl3 B kauecTBe aKIENTOPOB C PACCTOSTHHEM
2.560(11) A u yrnom D—H:--A paBabsiM 133.3(11)°. O6mas cxema cucTeMbI BOJIOPOAHBIX CBs3eil

B CTPYKTYp€ KauHHUTa C YKa3aHUEM BEJIMUMH BaJICHTHBIX YCWINN NpuBeaeHa Ha Puc. 15.

0.18 vu
" 0353
" vu
018 vu, G2 -\ o Cci
g~ ows -~ owe _JjoE
woowt RS
017 Oiggt\)/u-
0.15 vu
H7a
0.28 vu, “CH
Bl 0w <
H7b™ CI3
0.1 wu

Puc. 15. Cxemaruueckoe I/I306pa)KCHI/IC CHUCTCMBI BOAOPOAHBIX CBsI3CH B KAMHUTE

2.3.2. BoicokoTemneparypHoe noseaenne kanuura KMg(SO4)Cl-2.75H.0

HccnenoBanne BBICOKOTEMIIEPATYPHOTO TIOBEJIEHUS KaWHUTa OBLJIO HAYaTo C
muddepennmanbHoro tepmuueckoro ananuza ([ATA) u nuddepeHnmanbHON CKaHUPYIOLIEH
kanopumetpuu ([ICK). PesynbraTs! uccnenoanuit meronamu JITA u JICK, a Takke pe3ynbTaTsl
macc-ciektpomerpun (mpu m/z = 18) npencrasnens! Ha Puc. 16.

Ha kpuBsix tepmorpaBumetpun (TT7) u quddepennmansuoit Tepmorpasumerpun (A1)
buKcupyeTcss HECKOJIbKO cTaauid motepu maccel. Mexay 77 u 178 °C, kpusas JICK moxa3eiBaer
3aMeTHBIN 3HAOTEpMUYEeCKUU 3PPekT ¢ MakcumyMmMoM npu 155 °C, KOTOpPBI COOTBETCTBYET
norepe macchl B 4.34 %. JlaHHbIi >QQEeKT MOXKET yKa3plBaTh Ha yJAIIEHHUE «CBOOOIHOI»
mostekysiel Ow7, natorieit Bkian B 0.25(H20) Ha hopmyity (Tak kak eit coorBectByet 4.50 mace. %
OT MOJICKYJSIpHON Macchl MuHepana). KpuBas monHoro toka (UT) mpu m/z = 18 umeer
OTYETIMBBIA MAaKCHUMyM, YKa3blBAIOIIUM Ha TNPUCYTCTBHE BOJASHOTO Iapa B MPOAYKTax
pasnokeHusl. DTOT SHAOTEPMHUSCKHUN dPPEKT XapaKTepU3yeTCs MOTIIOMEHUEM TeIia B 00beMe
91.89 JIx/r.

Crnenyromuii, Oonee cunbHbId >(dexT HabmomaeTcss B auamnaszone 178-274°C ¢
MakcumyMoM Tipu 222 °C, yto cootBeTcTBYeT norepe macchl 15.18 %. Kpusas T nokasbiBaer

€Ic OAWH CUJIBHBIN ITHK, COOTBCTCTBYIOHII/Iﬁ BBIACJIICHHUIO BOJAAHBIX IIapPOB. QHGPFGTI/I‘IGCKI/II;'I
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apdext cocraBmsger 323.31 JIx/r. O6mas noteps Boabl cocraisier 19.52 %, B To Bpems Kak
paccuutannoe 3Hadenue 11 KMg(S04)Cl-2.75H20 cocrasnset 20.27 %.

B mmamazone temmeparyp 274-320 °C xpuBas JICK aemMoHCTpUpYyeT CHUMMETPUYHBII
sK3oTepMuueckuii 3gdext ¢ makcumymoMm mpu 299 °C, B 1o Bpems kak kpuBbie TI' u UT He
NPETEPIEBAIOT KAKUX-IMOO M3MEHEHHH. DTO TOBOPUT O TOM, YTO, CKOPEE BCETO, MPOHCXOIHUT
(bazoBoe npeBpalieHue (KpucTaJIn3anus U3 aMopQHbIX WIM METACTa0MIbHBIX MPEAIIECTBYIOIINX

da3). Dddexry coorBercTByeT SHEeprus B 14.75 JIk/T.

WoHHbIN TOK x107° (A)

Tr (%) OCK (MBT/Mr)
100 } -4.34% SKBOT 3.0 14.00
90 1518 % 2.5 13.50
80 By 2.0 13.00
70 1.5 12.50
60 1.0 ;2.00
50 0.5 11.50
40 0 1.00
30 -0.5;0.50
-1.0+0

100 200 300 400 500 600
Temnepatypa (°C)

Puc. 16. Kpussie TT', JITA u HOHHOTO TOKa /T KanHuUTa U (hotorpaduu obpasiia in Situ 1o (cresa) u mocie
(cnipaBa) HUKJIA HATPEBAHUS/OXJIAXKICHUS; OTIEILHOTO BHHUMAHHWS 3aCiy’KMBAe€T M3MEHEHHE IIBETA BO
BPEMSI DKCIIEPUMEHTA, 4 TAK)KE YMEHbIIECHHE pa3Mepa TaOIeTKU

Mexny 451 u 560 °C na kpuoit JICK dukcupyercsa suporepmuueckuii ekt c
MakcumMyMoM Tipu 494 °C, KOTOpBIH CONMpOBOXKIAeTCs HEOOJBIION, HO JIUTEIbHON moTepen
maccel. OH MOXeT OBITh BBI3BAH IUIABIICHHMEM U pasjiokKeHHeM. JHeprus 3toro 3¢ddexra
coctassieT 19.48 JIx/r.

Janpaeimmii HarpeB oT 560 1o 600 °C npoTekaet 6e3 BUIUMBIX 0COOCHHOCTEH Ha KPUBOM
JCK, B To Bpems kak Ha kpuBbiX TT u JITI orpakaercs nocienHuii atan norepu Maccol. Kpusas
HUT Taxxke sBISETCSI MOHOTOHHOM — TIPOAYKTHI PA3JIOKEHUS CKOHJECHCHUPOBAINCH IIPH
Temneparype Boime 195 °C, nmpexe yem rmomnacts B KBaIPYIMOJIbHBIA MacC-CIIEKTPOMETD.

[Ipu oxnaxaenun ot 600 go 200 °C kpuas TI" mokaspiBaeT cinabble MOTEPU MACCHI J0
395 °C, B 1o Bpemsa kak JICK mokasbiBaeT CHIIBHBINA 3K30TepMudeckuii 3pdext mexay 417 u
395 °C ¢ mentpom mpu 412 °C, 4ro, BEpOSATHO, COOTBETCTBYET KPHCTALTU3AIMH pacIliaBa.

Dueprerudeckuid 3pdext cocramsier 11.72 JIHx/T.
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HccnenoBanne  TEPMUYECKOW  DBOJIIOLUUHM  KaWMHUTa  METOJOM  MOPOIIKOBOW
peHTreHorpadun MpoBOIMIOCH B quanazoHax Temmeparyp ot —150 °C no 90 °C ¢ marom 5 °C, u
or 90°C go 600°C ¢ mrarom 10°C (Puc.17). B wuntepsaie or —150°C mo 200 °C
TU(PPAKTOrPpaMMbl COOTBETCTBYIOT YHCTOMY KAWHHUTY, OJHAKO, OTHOCHTEIBHOE PACIIOJIOKECHUE
TU(PPaKIMOHHBIX MAaKCUMYMOB pe3ko MeHsercs: okoio 100 °C. Dto cootHOocHTcs ¢ 3 dhexkTom
notepu maccel npu 155 °C (yuuTeiBas pa3iIuvHBIE CKOPOCTH HAarpeBa), 4TO COOTBETCTBYET
~10.2 r/moip KMQ(SO4)Cl-2.75H20 u mMoxeT ObITh MPUOIU3UTEIBHO COOTHECEHO C MOTEepei
0.65-0.75(H20). TIpu 200 °C nerumpartamus OPUBOIUT K amop(du3alMu C MOCIEAYIOIIEH
pekpuctamm3anueii npu Temmepatrype okono 280 °C. Ha paHHOM JTame MPOUCXOIUT
obpazoBanue sanroerinnra KaMgz(SO4)s (Mereiter, 1979), koTopblii coxpaHseTcs B Ipode 10
okonvanus skcnepumenta (600 °C). Ilpu temmeparypax ot 340 °C mo 560 °C naGmomaeTcs

npucytcteue xjaopuaa kamus (Lesly Fathima et al., 2012), koTopslii B qaibHEHIIIEM 3aMEIIACTCS
a-K2S04 (Arnold et al., 1981).

600 °C

=150 °C

1/A

Puc. 17. IucdpakrorpaMMsl, MOKa3bIBaIONINE IBOJIIOIUIO KanHUTA U (Ha3000pa3oBaHusl IPU MOBBILICHUH
TemrepaTypsl (kpacHbie Kpyru — kanHuT KMg(SO4)Cl-2.75H,0, yepusie — KCI, 3enensie — K2SO4, cuane
— nmauroeiant KoMg2(SOa4)s)

IlepBbIif sTam geruapaTaluy  CBsi3aH € OTYETIMBBIM  CIABUTOM  JTU(PPAKLHMOHHBIX
MaKCHMYMOB KaWHHTa, KOTOpbIid Habmogaercs co 110 °C no 180 °C (mpakTudecku 10 MOTHON

amopdusarmu odpasiia). B To xe Bpems aisa oTpakenuit Pt—Rh mepkartens (KoTopbie MOXKHO
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MPHUHSTH 332 STAJIOHHBIC) TAKOTO CABUTA HE HaOmomaeTcs. Hanbonee BEpOSATHO, YTO 3TOT CIBUT
BBI3BaH MOTEPEil HEKOTOPOTO KOJIMYIESCTBA BOJIBI TIPU COXPAHCHHUH OOIIETr0 MOTHUBA CTPYKTYphI. K
COYKAJICHHIO, KaYeCTBO PEHTIEHOTPaMM (BBIpA)KEHHOE B MIMPHHE AU(PAKIIMOHHBIX MAKCHMYMOB
U3-32 TOHIKEHHOW KPHUCTAIUTMYHOCTH) HE TMO3BOJIMJIO MCCIIEIOBATh CTPYKTYPHBIC W3MEHCHHS,
KOTOpBIC B OCHOBHOM CBsI3aHBI ¢ Haubosee cinado pacceuBaromumu atromamu (O u H). OueBuHo,
YTO TICPBBIMH M3 CTPYKTYPBI YXOISAT «CBOOOIHBIC» MOJICKYJBsI Boabl Ow7. IloTeps Bombl u
MIOBBIIIICHUE TEMIIEPATyphl BIHUSIOT Ha OOBEM JJIEMEHTAPHON SYCWKH B TPOTHBOIIOJIOXKHBIX
HAIPaBJICHUAX, YTO MPOSBIISICTCS B CMEIECHUH AU(PPAKIIMOHHBIX MAaKCUMYMOB. Vcxoms u3 3Tux
pe3yJIbTaTOB, MOKHO IMPEANOJIOKHUTh, YTO TUIOTETUYCCKUI «aHTUAPOKAWHUTY HA CaMOM JIee
MOYET COOTBETCTBOBATh YacTUYHO AeruaparupoBaHHoMy KauHuTy KMQ(SO4)Cl-(2+8)H20 (rme
6~0.1).

JlanbHelmas moxHasi JeTUpaTanus IPUBOIUT K Pas3lIOKCHUI0 KAMHUTA U 00Pa30BaHUIO
aMmop¢HOM (a3bl, KOTOpas BIOCIEACTBUUA KPHUCTAILITU3YETCS ¢ 00pa30BaHMEM CHHTETHYECKOTO
JaHrOCWHUTA, W, PH Oo0Jiee BBHICOKUX TEMIIEpaTypax — XJIOpHUAa Kalus. YpaBHEHHE PEaKIUH
MIPOMCXOJISAIIETO Ha MEPBOM ATaIe Mporecca MokeT ObITh 3anucaHo kak 3KMg(S04)Cl1-2.75H20
= 8.25H20 + K2M@2(SO4)3 + KMgCls (umu KCI1 + MgCl2). Ecnu xmopua MarHusi JTOBOJIBHO
YyBCTBHUTEJICH K TEPMHUYECKOMY THUIPOJIH3Y, TO €r0 TEPMHUYECKOE TMOBEICHHE B NMPUCYTCTBUU
XJIOPHJIOB IIIEJIOYHBIX METAJIOB MMEET OoJiee CIIOKHBIA XapakTep — THIPOJIN3 HECKOJBKO
3aMeIAeTCs Wi fAake mogassercs (Shoval, Yariv, 1985; Shoval et al., 1986). Takoe moBeacHwe
panee O0b110 U3y4eHO Tobko ¢ momotnsio JTT u MK, u B npuBeneHHBIX paboTax HE COOOIIANOCH,
SIBJISTIOTCSI JIM TIPOMEXKYTOYHBIE MPOAYKTHI aMOP(HBIMUA MM KPUCTATHUECCKUMHU. DPPEKT mpu
475 °C s KMgCls, koTopblii MOKET COOTBETCTBOBaTh kpuctautu3anuu (Shoval, Yariv, 1985),
B HaIlleM KCCIIeIOBaHUU He HaOmoaancs. TeM He MeHee, mocienoBaTenbHoe oopazoBanue KCI
K2SO4 yka3piBaeT Ha TO, YTO MPOUCXOMASAIIME Jajee OOMEHHbBIE MPOIECCHl HAYT, BEPOSITHO, C
ydqacTieM aMOpQHBIX MPOMEXKYTOUYHBIX MPOJYKTOB, IMOCIE IMOJHOTO Pa3lIOKEHUS HCXOIHOTO
KaWHWTa. B TIPOBEICHHOM JIOMOTHUTEIHFHO TECTOBOM SKCIICPUMEHTE MPEIBAPUTEIIEHO HATPETHIN
KCI u 0Ge3Bomubiii MgSOs 6butn oToxxeHsl B amyHpoBoMm turie mnpu 700 °C. OcHOBHBIM
MPOYKTOM OBUIM KPYITHBIE KPUCTAILTBI CHHTETHYECKOTO JIAaHTOCiHHTA.

TepMuyeckoe pacuiipeHHe KPUCTAIUTMUECKON CTPYKTYphl KaWHUTA OBLIIO H3yYeHO B
nuarmaszoHe Temrepatyp ot —150 °C mo 50 °C — Ha TOM 3Tare, Tae COXpaHsIeTcs HCXOAHbIN COCTaB
KMg(S04)C1-2.75H20. CornacHo TeH30py TEPMHUYECKOTO PACIITUPEHHS, MAKCUMYM HAOJIF01aeTCs
BJIOJIb 0133, @ MUHUMYM — BJIOJIb 0111, 00a HAIpaBJICHUS JIC)KAT B TUIOCKOCTH aC. YTJIbI CIBUTOBOM
nedopmanuu coctaBisioT e = 47.4° ausa T =—150...—65 °C; pe = 47.5° qna T =—60...+50 °C (rae

Ue = ¢ 0133 — YTOJI MEX/Ty OCBIO C DIIEMEHTAPHOM SIUCHKH M OCBIO 0133 TEH30pa B IIOCKOCTH aC).
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ITo Puc. 12d BuaHO, YTO TEIJIOBOE PACIIUPCHUE BIOJIb OCH C MEHEE BBIPAKEHO IO
CPaBHEHHIO C OCIMH @ W D. DTO MOXHO OOBSICHHTH TEM, YTO [aHHOC HAIpPaBJICHHE
HIPUOIM3UTENBFHO COBIANAeT C PACMOJOKCHHEM KPEHKHTOBBIX IIETMOYCK, KOTOPHIC SIBIISIOTCS
OTHOCHTEIIBHO KECTKHMH CTPYKTYPHBIMHU (parMeHTaMu. [lapamMeTpbl 37eMEHTapHOU sYeHKH
yBEIUYUBAKOTCS ¢ Temieparypoit (Puc. 18), cormacHo creayomuM ypaBHeHUSIM:

a=19.73792(86) + 0.414(11) x 103 t (A)

b =16.22965(85) + 0.382(12) x103 t (A)

¢ = 9.53220(48) + 0.2680(64) x 103t (A)

£ =94.9279(37) + 0.444(49) x 103t (°)

V =3042.18(23) + 217(3) x 102t (A%), rae t — Temneparypa.

[ToBeneHMe TEH30pa TEPMUUYESCKOTO PACIIMPESHUS] TUIIUYHO JIsl MOHOKIMHHBIX KPUCTAILIOB
(Filatov et al., 1984) u wutntocTpupyeT CABHUIOBBIC TepMHYECKHE aedopManuu, KOTOpPbIC

BBI3BIBAIOT H3MEHEHHE yIiia ff coriacHo ypaBHenuto ag = (1/4)/(dp/dt).
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a, A o c, A
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Puc. 18. 3aBucumoctH napameTpoB 3neMeHTapHO# sueiiku kamHuta KMQ(SO4)Cl-2.75H20 npm
HOBBIIICHUN TEMITEPATypPhI

2.3.3. Bonpoc cymecTBOBAHHS «AHTHAPOKANHUTAY

Kak ormeuanoce BhIIIe, OJMH BOMPOC, CBSA3aHHBIN C KaWHUTOM, paHee ocTaBaics 0e3
OTBETa, a WMEHHO — BO3MOXXHOCTh CYIIECTBOBaHHMS €ro O€3BOAHOTO aHajora —
«auruapokanautay KMg(SO4)Cl. YToObI monbITaThcsi OTBETHUTH HAa 3TOT BOIPOC, HEOOXOIMMO
CPaBHUTh KAWMHUT C HEKOTOPHIMH XUMHYECKH pOJICTBEHHBIMH MuHepanamu. OIHaKo, K
HACTOAIIEMY BPEMECHH OH SIBJISICTCS] YHUKAIBHBIM MPEJACTABUTEIIEM THAPATHPOBAHHBIX CyJIb(at-
XJIOPUJIOB IHEJIOYHBIX M MIETOYHO3EMENBHBIX METAIOB. [109TOMY Takue CpaBHEHUSI BO3MOXKHBI
TOJBKO C XHMHUYECKH Oojiee MaJCKUMH W CTPYKTYPHO XOpOIIO OXapaKTepU30BaHHBIMU
coequHeHussMH. K coxaneH1I0, HUKaKUX CTPYKTYPHBIX (M B I1€JIOM, PEHTTCHOBCKHUX) JaHHBIX IS

onucaHHOTo NMUHKOBOro ananora kanauta (Narasimhulu et al., 2000) ae nmpuoautock. CoracHo
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pab6ote Narasimhulu et al. (2000), vactuunoe 3amemenne Cu?* Ha Zn?* mpuBoOAUT K 06PA30BAHHIO
JIBYX CHUMMETPUYHO HE3aBHCUMBIX IapaMarHUTHBIX LIEHTPOB, B TO BPEMs KaKk B CTPYKType
KaMHUTA MMEIOT MECTO YeThIpe no3uiuk Mg?*. TIoNbITKY BHIPACTUTE KPUCTALIBI ZN-COAEPIKALIIX
AHAJOrOB KaMHUTA W3 BOJTHBIX PACTBOPOB, NMPEANPHHATHIC B JAaHHOH paboTe, HE YBEHYAIUCH
ycrmexoM. Mexay TeM, I[HMHK CHOCOOCTBYeT OOpa30BaHMIO XHMMHYECKOTO — aHajiora
«anruapokanautay — oOenoycosura KZn(SO4)Cl (Siidra et al., 2018c), kpucramioxumus
KOTOPOTO JICTAIIbHO PacCMOTpEHa Jajiee B HacTosimedl pa6ore. Onnako Zn®* B ero cTpykType
MMeeT TeTPadIpHUeCKy 0 KOOPAMHALMIO (CM. IIaBy 3), 4To HexapakTepHo mis Mg?* u 10 cux nop
He OBUIO OMKCAHO B CyJb(aTHBIX MUHEpaJIaX.

YuuThIBasi BAKHYIO POJIb BOJOPOIHBIX CBSA3EH, B YACTHOCTH C XJIOPOM KaK aKIEITOPOM, B
CTPYKTypax THIPATHUPOBAHHBIX MHHEPAJIOB, IMPEICTABISICT HMHTEPEC CPAaBHCHHWE KaWHHUTA C
IpYTUMH  CyJIb(aTHO-XJIOPUAHBIMH  MHHEpalaMd, a HMMEHHO —  aJpaHO3UTOM
(NH4)sNaAl2(SO4)4CI(OH)2 (Demartin et al., 2010) u ropmaurom NaZna(SO4)(OH)sCl-6H20
(Zhuetal., 1997). CTtpyKTyphbI JaHHBIX MUHEPAJIOB YAOOHO OMUCHIBATH B TEPMUHAX CTPYKTYPHBIX
eANHULl U MexciioeBblx koMiuiekcoB (Hawthorne, 2015). B o0oux muHepanax Xjiop BXOIUT B
CTpyKkTypHble  emunHuibl  (Oeckoneunsie 1enu  ...Na—Cl-Na-Cl... B axgpanosure u
KOOPJMHAIIMOHHOE OKpYXXeHHUe Zn B ropaante). B ciyuae agpano3ura OoJbIIME ITyCTOTHI 3aHSATHI
JIEBATUKOOPIMHUPOBaHHBIME HoHaMu NHa", a XJ10p B ccTeMe BOJOPOIHBIX CBSI3€ BBICTYIAET B
Ka4ecTBe akKIentopa. B cTpykType ropaanta ruIpOKCH/I-IIMHKOBBIC CIION YCPKUBAOTCS BMECTE
CHCTEMOI BOJOPOJHBIX CBsizeit Mexay woHamu Na' u aromamMu KHCIOpOJa W XJIOpa, Kak
KOMITOHEHTOB CTPYKTYPHBIX €IMHHUII.

B cBoo ouepenp, CTPyKTypa KaMHUTA UMEET Psifl XapaKTEPHBIX 0COOCHHOCTEH. XJI0p He
BXOJUT B KOOPIMHALMIO MAarHus, BBHJY 4Yero He MNPUHHMAaET ydacThusi B (POPMHUPOBAHUH
CTPYKTYPHBIX €JJHHUIIL, a CBSI3BIBACTCS C KATHOHAMH KaJIUsI B ITpeJIeiax MEKCIOEBBIX KOMIIEKCOB.
OcHOBHasi poJIb XJOPHUI-aHHOHOB B CTPYKType KaWHHUTa 3akKiroudaercs B 00pa3oBaHUU
BOJIOPOJIHBIX CBsI3¢H C aroMaMu BOJOpOJa pa3IMYHBIX MOJIEKYJ BOABL. B pesynbrate
HaOJIF0JAeTCsI CIIOYKHASI CUCTEMa BOJIOPO/IHBIX B3aUMOICHCTBHIA, BKITFOUAIOIIAs KaK OOBIYHBIC, TAK
U TPEXICHTPOBBIE M CHMMETPUYHBIC BOJOPOJAHBIC CBSI3U. MCXOnas M3 3TOro, TMIIOTETHYECKOE
oe3BogHoe coeaunenue KMQ(SO4)Cl, eciiu ObI OHO CyIIECTBOBAJIO, CKOPEE BCETO HUMENIO ObI
COBEpIICHHO MHYIO CTPYKTypy. OJHAaKo, CTPyKTypa KauHHTa JOMycKaeT morepro okosno 30 %
MOJIEKYJT BOfIbI. [103TOMY «aHTHAPOKAUHHUTY MOXKET OBITh Ha CAMOM JIeJie UMEHHO 3TUM YaCTUIHO
JCTHIPaTUPOBAHHBIM ~ COCIMHEHHWEM (YTO TOATBEPXKIAIOCH W TNPHUBEACHHBIMH  BBIIIE
pe3yibTaTaMi TePMHYECKOTO aHaimu3a), umeronmM dopmyay KMg(SO4)Cl-(2+6)H20 (rme

8~ 0.1).
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I'naBa 3. Kpucra/juioxumm4ueckoe Uccjae0BaHue HOBBIX MUHEPAJIONOA00HBIX

0e3BOJHBIX Cyab(aToB

Hurepec K cynbhaTHbIM COSAMHEHHUAM 3HAYNTEICH HE TOJBKO C MO3HMIIUA MUHEPAIOTHH.
Kak ObUI0 OTMEUYEHO B TJ1aBe 1, KPUCTAIUIOXUMHUYECKOE MCCIIEI0BAHNUE CYIb(aTHBIX MUHEPAIOB
SIBJISIETCSI TIEPCIIEKTHBHOM OCHOBOM ISl CO3[JaHUs IPOTOTUIIOB HOBBIX MaTepuayoB. I1oaxom «oT
MHHEpAJIOB K MaTepuaiam» Oo0pes MIMPOKOE PACIpOCTPaHCHUE B OOJIACTH HEOPraHHYSCKOTO
MaTepuanoBecHus B mocaeanue aecatuetust (Depmeier, 2009), a ero 3¢ G eKTHBHOCTH ITOKa3aHa
Ha 1eaoM psize npumepoB (Reynaud et al., 2014; Singh et al., 2015; Lander et al., 2017). Kpome
TOrO, CO3/aHME CHHTCTUYECKHX aHaJOrOB MHHEPAIOB JOIMyCKaeT INHPOKHE BapHalllu
XMMHYECKUX COCTaBOB M IO3BOJIIET PACCMOTPETh Pa3jInUHbIC KPUCTAUIOXUMUIECKUC SIBICHHS,
OIPE/ICIISAIOIINE CTPYKTYPHYIO OPTraHU3anuio 6e3BOIHBIX Cyab(haToB. OMHO U3 TAKUX SIBICHHIA —
mopdorporus (Kalman, 2005). Byayun gacTo BCTpEYarOMMMCS B CUCTEMaX OPraHHYCCKUMH H
metautopranndeckumu coequaenusmvu (Pannell et al., 1990), B mociennee Bpems Bce Goibliie
NPUMEPOB  JaHHOTO SIBJIICHHS OIKMCBIBACTCS CpPEAM HEOPraHWYeCKHX MaTepHanoB (HaImp.
Yakubovich et al., 2019).

B Hacrosmel pabote paccMoTpeH psii MOP(OTPONHBIX cepuil cpenu Oe3BOAHBIX
cyandaros (Siidra et al., 2021c; Borisov et al., 2022b). B ocHoBe 3THX MOP(OTPOIHBIX PAIOB
JIe)KaT XUMHUYECKHE COCTaBbI JBYX HEABHO OTKPBITHIX (DyMapoJIbHBIX CY/Ib()aTHBIX MHHEPAIOB —
oenoycosuta KZn(SO4)Cl (Siidra et al., 2018c) u capanunnanta Na2Cu(SO4)2 (Siidra et al.,
2018a). UccnenoBanre MOPPOTPOIHBIX H3MEHEHHH B TIEPBOM CITydae CBS3SHO C 3aMEHOM aTOMOB
IIETOYHBIX METAJUIOB M TAJOT€HOB, BO BTOPOM Cilydae — TOJIBKO Inenoueit. [Ipu uccnenoBanuu
JTAHHBIX CHCTEM OBLIH MOJyYCHBI COSTMHEHNUS, KPUCTATUTHUECKHE CTPYKTYPhI KOTOPBIX OTHOCSITCS
K IIECTH HOBBIM CTPYKTYPHBIM ThIaM. Kpome Toro, B paMKkax JaHHON paOOTHI M0 M3YyYEHHIO
CHHTETHYECKUX aHAJOroB (yMapOJbHBIX CyIb(paTHBIX MHHEPAIOB ObLINM YCTAHOBJIEHBI [BA
crexuoMmeTpuieckux ananora ureinbMernta Na2CuMg2(SO4)4 (Nazarchuk et al., 2018; Nekrasova

et al., 2021) — ux KpUCTaLIMYECKHE CTPYKTYPbI ONUCAHBI B pazjene 3.4.

3.1. Mop¢orponusi B pily HOBBIX COCIHHEHUH, CTPYKTYPHO POACTBEHHBIX 0€JI0yCOBHUTY

A*Zn(SO4)X (A* = K, Rb, Cs, TI, NH4*; X = Cl, B, 1)

B xoze uccnenoBaHuii, pe3ynbTaThl KOTOPBIX H3JI0XKEHBI B HACTOSIIEM pasjese, ObLIo
NIOKa3aHo, Y4TO KpHcTaJutmdeckas cTpykrypa Oemoycosuta KZn(SO4)Cl (Siidra et al., 2018c)
(pakTHUECKH SABISIETCS apXETUIOM JUlsi OOJIBIIOrO CeMEHCTBAa U30CTPYKTYPHBIX CHHTETHUECKUX
coequHenuii. [1o utoram Hamiedl paboThl K HUIM MOKHO OTHECTH [BEHA/IATh MPEICTABUTENEH C

pa3InYHBIMKM BapHalusMu xumudeckoro coctaBa (Ta6m. 11). Jlumbe aBa CHHTETHUECKUX
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COEIMHEHUS, POACTBEHHBIX OeoycoBHUTY ObLIHM omucaHbl panee (Bosson, 1973, 1976), onnako B
pamMkax Hamieii paboThl OHHM OBUTH BOCHPOM3BEACHBI C IENbI0 YTOUHCHHS KPUCTAUTHYCCKHUX
CTPYKTYP.

Tabsuua 11. Coenuuenus ctpykrypHoro tuna oenoycosuta A'Zn(SO4)X™ (A" = K*, Rb*, Cs*, TI*, NH.";

X" = CI, Br, I'), usyyeHHole B paMKax IaHHO# paOOThI; BCE MPUBEICHHBIC COCTMHCHHS HMEIOT
MPOCTPAHCTBEHHYIO Tpymny P2i/c

MuHepaJl/CHHT. a(A) b (A) c (A) V (A3 CcbLika

aHaJor p©) R1

Dopmyaa

Benoycosur 6.8904(5) 9.6115(7)  8.2144(6) 540.43(7)  Siidraetal.,

KZn(SO.)ClI 96.582(2) 0.029 2018c

KZn(SO,)ClI 6.9324(16) 9.606(2) 8.2227(19) 544.0(2) Jannast pabota
96.524(5) 0.028

KZn(SO.)Br 7.0420(5)  9.7207(7)  8.4233(6) 570.71(7)  Haunas pabGora
98.201(2) 0.025

RbZn(S0,)CI 7.2692(5)  9.6261(7) 8.3178(6) 579.33(7)  [lamHas paGota
95.524(2) 0.026

7.2610(3)  9.6152(5) 8.3086(6) 577.42(6)  Bosson, 1973, 1976

95.542(6) 0.080

RbZn(SO,.)Br 7.3573(1) 9.7091(2) 8.5753(2) 606.86(2) /lammas paboTta
97.820(1) 0.017

RbZn(SOu)I 7.5036(10) 9.8981(13) 8.8015(12) 645.34(15) J[lanHas paGota
99.175(4) 0.033

CsZn(SO.)CI 7.6854(5)  9.6794(7) 8.4492(6) 625.85(8) Jlammas paGota
95.303(1) 0.027

CsZn(SO4)Br 7.7892(7)  9.791(1) 8.7355(8)  660.82(11) [lauuas paGora
97.290(2) 0.025

CsZn(SO)I 9.449(3) 8.311(2) 9.393(2) 732.2(4) Jaunas paborta
96.982(13) 0.036

T1Zn(SO4)Cl 7.341(2) 9.622(3) 8.1632(16) 575.2(3) annas pabota
94.012(10) 0.045

7.278(1) 9.551(1) 8.092(1) 561.0(2) Bosson, 1976

93.97(1) 0.070

TIZn(SO4)Br 7.3746(12) 9.7060(16) 8.3810(12) 596.19(16) Jlanuas paGota
96.370(6) 0.031

(NH4)Zn(SO4)CI 7.2019(3) 9.5479(4)  8.2214(4) 563.08(4) /[lammas pabota
95.107(4) 0.041

(NH4)Zn(SO4)Br 7.3255(2) 9.6732(3) 8.5038(3) 597.43(3) /lammuas pabota
97.505(3) 0.026

OnucaHHble HOBBIE OEIOYCOBUTOMOMOOHBIE COCIUHEHHUS HUMEIOT 001y (opmyrty
A*ZNn(SO4)X", rme A" — oxnosanenTHsie katnonsl K, Rb*, Cs*, a Takxke poacreennsie um TI™ u
NH4*. B wactu ranoersos (X~) Obuim BKIrOUeHBl B paccMotpenue Cl™, Br™ u |, Bee onucannbie
COCIMHECHUS N30CTPYKTYPHBI (OHH UMEIOT IPOCTPAHCTBEHHYO IpyIiny P21/C), 01HAKO HEKOTOPBIC

CTPYKTYpHbIE OCOOEHHOCTH OTJIMYAIOTCA MPH HEepexojie OT OJHOr0 COeIMHEHMs K Apyromy. B
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o0mux ueprax, HAWOONBIIME PA3TUYUS NPOSBIAIOTCS B KOOPIMHAIMOHHBIX OKPY>KEHUSX
OJIHOBAJICHTHBIX KaTHOHOB, a TaKXe B TIE€OMETpUU CJI0EB B CTpyKTypax. CHHTE3 Bcex
pPacCCMOTPEHHBIX B JJaHHOM  pasfelle  COCOUHEHMM,  OKCICPUMEHTAJIBHBIC  JETalld
PEHTICHOCTPYKTYPHOI'O aHaiau3a, a TaKKe HJaHHBIE O paCHpEACIICHHH BaJICHTHBIX YCWIHN

IIPUBEICHBI B IPUIIOKEHUH 3.

Koopounayus kamuonos 6 cunmemuyeckux ananoeax 6enoycosuma

KoopauHnatyionnsle MOMUAAPE KaTHOHOB IIETOYHBIX METAUIOB (2 TaKXkKe TaJliusl) B
KPUCTAUTUYECKUX CTPYKTypaxX M3yUeHHBIX O€I0yCOBHTOMOAOOHBIX COCAMHEHUH MPEICTaBICHBI
Ha Puc. 19. B cootBerctBUM ¢ paboroii (Brown, 1981) B paccMOTpeHHE KOOPAMHAIIMOHHBIX
OKpPY)KEHUI TPHHAMAINACh BCE MEXATOMHBIC B3aMMOJICWUCTBUS, NAlOIIME BKJIAI B CyMMY
BajleHTHBIX ycuiuii 6osee 0.03 6.e. Atomsl kamust B ctpykrypax KZn(SO4)Cl u KZn(SO4)Br
umerorT koopaunHannonHoe okpyxkenue KOsCls u KOsBrs, coorBeTcTBEHHO, 4TO SIBISETCS
JIOBOJILHO pacrpoCTpaHEHHON KoopauHammei as ganHoro karuona (Waroquiers et al., 2017).
Becbma oxwumaemo, paccrosausi K—X (X = Cl, Br) cymiecTBeHHO BbIllie B CPaBHEHHH C
paccrostausaMu K—O — cpesHue 3HadeHns ais HuX paBHbl 3.284 A (K-Cl) u 3.431 A (K-Br)
npotuB 2.872 A u 2.960 A nna paccrosumii (K-O). B crpykrype RbZn(SO4)Cl xatnons: Rb*
umeroT koopauHanuio RbOsCls, B RbZn(SO4)Br — RbOsBr4 ¢ Heckosibko 0OJIBIIUME JTUHAMA
ceszeil. B RbZn(SO4)l koopaunanmonnoe okpyxenue Rb™ nmpexcrasiaeno momusapom RbOsls ¢
nnunamu cesssei (Rb—O) =3.091 A u (Rb—1) = 3.759 A.

B cymsdar-xiopugax T1* u Cs* jnaHHbIE KAaTHOHBI MMEIOT CXOKYI KOOPIMHAIMIO,
npejactaBiaennyo nommapamMu AOsCls. B ux 6pomuanbix aHamorax cBsa3b Cs—O1 3HauUTEIBHO
namuanee (3.792(3) A) no cpasuenuio ¢ T1-O1 (3.706(5) A). Koopmunamus Cs* B cTpykType
CsZn(SOa4)] cymiecTBEHHO OTAMYAeTCs U cOoTBeTcTBYeT nomuaapy CsO7lz2 ¢ (Cs—0) = 3.307 A u
(Cs—1) = 3.928 A, uro BechbMa xapakTepHo 115 ganHoro metamna (Waroquiers et al., 2017).

Omnucanue KOOpAMHAIIMM KAaTHOHOB aMMOHHS YJO0OHEEe BCEro paccMOTpPETh B PaMKax
cuctembl BoAopoaHbIX cBa3eil (Puc. 19, cnpasa). Kpurepuii 11 paccMOTpeHHs BOJOPOJHBIX
B3aMMOJICCTBUN aHAJIOTMYEH TOJAXO0MYy, ONMMcaHHOMYy B paszaene 2.3.1. B cTpykrypax oOoux
AMMOHUIHBIX COCJMHEHUH CHUCTEMBI BOJOPOIHBIX CBSI3eH MMEIOT CXOXHH Xapakrtep.
HesnauurenbHble pa3nuuus BbI3BaHbI, 10 BCE BUAMMOCTHU, paUyCcaMHd aHHOHOB. B cTpykType
(NH4)Zn(SO4)Br atrom H1 o6pa3yeT BojiopoHy0 CBsi3b ¢ aToMoM Br (ananoruunas cBsi3s ¢ Cl B
XJIOPUIHOM aHAJIOTe OTCYTCTBYET) ¢ paccTossHueM B 2.99(4) A u yrnom D-H:--A B 115(3)°. Tlo
cpasHenuio ¢ (NHa)Zn(SO4)Cl, B crpyktype (NH4)Zn(SO4)Br ammonuiiHas rpyIina HECKOJIbKO
pa3BepHYTa OTHOCHUTENBHO CYJIb(ATHBIX TETPA3APOB, TAK, YTO CBsA3b H3:--O1 yBennmuuBaercs 10

2.65 A, 4To BBIXOAUT 32 paMKH 0603HAYEHHOTO HpEJIeIa.
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YBenuuyeHue paguyca KaTMoHa

YBenuyeHue paguyca aHMOHa

Puc. 19. CneBa: koopauHaLus METOYHBIX KATHOHOB M TAJUIHS B CYJIb(ATHBIX aHAIOrax 0eJI0yCcOBHTA; BCE
nonmdapel, kpome CSZNn(SO4)l, anst ynporueHus CpaBHEHHs TaHbl B MPUOJM3HMTEIBHO OIMHAKOBOM
OPHUCHTHUPBKE; SJUTUIICOU B aHU30TPOITHBIX TEIJIOBBIX KOJICOaHMI aTOMOB yKa3aHbI ¢ BepoATHOCTHIO 50 %;
crpaBa: KOOpAWHAaIMs KaTHOHOB aMMoHHs B cTpykTypax (NH4)Zn(SO4)Cl (BBepxy) u (NH4)Zn(SO4)Br
(BHH3Y); BCE MEKATOMHBIE PACCTOSHUS TIPUBEAEHBI B A

Kpucrammmdeckue CTpyKTYpbl CHHTETHYECKHX AaHAJIIOTOB OEJIOYyCOBHTA COAEPIKAT OJHY
CUMMETPHYHO He3aBucuMylo rpynmy (SO4)* . HaubGomnbluee nckaxkenue cyiib(paTHOro TeTpasipa
nabmonaercs B cyuae (NH4)Zn(SO4)Cl, rae cpennss anmuna cBa3u S—O cocrasnser 1.457 A, B
TO BpeMs Kak Jisl cynbpaTHBIX MHHepanos 3Hadenue (S—O) pasno 1.473 A (Hawthorne et al.,
2000). BeposiTHO, 3TO cBsi3aHO ¢ OoJiee CHIIbHOM MoJispu3alueli, BhI3BaHHON HANpaBIEHHOCTHIO
BOJIOPOJIHBIX CBsI3€H (4ero He HaOMoJaeTcsl B Cilyyae OJHOATOMHBIX KATHOHOB). 32 HCKITIOYEHHUEM
ctpykTypbl (NH4)Zn(SO4)Cl, 3nauenue (S—O) i OCTaJIbHBIX MPEICTABUTEICH COCTABIISIECT
1.471 A. Vckaxenue otpaxkaercd M B oObeMe MoiudapoB. Haumenbinee 3Hauenue B 1.582 A3
taroke xapaktepHo st (NH4)Zn(SO4)Cl, B To Bpemst kak Kak Uit OCTaIbHBIX CTPYKTYP 3HAYCHUS
06beMa cynb(haTHEIX TETPadapoB Haxonarcs B auamazoHe ot 1.610 A® mma CsZn(SOs)Cl mo

1.675 A3 qna T1Zn(SO4)CI.



59

ATOMBI Zn UMEIOT TETPA3IPUUECKYI0 KoopaAnHaLuio ZnO3X, B KOTOPOI aTOMBI KUCIIOPOAA
0000IIECTBIAIOTC €  TpeMs Cydb(GaTHBIMH TETpadApaMH, a aTOMBI TaJIOTEHOB HOCST
TepMUHATBHEIH xapakTep. Jlnunsl cesseit Zn—X Bapeupyiotes ot 2.1891(10) A B (NH4)Zn(SO4)CI
10 2.5148(5) A B RbZn(SO4)], uto, BecbMa 0KHMAAEMO, CYIIECTBEHHO BbIIe paccTosHui Zn—O
(o1 1.939(4) A s Zn-O1 B T1Zn(SO4)Br 10 1.999(3) A nn1a Zn—O2 B RbZn(SO4)I). B pabote
Siidra et al. (2018c) omumcano, uro terpadap ZnOsCl sBasercs Hauboyiee XapaKTEPHBIM IS
CMEIIaHHO-JIUTaHAHON KOOPIWHAIIMK aTOMOB IMHKA. [ToMuMo 0enoycoBHWTa W €ro aHajorosB,
nonoOHass KOOpIWHAIMS UMEET MECTO B CTPYKTypax MHUHEPaJoB CHUMOHKOJUICHUTA
Zns(OH)sCl2-H20 (Hawthorne, Sokolova, 2002), uy6aposuta KZn2(BO3)Cl2 (Pekov et al., 2015a)
u ropganta NaZna(SO4)(OH)eCl-6H20 (Zhu et al.,, 1997), a Takke ABYX CHHTETHYECKHX
coenunennii — CazZng(S04)2(OH)12Cl2(H20)9 (Burns et al., 1998) u BaZn(TeO3)Cl2 (Jiang et al.,
2006).

Onucanue Kpucmaniuyeckux cmpyKmyp

B ocHOBe KpHCTAIIIMUECKUX CTPYKTYp Kak O€JIOyCOBHUTA, TaK W €r0 CHHTETHYECKHX
QHAJIOTOB, JISKAT CJIOH, mapauiesbHble miockoctd be (Puc. 20a—C). [aHHbIe clioM COCTOST M3
nommapoB ZnOsX (X = Cl, Br, I, Puc. 20d), coeanHeHHBIX 1O BepIIMHAM CYyJIb(aTHBIMU
TeTpa’apamMu ¢ oOpasoBanueM OnokoB ZnXO2(SO4) (Puc. 20e). Caou cocTosAT wu3
YETHIPEXWIEHHBIX W BOCBMHUWICHHBIX KOJEI C YepeayIoIIeicss M0 MPHUHIMIY «...Up-down...»
opuentanueir moamdaApoB ZnOsX u SOs4 (Puc. 20d). T'eomeTpuss BOCBMHUUICHHBIX KOJIEI]
NpEeCTaBIsieT OCOOBIH HHTEpeC A ONUCAHHS JBOMIONMU U JedopMalvu CTPYKTYp MpU
M3MEHEHUH XUMUYECKOTO COCTaBa (B OCHOBHOM — MpUPO/Ibl KaTnoHoB A* 1 annoHoB X'). Panee
ObLTO omucaHo, 4To Tonosiorus kapkacoB Zn(TOs)X (rae T — TeTpasapuueckuii KAaTHOH) OYCHb
CXO0’Ka C TONOJIOTHEN CTPYKTyp MuHepajioB rpymmsl anmodwmmumra (Liebau, 1985; Siidra et al.,
2018c) ¢ Toit AuIIb pa3HULIEH, YTO B Cllyyae ano(uuinTa BCe TETPadIpbl YEThIPEXUICHHBIX KOJIEI]
UMEIOT OJIMHAKOBYIO OPHEHTAIIHIO.

Crpyktypa  GemoycoBuromomoonoro  coemudenus  CsZn(SOas)l,  comepikarmero
OJTHOBPEMEHHO HaWOOJIbIINE OJHOBAJICHTHBI KAaTHOH M AaHWOH TaJIOTeHA, XapaKTepU3yeTcCs
MakcuManbHOU nedopmanueii. Kak BunHo u3 Puc. 21, ciiou B cTpyKType CyIIeCTBEHHO BBITSHYThI
BJIOJIb HAIPaBIICHUS @, 332 CUET JIEHCTBUS MOCTUKOBBIX CBsizeil ZN—O-S B KauecTBe IIApHUPOB
(Puc. 21a—c). Yronm roppupoBku (@) cioeB (M3MEPEHHBI IO TOJOXKEHHIO aToMOB ZN B
TUTOCKOCTH, TEPIECHIUKYISIPHON TodprpoBke) m3mensiercs ot 144° ams CsZn(SO4)Br go 94.9°
it CsZn(SOa4)l (Puc. 21d—f). PaccrosiHue Mexy IUIOCKOCTSAMH, COACPKAIIMMH aToOMbl ZN, U
PacIoNOKEHHBIMU BJIOIb C, yBenuuuBaercs 10 3.20 A (10 cpaBHEHHMIO ¢ MHHUMAJIbHBIM

snavenneM 1.32 A nns KZn(SOs)Cl). Onucannble CTpyKTypHble ae(OpMamyy MO3BOJISAIOT
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paccmarpuBath cTpykTypy CSZNn(SOas)l B kauecTBe OTEIBHOTO, YHUKAIBHOTO TPEACTABUTEIS B

MopdoTpomHo# cepun A*Zn(SO4)X .

Cl/Brll

2.187-
2.515
1.939-

(e)

Puc. 20. Kpucramnmueckas crpykrypa KZn(SO,)Cl (BbicTymaromero B pojd apXeTura Ui TaHHOTO
CeMeiicTBa COCIMHEHHUIT) B IIAPUKOBOM M MOJNU3APHYECCKOM mpenacraBieHun (@,b); cioit B cTpykrype
KZn(SO4)CI (C) cocrosmimii u3 4- n 8-uneHnbx kojer (d); cMemaHHO-THraHgHass KOOpAWHAIMS ZN U
KOOpJIHMHALKS S ¢ MHHHMAIbHBIMA W MaKCHMAaJbHBIMH MEXKATOMHBIMH pacCTOsiHHAMEH (€); Bce
MeKaTOMHBIE PACCTOSHUS TIPUBEIEHBI B A

Kak BuIHO 13 IpeICTaBICHHON YacTH pabOoThI, KpUCTAIITNYECKasi CTPYKTypa 6eToycoBHTa
SABJIACTCA apXGTI/IHOM JJIA 06H_II/IpHOFO CCMeﬁCTBa CUHTCTHUUYCCKUX AaHAJIOIOB. I[aHHOMy
CTPYKTYpPHOMY THITy XapaKTepHAa 3HAYHMTENIbHas THOKOCTh MW, KaK CIIEJICTBHE, CIIOCOOHOCTH
BMeIIaTh OJIHOBAJICHTHBIE KATHOHBI U aHHMOHBI TaJIOT€HOB pa3nuyHoro pasmepa (Puc. 21). Oxgnako
ClelyeT OTMETHUTh, YTO HauOoliee KPYIHBIM aHUOH, KOTOPHIM sBIsETCA |, MOXKET BXOJIUTH B
CTPYKTYPBI TOJBKO ¢ KPYIHBIMU KaTHOHAMH, TakuMK Kak Rb* u Cs*, 4T0, B 4acTHOCTH, IPUBOAUT

K oTNIn4Mio cTpyKTyphl CsZn(SO4)l oT apyrux npeacraBuTeNiel JAHHOTO ceMeicTBa.
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Puc. 21. Kpucrammmueckue ctpyktypbl KZn(SO4)Cl (a), CsZn(SO4)Br (b), u CszZn(SO4)l (c) ¢
MaKCUMaTbHBIM HCKaxeHueM ciioes; oT KZn(SO.)Cl no CsZn(SO4)Br, yron ¢ u3MeHseTcsi He3HAYHTEITBHO
(d,e), HO pe3ko ymenbmaercs 10 94.9° B ciaydae CSZn(SO4)l (f); rpaduku mapameTpoB 3IIEMEHTAPHBIX
siaeek (g), oobema (h) u yrina ¢ (i) B M3y4eHHBIX 0€I0yCOBUTOMOMO0HBIX CTPYKTypax

B pamkax HacTOSNIMX HCCIIENOBAaHUN OBUIM JIOMOJHHUTEILHO MPOBEAEHBI HECKOJIBKO
TECTOBBIX CHHTE30B C PA3MYHBIMM 3aMEIIECHUSAMH CyJb(paTHOro anuoHa. [1o Mx pesyiabraram
yJIAI0Ch TOJYYUThH MOHOKPHCTAJLIBI JUIs JBYX cejeHaTHbIX aHanoro (Rb- u Cs-comepxaruux),
YTO TPEACTABJIACTCS HEJOCTATOYHBIM JIsl KAKHUX-THOO OOOCHOBAHHBIX BBIBOJOB. Kak BHJIHO,
CHHTE3 KPHCTAIIOB CYJIb(QATHBIX aHAIOrOB 0EJI0yCOBUTA OKa3ajcs 0ojiee MPOAYKTUBHBIM, YEM B
cilyudae ¢ celleHaTaMM, 4TO TOBOPHT O MeHbIIel cTabuibpHocTH nocieuux. Cunressl ¢ CrO4%” He
Jlai B pe3yJbTare HU OJHOTO OYJIOyCOBHUTOIOMOOHOTO COeMHHEHUsI. BEpPOSTHO, 3TO TOBOPHUT O
4yBCTBUTEILHOCTH CTPYKTYPHOTO THIIA OEI0YCOBUTA K pasMepy TETPadAPUUECKUX OKCOAHHOHOB.

Takke okaszangach Hepe3ylIbTATUBHOH 3aMeHa Zn?' Ha pasiMdHBIE JBYXBAJCHTHBIE
KaTuoHbl aHanoruunoro (Co?*, Mg?"), menbmero (Be?") mmu Gonbmero (Cd*") pasmepa.
Hecmotpst Ha TO, 9TO TETpadApryecKas KOOPAHHAIKS SIBISCTCS HAMOOJIEE PACTIPOCTPAHEHHOM JIJIst
Be?*, ero KoopAMHALMOHHOE OKpYXKEHHE 00IaqaeT BHICOKOH JKECTKOCTBIO M MEHee CKIOHHO K

06M€Hy JUuragsjaMmm B BOJHBIX pacTBOpax. OTMETUM TaK)Ke€ OTHOCHUTEIBHO OOJBIIOE
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HECOOTBETCTBHE B CHJIE TLIOUCOBCKOI kucnotHocTd Be?* (La = 0.50) 1 0CHOBHOCTH CyIb()aTHBIX
(Lb=10.17) u ranoreanaabix (Lb = 0.10-0.06) annonos. OOpa3oBaHne OTHOCHTEIBHO CTAOMIIbHBIX
KOMIUIEKCOB OTMEUaJIoCh JIHIb B ciayvae ¢ anuoHom F~ (Lb = 0.21) (Brown, 1981). Hackosnbko
U3BECTHO W3 JIMTEPATYPHBIX MAHHBIX, CMelIaHHas KoopauHaims BeOnXs—m (X = CI, Br, 1)
BCTPEYAETCS HCKIIIOYUTEIBHO PEAKO.

Hanpotus, katrons! Zn?*, Mg?* u Co?" 06/1a1al0T IOYTH OIMHAKOBBIMH 3HAYECHUAMH La
0.36-0.40 (Brown, 1981), uto 60see Omau3ko k Lb cynbdaroB u 6osee TsHKEIBIX TaJOTreHUIOB.
Katuon Cd?* (La = 0.32), B cBoI0 Ouepens, eme «marde» (Gagné, Hawthorne, 2017). Onunaxo Cd?",
Co?" u Mg?" oxoTHee NPUHUMAIOT OKTadApUUeckoe okpyxkenue (B cmydae Cd?t — cm. paszgen
3.4.2. nannoit padotel). CMmemanHo-uranabe Terpasdapudeckue MOsX u MO2X2 koopanHam
Hem3BecTHHI 11 Mg?* u noBonbHO penku s Co?t n Cd?”,

Crpykrypusiit Tun 6enoycosura A*Zn(SO4)X™ ¢ X = Cl, Br, I ommmuaercst oT CTpyKTyp
AM(SO4)F, koTOpble OBUIM ONHCAHBI KAaK C IEPEXOAHBIMHU, TaK M C UHBIMU MeTamaamu M2
(Barpanda et al., 2011; Melot et al., 2011; Reynaud et al., 2012; Tripathi et al., 2013; Lander et
al., 2015; Sun et al., 2016; Ge et al., 2018). IIpumeuaTensHO, YTO BO BCEX JAHHBIX CTPYKTypax
kaTuoH M 2* mpuHHMaeT cMeaHHYI0 OKCOPTOPUIHYIO OKTAdAPHUECKyI0 KoopauHanuo. Kpome
TOT0, 3TU CTPYKTYPHI OBUIH ONMUCAHBI IS HEOONBIIUX OHOBANECHTHBIX KaTnoHoB (Li*, Na*, K™ u
NH4"). KpucTaaioXMMHUYECKUX JaHHBIX 00 aHAJIOTMYHBIX COCIMHEHHUSX C 0o0jiee KPYIHBIMH
xatnonamu (T1*, Rb™ u Cs*) na ceromusmmuii nens He usBecTHO. Takum 06pa3oM, ceMeNCTBO
A*M 2*(SO4)X™ mpencrasnser coboif npuMep MOPGHOTPONHH — JOBOILHO PACIPOCTPAHEHHOTO
SIBIICHUSL TSl 6E3BOTHBIX CyIb(ATOB, KOTOPOE TAKKe MMeeT MecTo st coctaBoB A*2Cu(SO4)2 u
A*2M?*5(SO4)3 (paccMoTpeHHEIX B pabotax Siidra et al., 2021b, 2022, u oTtuactn — janee B
naHHo# padote). Cpenu propua-cynbhaToB rIIaBHEIM (PaAKTOPOM, OTIPEICTSIOMNUM CTPYKTYPHYIO

OopraHu3anuro, BEPOATHO, SABISACTCA pa3MCp MICTIOYHOI'0 KaTUOHA.

3.2. Kpucraumueckasi ctpykrypa NasZn(SO4).Cl>

HecmoTpss Ha ommcaHHYI0 B TpeObIAyIIeM pasjeie TMOKOCTh CTPYKTYPHOTO THIIA
0eJI0yCOBHTa, B ClIyYae C 3aMEHOM IIEJI0YHOr0 KaTHOHA Ha HATPH HE MPOUCXOTUT 00pa30BaHUS
CTPYKTYpHOTO aHajora J[JaHHOTO MuHepaisa. Bmecro Hero oOpasyercs COCAWHCHUE
NasZn(S04)2Cl2, cTpykTypa KOTOpPOTO OTHOCHTCS K HOBOMY CTPYKTypHOMY THITy. JlaHHOE
COCTMHEHNE KPUCTAIUTU3YETCS B POMONYECKON CHHIOHHH, B TPOCTPAHCTBEHHO#M rpyrme Imma, ¢
napaMeTpaMu 3NeMeHTapHoi sueiiku a = 10.4833(10), b = 9.5543(10), ¢ = 10.2423(10) A, V =
1025.87(18) A3. Crpykrypa NasZn(SO4)2Cl2 coaepskut mo ofHOH CHMMETPHYHO HE3aBHCUMOM
no3utiuu atoMoB Zn, S u Cl u tpu no3unmu Na u O. ATOM IIMHKA UMEET TETPAdIPUUECCKYIO

KOOp/IMHAINIO, 00pa3oBanHylo aByMs atomamu Cl (¢ paccrosumamu 2.2437(9) A) u nByms
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aromamu Ol (¢ paccrosauamu 1.980(2) A), npunagnexamumu rpynmam (SOs)*~ (Puc. 22a).
Paccrostaue S—O1 (10 «MOCTHKOBOr0O» aToMa KHCIopoJa) uMeeT Oonbiuyro anmuay (1.501(2) A),
geM TepmuHanbHbIe cazu S—02 (1.4718(17) A) u S—03 (1.465(2) A). ITocneanue Gonee 6GanM3KK
K CpeIHEMY 3HAUYCHHUIO JUIMHBI CBSI3U AJis cynbdaros (1.473 A, Hawthorne et al., 2000).
Kpucrammuaeckyto crpykrypy NasZn(SO04)2Cl2 mosxHO paccmaTpuBaTh Kak COCTOSIIYIO U3
MoNeKyIspHbIX anuoHoB [ZnCl2(S04)2]*” (Puc. 22a), pacHooXkeHHBIX B IUIOCKOCTH ab
(Puc. 22b). B mpocTtpaHCTBE MEXIy JaHHBIMH aAHUOHAMH DACIOJIOKEHAa «CETh» M3 Tpex
CUMMETPUYHO HE3aBUCHMBIX MO3uImii aromMoB Hatpus (Puc. 22C). JlanHHas «CeTb» COCTOHT W3
CIIOEB, TapaJuIeNIbHBIX IUIOCKOCTH ab 1 oOpa3oBaHHbIX aroMamu Nal u Na2, yepenyroummMucs
BJ0JIb HampaBieHus C ¢ no3uuusMu Na3. Atombl Nal u Na3 KOOpAMHHPYIOTCS UY€THIPbMS
atomamu kucioposa ¢ paccrosausmu Na—O ot 2.3393(16) no 2.4828(19) A, u aByms atomamu
xjopa ¢ juuHaMu cBsseit 2.7185(3) u 3.3261(9) A ans Nal-Cl u Na3—Cl, cooTBeTcTBEHHO, ©
obpazoBanueM okTa’ApoB mpanc-NaO4Clz. ATom Na2 nmeer OKTadIpUYecKyr0 KOOPAWHALUIO,

BKJTIOYAIONIYI0 TOJBKO aTOMbI kKuciopoja. Paccrosane (Na2—QO) mius JaHHOTO OKTa’japa paBHO

2.466 A.

‘ Na1 Na2
© © ©6 ©6 ¢ ¢ © 6 ¢ ¢ ©

c ® ® e Na3
©® © 6 ¢ © 6 ¢ ¢ © 6 ¢

© e ¢ © 6 ¢
® ®
e & ¢ © © ¢
e 6 ¢ ® 6 ¢
® ®
e © ¢ ® © ¢
(c) (d)

Puc. 22. Octposubie annoubl [ZNClo(SO4)2]* B kpucrammuueckoit crpykrype NasZn(S04).Cl, (a); ux
B3anMHOE pacrionoxenue Braonb ab (b); xarmonHas mozperreTka (C) M 0oOImAs MPOSKIHS CTPYKTYPHI
NasZn(S04),Cl; (d); ammunconipl aHU30TPOITHBIX TEIIOBBIX KOJICOAHH aTOMOB yKa3aHbl C BEPOSITHOCTBIO
50 %; Bce MeKaTOMHBIE PACCTOSHUS TIPHBEICHBI B A
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Terpasapel ZnO2X2 (rae X — aToM rajoreHa), IpuMep KOTOPbIX UMEET MECTO B JaHHOMU
KPUCTATHIECKON CTPYKTYPE, SIBJSIFOTCS OTHOCHTEIBHO PEAKUMHE U OBUTH paHee OMUCAHBI B PSIC
HPUPOTHBIX U CHHTETHYECKHUX CEJICHUT-TaJIOTCHU/IOB M TEJUTYPUT-TAIOTCHUIOB IIMHKA (Semenova
etal., 1992; Johnson, Tornroos 2003a,b, 2007; Zhang, Johnson, 2008). Bo maHHBIX COETUHEHUSX,
kpome CuZn(TeOs3)Clz (Johnson, Tornroos, 2003b), HMHK TPUCYTCTBYET B HECKOJIBKHX
pasIMYHBIX KOOPIUHAIMAX, a HE TOJBKO B BHIE TeTpadapoB ZnO2X2. K coxaaeHuro, MOMBITKA
cuHTe3a KpuctawioB kak CuZn(TeOs)Brz B pabore Johnson, Toérnroos (2003b), tak wu
NasZn(SO4)2Br2 B Hatiem citydae, He YBEHYAIHCh yCIIEXOM.

Takum obpazom, coequnenne NasZn(SO4)2Cl2 sBisieTcst €MMHCTBEHHBIM W3BECTHBIM Ha
CETOMHSAIIHAN JIeHb OC3BOAHBIM TaJOTeHHUI-CYIb(GAToOM IMHWHKA W MIEJIOYHOTO MeTauia (He
BXO/ISIIIIM B CEMEHCTBO OEI0YCOBHTA) U ICMOHCTPHPYET COBEPIICHHO OTIIMIHBIE OT O6EI0yCOBUTA
COCTaB M KPHUCTAJUIMYECKYIO CTPYKTypy. 3ameHa katroHOoB Na' wiu annoHoB Cl™ ux Goiee
KPYIHBIMU aHAJIOTaMH IIPUBOIMJIA HAIIIK UCCIIeI0BaHKs BHOBb B PAMKH CeMeiicTBa OSII0yCOBHTA.
3aMeTHM, 4YTO, YYHMThIBas OOWIME HATpusi B (DyMapoNbHBIX MHHEPAIBHBIX aCCOIMAIUIX,
IPEICTABIIACTCS MHTEPECHBIM, YIACTCS JIH OJHAKIBI OOHAPYKUTH JTAHHOE COSMHCHUE B KAYECTBE

MHHCpPAJIA.

3.3. CapanuunauntoBsiii Mopdorponublii psax A2Cu(SO4)2 (A* = Na, K, Rb, Cs) —

KPUCTAJNJIOXUMHUHYECKOE UCCJICAOBAHUE HOBBIX l'Ipe)]CTaBI/ITeJ'leﬁ

MuHepanbl W CHHTETHYECKHE COCTUHEHUs, OOJaJaloniue KapKacHOH CTPYKTYpHOU
ApXUTEKTYPOii 1 uMmeromiue ooyt popmyiny A2Cu(SOa)2, Takke, Kak ¥ B CIIy4ae ¢ OMMCAHHBIMH
BBHIIIIE CHHTETHYCCKHMH aHAJIOTAaMH OEJIOYCOBHTA, TMPEICTABISIOT COOOH SPKUH TpUMep
MopdotponHOi cepun. OIHAKO, B TAaHHOM CIydae MUMEIOT MECTO HECKOJIBKO MOP(OTPOIHBIX
nepexooB. [Ipu 3aMeHe IIENOYHBIX KATHOHOB, HAXOAAMIUXCA B MycToTax kapkaca [Cu(SOa4)2]*",
00pa3yroTCsl COSAMHEHUSI PA3IMYHBIX CTPYKTYPHBIX THUIIOB, OObEAMHEHHBIE OOIIEH, yYKa3aHHOM
BBIIIIE CcTeXHOMeTpued. Ha ceroiHsIHWiA JIeHb B paMKaX JaHHBIX CHCTEM YCTaHOBJICHO 5
CTPYKTYpHBIX THIOB. Kak OBLIO OMUCAaHO BO BBOJHOW YacTH JaHHOM TIJIaBbl, BIIEPBBIC
crexuomerpusi A"2Cu(SOs)2 Obuta ycraHoBIeHA NpH omucaHud capaHunHawta Na2Cu(SOs)2
(Siidraetal., 2018a) — cynbdarHoro MuHEpasa, OTKPBITOTO B aCCOUAIIHSIX (hyMapoJI IIIJIAKOBOTO
koHyca Haboko (Bynk. Tonbauwk), u ero cuHreruueckoro anajora (Kovrugin et al., 2019).
CapaHunHauT 00Ja7aeT KapKacHOM KPUCTAJUIMYECKON CTPYKTYpOH C YHUKaJIbHOM TOIOJIOTHEN
(manmee BBemeM ce 00O3HAUYEHHE KaK O-THI), Ha CETOMHSIIHWN JE€Hb HE W3BECTHOW B JPYIHUX
0e3BOHBIX CyldbpaTax MEId M IMICJOYHBIX METAUIOB. 3aMETHM, YTO B CapaHUYMHAHUTE
NPUCYTCTBYET JIUIIb HE3HAUUTEIIbHAS IPUMECh KaJlis B 0JJHOM n3 no3uiwmii (Siidra et al., 2018a).

Coenunenne K(Na,K)Naz[Cuz2(SOs)4], onricanHoe nanee B HaCTOSIICH paboTe, XapaKTepru3yeTcst
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3HAYUTEIBHBIM CO/ICPIKAHUEM KU U KPUCTAIUTU3YETCSl B COBEPIICHHO HHOM CTPYKTYPHOM THIIE
(B-Tum). Boepsoie onmcanubie B qanHoi pabore coeauuenust KNaCu(SO4)2, RbNaCu(SOs)2 u
RbKCu(S04)2, a Taxxe u3BecTHBIN panee ux kanuesbiii ananor K2Cuz2(S0a4)2 (Zhou et al., 2020)
00pa3yroT CeMEWCTBO CTPYKTYp TpeThero tuma — y. HoBoe coemunenue Rb2Cu(SOs4)2 (06e
NO3UIMH IIEJOYHBIX METAUIOB B KOTOPOM 3aHSATHI aTOMaMH pyOWausl) NPUHAIUICKHUT K
CTPYKTYpHOMY THITY 8. CepuIo CTPYKTYp CapaHYMHAUTOBOIO MOP(OTPOIIOHOTO psijia 3aBepIIacT
coenunenue g-tuna Cs2[Cu(SOa4)2] — monHOCTHIO 1IE3UEBbIi aHAJIOT, OMCaHHBIN B padoTe Siidra
et al. (2022). OO6oOmeHne KpucTALIOrpahUUECKUX MAaHHBIX IS TIEPEYHCICHHBIX BBIIIE

COeIMHEHUH MpuBeeHO B Tabmuie 12.

Ta6auna 12. [lapameTpbl KpPHUCTAUIMYECKHX CTPYKTYp TPUPOJHBIX M CHHTETHYECKUX COCTUHEHUH
CapaHYMHAUTOBOr0 MOP(OTPOIHOTO psiaa

Crp. Munepan/CunT. a(A) b (&) c(A) V (A9 CcbLIKa
THIT aHaJjor B R1
p. rp. Dopmyaa
O-THIT CapaHunHauT 9.0109(5) 15.6355(8)  10.1507(5) 1367.06(12) Siidraetal.,
P2, Naz2[Cu(SO4)2] 107.079(2) 0.030 2018a
Naz[Cu(SO4)2] 8.9711(3) 15.5482(5)  10.1421(3)  1351.73(7)  Kovrugin et al.,
107.155(1) 0.020 2019
-tut K(Na,K)Na[Cux(SO4)s] 12.5085(9)  9.3166(7) 12.7894(10) 1419.28(19) [Hanmas pabota
P2i/c 107.775(2) 0.030
Y-THIT KNa[Cu(S04).] 15.9721(10) 9.4576(6) 9.0679(6) 1367.02(15) [Hanas paGoTa
C2/c 93.6350(10) 0.029
K2[Cu2(SO4)2] 16.0433(11) 9.7819(7) 9.2341(7) 1446.79(18) Zhou et al.,
93.2680(10) 0.017 2020
RbNa[Cu(SO4),] 16.034(3) 9.560(2) 9.170(2) 1403.9(5)  Jlamnas pabora
92.792(6) 0.030
RbK[Cu(SO4).] 16.1865(14) 10.0026(9)  9.3923(8) 1519.6(2) Jannas pabora
92.149(2) 0.025
S-THn Rb2[Cu(S04)2] 9.2521(4) 10.9671(5) 8.9612(4) 909.28(7) Hannas pabota
Pna2; 0.019
€-THII Cs2[Cu(SO4)2] 9.685(3) 7.920(3) 12.141(4) 931.0(5) Siidra et al.,
P2i/n 91.416(8) 0.044 2022

Kak BumHO M3 Tabmuubl 12, MOTHOCTBIO HATPHEBBIE COCITUHEHUS OTHOCATCS TOJBKO K
OJTHOMY CTPYKTYpHOMY TuIly. [IONBITKM TONYyYUTh UCKIIIOYMTEIFHO HATPUEBBIC AHAIOTH CO
CTPYKTYpaMu, OTHOCSIIIMMUCS K OCTaJbHBIM CTPYKTYPHBIM THIIAM, OKa3aJIHCh Oe3ycrenHpiMu. B
TO K€ BpeMsi, K IPUMEpY, CTPYKTypa IBXJIOPHHA, YTOYHEHHE KOTOPOH omucaHo B paszzene 2.1.
HacTosIEeH paboThl, MpeacTaBiseTcst 6osee THOKOM A BXOXIeHUs aToMoB Harpus. OnHako,
crpykTypHsIiit Tun 3BxiopuHa A2CusO(S04)s (A*2 = Naz, NaK u K2), npencraBieHHbIi Kak B
muHepanax (Starova et al., 1991; Siidra et al., 2017, 2019c), Tak ¥ B CHHTETHYECKHUX aHAJIOrax

(Nekrasova et al., 2020) umeert ciioucTsiit xapaktep. TakuM 00pa3oM, MOKHO HPEIIOIOKHTh, YTO
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pa3MepHOCTh MeNb-CyIb(aTHBIX KOMIUIEKCOB MOXET OBITh peHIaloImuM (GaKTOpoOM IS
BrroueHUst Na* (ipy coXpaHeHHuH CTpyKTypHOTO Trma). COeNHEHHs ¢ KaPKACHBIM CTPOCHUEM,
takue kak capaHunHauT Na2Cu(SO4)2 (Siidra et al. 2018a), MoryT 1eMOHCTPHPOBATH Pa3IUUHBIC
CTPYKYTPHBIC apXUTEKTYPbl B 3aBUCUMOCTH OT pa3Mepa IIEJIOYHOTr0 MeTayljia, B TO BpeMs Kak,
HarpuMep, 3BXJIOPHH TOPA3Z0 Jierde BKIIOYACT aTOMbI IIEIOYHBIX METAIOB C CYIIECTBEHHO
Pa3IMYAIOIIMMKCS HOHHBIMU PaInyCaMH.

B Hacrosimem pasnene npuBeneHbl pe3yJIbTaThl KPUCTANIOXUMHUYECKOTO HCCIICIOBAHUS
HOBBIX IMPEJCTaBHTENICH CceMeicTBa O€3BOIHBIX CyJib(aToB, 00JaNAONIMX KapKACHBIMH
crpykrypamu (Borisov et al., 2021; Siidra et al., 2021b; Siidra et al., 2021c). Metoauku cunTe3a,

a TaKXKC IC€TAIU PECHTTCHOCTPYKPYHOI'O aHaJIM3a BCEX COCI[I/IHGHI/Iﬁ IMPUBCACHEI B IIPHUJIOXKCHUU 3.

3.3.1. Kpucramauueckas crpykrypa K(Na,K)Na[Cu2(SO4)s] (B-Tum)

Kpucrannudeckass CTpyKTypa HOBOTO KapKacHOro cyibdara O CMEIIaHHO-3aCeICHHON
nosunper mienounbix MetawioB K(Na,K)Naz[Cuz(SO4)4] (Siidra et al., 2021b) otHocutcs k
MOHOKJIMHHOW CHHTOHUH, HMEET MPOCTPAHCTBEHHYO Tpymiy P21/C 1 mapameTpsl 311eMeHTapHOM
sueiiku a = 12.5085(9), b = 9.3166(7), ¢ = 12.7894(10) A , p = 107.775(2)°, V = 1419.28(19) A3
JlaHHast CTPYKTypa COJCPKHT JBE CHMMETPUYHO He3aBuUcuMble mo3uimd Cu CO CXOXKUM

KOOpPIMHAIIMOHHBIM OKpYxeHueMm (Puc. 23).

Puc. 23. Koopmuuarms katmoos Cu** B kpucrammueckoii crpykrype K(Na,K)Na[Cuz(SOa)a];
AIUTUIICOUIBI aHU30TPOITHBIX TEIUIOBBIX KOJIEOaHHH aTOMOB YKa3aHbl ¢ BeposiTHOCThIO 50 %; obuire rpanu
O-0, nonenennsie Mexny terpadapamu SO4 u nomudapamu CuO7; 0003HAUYEHBI CHHUMH JIMHUSAMH, BCE
MEXaTOMHbIE PACCTOSHHS TPHBEICHBI B A

Koopaunamus atomoB Cul u Cu2 BKJIIOYAET YEThIPE KOPOTKUE HKBATOPHAIBHBIE CBSI3U
Cu—Oe¢q, uTo IPUBOIUT K 0Opa3zoBaHuUio KBaapaToB CuO4, KOTOPHIE TOMOIHIIOTCS MATOH, Ooee
mmuHHOM  cBsasblo  Cu-Oap (2.28-2.35A). B  pesynprate 00pasyloTcs HCKaXEHHbIE
terparoHaigbHbie upamMuael CuOs. [Ipu paccMOTpeHHH KOOPIWHAIIMUA JTaHHBIX aTOMOB MOYHO
TaK)Ke BBIZACIUTH JBE cyliecTBeHHO Oosee amuHHbIC CBSI3H Cu—Oadd (Oadd = JOMOMHHUTENbHAS),

KOTOPBIC BHOCAT c1a0bIi BKJIal B CYMMY BaJICHTHBIX yCPIJII/II>'I. YuurteiBas JaHHBIC CBA3U,
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KOOPJMHAIMOHHEIE TommdApsl  Cu?’ MOXKHO paccMaTpuBaTh KaK OKTadApsl C  OHOM
pacuienieHHol BepimnHON. [1o100HOE KOOpAMHAIIMOHHOE OKPYXXEHHE OBLIO ONMMCAHO paHEE B
HEKOTOPBIX IPYTHX CyibaTrax Meau (B 4aCTHOCTH, B MUHepanax): capanunHante Na2Cu(SO4)2
(Siidra et al., 2018a; Kovrugin et al., 2019), nerposute NaioCaCuz(SOa)s (Filatov et al., 2020) u
Bynbpute K3sNaCua(SO4)402 (Pekov et al., 2014b). Hcxons ux sroro, koopaunaius CuOz,
OTHOCSIAsACS K TUmy [4+1+(2)], He ABIACTCS PEAKOCTHIO Cpeau CyJIb()aToB MEIU U MIEITOYHBIX
METaJIJIOB, OIHAKO, OTHOCUTEIFHO Pe/iKa JUIsl IPYTUX OKCOCOJIeH JaHHOTO MeTala.

YeTblpe CHMMETPHYHO He3aBUCHMble mosummuu S 06pasyloT crmabo HCKaKEHHbIE
tetpasapsl SOs. CpenHue JUIMHBI CBS3eH HAXOAATCS B y3KOM auanasoHe 1.472-1.476 A, uro
MIPEKPACHO COTJIACYEeTCS CO CpeAHEeCTaTHUCTHYEeCKuM paccrtossHueM (S—O) mis cynbgaTHBIX
munepaioB (Hawthorne et al., 2000).

B  kpucrammmueckoir  crpykrype  K(Na,K)Naz[Cu2(SO4)4] comeputcs yeThIpe
CUMMETPUYHO HE3aBUCHUMBIX MO3MUIMH IIEJIOYHBIX MeTaljioB — Kanus u Hatpus (Puc. 24). Ilo
pe3yJibTaTaM YTOUHEHHUS! CTPYKTYPhI OBLJIO YCTAHOBJIEHO, YTO MO3UIUSA Na3 uMeeT CMEeIIaHHYIO
3aceneHHocTh, ¢ cooTHomennem Na/K 0.718(11)/0.282(11). [nst mosummii K1 u Na3
paccMarpuBanuchk Bee cBaszu A-O 1o 3.55 A, s Nal u Na2 — 0 3.05 A. Vcxons u3 naHHBEIX
npeaenoB, koopauHarmoHHble yuciaa aisi K1 w Na3 paBuel 10 m 9, COOTBETCTBEHHO.
KoopaunanuonHoe okpyskenue K1 sBisieTcss THIIMYHBIM [T KaTHOHOB Kanus (Waroquiers et al.,
2017), B To BpeMsa Kak KoopAauHauus Na3 MokeT ObITh ONHMCaHa Kak MPOMEXYTOYHas M3-3a
cMemanHoi 3acenenHocti Na* u K*. Pe3ysibrarsl pacueTa BaIeHTHBIX et 1uist atoma K1 pamm
pe3yJIbTaT 4yTh BbIIIE HOMUHAJIHLHOTO BAJIGHTHOTO YCHJIMSI, PABHOTO €IMHUIIE, YTO YKa3bIBaeT Ha

CHUJIbHYIO XUMHUYCCKYIO CBA3b U, CIICA0OBATCIIBHO, JIOKAJINU3aIlHIO.

Puc. 24. KoopauHarus IeT0UHBIX KaTHOHOB B Kpuctaumuueckoit ctpykType K(Na,K)Naz[Cuz(SO4)4]; Bce
MeKATOMHBIE PACCTOSHHS MPHMBEAEHBI B A JIIHICOMIB aHHU30TPOIHBIX TEMIOBBIX KOJeOaHUil aTOMOB
yKa3aHbI ¢ BepoITHOCTHI0 50 %
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Homuaapst Cu?* B kpuctaminueckoit crpykrype K(Na,K)Naz[Cu2(SO4)a], 06beunssch ¢
rpymnamu SO4%, 00pasyloT BBICOKOIIOPHCTBIA OTKPHITHIA Kapkac, MOJOCTH B KOTOPOM MMEKOT
paznuunbiii pasmep (Puc. 25a,b). IMomusapsr CuO7 u SO4 coequHSIOTCS KaK MO BEpIIMHAM, TaK U
no pedpam, oOpasys mmpokue JeHTbl [Cu2(SOas)a]sa, uzoOpakennsie Ha Puc.25C. Onu
COC/IMHSIOTCS PYr C JIPYyroM uepe3 oOIIMe aTOMbI KHCIOpOJa, 00pa3ys TPEXMEpHBIH KapKac.
YeThIpe «roCTeBBIX» BHYTPHUKAPKACHBIX MO3UIMH 3aHATHI (B 3aBUCHUMOCTH OT 3aCEJICHHOCTH)
tonpko K, cmecero K u Na* u Toneko Na*, 4To Xopolo coriacyercs ¢ pasMepoM IOJIOCTEMH.
Takoe MoTHOE W/WIIM YaCTUYHOE YNOPSI0UEHHE «TOCTEBBIX» aTOMOB OBLJIO paHee OMUCAHO U B
JPYTHX CIIOXHBIX KapKacHBIX CTPYKTypax, K mpumepy, B kiarpartax (Schifer, Bobev, 2013).
Vuopsinouenue mexay K* u Na* 1o 1ByM KaTHOHHBIM MO3UIIMSM BCTPEUEHO TAKKE M B JPYTHX
0e3BO/IHBIX CyJb(arax menodHbix MetauioB — B cTpykrype KNaCu(SOas)z, ommcanHOW B
CpelyIolieM pasjielie JaHHOW padoThl, a TaKkKe B CHHTCTHYECKOM aHaJore O3BXJIOpUHA

KNaCus(S0O4)30 (Nekrasova et al., 2020).

Puc. 25. O6mas mnpoekuus kpuctammmdeckoir cTpyktypbl  K(Na,K)Na:[Cu2(SOa4)s] (a); kapkac
[Cuz(SO4)s]* moxeT ObITH pasmeneH Ha JEHTH (0OO3HAUEHBI 3€IEHBIM SIUIUICOM), O0Opa30OBaHHBIE
nommapamu CuO; u tetpasapamu SOs (D); JEHTHI COEOMHAIOTCS APYT C APYTOM depes OOIIHe aTOMBI
KHCIIOPOJIa; YETHIPE «TOCTEBBIX» MIEIOUHBIX MO3UIKHU (C) 3aHATH uckmountensno K, cmecrro K u Na*
WIH HCKITIoUnTENbHO Na*
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3.3.2. Kpucrammuueckue ctpyktypsl KNaCu(SOs)2, RbNaCu(SOa4):
u RbKCu(SO4)2 (y- Tum)

KNaCu(SOa):2

IlepBbIM U3 YCTaHOBJIEHHBIX B paMKax HacTosIIed pabOTbl COEIUHEHUH CTPYKTYPHOI'O
THIIA Y C CApaHYMHAUTOBOW cTexuoMeTpueii cran 0e3BonHbii cynbpar KNaCu(SOa4)2 (Borisov et
al., 2021). [lanHoe coeAMHCHHWE KPUCTAJUIU3YeTCSI B MOHOKJIMHHOMH CHHTOHUH, B
npoctpadcTBeHHor rpymme C2/C, ¢ mapamerpamMu sieMeHTapHO# sueiiku a = 15.9721(10),
b =9.4576(6), ¢ = 9.0679(6) A , p = 93.6350(10)°, V = 1367.02(15) A3. Kpucrannuueckas
crpykrypa KNaCu(SO4)2 comepuT OJMH CUMMETPHYHO He3aBucuMbIid arom Cu, jBa atoma S,
omud atrom K u nBa atoma Na (Puc. 26). ATomMbl Meau, cepbl M Kajlds HAXOMATCS B OOIIMX
nosunusx, a Nal u Na2 — B yacTHbIX (cuMBOMIBI Baiikodda u cummerpus nosummii 4¢ 1 u 4e 2,
COOTBETCTBEHHO). ATOMBI S 00pa3yr0T OTHOCUTENIBHO MPAaBUIIbHBIE TETpa’Apbl SO4 Kak MO JUTHHE
cesizu S-O, Tak u mo yriaam O-S—O. CynbdarHbie TeTpadapbl MOKHO paccMaTpHUBaTh Kak
HanboJee «KEeCTKUE» CTPYKTYpHbIE (pparMeHTHI.

YeTsipe cBsazu Cu—O ¢ paccTosHusAMU 0KoJI0 2 A 06pasyroT KoopAUHALMIO MeIH OIU3KYIO
K KBaJpaTHOH. CBA3b C MATHIM (AMUKAILHBIM) aToMOM Kucaoposa (O7) munnee (okono 2.2 A), u
OHa HalpaBJieHa IOYTH MEPIEeHANKYJSIPHO IUIOCKOCTH KBajapara. BBuay s3Toro, B mepBoM
NpUONKEHUH, KOOPJAWHAIIMI0 MEIW MOXHO OTHecTH K Tumy (4+1). Opnako Ha
MIPOTUBOTOJIOKHOM CTOPOHE IKBATOPUATHHOMN IIIOCKOCTH €CTh €Ile OJIMH aToM Kuciopoga — O8.
OH HaxoUTCs Ha 3HAYUTENFHO OoubieM paccTosiHuu ot Cu, uem O7 (Puc. 26), HO Bce ke BHOCUT
CalbIil BKJIQ B CyMMY BalleHTHBIX yceunuii. Kpome toro, yron O7-Cul-O8 nanek ot 3HaueHUs
B 180°, KOTOPBII XapaKTepeH I UAeaIbHOTO0 OKTadapa tuma (4+1+1). MI3rubd nampasieH kK aToMy
O1, Tak, uro yron O8—Cul-O1 ymenbmaercs oT uaeanbHbix 90° no 61.46(9)°. 3ameTum, 4TO
arombl O1 u O8 mpuHaexar ogaomy pedpy terpasapa SOs (Puc. 26).

VToYHEHHE KPUCTAJUIMIECKOM CTPYKTYPhI MOKa3aio MoyHyko 3aceieHHocth K u Na™ B
JIBYX CHMMETPUYHO HE3aBHUCHUMBIX TO3WIUAX. AToMm Kamums oOpasyer mommdap KOi1 ¢
paccrostauem (K-0) = 3.01 A, a 06a aroma Na UMEIOT OKTadIpHUeCcKy 0 KOOPAMHAIMIO C Pa3HOI
creneHnto uckaxeHusa. Cpeanue paccrosauss Na—O cocraBisitoT 2.501 A w2421 A nna Nal u
Na2. Cymmel BasieHTHBIX yewunid uist K1, Nal n Na2 cocrasisitor coorBerctBeHHo 1.09, 0.88 n
1.10 s.e. 3nauenue 0.88 yka3piBaeT Ha TO, 4TO aToM Nal cBsi3aH TOBOJIBEHO ¢l1a00, YTO IMO3BOJISIET
MPEOJIOKUTD €ro JeJIOKaIN3alUI0 U, BO3MOXKHO, Y4acTHE 3TOT0 aToMa B IpOLeccax MUTPaLlin

HOHOB (CM. r1aBy 4).
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Puc. 26. Koopaunarus katnoHoB B kpuctamutndeckoi crpykrype KNaCu(SOa)2; yenoBHbie 0603HAYESHUS:
K* = posossiit; Na" = 3enensiit, Cu?* = cBerio-rony6oii; S®* = sxenrsiit; O = KpacHBIIi; SJUITHIICOMIBI
AHM30TPOIHBIX TEIUIOBBIX KOJEeOaHWH aToMOB yKa3aHbl ¢ BeposTHOCTBIO 50 %; Bce MekaTOMHEIE
paccTosHUs NpUBEIEHH! B A

Kaxnpiii 13 terpasmpoB SO4 B crpykrype KNaCu(SOs4)2 nenuT mo oaHOMYy aTtomy
kucioposa (O2 umu O6) ¢ nonudapamu K u Na, a octanbHbIe TpH BKIIFOYEHBI B KOOPAHMHAIIMOHHOE
okpyxenune meau. [Tomusap Cu umeet o0Iue BEpIIUHBI ¢ MAThi0 TeTpa’apamu SO4 (¢ mByms S204
u tpemst S104), uro cornacyercs ¢ koHpurypammeit (4+1), paccmoTpenHoii Bbime. Kak 0bu10
OMMCcaHO paHee, anukanbHblie atroMbl O8 u Ol, nexamye B HKBAaTOPUAIBHOM IUIOCKOCTH,
MIPUHAJICKAT OJHOMY H TOMY K€ CyibhaTHOMY TeTpadapy S204 1 00pa3yroT 0IHO U3 eTo pedep.
Jannast koHUTrypalus He SBIsIeTCS OOBIYHBIM THIIOM OKTadIpHuecKoi koopauHauuu (4+1+1) u
MOJeET OBITh 0003HaUeHa Kak [(4+1)+1].

Kak mpasuiio, pebepHbie cowieHeHuss Mexay nommdapamu CuOs u terpadapamu SO4
nososibHO penku (Hawthorne et al., 2000), BeposiTHO, H3-3a MPEMATCTBYOMIETO STOMY B3aMMHOTO
OTTaJIKMBaHUSA KATHOHOB (Y4TO COOTBETCTBYET TpeTheMy mpaBuiry JI. [Tomunra). [ins KNaCu(SO4)2
paccrostaue Cul-S2 Bmons S2-08-Cul cocrasnser Bcero 2.81 A. Ilpumep 0606mmiecTBIeHus
pebep Mexay oktadapamu CuOs u TeTpasapamu SOs Takke ObLT OMUCAH B KPUCTAILTUYECKOM
ctpyktype xaoporuonuta K2Cu(SOs)Cl2 (Giacovazzo et al., 1976) c¢ emie 6onee KOPOTKHM
paccrostareM Cu—S, paBHbIM 2.59 A.

O6wenunsisice ¢ Tterpadapamu SOs monmudpbl CuOs 00pa3yroT MOPHUCTBIM KapKac
[Cu(SO4)2]2, mokazanuslii B mpoekuuu Ha Puc. 27a,b. JlaHHbIH Kapkac COACPXKUT JBa THIA
KaHAJIOB, WIYIIUX B10Jb ocu C (Puc. 27a,d). Bonee kpynHble KaHaibl 3aHSTH HoHamMu K*, B TO
BpeMs Kak MeHblme 3anonHensl Na® (a mmenHo — Na2). Karnonsr Na® B mosuimsx Nal

pacrosararoTcs B IICHTpax MHBEPCHH B MEHBIITNX TOJIOCTSIX, KaK MOKa3aHo Ha Puc. 27d.



Puc. 27. Tpoekius kpuctamumdeckoit ctpykrypsl KNaCu(SOs), Bmoms oceit ¢ (a) u b (b); xapkac
[Cu(SO4)2]* obpasoan oktasapamu CuOs u Terpadapamu SOy, 0GBEIUMHEHHBIM IO BEPIIHHAM U pedpaM
(c); 6onpmme kanansl B kapkace [Cu(SO4)2]* (0603HaUEHBI PO30BBIM) 3aceneHsl aToMamu K, B To Bpems
KaKk MeHblne (0003HaueHbI 3ejeHbIM) 3aceneHbl atoMamu Na (d); HecBs3aHHBIC H30MOBEPXHOCTH,
paccunrtanubie meTonoMm BVEL (cunne ans Na™ u poszossie mis K*) nanecens! cornacno 3HaueHusM B 1.6
eV Broas oceit C (6) m b (f); smmunconmsl aHU30TPONHBIX TETUIOBBIX KOJeOAHHWH aTOMOB YKa3aHBI C
BeposiTHOCTHIO 90 %

RbNaCu(SO4)2 u RbKCu(SO4)2

Jaunusie coequnenus (Siidra et al., 2021c¢) sBisrOTCS U30CTPYKTYPHBIMH OIHUCAHHOMY
Boiiiie KNaCu(SO4)2 u umeroT mapameTpsl eMeHTapHoi sueiiku: @ = 16.034(3), b = 9.560(2),
c=9.1702) A , B = 92.792(6)°, V = 1403.9(5) A® nna RbNaCu(SOs)2 u a = 16.1865(14),
b =10.0026(9), ¢ =9.3923(8) A , £ =92.149(2)°, V = 1519.6(2) A3 nnsa RoKCu(SO4)2. Ucxonas u3

NPUBEICHHBIX APaMETPOB BUIHO 3HAUYMTEILHOE YBEIIMYCHUE dIIEMEHTAPHOM stueiiku Ha 7.62 %,
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KOTOpPBbIM conpoBoxaaeTcs 3ameHa Na Ha K. O0e cTpyKTypbl coepikaT M0 OJJHOW CUMMETPHYHO
He3aBucuMoil mo3uiuu Cu, e nosuimu S u Tpu no3unuu A (A = Rb, K, Na), o6o3HaueHHbIe
umke kak A1-A3 (Puc. 28).

B okpyxenue katuona Cu?* BxomsaT uersipe kopoTkue cBsazsd CU—Oeq ¢ paccTOSHUAMU
oko110 2 A 1 06pasoBanuem c1ab6o HCKaKEHHO KOOPAMHALMU B BUJIE IUIOCKOT0 KBajipara. JluHa
nstoit casn CU-Oap cymectBenno Bbnue — 2.236(2) A B RbNaCu(SOs)2 u 2.547(3) A B
RbKCu(SO4)2. [Togo6HOE BAMSAHME pa3Mepa ILIENOYHOro KaTHoHa Ha kKoopauHanuio Cu?* 6bu10
OITMCAHO paHee B CIIOUCTHIX celeHuT-rajgorenunax meau (Charkin et al., 2019). TerparonanbsHble
nupamugbl CUOs JTOMOJHSIOTCS HIECTOH OTHOCUTEIBHO CJIa00il CBSI3bIO, C MEXKaTOMHBIM
paccrosinueM B 2.604(2) A u 2.713(3) A nns RbNaCu(SOs)2 u RbKCu(SO4)2, cooTBETCTBEHHO.
Takum 06pa3oM, KOOPAMHAIMOHHEI mommyap CU?* B paccMaTpHBaeMbIX CTPYKTPAaX MOXKET OBITH
oTHeceH K tuiy (4+1+1).

B ornmune or KNaCu(SO4)2, cTeneHp ynopsao4eHusi KaTHOHOB B CTPYKTYpax JaHHBIX
coequHeHni uyTh HuKe. JInmp nosunus Al B RbNaCu(SOas)2 moanocteio 3acenena Rb*, B o
BpEMsi KaK JPyrUe MO3HIUH HICTOYHBIX METANIOB UMEIOT CMEIIAaHHbIC 3aCEICHHOCTH:

RbNaCu(S0a4)2: Al = Rb1.0o0, A2 = Rbo.03s3)Nao.9s2(3), A3 = Rbo.os1(3)Nao.o49(3);

RbKCu(SO0a4)2: Al = Rbo.s103)Ko.190(3), A2 = RDo.311(4)Ko.689(4), A3 = Rbo.156(4)Ko.844(4).

[Mo3umu A2 u A3 B ctpyktype RbNaCu(SOas)2 comepxar He3HAYUTENILHOE KOJIHYECTBO
npumecu Rb*. KoopauHaimoHHoe OKpy»KeHHE JaHHBIX aTOMOB THITUYHO /it KatnoHoB Na* (oHO
NPEJICTABICHO HMCKaXCHHBIMH OKTadapamu, Puc. 28a), B To Bpems kak mosuims Al umeer
xapakreproe st Rb" KU = 11. B crpykrype RbKCuU(SOs)2 mosutmu A2 u A3 UMEIOT BBICOKHE
koopauHanuonnsie uucna (KU =10), uro ompenmensiercs GosbimmMm pajguycoMm katwona K*
(Puc. 28b). B qanHOM ciiy4ae pa3ymnopsijgodueHnue KaTHOHOB HMeeT 0oJiee BRIPAKCHHBIH XapakTep,
YTO COMIACYETCS C MEHBIITMMH OTHOCUTEIILHBIMH Pa3MepaMH KaTHOHOB.

CynbdaTtHble TPyNITBI B JaHHBIX CTPYKTYpax UMEIOT T€OMETPHIO, OJIM3KYIO K IPAaBUIILHOMY
TeTpadipy. Kak u B mpebIIyIeM ciydae, HECMOTPS Ha B3aMMHOE OTTalKuBaHHe Mexay Cu?* u
S8, cynbdaTHBIE TeTpa’AphHl CBS3aHBI MO 06mMM pebpam ¢ okTadmpamm CuOs (Cu-S2 =
2.8315(8) A n 2.8756(11) A nns RbNaCu(SO4)2 u RbKCu(S04)2, cootsetcTBenHO) (Puc. 28).

Kak 6buto orMeueno Beiie, coeaunennss RONaCu(SOs)2 u RbKCu(SOas)2 dopmansHo
U30CTPYKTYpHBI onucaHHOMY paHHee B Hactosiiel pabore KNaCu(SO4)2, a Takke MOIHOCTHIO
kanueBomy ananory — K2Cu(SOa)2 (Zhou et al., 2020). OgHako, mpocieKuBaeTCs Psijl pa3TndHid
B KoopauHanmu KaTHoHOB. Terpasaper SOs4 u mommdapsl CuOs 00pa3yroT MOPHUCTHIM KapKac
[Cu(SO4)2]* ¢ nByMs TMHaMH KaHANOB, NAapasIeNbHBEIX OCH C. BONbIIME KaHATBI 3aHATHI
IPEANOYTUTENIHHO KPYTHBIMU KatroHamu RD™ (mosummu Al), Torma kak MEHbIIUE 3aI0JHEHbI B

ocuoBHoM karnonamu Na* (B RbNaCu(SOa)2) nmn K* (B RbKCu(SOa)2). Takke, crout 00paTuTh
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BHUMAaHHE Ha TIOJIHOE YIOPSI0YCHHE KaTHOHOB IenovHbix MetasioB B KNaCu(SOa4)2, kotopoe

HECKOJIBKO «Pa3MBITO» B €T0 PyOHINEBBIX aHAIOTAX.

Puc. 28. KoopmuHarmonnoe okpysxkenne karnono A* (A = Rb, K, Na), Cu®" u S® B xpucrammiueckux
crpykrypax RbNaCu(SOs). (@) u RbKCu(SOs)2 (b); oOmme mpoekumu KpUCTaJUIMYECKHX CTPYKTYp
RbNaCu(SO4)2 (c) 1 RbKCu(SO4)2 (d) Ba0sE OCEii C; 3IUTUIICON bl aHH30TPOIHBIX TEIUIOBBIX KOJIEOaHHI
aTOMOB YKa3aHbl C BEPOATHOCTHIO 50 %); Bce MEKATOMHbIE PACCTOSHHS MPUBEIEHB! B A

3.3.3. Kpucranaunueckas crpykrypa Rb2Cu(SOs), (6-Tum)

BesBonubiit cynbhat pyoumus u meau Rb2Cu(SOa4)2 (Siidra et al., 2021c), oTHeceHHBIH K
TUIY O, 00J1a/1aeT KPUCTAIUIMYECKON CTPYKTYpPOM, OTJIMYHON OT ONMUCAHHBIX BBIIIE CMEIIAHHBIX
Rb-Na u Rb-K coenunenuii. Ucxoas u3 ananuza aupakiMOHHBIX JaHHBIX JJISI COCAMHEHHS
Rb2Cu(SO4)2 6bina ompeseena mpocTpaHCTBeHHas Tpymmea Pna2i. Tapamerp |E?—1| (Marsh,
1995) nns nanHOM cTpykTypbl paBeH 0.668, 4TO yKa3blBaeT Ha BBICOKYIO BEpPOSTHOCTb
HEIIEHTPOCUMMETPUYHOCTH. JaHHOE MpenrnoyoKeHne ObUI0 MOATBEPKIECHHO IOCIEAYIOUINM

petieHreM U yrounenueMm cTpyktypsl RD2CuU(SOs)z2.
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Kpucramumueckas ctpykrypa Rb2Cu(SOs)2 coennHeHns: COOEpKUT OJHY CUMMETPUYHO
He3aBucuMyio nosurnmio Cu?*, e — Rb* u 1Be — S®*. Atom Cul uMeeT YeThIpe IPOUHbIE CBA3H
Cu—Oeq (<2 A), c 06pasoBanmem kBagpaTHO#H koopauHamuu CuOs, KOTOpas TOTONHAETCS MATOMH,
bonee mmuHHON cBA3bi0 CU-Oap mHOM 2.182 A, 006pasys HMCKaKeHHYIO TeTparoHalbHYIO
mupamuy CuOs (Puc. 29). Illectas cBa3b ¢ GONBIIMM MEKXATOMHEIM paccTosiHueM B 2.994(4) A,
JIOTOJTHACT KOOPAUHALKIO Meau 10 oktadapa CuOs, otHocsmierocs K tumy (4+1+1) u cuibHO

HUCKakeHHOTro BBUAY 3P dekra Ana-Temnepa.

Puc. 29. KoopaunanuonHoe okpyxkenue katuonoB Rb*, Cu?* u S® (BBepxy) B KpucTammmdeckoii
crpykrype Rb,Cu(SO.),; obmias npoekitust kpuctaundeckoit cTpyktypbl Rb,Cu(SO4)2 B10H OCEi C 1 @,
COOTBETCBCHHO (BHH3Y); OJUIMIICOMIBI aHH30TPOIHBIX TEIUIOBBIX KOJICOAHWH aTOMOB YKa3aHbl C
BeposaTHOCTHIO 50 %; BCce MeKaTOMHBIE PACCTOSHUS MPUBEAEHBI B A

ATombl RD B TaHHO# CTpYyKType UMEIOT KoopanHanuoHnHble yncna 8 (it Rb1) u 9 (s
Rb2), u oOKkpyXeHbl COOTBETCTBYIOIIMM YHCIOM aTOMOB KHCJIOpoJa ¢ OOpa3oBaHHEM
TeOMETPUYECKH HEMpPaBWIBHBIX MonudapoB. Cpenusst mHa cB3u S-O B cynbpaTHBIX
TeTpadipax pasHa 1.47 A, uTo XopolIo cormacyercss o CpeJHeCTATUCTHUECKUM 3HAUECHHEM B
1.473 A (Hawthorne et al., 2000).

[Monusaper CuOs umerot obmiue ¢ cynbdatupiMu TeTpasapamu rpanu O3-05 u 04-05, a

takxke BepummHbl Ol m O7, oOpa3ys knactepsl, n3obpaxeHHble Ha Puc. 29. OHu cBsi3aHBI B
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OTKPBITHIN KapKac ¢ TPEXMEPHOM CHCTEMOM KaHaJIOB, 3acelicHHbIX kKatnonamu Rb*. Ha npoekuuu
B IUIOCKOCTH DC XOpOIIO BHIHA OPHEHTALUS BCEX CyNb(ATHBIX TPYII B OJHOM HalpaBlICHHH,
BJIOJIb OCH 21, YTO IMOJATBEP’kAAET HELEHTPOCUMMETPUYHOCTh JTAaHHOM CTpyKTyphl. Tomonorus
kapkaca [Cu(SO4)2]* B ctpykrype Rb2CuU(SOs)2 MMeeT yHUKaNbHBIH XapakTep, B HacTOAIIEH

paboTe oHa onucaHa BIIEPBBIE.

3.4. Kpucrajummyeckne CTPYKTYPbl HOBBIX COCIUHEHUI — CTeXMOMETPHYECKHX

anajoros uteasMeHuTa Na;CuMQz(SO4)4

B xoze uccrieoBanusi CHHTETUYECKUX aHAJIOTOB CYJIb(ATHBIX MUHEPAJTIOB, OMMCAHHBIX B
9TOM TJIaBe, OBUIO TAK)KE MOJIYYICHO JIBA HOBBIX COCIUHCHHSI, SIBIISIONIUXCS CTEXHOMETPHYSCKUMU
aHaimoramu (ymMapojbHOro cyibhatHoro munepaia ureabmernta Na2CuMgz2(SO0a4)4 (Nazarchuk
etal., 2018) — K2Cus3(SO4)4 u Cs2Cd3(SO4)a. Oba coeqMHEHUSI OTHOCATCS K HOBBIM CTPYKTYPHBIM
TUTIAM, W HMEIOT KapKacHbIE CTPYKTYpHBIE apXUTCKTYphl — WX PACCMOTPCHHE CTAaHET

IMPOAOIZKECHUEM OIMMCAHUS HOBBIX 663BOI[HBIX Cynb(l)aTOB KapKaCHOI'o CTpOCHHU:.

3.4.1. Kpucraaauueckasi ctpykrypa KoCus(SOas)s

besBoanbiii cysbdar kamus u meau KoCus(SO4)4 (Borisov et al., 2021) kpucramiusyercs
B MOHOKJIMHHOW CHHTOHHH, B POCTpaHCTBeHHO# rpymme C2/c, ¢ mapaMeTpamu 3JeMEHTapHO#
sueiiku a = 13.6088(5), b = 11.9627(5), ¢ = 17.0791(7) A , p = 112.450(1)°, V = 2569.72(18) A3
Kpucrammaeckas crpykrypa K2Cus(SOa)4 cogepkut yeTbipe CHMMETPHYHO HE3aBUCUMBIX aTOMa
Cu ¢ paszmuuHblM  KoopAMHAUUMOHHBIM OKpyxkeHueM (Puc. 30). Atomer Cul u Cu2
KOOPJMHHUPOBAHBI IIECThIO aTOMaMH KUCIIOpoAa, ¢ oOpa3oBaHueM okTayapoB CuOs, KOTOpbIE B
pa3INYHON CTEeTeHU UCKaXeHbl BBUAY ddekrta Ana-Tennepa. Paccrosuus (Cu—O) cocraBisior
2.095 u 2.108 A st OKTa3ipoB, leHTpupoBaHHbIX Cul u Cu2 cOOTBETCTBEHHO. 3HAYEHUS
Aoctx10® st nanHBIX okTa’ApoB (Brown, Shannon, 1973; Wildner, 1992) coctapmsror 4.21 u 7.07.
[To »TrM 3HadYeHWsIM BUIHO OoJiee cuibHOE HMCKakeHuwe monmdapa Cu2, gem B cimydae Cul,
HECMOTps1 Ha 6oJiee BRICOKYI0 cUMMeTpHio ero no3uuuu. [Tommaap Cul Os MOKHO paccMaTpuBaTh
KaK IPOMEXKYTOUHBIN citydail Mexay uiealbHON KoopauHauuen tuna (4+2), rae pacCTosIHUS 10
anMKaJbHBIX aTOMOB O IPUMEPHO PaBHBI, M KOOpAUHaIMel Thna (4+1+1), rae oHM CylecTBEHHO
paznuuarorcs. PazHuna Mexy 1Byms yauinHeHHbIMHU cBsi3siMu Cul—O cocrasiser okono 10 % u,
TakuM oOpa3om, Osmska k 12.5 %, npeasio)KeHHbIM paHee B KauyecTBE TI'PAHMUIIBI MEXKIY
OKTa’ApUUECKUMHU KoopauHanusMu TUoB (4+2) u (4+1+1) (Burns, Hawthorne, 1995). 3ametnm,
yTO GOJNIee KOPOTKAs U3 JaHHKIX cBsseit (Cul—015, 2.126(2) A) e cunbHO oTIMUaeTCs OT cpeHeit

nmuHbl cBa3u Cul—Oeq (2.022 A) (Oeq = aTOMBI KHCIIOPO/A B SKBATOPUATBHOM MIIOCKOCTH).
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Puc. 30. KoopauHaitust KaTHOHOB B KprcTautinueckoit ctpykrype KoCus(SOs)s; yeimoBHBIE 0003HAUCHUS:
K* = po30Bbii, Cu?* = CBETJIO-TOJTy 0O, S5 = xkenrpiit, 0% = KpPACHBIH; 3JUTHIICOUBI aHU30TPOITHBIX
TETUIOBBIX KOJIEOaHU aTOMOB YKa3aHbI C BeposiTHOCTBhIO 50 %; Bce MexkaTOMHBIC PACCTOSIHUS MTPUBEICHBI

B A

Iommaap Cu20s mpezcraBisier co0OM HMCKaXEHHBIH LEHTPOCHUMMETPUYHBIA OKTa’p,
oTHocsAuMica K Tumy (4+2). Atrom Cu3 KOOpJMHUPOBAH MATHIO aTOMaMM KHCIOPOa, YEThIpe U3
KOTOpBIX HAaxOJATCS B SKBAaTOPHAIBHOM IUIOCKOCTH, a oauH (O13) 3aHMMaeT anuKalbHYIO
BEpILMHY; TaKkuM 00pa3oM, B MEpBOM MNPHUOIMKEHUU OH 00pa3yeT MCKaXKEHHYIO KBaJpaTHYIO
nupamuay (4+1) CuOs ¢ paccrosauem (Cu3-O) B 2.017 A. JlonmonHUTENbHBIHA MIECTOH aTOM
kucaoposa (09) nanporus atoma O13 3aBepinaer xkeazu-(4+1+1) okTadAprUecKy0 reOMETPHIO,
1pu 3ToM paccrosinue B 3.022(2) A or Cu3 MOKHO pacleHHBaTh Kak OYeHb CabyIo CBA3b. JTa
cBsi3b Ha 33 % JuMHHEE, YeM YUJIMHEHHAs CBs3b OT IEHTpaJibHOro aromMa k aromy O13
(2.270(2) A). Artom Cu4 wuMeeT KOOPAMHALMIO IUIOCKOTO KBajpaTa ¢  YeThIPbMs
9KBaTOpHalbHbIMU aroMaMu kuciopona (Puc. 30). Kagpar nomosnHsercss nByMs AJUHHBIMH
CBA3MH C aNMKalbHBIMH aToMamu kuciopoga Cu-O 2.843(2) A, 4ro nmpuBomuT K CHIBHO
uckaxxeHHOMY OKTadJpy CuOas+2. DTOT mnommsdAp HUMEET TOYEYHYH0 CHMMETpUI0 2, a
9KBATOPHAIBHYIO TNIOCKOCTh MOKHO OXapaKTepU30BaTh KaK YIUTOMECHHBIH TUC()EHOMI.

YeTsipe nosumuu atoMoB S 06pasyror cummeTpuanbie Tetpasapbl SOs. CpeHss 1iuHa
CBA3M HAXOAUTCA B Yy3KoM juamasone 1.470-1.476 A wu omimuHo cormacyercss co
cpenrecraTuctuaeckuM paccrosauem (S—O) (Hawthorne et al., 2000).

Jlnist pacCMOTpEeHHS IByX CHMMETPUYHO HE3aBHCHMBIX MO3UIMNA KNSl yUYUTHIBAINCH BCE
ceszu K—O < 3.55 A. Atom K1 OKPY’>KE€H OJIMHHAJIATHIO aTOMaMHu KHUCJIopona, a aToM K2 —

necsaThio. O0a KOOPIMHAIMOHHBIX OKpPYKEHMs SIBISIOTCS BEChbMa PacHpOCTPAHEHHBIMU ISt
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karnonoB K* (Waroquiers et al., 2017). CymMMBbl BaJeHTHBIX yCHIHH s o6oux atomoB K
HEMHOTO BbIllIe HOMUHaIBHOTO 3HaUeHUs B 1 6.e. (1.08 u 1.01 6.e. ms1 K1 u K2, cooTBeTCTBEHHO),
YTO MOXKET YKa3blBaTh HA CHJIbHYI0 XMMHUYECKYIO CBSI3b, U, CIEOBATEIbHO, HA UX «KPEMKYIO»
JIOKAJIM3aIHIO B CTPYKTYPE.

B ocunoBe kpucrammmueckoil ctpykrypsl K2Cus(SO4)s nexut kapkac [Cus(SOas)4]2
(Puc. 31a,b) ¢ orHocutensHo mpoctoi Tomonorueit. Kaxapiii momumaap CuOn (N = 4-6) umeer
oOurme BepiuHbl ¢ Terpadapamu SOa. B cBoro ouepenb, kaxblil TeTpasap SO4 umeeT Tpu 00Immx
atoma kuciopoja ¢ Cu-IeHTPUPOBAHHBIMH MONUA3ApaMu U oauH — ¢ mommdapom K. Kapkac
MOYKHO pa3Je/IuTh Ha 3UIr3aroo0pasHbie CJIOU, Kak moka3ano Ha Puc. 31b,c. Camu ciou cocrost
u3 nopucteix jent (Puc. 31d,e), pacnonoxkennnx Baonb ocu a. Katmomsl K maxomsarcs B

nosoctax kapkaca [Cus(SO4)4]e.

.. I 2 e
LW

Puc. 31. Kpucrammueckas crpykrypa KoCuz(SOa)s B1oms ocu a B mapukoBoM () u monmdapudeckom (b)
MPEJICTaBIICHUH; YCIIOBHBIE 0003HaueHus: noaudapbl CulOg, Cu20g, Cu30s = cunue, kBaapat CudOs =
TéMHO-cuHMH, Tetpasapsl SO, = kenteie; Kapkac [Cu3(SOs)s]* Moxer ObITh pa3ieneH Ha
3Ur3aroo0pasHele CIIOM, 0003HAUYEHHbIE KPACHOH MyHKTHPHOM nuHuei (b,C); CIIOM COCTOSAT M3 MOPUCTHIX
JeHT (MoJMdApruiecKoe npeacTasieHue (d) 1 COOTBETCTBYONIHUI peanbHbli Tpad (€))

3.4.2. Kpucramandeckasi ctpykrypa Cs,Cds(SOa)4

Kpucraminueckass crpykrypa coeaunHenus Cs2Cd3(SOs)s (monydeHHOro B KadecTBe
N0OOYHOTO MPOJIYKTA IPH MCCIIeOBAaHUU O€JI0yCOBUTONIOAOOHBIX cucTeM ¢ kaamueM (Borisov et
al., 2022b)) npuHaaaeKuT K MOHOKJIMHHON CHHTOHUH, UMEET MPOCTPaHCTBEHHYIO Tpymmy P21/c

W MapaMeTphl dJeMeHTapHoH sueiftkm a = 16.9563(11), b = 9.3921(6), ¢ = 9.3799(7) A,
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f=95.066(2)°, V = 1487.96(18) A®. Jlanmas CTpyKTypa COMAEPKHT JBE CHMMETPHUHO
He3aBucuMble o3unuu Cs, Tpu — Cd u 9etbipe cynbdaTHbIX TeTpadapa (Puc. 32a). Bee kaTHOHBI
Cd?" UMeroT OKTadAPHUECKY 0 KOOPIMHAIMIO U3 aTOMOB KHCJIOPO/A, YTO JOBOJIBHO THIMYHO IS
nanHoro merayuia (Waroquiers et al., 2017). Cpeanue AIHHBI CBsI3el B KaJMUEBBIX OKTadApax
paBubl 2.320, 2.311 u 2.269 A nna Cdl, Cd2 u Cd3, cooTBETCTBEHHO. AHAIOIUYHbIE 3HAYCHUS
a5 cynb(aTHEIX TETPadApoB Jexar B auanaszoHe oT 1.466 A no 1.473 A. Atomsr Csl u Cs2
UMEIOT BBICOKHE KOOpAMHAIIMOHHBIE yucia — 11 u 13, coOTBETCTBEHHO; UX MOIUAPHI CBA3AHbBI

MEXIy coOoli cyabdatHbiM TeTpadapom S304 (Puc. 32a).

C
() (d)
Puc. 32. Koopaunanus atomoB 1e3usi B kpuctaummdeckoid crpykrype CsCd3(SO4)s (a); oOmias npoexuus
crpykrypsl Cs2Cd3(S04)4 (b); yemoBubie 0603nauenus: Cd10g, Cd20s = cunmii; Cd30s = 3enensrit; SO4 =
xenteiit; Cs1 = kopuunesslit; CS2 = ¢puoneroBblii; kapkac B crpykrype CS,Cd3(SOs)s cocTout u3 610k0B
(0603HAaYEHBI KPACHOW IyHKTHPHOM JHMHHEH), KOTOPbIE MOXHO pa3JIelHTh HA CIIOH; CIIOM COCTOSAT M3
nMepoB Cd201g cBa3aHHBIX 110 BepmiuHaM ¢ TeTpadapamu SO (C) u okrasapoB CdOs (d); smmmmconast
AQHMU30TPOITHBIX TEIUIOBBIX KOJIEOaHU aTOMOB YKa3aHbl ¢ BeposTHOCTBIO 50 %
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Kpucrammueckyro ctpykrypy Cs2Cd3(SO4)4 MOKHO paccMOTPETh Kak KapKac, COCTOSIIHIA
u3 610k0B [Cda(SO4)4]*", Kaxablii U3 KOTOPHIX MOKET ObITh paszeneH Ha ciou (Puc. 32b-d).
Hannslie ciou coctost uz nuMmepo Cd2010 (Britouaronux pedepHocpszannbie okTa’apsl Cd10s
u Cd20e), obobeaunenHbix rpynmnamu S104 (gepe3 atombl O5 u O12). Okrasapsr Cd30Os
COCIIMHAIOTCS C JAHHBIMU CIIOAMU uepe3 cyibdarneie TeTpasapsl S204 u S304, 00pasys 010ku
[Cd3(S04)4]*". B pesysbrate popMupyeTcs HOPUCTBIHA KapKac, B MOIOCTAX KOTOPOrO HAXOJATCS
atombl Csl u Cs2, yepeayromuecst BI0JIb ocH a. TakuM 00pa3oM, KpUCTALIHYECKAs CTPYKTypa
nBoitHoro cynbgara Cs2Cd3(SO4)4, OTHOCHTCS K HOBOMY CTPYKTYpHOMY TUIY. CTOUT OTMETHTH,
YTO HecMOTps Ha Oiu3kue noHHble paauyckl Cd?* u Ca?* (Shannon, 1976), naHHOE coemuHEHME

He siBysiercst u3octpykTypHbiM Cs2Cas(SO4)4 (Fang et al., 2022).
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I'naBa 4. Tonmosiornyecknii AaHAJIU3 U OLIEHKA MUTPAIIAN HOHOB B 0€3BOIHBIX

KapKacHbIX cyJab(aTax Meau

BHumanne k cynb(paTHBIM MUHEpalaM W HEOPTaHWYECKHM COCIMHEHUSM C TMO3WIHN
MaTepUaIOBEICHNSI OOYCIIOBICHO IIEJBIM PSJIOM MNPHYMH. M3 HHUX OTIENbHBIA HHTEpeC
IpPEJCTaBIseT MOUCK HOBBIX MaTEPUANIOB JJIsl BO3MOXKHOTO NMPUMEHEHUS] B KaUeCTBE KaTOA0B B
nepe3apsbkaeMbIX MeTa/uT-HOHHBIX Oatapesix (Goodenough, Park, 2013; Masquelier, Croguennec,
2013; Sun et al., 2019). B Hacrositee BpeMsi HanboJiee MUPOKO UCIIOJIb3yEeMbIe MOJHAHUOHHBIC
MaTepuansl JJIs KaToJoB MpenacTaBieHbl (ochatamu. OpHako, cynbharhl SBISIOTCS BEChMa
HNEePCHEKTUBHBIMU B KaueCTBE aJlbTePHATUBEI (hocaTaM, OCOOCHHO YUUTHIBASI UX MPEBOCXOAHYIO
anektpoorpunaresnbHocts (Lander et al., 2018; Barpanda, 2015; Rousse, Tarascon, 2014). Uto
KacaeTcs KaTMOHOB, TO Ha CETOAHSAIIHMN JEHb HauOOJbIIee pPACHPOCTPAHEHHUE HMMEIOT
aKKyMYJISITOpPHBIE OaTapen Ha OCHOBE JIUTHS. B TO ke BpeMsi, B COBpEMEHHOM MaTepHaIOBEICHUN
00JIBIIIOE KOJMYECTBO MCCIECIOBAHHUI ITOCBSIICHO HATPUH-MOHHBIM M KalIUH-HOHHBIM OaTapesm.
AKKyMyJISITOpPBl TAaKOTO THUIIA PACCMAaTPUBAIOTCS KaK aJlbTEPHATHBA JIMTHEBBIM MO HECKOJIBKHM
NPUYMHAM: W3-332 UX BBICOKOW XMMHYECKOW aKTUBHOCTH, CYIIECTBEHHO Jy4IlIeil Oe30macHOCTH
IIPU IKCIUTyaTaluu, U 6osee HU3KoM croumoctu. [Ipu 3ToM, MJIOTHOCTH HaKaIJIMBaeMOl SHEpPrun
0CTaeTCsl MPAKTUYECKU HA aHAIIOTUYHOM ypoBHE. Kpome Toro, B mocneiHue rojibl CHIIBHO pacTeT
CIpOC Ha JIUTUH-WOHHBIE aKKyMYJSTOPBI, BBUJAY HX HCIOJIB30BAaHUS, K MpUMEpY, B
AIIEKTPOMOOMIISX, CPEICTBAX COTOBOM CBSI3U U PA3IMYHBIX OECIIPOBOHBIX YCTpoiicTBaxX. Pecypchr
JWTHS CWJIBHO OTpaHWYEHBl B CBOEM KOJIHYECTBE, a OOJbIIas 4YacTb MECTOPOXKICHHH
COCpEeI0TOYEHA JINIITb B HECKOJIBKHUX CTpaHax MUpa. Bce 3TH GakTopsl CBUAETENBCTBYIOT O TOM,
4TO B JIOJTOCPOYHON (2 BO3MOXKHO, U B CPEIHECPOYHON) MEPCHEKTHBE JIUTHH MOXET CTaTh
HKOHOMHYECKH HEPEHTAOETHHBIM PECYPCOM ISl TPOM3BOICTBA aKKyMYJIATOPHBIX OaTapeii.

B otnuune ot Li, 3anacet K n Na Benuku, 1 HIMPOKO pacipOCTpaHEHBI IO BCEMY MHUPY,
YTO JIeNaeT WX JICMIEBBIM M JOCTYNHBIM ChipbeM. MiMenHo mostomy Na- u K-moHHBIE OaTtapen
CUMTAIOTCSI XOpOIIeH aJbTepHATUBOM pacHpOCTPaHEHHON Ha CETOMHSIIHUM J1eHb TEXHOJIOTMU
JUTUI-UOHHBIX akkymysitopoB (Hwang et al., 2017; Hosaka et al., 2020). O4eBuiHoO, 4TO pex/ie
YeM IM0I00HBIe COSTMHEHNS MOyYaT IIMPOKOE UCTIOIH30BAHUE B IPOMBIIIJICHHOCTH, TIPEACTOHUT
penmTh OOJBIIOE YHCIIO MPOOJIeM KaK HAyYHOTO, TaK M TEXHHYECKOTO XapakTepa, JIeKAlIuX B
o01acTu KpucTauiorpaguu, KpUCTAIIOXMMHUU U MaTEPUATIOBEICHUS.

W3BecTHO, YTO COEMUHEHMST HAa OCHOBE MEIH JIOBOJBHO PEIKO PacCMaTpUBAIOTCS B
Ka4eCTBE MaTEPHAJIOB /IS SIEKTPOIOB COBPEMEHHBIX aKKyMyJIATOPOB. B mepByto ouepens usz-3a
HU3KHMX Pa0OYMX HANPSKEHHI OKHCIUTENLHO-BOCCTAHOBUTEbHOM Mapsl Cu*/Cu?*, a Takske u3-3a

UX HeCTaOMJIBHOCTHU MPH PeaTn3aluy MEKTPOXUMUYeckoro nukia. Tem He MeHee, B paboTe Xu
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et al. (2014) Obuta mMPOAEMOHCTPHpPOBaHA OOpaTHMAas JIICKTPOXMMUYECKash aKTHBHOCTh B
OKCUJIHBIX MaTepHayiax CIIOMCTOH CTPYKTYpbl Ha OCHOBE OKHCIIMTEIHLHO-BOCCTAHOBHUTEIHHOMN
napel Cu?*/Cu®* ¢ ee cymecTBeHHBIM pabounM HampskeHHeM — okono 4 B. JIpyrue paGoTsl
MOKa3alld, YTO HEKOTOPbIC COCIMHCHHUS Ha OCHOBE MEIHU, UMEIONIME CTaOWIBHYIO CTPYKTYpY,
TaK)K€ MOTYT PacCMaTPUBATHCS KakK IMOTCHIIMATbHBIC AJICKTPOJIHBIC Marepuanbl. [Ipumepamu
SIBIITIOTCS.  PA3yIOPSIOYCHHBIC CTPYKTYpPbl, OCHOBaHHBIC HAa MeAb-CYJIb(ATHBIX ICTIOYKaX,
otHocsuecs K tumy Bropimra: Li2CuVO4 (Ben Yahia et al., 2016) u Li2Cu20(SO4)2 (Sun et al.,
2015). K coxanenuto, HM OJHA U3 JAHHBIX CTPYKTyp HE COXpAHSETCS IMOCJIEe OKOHYAHUS
3IEKTPOXUMHUYECKOTO IIUKIIA, TIOCKOJIBKY KATHOHBI Li” HE0OX0MUMBI Ul X CTaOMIBHOCTH, U, KaK
CIICJICTBUE, WX yNaJCHHE BO BPeMs LUKIMPOBAHUS MPUBOAMT K IeOpPMAUUA CTPYKTYPHI M €€
MOCJIEIYIOIIEMY pa3pyLICHHI0. DTO IMO3BOJISET MPEAOIOKUTh, 4To CU-coepikamine CTpyKTyphl,
MMEIOIINE KapKACHOE CTPOECHHUE, B KOTOPBIX IIEIOYHbIE KaTHOHBI, Takue Kak Li*, Na* wim K*, He
SBIISIFOTCS COCTaBHOM YacCThIO KapKaca, a UTPAIOT POJIb «TOCTEBBIX aTOMOBY», MOTYT 00ECIEUUTh
XOPOIIYI0 CTAOMIBHOCTD TP IIEKTPOXUMUIECKOM ITUKIIE.

B npenpiyimeli riiaBe ObLI OMHMCAH PSJT HOBBIX COCJAMHECHUN — OE3BOJHBIX CYJIh(aTOB
MEJIM M IIEJIOYHBIX METaJIoB, B ToM uuciie — K u Na, uMermux KapKacHyr CTPYKTYPHYIO
apxXuTeKTypy. MiMest 60mbII0i MacCUB JaHHBIX, HAKOTJICHHBIX MO JAHHBIM CTPYKTYypaM, a TaKxke
OMHpPasCh Ha paHee OMyOJMKOBAHHBIE NAHHBIC MO JPYTMM POJCTBEHHBIM UM COCAMHCHUSM, B
paMKax HacTosIield padboThl ObLTA MTPEANPUHSATA IMONBITKA OICHKH CBOMCTB MHUTPAIIAHN IIETOYHBIX
KaTHOHOB Pa3JINYHBIMH METOAMH, C TIENTBIO OIIPEICIICHUs] HanOOoJIee TIEPCIIEKTUHBIX COCTUHEHUN
Ha TPEeIMET AJIeKTpoXuMHUYeckux mpuiokenuit (Borisov et al., 2021). B nactosiieii riaBe
MPUBEICHBI PE3yJIbTaThl KaK TOIMOJIOTHYECKOTO aHAIM3a KPHUCTAUIMYECKUX CTPYKTYp, TaK W
anamm3a metogamu BVEL (bond-valence energy landscapes) u procrystal. Tomonorudeckuit
aHaJM3 TPOBEJCH Ha TpUMepe JBYX HOBBIX COCJIMHEHHH, ONMUCAHHBIX B TJaBe 3:
crexuoMeTpuieckux ananoros capanunHanta — KNaCu(SO4)2 u urensmennta — K2Cus(SO4)as,

KAK IPEICTaBUTENIEH Pa3INYHBIX CTPYKTYPHBIX THUIIOB.

4.1. TonoJsiorn4eckuii aHaJan3 60e3BOIHBIX KAPKACHBIX CYJIb(ATOB MeAU

B nmanHOM pasnene mpeicTaBieH aHAIW3 U CPaBHEHHE TOMOJIOIMH, BCTPEYAIOLIMXCS B
U3BECTHBIX Ha CETONHSIIHUN NeHb OE3BOJHBIX KapKacHbIX cyib(darax menu. Takoe omucaHue
NPEJCTAaBISETCS WHTEPECHBIM, IMMOCKOJBKY MAHHBIA ITOJX0J] MOXET CYIIECTBEHHO OOJEeTrYHTh
OLICHKY MOTEHIMAJIa pacCMaTPUBAEMbIX COCAMHEHHUHI B KaueCTBE HOHOOOMEHHBIX MaTepHajoB. B
paccMOTpeHHE BKIIIOYEHBI MUHEPAJIbl U CHHTETUYECKHE COSTMHEHUS, 00JIaatoIue TPEXMEPHBIMH
KapKacHbIMHM CTpYKTypamu, oOpa3oBaHHbIMU moiudapamMu CuOn u  Terpasgapamu SO,

00bEIMHEHHBIMU 110 BEPIIMHAM /WK pedpam. Taxxke ObUTH BKIFOUEHBI COCTMHEHUSI, B KOTOPBIX
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JIBYXBaJICHTHAsI ME/b 3aMEIACTCS IPYTUMH KaTHOHAMU (WJIM KOTa JONIOJTHUTEIbHbIC TIO3UIHH B
CTPYKTYpE 3aHUMAIOT MHBIC MeTalIb). [IepBhIii MOJOOHBINH IPUMEp peaTu3yeTcs B MIMKUHHUTE C
uneanu3upoBanHoi ¢Gopmynoir Zn3(SO4)20 (Nazarchuk et al., 2020), rme Bo Bcex Tpex
CUMMETPHYHO HE3aBUCHUMBIX KATHOHHBIX MO3MIMAX MPUCYTCTBYET 3HAYHUTEIBHOE KOJIHYECTBO
Cu?, samemaromee Zn. O6mee cootHomenne Zn:Cu cocTaBiuseT npubausurensHo 2:1, a
dopmyiaa — (Zn,Cu)3(S04)20. Ipyroii mpumep — urenbmenuT Na2CuMg2(SO4)4 (Nazarchuk et
al., 2018). Ocob0 CTOMT OTMETUTH, YTO OOJBIIMHCTBO COECIUHEHHMH, YIOBJIETBOPSIOMIMX
YKa3aHHBIM KPUTEPHUSM, BCTPEUAIOTCS B NPUPOJE B KauecTBE MUHEPAJoOB. [JIsi HEKOTOPHIX W3
PAcCCMOTPEHHBIX CHHTETUYECKUX COCIMHEHHI MUHEPAJIbHBIC aHAJIOTH HE W3BECTHBI, 10 KpaitHeh
Mmepe, Ha ceroausmHui neHb (Taon. 13 u 14).

Bce paccMoTpenHble coenuHeHUs ObUTM paslieleHbl Ha JABe rpynnbl. B mepBoit —
COCIMHEHMS, 00JIaatoNe KapKaCHbIMKM CTPYKTYpaMu ¢ ImycThiMH TosiocTsiMu (Ta6:mn. 13), Takue
Kak npoctoil cynabdar menu Cu(SOas), Takxke U3BECTHBIN Kak MuHepas xanbkokuaHut (Wildner,
Giester, 1988; Siidra et al., 2018b), nBoitHoii cyibdar meau u 1uHKa repMadHIHUT CuZn(SOa)2
(Siidra et al., 2018b), ¢ moka HEM3BECTHBIM CUHTETHUECKIM aHAJIOIOM, a TAK)KE U30CTPYKTYPHBIH
emy napaseptur CuMg(SO4)2 (Pekov et al.,, 2017). Kpome Toro — nBa okcocynibdara c
JIONOJTHUTETIbHBIMU aToMaMu kKuciiopona B ctpykrype (Krivovichev et al., 2013), a umenno —
nonepodanut Cuz(SO4)O (Effenberger, 1985) u rmuxunaut (Zn,Cu)3(S04)20 (Nazarchuk et al.,
2020).

Tabiauua 13. PaccMoTpeHHble O€3BOAHBIE KapKacHbIE CyJb(aTel MeAM, UX KpUCTaulorpaduuecKue
JIaHHble, 3HaueHus nopuctoct (FP) u mmornoctu (FD) kapkacos

Mumnepan Mp. a(Ad)y bA) c@A VA% FP(%) FD Ccblika

Dopmyaa rpymia__ a(® Oy Z

I'epMaHHSIHAT P2i/n 48076 8.4785 6.7648 27535 71 29.05 Siidraetal., 2018b
CuZn(SO04)2 93.041 2

XambKOKHAHUT Pnma 8.4123 6.7040 4.8303 27241 76 29.37  Wildner, Giester, 1988;
Cu(S0.) 2 Siidra et al., 2018b

[ MMKHHAT P2:/m 7298 6588 7.840 3354 74 29.82 Nazarchuk et al., 2020
(Zn,Cu)3(S04)2.0 117.15 2

Tonepodanur C2/m 9370 6319 7639 3821 73 31.40 Effenberger, 1985
Cuz(S04)0 122.34 4

Bo BTopotii rpynme coeaunenwnii (Tadmn. 14) monocTu u/uiny KaHaIIbl B KapKacax 3aroyHsIoT
KaTHOHBI IIEJIOYHBIX METAUIOB. B 3Ty Tpymmy BXOAAT HEJABHO OTKPBITHIE MHHEPAIIBI
capanunHanT Na2Cu(SOq)2 (Siidra et al., 2018a), uesnogumur CsKCus(SO4)s0 (Pekov et al.,
2018b) u uzoctpykrypHblii emy kKpunroxanbiut K2Cus(SO4)sO (Pekov et al., 2018b), a Takxke
urenpMeHuT Na2CuMg2(SO4)4 (Nazarchuk et al., 2018). Ipyroit paccMoTpeHHBIH Cyb(aTHbIH
munepan — kamuaTkut KCus(SO4)20CI (Siidra et al., 2017), coaepxXuT IOMOJHHUTEIBHBIC

koMmiuiekcel KCl1 B momoctsax Kapkaca.
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Tononoruueckas KiraccupUKaIys MPOBOANUIACH C MOMOIIBIO MPOTPAMMHOTO IaKeTa
ToposPro (Blatov et al., 2014). [lns BceX pacCMOTPEHHBIX CTPYKTYP 3HAUCHHS MOPHCTOCTH
kapkaca (FP, framework porosity) Obutn paccunTaHbl ¢ HCIOIB30BAHUEM ATOMHBIX PaJnyCOB
Creiitepa, ¥ MPOBEJICHO MX CpaBHEHHE ¢ IUIOTHOCThIO Kapkaca (FD, framework density),
pACCUNTAHHON KaK KOIMYECTBO 0Opa3yrommx Kapkac kaTmoHoB (Cu/Zn/Mg u S) ma 1000 A3,
Pasnencnne meab-cynbdarHbIX kKapkacoB Ha aABe rpynisl (Taomn. 13 u 14) xopoiro KoppemupyeT ¢
paccuutanHbiMu  3HadeHusmMu FP u  FD. Kpucramnuueckue CTpyKTypbl T€pMaHHSIHUTA,
XaJIbKOKMAHWUTA, TJIMKUHUTA M J0JepoaHuTa XapakTepU3yHOTCS OTHOCHUTEIIBHO BBICOKUMHU
sHaueHussMu FD (Tabn. 13), mpuyem Hambosiee IJIOTHBIM Kapkac HWMeEET J0JepOoQaHUT.
WHTEepecHO, YTO HATW4YME JOTOJHUTEIFHOTO aTOMa KHCIOpOJa B CTPYKTypax TIIMKUHUTA U
nonepodaHnTa, KOTOPBIK MO3BOJSET PACCMATPUBATh ATOMBI MEIH KaK 4acTh TETPadAPHUECKUX
AHUOHLIEHTPUPOBaHHBIX KoMIUIekcoB OCu4, nenaer ux Ooiiee MIOTHBIMH, YeM CTPYKTYpbl 0e3
JonoaHUTenbHbIX atoMoB O. I'pynna cynbhaToB My ¢ KATHOHAMU LIEJIOUHBIX MeTa/uioB (Tabm.
14) BkrOYaET CTPYKTYpPHI CO 3HAUUTENBHO OOJIBIIEH MOPUCTOCTHIO U, KaK CJIEIACTBUE, MEHBIIEH
wioTHocThlo. Hanbosiee minoTHbI kKapkac B 3Tod rpymnme umeer ureiabmeHutr (FD = 23.19).
OTMeTHM, YTO KaMYaTKUT, KPUIITOXAIBIUT U U30CTPYKTYPHBIH MOCIEIHEMY E3UOAUMUT UMEIOT
oueHb Onmskue 3HaueHuss FD u FP (B cTpykTypax NaHHBIX MHHEPAIOB TaKXe COJCPKHUTCA
JIOTIOJTHUTEIBHBIN aToM Kuciaoposa). Hoesiit Tun kapkaca K2Cus(SO4)4, onricaHHbIN B HACTOSIIICH
paboTe, UMeEeT MPOMeEXYyTOUHOE (TI0 CpaBHEHHUIO C OocTadbHbIMU) 3HaueHue FD, paBnoe 21.79.
Hossiii cyabdar KNaCu(SOas)2, Takxke OnMcaHHbIH BbIllie, Kak U poacTBeHHbIi eMy K2Cu(SOs):2
(Zhou et al., 2020), nmeet camyto BBICOKYIO TOPHCTOCTH CPEH BCEX PACCMOTPEHHBIX 0€3BOTHBIX
KapkacHbIX cyiabpaToB Mmeau. CapanumHaut Na2Cu(SOs)2 (Siidra et al.,, 2018a) u ero
currernueckuii anaior (Kovrugin et al., 2019) o6namaroT TakuM K€ COOTHOIIICHHEM KaTHOHOB U
annoHoB, kak KNaCu(SO4)2 1 K2Cu(SOa)2, HO TOMOIOTHH MX CTPYKTYP HOCSAT COBEPILIEHHO HHOM
xapakrep. HecMoTps Ha 310, 3Hauenus FP 1is 3Tux coequHeHuit coBnaiaor.

[Tnotaocts kapkacoB (FD) ymenpmiaercs B psagy coemunenuii A2Cu(SOs)2 ¢
yBemyenreM HOHHBIX paaunycoB A™ (rae A™ = Na, K) u o1HOBpeMEHHBIM yBEIMUEHHEM 00BeMa
DIIEMEHTAPHON SYEWKH. AHAIIM3 IOPUCTOCTH coequHeHuii ¢ obmeil dopmynoit AT2Cu(SOs)2
MOKa3bIBAET, YTO XapaKTEPUCTHKA JAHHBIX CTPYKTYp 1o 3HaueHuto FD Gosnee uyBcTBUTENbHA, YEM

FP, n nyuiie otpakaer CTpyKTypHblE OCOOEHHOCTH.



Tabauma 14. PaccmoTpenHble 0e3BOMHBIC KapKacHbIE Cyib(haThl (KapKachl BBIICICHBI KBAJAPATHBIMH CKOOKaMH), COIEpIKalIue KaTHOHBI IIEIOYHBIX METaJlIoOB,
pacuuTaHHbIC 3HaYCHHS MOPOroBbIX dHepruil (Ewm), TeopeTnueckas eMKOCTb /Uit MUTpanuu oHoro iekTpoHa (Cw), 3Hauenus nopucroctu (FP) u mnorHoctu (FD)

KapKacoB
®opmy.aa Ip. a(A) b (A) c(A) V(A%  En Et Ct FP FD  Ccblika
rpymma a () B() y@  Z (Na*, (K',  (wAdr) (%)
3B) 3B)
MuHnepaJibl
Nay 92Ko.0s[Cu(SO4)2] CapaHunHauT P2, 9.0109 15.6355 10.1507 1367.06 2.26 88.8 86 17.56 Siidraetal.,
107.079 2 2018a
Na1.08Ko.02[CU13MQ16ZN01(SO4)s] UTenpmenuT Pbca 9.568 8.790 28.715 24150 3.30 49.4 79 23.19 Nazarchuk et
4 al., 2018
K[Cu3(S0.).0]1CI KamuaTkur Pnma 9.755 7.0152 12.886 881.8 4.56 40.3 79 22.68 Siidraetal.,
8 2017
K2[Cus(S04)s0] Kpunroxaneuur  PT 10.0045 12.6663  14.4397 1751.7 2.14 30.0 80 22.83 Pekovetal.,
102.194  101.372 90.008 4 2018b
K1.1Rb0.2Cs0.7[Cus(SO4)s0] Lesnoaumur P1 10.0682  12.7860  14.5486 1797.5 1.37 27.2 81 22.25 Pekov etal.,
102.038  100.847 89.956 4 2018b
CuHTeTHYeCKHe COeMHEeHNs Ctp. THII
Na[Cu(SO4)]F TaBoput C2lc 6.8231 8.5246 6.8778 37411 4.78 132.9 81 21.38 Reynaud et al.,
110.745 4 2012
Naz[Cu(SO4)2] CapaHurHauT P2, 8.9711 155482  10.1421 1351.73 2.28 88.8 86 17.76 Kovrugin et al.,
107.155 2 2019
K(Na,K)Naz[Cu2(SO4)4] P2i/c 12,5085 9.3166 12.7894 1419.28 2.40 16.91 [lannas paboTta
107.775 1
KNa[Cu(SO4)2] C2/c 159721  9.4576 9.0679 1367.02 2.86 1891 843 86 17.56 [lanuas pabota
93.6350 8
K2[Cu(SO.),] C2/c 16.0433  9.7819 9.2341  1446.79 1531 80.3 86 16.59 Zhouetal.,
93.2680 8 2020
K2[Cu3(SO4)4] C2/c 13.6088 11.9627 17.0791 2569.72 6.62 41.0 82 21.79 [anHas paboTta
112.4500 8
KonTtpoabsnsle (pedepencubie)  Crp. THI
dasbl
K[Fe(SO4)]F KTiOPO4 Pna2; 13.15116 6.539302 10.8689 934.716 0.65 127.6 84 17.12 Landeretal.,
4 2015
Naz s6[Fe1.72(S04)3] AmmoouT C2lc 12.6556 12.7726  6.5144 950.09 1.34 60.5 81 21.05 Luetal., 2017
115.5439 4

¥8
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Jlis moucka CXOXHX TOMOJOTHH Cpelyd KPHUCTAUIMYECKUX CTPYKTYp NPUMEHSIICS
craHmapTHbId MeTon ympoinenus (Blatov et al., 2014). Ilporeaypa BKIIOYaeT «CBEIACHHUE»
MHOTOaTOMHBIX CTPYKTYPHBIX KOMIUIEKCOB (K HpPHUMEpY, OKTa’ApOB WM TETPa’ApOB) K HX
HEHTpaM, TakuM oOpa3oM (QopMUpYS Y37bl CETKH, U yAaleHue u3 paccMmorpenus 0-, 1- u 2-
KoopAuHUPOBaHHBIX y350B (Puc. 33). [lomydeHHBbIE YHPOIICHHBIE CETKH CpPAaBHHUBAIUCH C
W3BECTHBIMH CETKaMH M3 TOTOJOTHYECKOW 0a3bl maHHbIX T0POSPro. Kpome Toro, kapkacHbie
ctpykTypbl coenunennii K2Cus(SO4)s 1 KNaCu(SOas)2 Oblx 0XapaKTepr30BaHbl C IPUMEHEHHEM

METOJIOB HaTypasibHOTO Taitnunra (Blatov et al., 2007).

L b (a) - L . (b)

Puc. 33. CrangapTHOE yIpOIIEHHE CTPYKTYPBl TepMaHHIHUTA (&) B epuoandeckuii rpad (cetky) (b)

CormacHo pe3yiapTaTtaM TOIOJOTHYECKOro aHamm3a, crpykrypa KoCus(SOs)a B
CTAaHJAPTHOM TMPEJCTABIECHUN HUMEET 8-y3J0BYyIO0 4-, 5-, U 6-KOOpJUHUPOBAHHYIO CETKY, Ha
JIAHHBIA MOMEHT HE U3BECTHYIO B Ipyrux cTpykTypax (Puc. 34). Utorossiii cumBoi cetku (Blatov
et al, 2010) moxno 3anmcath kak {4.6°}{42.6%}2{4°6°.8}.{4*62}6{4°.6°.8%}{45.67.8%}..
HarypanbHblit Taiinuar coctout u3 Taitnos [4%], [4.67], [47.6%] u [48.6%] B coorHOmenun 5:4:1:1
(Puc. 34). TakuMm o00pa3oMm, Kapkac MMEET YEThIpE THIA TAWHJIOB, U3 KOTOPBIX TOJILKO JIBa
MOCJIETHUX JOCTATOYHO OOBEMHBI, YTOOBI BMECTHTH aToMbl K. DTH TallIbl COCTUHEHBI MEKIY
co00i1 IIeCTUYICHHBIMH KOJIbIIAMH U 00pa3yIOT TPEXMEPHYIO CUCTEMY KaHAJIOB C TOToyIoruei pts
(Puc. 35a). Haubonee mmpokue KaHaJIbl UMEIOT 3UI'3aroo0pa3Hy o GopMy U IPOXOJIST BJIOJIb OCH
C. Tomosorusa ptS BHepBbIE ONMKMCAaHA HAa OCHOBE KPUCTANIMYECKOM CTPYKTYphl Kymepura PtS
(Rozhdestvina et al., 2016).

Cetka B ctpykrype KNaCu(SO4)2 coorBercTByeT Tomosnoruu 3.4T1, omucaHHOW B
K2Cu(SOa)2 (Zhou et al., 2020). HaTypansHslii Taitnuar o6pasosan Taitnamu [42.10%] u [6.8.10%]
B cootHomeHuu 1:2 (Puc.36). CeTku, COOTBETCTBYIOIIUE TailylaM, OOpa3yloT TPEXMEPHYIO
cucremy kananoB (Puc. 35b). Hambonee mmpokue KaHaibl MPOXOIAT BAOIh OCH C M MMEIOT

CIHpaJIEBUIHYIO (hopMYy.
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[4.67] [4°]

Puc. 34. HarypanbHble TalIHHTH, TAWIbI,  COOTBETCTBYIOIIHE UM CETKH B KPHCTALTMYECKON CTPYKTYpe
KzCUs(SO4)4
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Puc. 35. TpexmepHble CHCTEMBI KaHAJIOB, 00pa30BaHHBIE HAWOOJBIIMMHU IMOPAMHU B KPUCTAILTHYECKUX
crpykrypax K2Cus(SO4)s(a) 1 KNaCu(S0O.), (b); mmpouaiinime kaHaaB! OTMEYEHBI (YHOJIETOBBIM IIBETOM

[42.107] [6.8.107]

Gl

Puc. 36. HatypanbHble TalIMHTH, TAHIBI, 1 COOTBETCTBYIOIINE UM CETKH B KPHCTAIUIMIECKON CTPYKType
KNaCu(SO4)2
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4.2. OnleHKa MUTPALIMM HOHOB B 0€3BOJHBIX KAPKACHBIX CyJb(aTax meau

UTOoOBI OLIEHUTHh BO3MOXXHBIC IMyTH MUTPAIMH HOHOB B PACCMOTPEHHBIX MPHUPOIAHBIX U
CHUHTETMYECKHUX KapKACHBIX Cyib(aTax Meau, ObUl HCIOIb30BaH pacueT SHEPruu Ha OCHOBE
BasieHTHOCTH cBsizeit (BV, bond valence). DtoT meton siBiisieTCs: SKOHOMHUYHBIM C TOYKH 3PCHUS
3aHUMAEMBbIX BBIYMCIUTEIBHBIX MOIIHOCTEH M CYIIECTBEHHO COKpaIllaeT BpeMs aHalu3a.
Krnaccuueckuit MeTOT TPOBEPKH YTOYHEHUSI KPUCTAJUIMUECKOU CTPYKTYpPHI Ha 0a3e JIOKaJIbHOTO
Oamanca BanmeHTHOCTe# (Hamp. Brown, 2009, 2016), Takum oOpa3oM, TOTOJHAETCS MOAXOJI0M,
KOTOpPbI OCHOBaH Ha MOJYYEHHM JAHHBIX U3 KOPPEISALMH MEXAY MYTSIMH MUTPALMU MOHOB U
KapTaMu PacIpe/Ie/icHUs] TIOHWKEHHBIX 3HaUCHUH BasieHTHOCTH cBsi3u (Metoq BVEL — bond-
valence energy landscapes) (Adams, 2000; Adams, Prasada Rao, 2011). IToctpoeane BVELSs
CIY>KAT B KaueCTBE BU3YaJM3alMHM ceTel MOHHOW muddy3uu Kak KapT Ha H30MOBEPXHOCTIX
pacrpenenenus sueprun (Fedotov et al., 2018; Katcho et al., 2019; Yasui et al., 2019). Jlis
npoBefeHUs pacdetoB MeronomM BVEL  wucnonb3oBamoch mporpaMmHOe —oOecredeHue
3DBVSMAPPER (Sale, Avdeev, 2012), koTtopoe aHamu3upyeT MPOCTPAHCTBECHHOE
pacripefieieHle 3HA4CHWH DJHEPrUu IS CO3JIaHUS TPEXMEPHOW TMOBEPXHOCTH BHYTPH
JJIeMeHTapHOU sueiiku. B gaHHON pabore A pacdyeToB ObUIO 3a7aHO MPOCTPAHCTBEHHOE
paspemenne 0.2 A. Boum paccunransl BVS a1 npo6roro nona (Na* unu KY) u onpeneneno
OTKJIOHEHHE OT OJTaJOHHOTO 3HaueHusa. Yem Belme paccornacoBanue BV, Tem Bbllie
SHEPreTHYECKUe Oapbephl U, CIEAOBATEIBHO, HUKE BEPOATHOCTh MUTPAITIH HOHOB.

[ToporoBoe 3nHauenme osHepruu (Et), mpu KOTOPOM MPOMCXOAUT TMEPKOJSIIHS
M30MOBEPXHOCTEN B 00bEM dTIEMEHTAPHOM SIYEUKH, 110 KpaifHel Mepe B 0JTHOM U3MEPEHHH, MOKHO
paccMaTpuBaTh Kak rpyOyI0 OIEHKY dHEprur (PU3MUECKON aKTHBAIMH TSI TPOIIECCa MHUTPAIHH
nOHOB. Panee ObUIO OMHMCAHO, YTO B HEKOTOPHIX ciydasx Ein 3HAYUTENBHO OTIMYAETCS OT
peanbHO# sHeprun Murpaiuu nonos (Katcho et al., 2019). Tem He MeHee, 1a)ke HECMOTPS Ha TO,
YTO BO BHUMaHHE HE MPUHUMAIOTCS d(PPEeKThI penakcaiuy peuieTKy, U BOMPEKH OTHOCUTEIHHO
HU3KOM KOJW4ecTBEHHON TouHocTH Metoga BVEL, Obuio OTMEuYeHO, 4YTO pe3yJIbTaThl,
MOJIYYEHHBIE C TOMOIIBIO 3TOTO TMOJX0Ja, B IIEJIOM XOPOIIO COTJACYIOTCS C pPe3yJIbTaTaMH,
MOJlyYeHHBIMH ToOpa3fo Oojee TpeOOBaTENbHBIM METOJOM, OCHOBAaHHBIM Ha KBaHTOBO-
MexaHn4YecKux BeruucieHusax (Xiao et al., 2015; Deng et al., 2018).

B nanHoli pabGore ObLT mpoBedcH aHanu3 MetogoM BVEL Bcex BKIIOYEHHBIX B
PacCMOTpPEHHE PUPOAHBIX U CHHTETUUECKHX CYIh()AaTOB MEIN U IIETOYHBIX METAIOB, UMEIOIITIX
KapKacHyI0 CTpyKTypy. PesynpTaTel pacueTtoB mnpuBeneHsl B Tabmn. 14. Jlns HOBOrO
cunternyeckoro coequHeHnss KNaCu(SOs)2 m3onoBepxnoctr 3Hepruu Ein ObmM paccuuTaHbl

OTHENbHO Il Kamust W 1 Hatpusa. Kak BumHo w3 Tabn. 14, 3nauenuss Ewn sBistorcs
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OTHOCHTEJIFHO BBICOKMMH JJIsi OOJNBIIMHCTBA KAapKacHBIX Cyib(aToB Menu. OOMIENpHHATO, YTO
JUISL OCYILIECTBIICHUS MEPKOJISLIMA UOHOB IIEIOYHBIX METAJUIOB B MOJMAHUOHHBIX COEIUHEHMSIX
3HAYEHHUS SHEPIreTHYCCKUX OapbepoB He JOJDKHBI MpeBbiiath 1.6 3B (Adams, Prasada Rao, 2014;
Boivinetal.,2017). CnenoBarensHo, 3HaueHus Eth <1.6 5B MoOryT yka3sIiBaTh Ha MUTPaLlIO HOHOB
OpU pealH3aluy >JIEeKTPoXUMHUYeckoro nukia. K mpumepy, npoBeneHHble pacuersl Eih s
cysb(ara xenesa, IPUHAJIEKALIEr0 K CTPYKTYPHOMY THUITY aJUTFOOJINTa, PACCMAaTPUBAEMOI0 Kak
MHOrooOeraromuii 3aekTpoaasiii Mmatepuai (Lu et al., 2017) 1 BKIIOYEHHOTO B JaHHYIO paboTy
B KauecTBe OMopHOro marepuana (pedepenca), matot 3Hadenue 1.21 3B mus murpamun Na'.
AHaJIOTHYHbIE pacyeTsl I CTPYKTYypsl pomoOuueckoro KFe(SO4)F mokaseiBarot, uro monsl K*
HAuYMHAIOT MUTPUPOBaTh pH 0.65 5B, B 4TO XOPOIIIO COOTHOCHUTCS C OITy OJTMKOBAaHHBIMHU JAHHBIMA
00 00paTUMBIX CBOMCTBaX MHTEPKAJSIIUKU/ nenHTepKansuuu kaiaus (Recham et al., 2012).

Pacuersr just  cunTermueckoro coemuHenmss NaCu(SOs)F  mpuHammexamero K
CTPYKTYPHOMY THUILy TABOPHUTA C HAUBBICILIEH TEOPETUUECKON EMKOCTBIO CPEe/Id BCEX BHIOPAHHBIX
KapKacHBIX COEIMHEHUM, JEMOHCTPUPYIOT OYEHb BhICOKOE 3HaueHue Et, paBHoe 4.78 3B, uto
COOTBETCTBYET  JKCIIEPUMEHTAJbHO  IMOATBEPKICHHOW  MOJHOM  DJIEKTPOXUMHUYECKOM
HeakTuBHOCTH coenuHenus (Reynaud et al.,, 2012). BepositTHO, 3TO CBS3aHO C XapaKTepOM
KOOPIMHALMOHHOTO OKpYkeHHUs Na, KOTOpbIii HPOYHO CBA3aH 4eThipbMs atoMaMu O% 1 oHUM
atomoM F~ Ha HeGonbIoM paccTosnuu B 2.2 A.

HecMoTpst Ha BEICOKYIO OPUCTOCTH, Kapkac uzydenHoro Hamu coequaeHns KNaCu(SO4):2
MIOKa3bIBAET IUIOXYIO PACCUNTAHHYIO CIIOCOOHOCTH K MUTPAlliK HOHOB Kak it Na*, tak u st K*
(Puc. 27e,f). ®akTuyecku, pacCYMTAHHBIA BBICOKHIA SHepreTryeckuii 6apbep (Eih = 2.86 3B) ms
murparui Na* corsiacyercsi ¢ pe3ybTaTaMu 3JIEKTPOXUMHUUECKUX SKCIIEPUMEHTOB, TIPOBEIEHHBIX
¢ usocTpykrypHOi (azoit K2Cu(SO4)2. JlaHHble SKCIIEpUMEHTSI, IPOBeAeHHbIE s napsl Na*/Na,
BBISIBUJIM HU3KYIO €MKOCTB U OOIIYI0 CTPYKTYPHYIO HECTAaOUIBHOCTD B XO/I€ SJIEKTPOXHUMHUECKOTO
ukia (Zhou et al., 2020). Kak ormeuanocs B paznuene 3.3.2., Takas orpaHHYCHHAs CIOCOOHOCTh
K MUTpAIlM HMOHOB, BEPOSITHO, CBSi3aHA C <(OKECTKMM» KOOPIMHAIIMOHHBIM OKpY>KEHHEM
IeJT0YHBIX KaTHOHOB B CTpyKType KNaCu(SO4)2. CyMmma BaJeHTHBIX ycuiuid st atomoB K1 u
Na2, pacnofio’keHHBIX B OTKPBITHIX KaHallaX, MPeBBIIaeT 1 g.e., 4TO CBUIETEILCTBYET O CHIIBHOM
cBsi3u kaxoro u3 oo K u Na* co cBoum okpyxkenrnem. Huskoe 3HaueHHE CyMM BaJICHTHBIX
ycwinid ans atoma Nal, omucaHHOE BbILIE, BEPOSITHO, CBSI3aHO C ONPECIIEHHOM CTENEHBIO
JIeTIOKaIn3aliK, Kak otMeueHo Ha Puc. 27e,f. [ToHmkeHne B sHEpreTnvyeckoM Janamadre, rie
Eth <1.6 3B, orpannyeHo B 000MX HaIpaBICHHUSX BBICOKUMHU SHEPreTHUYECKUMHU Oapbepamu,
CO371aBa€MBbIMU OKPY>KAIOLIECH CTPYKTYPOH.

PacueTsl, BRITTOJTHEHHBIC 1151 H30CTPYKTYpHBIX Cs-, Rb-, K-comepskariero me3noauMuTa u

K-coneprkaiero KpUNTOXaJIbIMTA, IOKAa3bIBAIOT OTHOCHUTENIBHO HHU3KWE 3HaueHus Ew as
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nepkossiiun K. Huskoe 3nauenme Etn (Bcero 1.37 5B) mis murpamuun K* B neswomumure
(Puc. 37a), BeposATHO, cBA3aHO ¢ 3aMelienreM K* (nonnbii paguyc 1.38 A) Ha Gonbiume KaTHOHBI

Cs* u Rb* (nonnsie pamuycsl 1.67 u 1.52 A cooTBETCTBEHHO), YTO CIOCOOCTBYET PACIIMPEHHIO

IMyCTOT B KapKace, 6JIaFOHpH${TCTBy}OH_IeMy MUI'pAllUA NOHOB KaJluA.

2 3 45 6 7 8 9 10
Image
(c)

Puc. 37. Hanpasnenuss uonHoii mpooaumoctd s uoHoB K' B nesmomumure CSK[CusO(SOa)s],
MOJyYEHHBIE ¢ UCTONb30BaHneM MeTona BVEL; HecBs3aHHbIC M30MOBEPXHOCTH SHEPTHHA (TEMHO-CHHUI
IIBET) BAOJL HanpasieHus [ 100] HaHeceHs! corilacHo 3HaueHusM B 1.6 eV; cmemanno-3acenennblie (K, Cs,
Rb) mo3uiMy KaTHOHOB INEIOYHBIX METAUIOB OTMEUYECHBI PO3OBBIM I[BETOM (@); JBa CHMMETPUYHO
HEIKBUBAJICHTHBIX OJHOMEPHBIX TpajueHTa st Murpanud uoHoB B ctpykrype Ko[CusO(SO.)s] B0
Hampasieaus [ 100]; qaHHBIC TPAAUECHTHI, COSAMHSIIONINE MTO3UITNN KaTHOHOB K COCTOST U3 depe Ty IoIIIXCs
KPaCHBIX, CHHUX, 3€JICHBIX 1 XKeIThIX yacTei (D); mpodumm pacnpenenerus 31eKTpOHHOM MIIOTHOCTH BJOJb
JIAHHBIX TPAJMCHTOB, yKa3aHbl BMECTE C COOTBETCTBYIOIIMMHU (parMeHTamu kapkacoB Cu-SOs u
PacIoIOKEHBI B COOTBETCTBUH C MAKCUMAIBbHBIM SHEPTETHUSCKIM OapbepoM (C)

B kauecTBe TOMOIHUTEILHOTO METO/1a OBLIT TPOBEICH MMOMCK BO3MOXKHBIX ITyTEH MUTPAIUN
HWOHOB TI0 KOHKPETHBIM KPHCTAIOrpadUUYeCKUM HANpPAaBJICHUSM, COBMEIICHHBIH C OICHKOU
MHTPallMOHHBIX OapbepoB. [laHHas pabora ObLia BBHINOJHEHA C HMCHOJIB30BAHHEM IPOTPAMMBI
lonExplorer (https://github.com/angolov1990/IonExplorer), koTopas OCHOBaHA Ha aHAJIU3e
pacrpesiesieHnss 3JICKTPOHHOW IUIOTHOCTH B T.H. npoxpucmannax (Downs et al., 2002) —
UJICaTM3UPOBAHHBIX CTPYKTYPHBIX MOJENSAX. B pamMkax 3TOTO MOIXOAa TPACKTOPHS MUTPAIHU
KaTHOHOB  alllIPOKCUMHPYETCsT MyTsMH  (TPaJueHTaMH) C HAUMEHBIIUMH 3HAYCHHUSIMU
SJIEKTPOHHOM TUIOTHOCTH MEX/Ty Ha4aJbHBIM U KOHEYHBIM TOJIOKECHUSIMH MUTPUPYIOIIETO HOHA,
a B KauecTBe Oapbepa paccMaTpuBaeTCs MAaKCUMAIbHOE 3HAYCHUE SJICKTPOHHOH TNIOTHOCTH BJIOJIb
nyTH Murpanuu. B HemaBHO omyOsmkoBaHHOW pabote (Zolotarev et al., 2019) OGbuta mokaszaHa
XOPOIIIasi KOPPEJISIHUS 3TOTr0 MOX0/1a C pe3yJIbTaTaMK METOo1a yIpyroi snactuuHoi JeHTsl (NEB)
B pamkax Teopun (ynkiumonana miotHoctd [NEB (DFT), Nudged Elastic Band (Density
Functional Theory)].

I'pasueHThl MUTpallid ¥ KPUTUYECKUE TOYKU OINPEICISIINCH C MOMOIIBIO MPOrPaMMbI
Critic2 (Otero-de-la-Roza et al., 2009). B kadyectBe HcX0aHON HH(GOPMAIMKA HCIIOIH30BAINCH

SKCIICPUMCHTAJIBHBIC KpHCTannorpaq)qucxne JaHHBIC. MI/IFpaIlI/DI HOHOB MOZACINPOBAJIaChb B
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paMKax  OJIHOBAKAaHCHOHHOTO  TPBDKKOBOIO  MEXaHM3Ma. bBBUIM  paccMOTpEHBI  Bce
HEOKBUBAJIICHTHBIE 110 CHMMETPUH IIyTH MHUTPAIlMM MEXIY COCETHHUMH TMO3HIUSIMHU B
KPUCTANINYECKON cTpykType. Takum o0Opa3om ObUIM MOJSy4Y€HBI OJHOMEPHBIC, IByMEpHBIE U
TpeXMepHbIe KapThl MHUIPALlMd MOHOB C Hambosiee HU3KUMU OapbepaMu, U ObLIM IOCTPOEHBI
npouiIK AIIEKTPOHHON TUIOTHOCTH ISl IyTed Murpaiuu. TepMuH «image», NpUMEHEHHbIH Ha
rpadukax, UCroyib30Bajcs (M0 aHAJIOTUH C NPOPUIISIMU SHEPTUH, [TOJTydeHHbIMH MeTofoM NEB)
Ui 0003HAYeHMsI KOOpAMHAT TIpaJueHTa IyTH B INpo¢uie 3JIEKTPOHHOM IUIOTHOCTH. Jlnd
U30CTPYKTYPHBIX COEJMHEHUI — capaHYMHauTa ¥ €ro CHUHTETHYECKOro aHajora, a TaKkxke
KPUITOXANbLIUTA ¥ IE3UOJUMHUTAa — OBLIM PACCMOTPEHBI TOJIBKO CTPYKTYPHBIE MOJENH, B
KOTOPBIX MO3WIIMM TMOJHOCTHIO 3aHATHl KaKUM-JIAOO OJHUM INEIOYHBIM KAaTHOHOM, TO €CTh
Na2Cu(S0a4)2 u K2CusO(SO4)s. B ciayyae utenbMeHnTa ObLIA UCIIOIB30BaHa MOEIb HICATbHOTO
cocraBa Na2CuMg2(SOa4)a.

O6a noxxoxa — BVEL u aHanu3 351eKTpOHHON IUIOTHOCTHU B NMPOKPUCTAIUIAX — JAOT
comoctaBuMbie paccuntanHbie 3HaueHus st K- (Puc. 38a) u Na-comepkammx (Puc. 38b)
coequnaenuii (Tabn. 13 u 14). brura oOHapy)keHa XOpoIasi KOPPEISIHs MKy Pe3yIbTaTaMH,
HOJy4YeHHbBIMH o0enMu MeTtofaMmu. Camble HHM3KHE Oapbepbl MOHHOM MPOBOJUMOCTH Cpeau
U3y4eHHBIX CTpYKTyp Obutm momydeHsl s KoCus(SOs)s0, KFeSOsF u NazseFe1.72(SOa)s
(Tabn. 15 u 16). OgHomepHas kapta murparuu s coeaunenuss KFeSO4F coctout u3 aByx
CUMMETPHYHO HEIKBHBAJICHTHBIX, YEPEAYIOMIUXCS APYT 32 IPYyTroM ImyTei (0003HaUEHBI KPACHBIM
u cuauM Ha Puc. 39), pacnonokeHHBIX BIOIL OCH C. TpeTwit rpagueHT Murpamnuu (0003HaueH
xenTeiM Ha Puc. 39) nomosHseT KpacHBIN/CHMHUN, TE€M caMbIM YBEIHYMBAs Pa3MEPHOCTb
TPaJMEHTOB, B paMKaxX KOTOPHIX MOXXET IPOUCXOAWTh MHIpAIs, HO B JAHHOM cIyd4ae
OpenATCTByeT 3HauuTenbHbi Oaphep (Puc. 39b). Tlpodwmam 31eKTpOHHONW IUIOTHOCTH,
0003HaYEHHbIE KPACHBIM U CUHHUM I[B€TAMH, BJIOJIb COOTBETCTBYIOIIMX MyTEH MUTPALIMM UMEIOT
BeIYKIyI0 (opmy (Puc. 39b). Dro o3Hayaer, 4yTO KaTHOHBI, HAXOJSIIMECS B PAaBHOBECHOM
MOJIOKEHUN Ha KOHIAX ITyTH, MOJBEP>KEHBl B3aUMHOMY JJIEKTPOCTATUYECKOMY OTTAIKHBAHHUIO.
Takum o0pa3om, BBEJCHHWE BAKaHCHU HA OJHOM M3 KOHIIOB ITyTH MHTPAllMU MpPHBEIO OBl K
CMEILEHHUIO IIOJIOKEHHUs] PaBHOBECUS] KaTHOHA Ha IPOTUBOIOJIOKHYIO CTOpOHY. JlaHHBIE
pe3yJbTaThl M0 JKEJIE30COJACPXKAIIUM COEJAMHEHHSIM, B3STHIM B KadecTBE pe(depeHCHBIX,
COBIAJIAIOT C YK€ Oy OIMKOBAaHHBIMH KCTIEPUMEHTAIBHBIMU PE3YJIbTaTaMH, YTO JIOTIOJIHUTEIEHO
MOJTBEPKIAET MPUMEHHUMOCTD TaHHOTO METOJIa K COeTMHEHHSIM, PACCMOTPEHHBIM B HACTOSIIICH

paborte.
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Puc. 38. CpaBHeHHE MaKCHMANbHBIX 3HAUCHHWH BJIEKTPOHHOW IIOTHOCTU (p) BAOJIH TPAJUCHTOB H
HOPOTOBHIX 3HaueHui >Heprun (Em), paccunrannbix metogoM BVEL mis coemunennii, copepxamux K*
(@) u Na* (b), mokassiBaeT XOpOIIYIO KOPPENAIUIO MEXK/LY JAaHHBIMH TapaMeTpamMu

Hcnonw3ys manHbIii MeToa, ObUT OOHApYKeH HU3KHK Oapbep Murpauu noHoB s Cu-
COJIEpIKalller0 MUHEpalla — KpUNnToxajapuuTa. Ero kapkac conepKUT AB€ HEIKBUBAJIECHTHBIX 110
CUMMETPUHU CUCTEMBI KaHAJIOB, UAYILIUX BJIOJIb OCH @, B IIpe/ieiaX KOTOPhIX BO3MOKHA MUTpaLlUs
kaTroHoB (Puc. 37b). Cxema omHOMEpHON MHIpAIMd WOHOB COCTOMT M3 JBYX CHUMMETPUYHO
HE3aBUCUMBIX 4YacTed, KaxJas W3 KOTOPBIX BKIIOYAET JBa YEPEAYIOUIUXCS IyTH
(KpacHOTO/CHHET0 WM >KeNToro/3eneHoro 1BeToB Ha Puc. 37C). Ha ocHoBe pacmpeneneHus
AIIEKTPOHHOH TUIOTHOCTH OYEBUIHO, YTO TOJBKO KPACHBIN/CHHUN MyTh 00ECTIEYNBAET BHITOIHBIN

nyTh Ui MuTrpaimu noHoB (Puc. 37¢).

»

(&)

p (a.u.) x10*

01 2 3 4 5 6 7 8 9 10
Image
(b)
Puc. 39. Cxema TpexmepHo#i murpammu HoHOB B cTpykType K[FeSOsF], moctpoenmas c¢ yderom
HaWMEHBIIUX OapbepoB (@) W NPOQHIb paclpeneleHusl EKTpoHHO# mioTHOcTH (D) BMecTe ¢
COOTBETCTBYIOIIMMU (pparMeHTaMH KPUCTATITMYECKOH CTPYKTYPBI
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Image

(b)
Puc. 40. Cxema omHOMepHO# wmwurpaiuu uOoHOB B cTpykType Nazs[Fe17(SOs)s] (a) u mpodwuis
pacripesienieHdst  JeKTpoHHOW ruioTHoctH (D)  BMecTe ¢ COOTBETCTBYIOMMMH — (pparMeHTamu

KPUCTAJNINYECKON CTPYKTYPbI

Cxema MUrpallid C caMbIM HHM3KUM OapbepoM Oblia MOJyuyeHa Ui COEAMHEHUS
Naz.s6Fe1.72(SO4)3, ucnonb3oBaHHOrO B KauecTBe pedepeHca. OHa BKIIOYAET TPATUCHT TOJIBKO
OJTHOTO THIa Mexay no3unusMu Na3 (oO6o3nadena kpacHeiM Ha Puc. 40). I'pamueHTh MEXIy
atomamu Na2, a taxke mapamu Nal-Na3 u Nal-Na2 tpeOyroT ropa3ao 0osiee BBICOKOW dYHEPTUH
akTuBalMu. TakuMm oOpa3oM, TOJNBKO OJlHA TPETh BCEX aTOMOB Na B CTPYKTYpe y4acTBYET B
NEpPEHOCE 3aps/ia, YTO XOPOIIO COTIaCyeTCs C pe3yJIbTaTaMU dKCIIEPUMEHTAIIbHBIX UCCIEA0BAHUN
u pacuetoB BasnieHTHOCTeH cBsizu (BVS u DFT), onyOnnkoBanusiMu B HeaBHel padore (Wong et

al., 2015).

Ta6auna 15. be3BoaHbie KapkacHble Cynb(aThl MeIU M kKejie3a ¢ KaTHOHAMU Kajus, ¥ MaKCUMaJlbHbIE
3HAYEHUS DICKTPOHHOH IIOTHOCTH (p) BIOJb TPAJANEHTOB MUTPAIIUHI

Coennnenue [TeproanuHOCTH ['paguent p(a.u)x10*
1 0,1 4.054
2 0,1,23,5,4 20.843
K2[CusO(SO4)s] 0,1,2,3,5,4,9,8,18, 21,
3 20, 17, 27, 10, 29, 47.670
11, 26, 33, 24,32, 12
1 0,1 4.155
K[FeSO4F] 2 - -
3 0,12 7.397
1 0 6.753
K[CU30(SO4)2]C| 2 - -
3 0,21 37.352
1 3,0,2 7.400
Kz[CU3(SO4)4] 2 - -
3 3,0,21 10.769
1 0,12 12.558
KQ[CU(SO4)2] 2 - -
3 0,123 12.798
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Ta6auua 16. Be3soaHbie kKapKacHbIE CyNb(aThl MEAH U XKelle3a ¢ KATHOHAMHU HATPHs, ¥ MaKCUMAaJIbHbIC
3HAYEHWUSI DJIEKTPOHHOH IIOTHOCTH (p) BIIOJIb TPAIUEHTOB MUTPAIHH

CoenuHeHne [TepnognaHOCTH I'pamuent p(a.u.)x10*
1 1 9.872
Nazs[Fe1.7(SOa4)s] 2 1,0,3,2 20.301
3 1,0,3,2,4,59,7 65.832
1 14, 4,17, 22, 15, 10, 6, 2 12.312
14, 4,17, 22, 15, 10,
2 6, 2, 13, 39, 21, 18, 9, 15.907
Naz[Cu(SOa)2] 11, 16, 20, 57,0
14, 4,17, 22, 15, 10, 6,
3 2,13,39, 21,18, 9, 15.951
11, 16, 20,57,0,7
1 - -
Naz[CUMgz(SO4)4] 2 1,0,5 17.599
3 1,0,5,3 17.7445
1 1 31.051
Na[CuSO4F] 2 - -
3 1,0 33.386

Obcyoicoenue pe3yibmamos

B xonme manHOTrO uCciieoBaHUS OBUIO IMOKa3aHO, YTO COCAMHEHUS, COCTOSIINE U3
noam3gpoB CuOn u TetpasapoB SO4, ¢ nobaBieHueM miea04YHbIX KaTMOHOB Na u K (wim Ge3
TaKOBBIX) MOTYT 00pa30BBIBaTh pa3HOOOpa3Hble KapKaCHbIE CTPYKTYPHBIE apXUTEKTyphl. Takue
CTPYKTYpPBI MOTYT BBI3BIBAaTh MHTEPEC KaK MaTEPUANbI ISl SJCKTPOXUMHUECKUX MPUMEHEHUH, B
YaCTHOCTH, KOTJIa OHHU COJIEpKaT MIETOYHBIE KATHOHBI, CIOCOOHBIE MUTPHUPOBAThH Yepe3 KapKac,
HE Hapymias ero IeJIOCTHOCTH U CTa0WIbHOCTH. MHHEPAJOTHUECKUE UCCIICTOBAHHUS aKTHBHBIX
(dymapon BBIBHIM Haiuuue OOJBIIOrO YMClia HOBBIX MuHepanoB B cucremax Cu—-SOs (co
MICJIOYHBIMH METaJUIaMH W HMHBIMH 3JeMeHTamu). OnHako, eme He Bce M3 HUX HMEIOT
CHUHTETHYECKHE aHAJIOTH. BEposTHO, 3TO CBS3aHO CO 3HAYMTEILHBIM Pa3HOOOpazueM (QHU3UKO-
XUMHYECKUX YCIOBUH (yMapolr, B KOTOPBIX 00pa3yroTcsi JaHHbIE MUHEpaJIbl — HEKOTOPHIC M3
HHUX HE TakK MPOCTO BOCHPOM3BECTU B JabopaTropuu. K TakuM ycloBHSIM OTHOCSATCS, HalIpUMeED,
XUMHYECKHH CcocTaB (yMapoJIbHBIX Ta30B, NPUPOAAa BMEIIAIOUIMX IOpPOJ, TeMIepaTypa,
naBiieHue, GYTUTHBHOCTD KUCIIOPO/Ia, BIAXKHOCTD | T.J. DTH (PaKTOPHI YaCTO U3MEHSIOTCS JaKe B
HEOOJNIBIIIMX BPEMEHHBIX W MPOCTPAHCTBEHHBIX MacmiTabaxX, co37aBas, TakKUM o00pa3oM,
MHOXECTBO DPAa3JIMYHBIX JIOKAJbHBIX Bapuanuid. [IpuHMMas BO BHUMaHHE BO3MOKHBIE
AIIEKTPOXUMHUYECKHE TPUMEHEHHUs, CIEeAyeT MpPHU3HATh, YTO, Ja)Xe eCIU Obl TOAXOJAIINe
MUHEpasbl ObLIN HAWACHBI, @ YCIOBUS, IPU KOTOPHIX OHU 00pa30BaIUCh, OBLTH OBl U3BECTHBI U
MOIJIH OBl OBITH BOCIIPOM3BEICHBI B Ta0OPATOPHH, BEPOSATHO, TOTPEOOBATMCH ObI 3HAUUTEIILHBIC
UH)KEHEPHBIE M3BICKAHUS, NPEXKAE YEeM MOXHO ObUIO OBl pPAacCMOTPETh MPAKTHYECKOE

PUMEHEHUE.



94

Yro kacaeTcsi KPHCTAIUIOXUMHH, ONMPEACTICHUE CTPYKTYPBI IBYX HOBBIX CHHTETHYECKUX
COC/IMHCHUN B HM3YYCHHON CHCTEME TOKa3ano, 4T0 «ruOkue» momudapel CuOn JOBOJBHO
YYBCTBUTEIBFHBl K CBOEMY KOOPIWHAIIMOHHOMY OKpY)XEHHUIO, KOTOpOE€ B TaHHOM cllydae
IPE/ICTABICHO «KECTKUMM» TeTpasapamu SOa, a Takke Na mim K B nx 00bIYHON KOOpAMHAIINY.
B wurenbmenurononoorom coeauneHur KoCus3(SOs)sa Menp wMeeT dYeThIpe pa3indHbIX
KOOPJMHAIIMOHHBIX ToyM3apa, a B aHaimore capaHunHauta KNaCu(SOs)2 eauHCTBEHHBIH
ucKakeHHBIH okTasap Cu cBs3aH ¢ Terpadapamu SO4 Kak depes3 BEpILIMHBL, Tak M 4epe3 pedpa.
DTO CBUIETEIBCTBYET O BBICOKOH CTPYKTYPHOI rHOKOCTH paccMoTpeHHbIX cucteM Cu—SOs (co
IIEIOYHBIMU METAJIIAMH).

PaccMoTpeHune KapKacHBIX KPHCTAJUIMYECKUX CTPYKTYp B MUHEpajax U CHHTETUYCCKUX
COCIIMHEHUSX, HE COJEpKAIIUX MEeIOYHbIX KaTHoHOB (Tabm. 13) He ucKio4aeT BO3MOKHBIC
(Ile)MHTePKASAIMOHHBIE CBOMCTBA. DTO MOATBEPKIACTCS HEJABHUM OTKPBITHEM W ONMHCAHUEM
eme oxHoro (ymaponsHoro MuHepana — kopsikuta NaKMg2Al2(SO4)s (Siidra et al., 2020b), c
TOIOJIOTHEH Kapkaca, WACHTUYHON Muuto3eBuunuTy Al2(SO4)3 (Dahmen, Gruehn, 1993) wu
mukacauTy Fe®*2(SOs)3 (Christidis, Rentzeperis, 1976). 3amena yacTy TpeXBaJeHTHBIX KATHOHOB
B JJAHHBIX MHHEpajaX Ha JBYXBAJICHTHBIC PUIACT KApKaCy OTPULATESIBHBINA 3apsil ¥ TIO3BOJISIET
BKJIFOYATh IIEJIOYHbIE KATHOHBI B KaHAIbl KPUCTAJUIMUECKHX CTPYKTyp. Takoil MexaHusm
U3BECTEH KaK KOHIICIIIMS HAIOJIHSIEMbIX POU3BOIHBIX CTPYKTYP, U BIIEPBbIC ObUT MPEUIOKEH B
pabote Buerger (1954).

Taxoke Obu1a TpomeMoHCTpUpoBaHa dPdekTnBHOCTH MeToma BVEL mis mpenckazanus
CBOWCTB MUTPALlMH MOHOB LIEJIOYHBIX METAJUIOB B KaPKACHBIX CTPYKTypax. C MOMOILIBIO 3TOTO
NOAX0Ja OBUTH OIpPECNICHbl MOPOTOBBIC 3HAUCHHS SHEPTHU Ui OCYIICCTBICHHS MUTPAIUU.
Kpome Toro, ObLIO TMPOBEACHO MOJCTHUPOBAHHE KapT MHIPAllMM HOHOB IYTEM aHalu3a
pacripeniesieHus] 3JIeKTPOHHOW IUIOTHOCTH B TNPOKpUCTaiuiaX. [loka3aHa COTNIaCOBaHHOCTh H
B3aUMOJIOTIOJIHSIEMOCTh  O0OOMX HCIIOJB30BAHHBIX METOJ0B. M TOT W Jpyrodd BBISIBHIH
OTHOCHUTEJIBHO HHM3KHE Oapbepbl JUIsi MHUIPAIllMd MOHOB B CTPYKTYpax THIIA KPHIITOXaJIbIIUTA
(ue3noaumuTa). Ha OCHOBE 3TOr0, MOXKHO MPEIMOJIOKHUTh MPUTOJAHOCTh €r0 CTPYKTYpPhI JUIS

QJICKTPOXUMHYCCKUX HpHHO)KeHI/Iﬁ.
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3akiroueHue

BriepBbie BBINIOJIHEHA CEpUsl HKCIEPUMEHTOB MO TUApPATAMK W JETUApATAIMN psaa
AKCTASIIMOHHBIX BBICOKOTEMIICPATYPHBIX CYJIb()ATHBIX MHHEPAIOB. JKCIEPUMEHTHI 11O
THIpATallik HW3yYCHHBIX CyJb(paTOB BHOCAT BKJIQJ B AaKTHBHO pPa3BHBAIOIICECS
HAIpaBJCHUE 3BOJIIOIMH MHUHEPaIbHBIX cucTeM. [loka3aHo, 4To 0Opa3oBaHHE MHOTHX
THJIPATUPOBAHHBIX CYJIh(PATOB B aKTHBHBIX (pyMapoiax MUIAKOBBIX KOHYCOB BYJIKaHa
Tonbaumk CBS3aHO ¢ TUApaTalueil 3BXJIOPHHA U JPYTUX HAWOOJee pacipoCTPaHECHHBIX
HEPBUYHBIX MUHEPAJIOB, 00pa3ylommxcs u3 raza. Hekotopbie u3 oOHapyXeHHbIX (a3 He
OIMCaHbl MOKA B KauecTBe MHUHEpaioB. Tak, HampuMep, BEPOSTHO YCTAHOBJICHHE B
Ka4eCcTBE HOBBIX MHHEPAIBHBIX BUIOB K, Na-aHaoroB nmaHOXpouTa u KpEHKUTA.
BriepBrle  ycTaHOBJIGHA CHCTEMa BOJOPOJHBIX CBSI3e€ii B CTPYKType KaWHHUTA
KMg(SO04)CI-2.75H20, Bctpedarorierocsi BO BTOPUUHBIX (DyMapoJIbHBIX MUHEPAJIbHBIX
acconuaimax. MeToJaMu MopoIIKOBOM pEHTTeHOrpaduK U KOMILICKCHOTO TEPMHYECKOTO
aHaJM3a MCCIICIOBAHO BBICOKOTEMIIEPATYpHOE IOBEICHUE IaHHOTO MHHEpalla U ero
TpaHchopmalMs TpU  Tpoleccax JerHaparaiud. BrepBble HM3Y4YeH  XapakTep
TEPMHUYECKOTO PACUIMPEHUS CTPYKTYpbl KamHuTa. Ha OCHOBE HaHHBIX TEPMHYECKOTO
aHaJM3a TIOJyYeHO MOATBEPIKICHUE CYIIECTBOBAHHMS YACTUYHO JCTHIPATHPOBAHHOTO
anasora kanauta KMg(SO04)Cl1-(2+6)H20, 6 ~ 0.1.

CHUHTE3UPOBAHO M CTPYKTYPHO OXapaKTEPU30BAHO 12 HOBBIX CHHTETUYECKHUX AHAJIOTOB
oenoycoura A*Zn(SO4)X (A" = K, Rb, Cs, Tl, NH4*; X = ClI, Br, 1), o6pasyromux
MopdoTtpornHbiii psin. Hambosiee cuibHas nedopmaius CTPYKTYPhl M CKauKOOOpa3HOE
U3MEHCHHE MapaMeTPOB AJIEMEHTAPHOUN sueliku 3apeructpupoBansl st CSZn(SO4)l. B
pe3yJibTaTe 3KCIEPUMEHTOB TaKKe MojydeHbl HOBble coenuHeHus NasZn(S0:)2Clz u
Cs2Cd3(SOa)4, oTHOCSIIHECS K HOBBIM CTPYKTYPHBIM THIIAM.

[TonyyeHo 6 HOBBIX O€3BOIHBIX KaPKACHBIX CYJIb()ATOB MEJIU U IIEIOYHBIX METAILJIOB, 4 13
KOTOPBIX OTHOCSATCSI K HOBBIM CTPYKTypHBIM Tumam. I[loka3aHO 3HAYMTEIBHOEC
pa3Ho00pa3re KPUCTALIMYECKUX CTPYKTYP B CapaHYMHAMTOBOM MOP(OTPOIHOM psIy
A2Cu(SOa)2. ITo pesynpratam pacuetoB mertomamu BVEL wu procrystal mokasano, 4ro
HanboJiee IEPCIICKTUBHBIM CPEI O€3BOHBIX KApKACHBIX CYJIb(ATOB MEIH U MICTOYHBIX
METAJUIOB  JUI  AJIEKTPOXMMUYCCKMX MPUIOKCHUN SBISCTCS CTPYKTYPHBIA — THII

KpHUIITOXAJbLIUTA.
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IMpusoxenus

Ipunoxkenne 1. IkcnepuMeHTAIbHBIE TaHHBIE HccaenoBaHusi IBXJopuHa KNaCuzO(SO4)3

Inexkmponno-301006b1li MuKpoanau3. I10TyKOIMYECTBEHHBINH 3JIEKTPOHHO-30H I0BBII
MHKpPOAHAIIU3 MPOBOAMICS C HCIOJb30BAHUEM CKAaHUPYIOUIETO 3JICKTPOHHOIO MHKPOCKOIA
Hitachi S-3400N (ocHareHHOr0 SHEPro-aucepcHoHHbIM criekrpomerpom Oxford Instruments X-
Max 20) c¢ yckopstomuMm Hanpsbkenuem 20 kB, Tokom myuka 1.0 HA u Jauamerpom
pacdokycupoBanHoro myuka 15 Mxm. B kauectBe cranmaaptoB ucnonbs3oBaiuck: KCI (K), NaCl
(Na), CaSOs4 (S). Dmmupuueckas hopmyia (mo cpearaemy u3 10 ananu3os) B pacuere Ha O = 13

apfu — Ko.ssNa1.3253.00013. OcTanbHble 37IeMEHTBI HAXOIHIKCh HIKE Mpeieia 00HAPYKEHUSL.

Boicokomemnepamypnas nopouwikoeasa penmeenozpagpua. TepMuueckoe TIOBeICHUE
IBXJIOpMHA OBLJIO HM3YyY€HO C MOMOIINBI0 PEHTreHOBCKOro audpakromerpa Rigaku Ultima 1V
(CoKo-u3nyuenwue) u BeicokoTemmepaTypHoii kamepsl Rigaku HTA 1600. ITopomikoBslii oOpaserr
ObUI MPUTOTOBJIEH B BHJIE CYCIICH3UM Ha OCHOBE remntaHa ¥ nomeiieH Ha Pt—Rh moamoxky.
CheMKH MPOBOIMIIKCH B TeMIiepaTypHoM pexkume oT 25 °C 1o 625 °C ¢ marom 25 °C. [Tapamerpsl
DIIEMEHTAPHON SUEHKHU MPH Pa3IMYHBIX TeMIlepaTypax ObUIM yTOYHEHBI METOJOM HAUMEHBIINX
kBagpaToB. KoapuiueHTsl TeH30pa TEPMUYECKOTO paCIIMpEeHUs ObUIM OHpeeNeHbl ¢
UCIOJIb30BaHUEM JIMHEWHOW ammpokcumanuu B mporpaMMHoM komiuiekce ThetaToTensor

(Bubnova et al., 2013).

Penmezenocmpykmyphotii ananu3. Maccus dKCIIEpUMEHTaIbHBIX JAHHBIX JUJISl YTOUHEHUS
KPUCTANTUYECKON CTPYKTYpHI IBXJIOPHHA ObUI MOJYYEH Ha MOHOKPUCTAILHOM JU(PPAKTOMETpPE
Bruker SMART APEX II, ocHaménnom CCD-neTekTopoM U MUKPOPOKYCHON PEHTTCHOBCKOU
Tpy6Koit (MoKa uznyuenue, 50 kB, 0.6 MA). J111 MOHOKpUCTAIBHOTO SKCIIEPUMEHTA ObLT BBIOpaH
CBETJIO-3€JICHBIN MOJYIPO3payHbIi KpucTail 3BXaopuHa pazMepoM 0.18%0.10x0.12 mm. J[anHbIe
cobupanuck ¢ skcrosunueit 20 cek. uepes kaxapie 0.5° mo . [Ipouenypsr cObopa u 06paboTKU
JAHHBIX (MHTETPUPOBAHUS, BBEJCHUS IONMPABKMA Ha IMOTJIONICHUE, co3laHus (aiioB .INs)
NPOBOJIWINCH C HCIOJBb30BaHHWEM TNporpaMMHbIX nakeroB Bruker APEX2 u Bruker SAINT
(Bruker, 2014). Jlns yTo4HEHUS KPUCTALIMYECKOW CTPYKTYphl HMCIOJb30BaaCh Iporpamma

SHELXL (Sheldrick, 2015). Bce skcniepumeHnTansHble JaHHBIE MPUBEIEHBI B Tabnuax S1-S3.
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Ta6auna S1. Kpucramiorpaduueckue JaHHBIE M TApaMETPhl YTOYHEHHSI KPUCTATHYECKON CTPYKTYPBI
sxsopuna KNaCuzO(S0a)s

Kpucramiorpaguyeckue 1aHHbIe

CuHroHHs MOHOKJIHHHAS

[IpocTpancTBeHHas rpynmna C2/c

a(A) 18.131(15)

b (A) 9.386(8)

c(A) 14.353(12)

L) 113.217(12)

O6mem (A%) 2245(3)

Dpacs (T-cM ) 3.264

p(mm') 6.564

Pasmep kprcTamia (MM) 0.18x0.10x0.12
CoOop naHHBIX

Temneparypa (K) 296(2)

Usnydenue, JmuHa BoHbI (A) MoKa, 0.71073

F(000) 2131

Hnamazon 0 (°) 2.445-21.798

Bcero pedinexcos 6814

HesaBucumsbix pediexcos (Rint) 1338 (0.06)

Heszasucnmeix pediekcos ¢ F > 46(F) 1018
YTo4yHEeHHue CTPYKTYPbI

IMTapameTpsl BeCOBO# cxeMbI @, b 0.0743, 0.0
Ri[F > 40e], WR2[F > 40¢] 0.046, 0.069
R1, WR2 0.107,0.121
Goodness-of-fit 1.024

Pmax, Pmin (€ A°) 1.273, —0.765

Ta6auua S2. Hexotopsie amunb cBsiseii (A) B kpucTammmaeckoit ctpykrype ssxnopuna KNaCusO(SO4)3

Cul-02 1941(7) Al-O7 2.560(8) S1-0O4 1.435(8)
Cul-06 1.945(8) Al-O1l1 2.630(9) S1-05 1.465(8)
Cul-01 1952(7) Al-O8 2.731(9) S1-06 1.481(8)
Cul-O7 1.958(8) ALl-O6 2.764(8) S1-03 1.501(8)
A1-010 2.767(8) (S1-O) 1.471
Cu2-01 1.926(6) Al-O12 2.813(8)
Cu2-Ol11 1.964(7) ALl-O5 3.035(8) S2-08 1.434(8)
Cu2-03 1.978(8) (AL1-O) 2757  S2-09 1.476(8)
Cu2-05  2.020(8) $2-07 1.489(8)
Cu2-013 2.223(7) A2-04 2.242(9) S2-010 1.490(8)
A2-08 2.377(9) (S2-0) 1.472
Cu3-02 1.919(6) A2-03 2.454(9)
Cu3-014 1.941(7) A2-013 2.467(9) S3-012 1.467(8)
Cu3-010 2.004(8) A2-O14 2.541(9) S3-013 1.474(8)
Cu3-09 2.008(8) A2-O4 2.586(9) S3-O11 1.476(8)
Cu3-012 2.278(7) A2-0O9 2.955(9) S3-014 1.484(7)
(A2-0) 2517  (S3-0) 1.475

O1-Cu2 x2 1926(6) 02-Cu2 x2 1.919(6)
O1-Cul x2 1952(7) 02-Cu2 x2 1.941(7)
(O-Cu) 1939  (O-Cu) 1.930




Ta6amua S3. KoopuHATH aTOMOB U IIapaMeTphl TeroBoro cMerenus (A?) B kpucramimdeckoii crpykrype 3Bxiaopuna KNaCusO(SO4)3

Amom X Yy z Ueg U Uz, Uss Uz Uiz U
Cul  0.58428(8) 0.25372(14) 0.29486(10) 0.0251(4) 0.0379(10) 0.0171(8) 0.0249(8) 0.0012(6)  0.0174(7) 0.0002(6)
Cu2  0.48141(9) 0.98144(14) 0.34341(10) 0.0239(4) 0.0391(9) 0.0222(8) 0.0184(8) 0.0039(6)  0.0198(7)  0.0004(6)
Cu3  0.51600(9) 0.52368(14) 0.36100(10) 0.0239(4) 0.0375(9) 0.0216(8) 0.0194(8) —0.0050(6) 0.0186(7)  —0.0024(6)
S1  0.65719(19) 0.9683(3)  0.3684(2)  0.0258(8) 0.039(2)  0.0214(16) 0.0232(16) 0.0030(13) 0.0191(15) 0.0032(14)
S2 0.65666(18) 0.5413(3)  0.2914(2)  0.0247(7) 0.0327(19) 0.0212(16) 0.0245(17) 0.0018(13) 0.0160(14) —0.0009(14)
S3 0.49912(17) 0.7512(3)  0.51296(19) 0.0217(7) 0.0391(19) 0.0162(15) 0.0165(15) —0.0006(12) 0.0182(14) —0.0003(13)
Al*  0.6940(2)  0.2434(4)  0.6311(3)  0.0498(17) 0.034(3)  0.053(3)  0.064(3)  —0.0100(19) 0.0217(19) 0.0026(18)
A2** 0.6752(3)  0.7698(5)  0.5475(4)  0.039(2)  0.046(4)  0.037(3)  0.040(3)  0.008(2) 0.023(3)  0.006(2)
o1 % 0.1094(10) % 0.021(2)  0.036(7)  0.023(6) 0.004(5) O 0.008(5) O

02 % 0.3964(10) % 0.022(2)  0.035(7)  0.021(6) 0.010(5) O 0.009(5) O

03  05973(5) 0.9407(8)  0.4146(5)  0.031(2)  0.051(6)  0.033(5)  0.021(4)  0.005(4) 0.029(4)  0.002(4)
04  0.7306(4) 0.8970(8)  0.4288(6)  0.0290(19) 0.032(5)  0.027(5)  0.026(4)  0.003(4) 0.009(4)  0.006(4)
05  0.6252(5) 0.9174(8)  0.2621(5)  0.032(2)  0.050(6)  0.025(4)  0.025(4)  —0.003(4)  0.021(4)  0.010(4)
06  0.6704(4) 0.1223(8)  0.3691(6)  0.032(2)  0.037(5)  0.027(5)  0.032(5)  0.001(4) 0.013(4)  —0.004(4)
07  06714(5) 0.3874(8)  0.3109(6) 0.035(2)  0.040(5) 0.025(55)  0.042(5)  0.007(4) 0.020(4)  —0.003(4)
08  0.7314(5) 0.6104(8)  0.3084(6)  0.031(2)  0.043(5)  0.028(5)  0.029(5)  —0.003(4)  0.022(4)  —0.006(4)
09  0.6198(5) 0.5971(8)  0.3603(6)  0.034(2)  0.045(5)  0.034(5)  0.035(5) —0.011(4)  0.027(4)  —0.015(4)
010 0.6016(5) 0.5636(8)  0.1836(5)  0.0287(19) 0.040(5)  0.031(5)  0.020(4)  0.005(4) 0.018(4)  —0.005(4)
011  04541(5) 0.8521(7)  0.4326(6)  0.0291(19) 0.041(5)  0.021(4)  0.031(5)  0.010(4) 0.021(4)  0.007(4)
012  0.4401(4) 0.6755(8)  0.5422(5)  0.0262(18) 0.036(5)  0.019(4)  0.029(4)  0.004(3) 0.019(4)  —0.002(4)
013  0.5596(4)  0.8273(7)  0.5991(5)  0.0252(19) 0.037(5)  0.016(4)  0.030(5)  —0.004(3)  0.021(4)  —0.001(4)
014 05449(4)  0.6482(7)  0.4780(5) 0.027(2)  0.038(5)  0.021(4) 0.026(5) —0.016(3)  0.017(4)  —0.002(3)

* - 3acenenHOCTh No3uNUU Ko es3)Nao 35(3); ** - 3aceneHHOCTh mo3utuu Nap 9g3)Ko.02(3)-

LTT
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Hpnnomenne 2. 3KCl'lepI/IMEHTa.TII>HLIe JaHHbIE HCCJIeJ0BaAaHUA KauHUTAa

KMg(SO4)C1-2.75H20

O0pa3zer] kKauHUTa, U3YUYCHHBIM B paMKaxX HacCTOAIIEH paboThl, JOOBIT HA MECTOPOKICHUN
KaJUMiHONW coinu Bunbrenbmcxami, pacnojio)KEHHOM HENAIeKo OT ropoja XaiapOeplTanur,
Cakconns-Aunxanet, ['epmanms. /s wccinemoBanus OblTa HCHOJIB30BaHA YacTh KPYIMHOTO

(1.5%4x5 cm), mpo3pavqHOro, OECIBETHOTO, TAOJIMTUYATOTO KpUCTAJLIA.

DnekmpoHHO-30HO06bLI MUKpoaHaiu3. 110TyKOTUYECTBEHHBIN AJIEKTPOHHO-30HI0BBIH
MHUKpPOAHAJIU3 MPOBOAMICS C HMCIOJB30BAaHUEM PACTPOBOIO 3JIEKTPOHHOTO MHUKpockoma JXA
850A, ocnamenHoro sHeproaucrnepcioHHbIM crnekrpomerpoM LINK 1000. Hcnons3oBancs
pexxum EDS ¢ yckopstromum Hanpsixerrem 20 kB, Tokom myudka 2 HA U TUaMeTPOM ITydKa 5 MKM.
JlaHHbIC TIOKa3a/u Hajuuue B oOpasiie 3HaunTenbHbIX KoauuecTB K, Mg, S, Cl u O. Coxepxanue
JIPYTHX 3JIEMEHTOB C aTOMHBIM HOMEPOM BBIIIE, YeM Yy KHCIOPO/1a, HAXOMIOCh HUXKE TIPE/ICIIOB

0OHapy KCHHUS.

HUngppakpacnaa cnexkmpockonua. B xauecTBe [ONOJIHUTEIBHOTO METONA  JUIS
MOJTBEP)KJICHUSI JMAarHOCTUKM KaWHWTa Oblla IMPOBENEHO HCcieloBaHuEe o0pas3la METOAO0M
nHppakpacHoit cnekrpockonuu. MK-cnektp kanauta 6611 onydeH Ha UK-Dypwe ciektpomerpe
Bruker Vertex 70 B auanasone aiuH BoiH 3704000 cm ! (4 cm L, 32 ckanupoBanus). O6pasen
ObUT M3MENIbYCH, CMEIIaH C MpPeBAPUTENLHO HarpeThiM Opommaom kamus (Sigma-Aldrich,
>99.0%), m cmpeccoBaH B ¢opMme TaOJIeTKU. AHaJOrMYHas TaOiieTka dwcroro KBr

HCII0JB30BaJIaCh B KA4YCCTBC 3TAaJIOHA.

HK-cniektp obOpa3na KauHUTa MpeACTaBieH Ha puc. S1; OH MPAaKTUYECKH COBMANAET CO
crekTpoM, onucaHHbiM B pabore Chukanov (2014) mns oOpasiia KauHHTa W3 THIIOBOTO
MECTOHAXOXICHUSI. B CIeKTpe NpPUCYTCTBYIOT IOJIOCH, COOTBETCTBYIOIIUE KOJICOAHUSIM
Ccynb(haTHBIX TPYII U MOJEKyJ BOAbl. VX Tonosxkenus (B cM 1) M onucaHus ciefyrommue: 3473,
3352, 3252, 3125 [O-H konebanus pactsbkeHust Mosiekyst Boasl H20], 2200 [cMertieHne mpoToHa
OT MOJIEKYJIBI BOJIBI K CyJibpaTHOMY aHHOHY ¢ oOpazoBanueM HSO4 |, 1645 [konebanus n3ruda
mosekys H20], 1460 [Bo3MOKHO, KojeOaHus u3ruba mpuMecHsIx kKatnonoB NH4'], 1175, 1129
[va(F2) acummerpuunsle konedanus SO4> ], 1022 [vi(A1) cummerpuunsie konebanus SO4> ], 906,
790, 755 [nubparmonnsie Mmoasl H20 u OH], 643, 609, 575 [va(F2) SO4*7], 525, 467, 450, 414

[BanenTHbIe Konebanus Mg—0, v2(E) SO4*, a Taxske KoneOaHus PeIeTKH].
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Puc. S1. Undpaxpacusie (MK) criekTpbl H3yueHHOTO KanHUTa U3 BuiibrenpMcexaia (&) 1 KauHUTa U3 €ro
TUIIOBOTO MecToHaxoxneHus bpedenwva, TapTyH, xamumitHoe mectopoxkaenue llraccdypr, Cakconus-
Awuxanbt, I'epmanus (b) (Chukanov, 2014)

Penmeenocmpykmypuotii  ananu3.  llogxomsimmi 1 PEHTIEHOCTPYKTYPHOTO
UCCIIeIOBaHMS ()parMeHT KpHCTala KauHUTa OBUT OTOOPAH IO/ ONTHYECKHMM MHKPOCKOTIOM, U
3a()UKCHUPOBAaH Ha CTEKJISIHHOW WrJie. PEeHTreHOCTPYKTYpHBIM SKCIEPUMEHT TMPOBOJMICS C
ucnons3oBanueM nuppakromerpa XtaLAB  Synergy, ocHameHHOTOo MHKPOGOKYCHOMN
pentreHoBckoi Tpyoxoii (CuKa uznyuenue, 50 kB, 1.0 MA) B aTMocdepe a3oTa npu Temmneparype
100 K. Hannsie cobupanmck ¢ sxcnozunuerd 0.15-0.40 cek. (B COOTBETCTBHH C PacCYMTAHHON
crparerueit) yepe3 kaxaeie 0.5° mo «. JlaHHBIe OBUIM MPOMHTETPUPOBAHBI C TMOMOIIBIO
nporpammuoro naketa CrysAlisPro 1.171.41.103a (Rigaku OD, 2021), smnupuueckas rnomnpaska
Ha TOrJioleHne Obuta BBeldeHa ¢ ucmonb3oBanueM anroputMa SCALE3 ABSPACK. [lns
YTOYHEHUS] KPHUCTAILUTMUECKOW CTPYKTYphl Hcmonb3oBaiack nporpamma SHELXL (Sheldrick,
2015). Crpyktypa Opiia yrouneHa a0 Ri = 0.0229 na ocnoBe 3080 oTpakeHu#,

yIOBJIETBOPSIONIMX yca0BuUIO |[Fo| > 4cF. Bee skcnepuMenTanbHble JaHHbIE IPUBEICHBI B TAOIULIE

S4.
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Tadauma S4. Kpucramiorpaduieckue JaHHBIC W ITapaMeTPhl YTOUYHEHUS KPUCTAUTHIECKONH CTPYKTYPBI
kanauta KMg(SO4)Cl-2.75H.0

Kpucramnorpapuieckue 1aHnHble

CuHronus
[IpocTpaHcTBEeHHAS rpymIa
a(A)

b (A)

c(A)

B ()

O6wem (A%)

Dpacu (F/CM3)

p(vm )

Pasmep kpucramma (MM)

MoHoKINHHAs
C2/m
19.6742(2)
16.18240(10)
9.49140(10)
94.8840(10)
3010.86(5)
2.157

12.900
0.14%0.10x%0.05

Co6op 1aHHBIX

Temmepatypa (K)

Usnydenue, anuHa BoaHbl (A)
Juanazon 0 (°)

Bcero pedirekcos

Heszasucumeix pediexcos (Rint)
HesaBucumeix pedruexcos ¢ F > 4cF

100(2)

CuKa, 1.54184
3.542-76.954

12153

3169 (0.0263)

3080

YTo4uHeHHe CTPYKTYPbI

ITapameTpsl BECOBOIA cXeMBI @, b
KoaddummenT sxcTuHKITNN
Rl[F > 4G|:], WRz[F > 4G|:]

Rl, WR>

Goodness-of-fit

Pmax, Pmin (e A73)

0.0376, 3.7245
0.000140(18)

0.0230, 0.0652
0.0235, 0.0656
1.074

0.566, —0.638

Koopaunatsr atomoB K, Mg, S, Cl u O ayig ucxoqHo# CTpyKTYpHON MOJieIH ObUIN B3SITHI
u3 pabotel Robinson et al. (1972). Belau mpoBepeHsI BCE MOATPYIIILI TPOCTPAHCTBEHHOM TPYIIIBI
C2/m, HO HM OJiHA W3 HUX HE TPUBENA K JIyYIIHM, YeM TpPEJICTAaBICHHbIC B HACTOsIIEH padoTe,
pe3ylbTaTaM JIOKaIM3alli aTOMOB BoaopoAa. Bece aToMbl Bojopoja ompeneseHbl U3 aHamu3a
pasHocTHOro ®Myphe-CUHTE3a U YTOYHEHHI ¢ orpaHudeHusmu paccrosuuit O—H 1.00 = 0.005 A.
M30TporHbIe TapamMeTpbl CMEMICHUs JUIsi aTOMOB BOJIOpo/a ObUTH 3apUKCHpPOBaHBI Ha YPOBHE
0.065 A2, Paccrosans H1B...H5SB u H2B...H4B uMeroT 0OTHOCHTENBHO MAyIO JTHHY, B TO BpEMSI
KaK WX «IPUHYIUTENBHOE» Y/UIMHEHHWE U JOTOJHUTENbHAs (PUKCAIUS MPHUBOJAT K CHUIHHBIM
HCKa)KEHUSIM T€OMETPHH MOJIEKYJI Bo/ibl. HesHaunTenpHO O6onee Boicokoe 3HaueHune Ueq /U1 aToMa
kucioposia Ow7 cOOTBETCTBYIOMICH MOJICKYJIBI BOJIBI (TA0. S5) MOXKET OBITH OOBSICHEHO TEM, YTO

nannas monexyna (H20)° umeer «cBOGOIHBIN» XapakTep.



Taéauua S5. KoopauHATH! ¥ apaMeTpbl aTOMHBIX cMemeHnii (A2) HeBOIOPOIHBIX ATOMOB B KPHCTAILTHYECKOi cTpykType Kanunta KMg(SO4)Cl-2.75H,0

Amom X y Z Ueq U Uy Uss Uz Uis Uiz
KL  0.19146(2) % 0.41940(5) 0.00972(12) 0.0086(2)  0.0101(2)  0.0108(2) O 0.00303(18) O

K2  0.19274(2) 0 0.93944(5)  0.00870(11) 0.0079(2)  0.0091(2)  0.0094(2) O 0.00215(17) O

K3  0.19459(2) 0.30633(2) 0.84773(4) 0.01079(10) 0.00961(17) 0.01477(19) 0.00804(17) —0.00005(13) 0.00105(12) —0.00289(13)
Mgl 0 A v 0.0056(2)  0.0043(4)  0.0061(5)  0.0064(5) O 0.0011(4) O

Mg2 0 0 0 0.0060(2)  0.0052(5)  0.0063(5)  0.0066(5) O 0.0015(4) 0O

Mg3 Y Y v 0.00650(16) 0.0054(3)  0.0070(4)  0.0072(3)  0.0000(3) 0.0017(3)  0.0006(3)
Mg4 0.00014(2) 0.24850(3) 0.24822(5) 0.00590(13) 0.0051(3)  0.0074(3)  0.0053(3)  —0.0005(2)  0.0006(2)  0.0002(2)
s1 0.09713(2)  0.33123(2) 0.51696(4) 0.00498(10) 0.00396(18) 0.0060(2)  0.00497(19) 0.00014(13)  0.00056(13) 0.00030(13)
S2 -0.09851(2) 0.16750(2) —0.01353(4) 0.00515(10) 0.00431(18) 0.0062(2)  0.00502(19) 0.00004(13)  0.00069(13) 0.00003(13)
Cll  0212373) O 0.27354(6)  0.01229(13) 0.0153(3)  0.0112(3)  0.0105(3) O 0.0013(2) O

Cl2  0.13966(3) O 0.62304(6)  0.01103(12) 0.0102(2)  0.0109(3)  0.0121(3) O 0.00190(19) O

CI3  0.17902(2) 0.38978(3) 0.13560(4) 0.01358(11) 0.00884(18) 0.0162(2)  0.0160(2)  —0.00495(15) 0.00302(14) —0.00235(14)
O1  0.07142(5) 0.23267(7) 0.91539(12) 0.0081(2)  0.0075(5)  0.0086(5)  0.0079(5)  0.0012(4) ~0.0002(4)  0.0002(4)
02  0.07127(5) 0.26847(7) 0.41419(12) 0.0087(2)  0.0074(5)  0.0100(6)  0.0084(5)  —0.0017(4)  —0.0004(4)  0.0000(4)
O3  0.07516(6) 0.31213(7) 0.65747(12) 0.0087(2)  0.0081(5)  0.0121(6)  0.0063(5)  0.0009(4) 0.0023(4)  —0.0016(4)
O4  0.07351(6) 0.41410(7) 0.47141(12) 0.0084(2)  0.0077(5)  0.0077(5)  0.0102(5)  0.0017(4) 0.0022(4)  0.0022(4)
O5  0.07163(6) 0.08636(7) 0.96308(12) 0.0082(2)  0.0085(5)  0.0065(5)  0.0097(5)  —0.0015(4)  0.0020(4)  —0.0011(4)
06  0.07652(6) 0.18429(7) 0.15636(12) 0.0081(2)  0.0076(5)  0.0106(6)  0.0063(5)  —0.0010(4)  0.0018(4)  0.0013(4)
07  0.17258(5) 0.33261(7) 0.52621(12) 0.0074(2)  0.0049(5)  0.0072(5)  0.0100(5)  —0.0004(4)  0.0009(4)  0.0005(4)
08  0.17301(6) 0.16660(7) 0.01779(12) 0.0080(2)  0.0052(5)  0.0097(6)  0.0093(5)  0.0006(4) 0.0008(4)  0.0004(4)
Owl 0.04007(8) O 0.21913(17) 0.0095(3)  0.0095(7)  0.0113(8)  0.0079(7) O 0.0018(6) O

ow2 0.02095(8) % 0.71999(17) 0.0091(3)  0.0089(7)  0.0111(8)  0.0073(8) O 0.0008(6) O

Ow3 0.21256(6) 0.17391(7) 0.65194(13) 0.0124(2)  0.0120(6)  0.0111(6)  0.0145(6)  0.0033(5) 0.0032(4)  0.0001(4)
Ow4 0.02579(6) 0.35847(7) 0.14657(12) 0.0088(2)  0.0082(5)  0.0085(5)  0.0098(5)  —0.0004(4)  0.0019(4)  0.0000(4)
Ow5 0.01978(6) 0.13549(7) 0.64843(12) 0.0096(2)  0.0088(5)  0.0096(6)  0.0104(5)  —0.0002(4)  0.0013(4)  0.0020(4)
Ow6  0.19665(6) 0.18599(8) 0.34253(13) 0.0107(2)  0.0078(5)  0.0115(6)  0.0124(6)  —0.0030(5)  —0.0020(4)  0.0017(4)
Ow7  0.14690(10) ' 0.8420(2)  0.0434(7)  0.0126(9)  0.106(2) 0.0111(10) © -0.0012(8) O

T¢T
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Tabauna S6. Mexatomusle pacctosuus (A) B cTpykrype xaumauta KMg(SO4)Cl-2.75H,0

K1-04 x2 2.7850(12) Mgl-O4 x4 2.0406(11)
K1-07 x2 29270(11) Mgl-Ow2 x2 2.0936(16)

K1-CI3 x2 3.2225(6) (Mgl-O) 2.058
K1-Cl1 3.3369(7)

K1-CI2 3.3807(7) Mg2-O5 x4 2.0362(11)
(K1-0) 2.856 Mg2-Owl x2 2.1606(16)
(K1-Cly 3.291 (Mg2-0) 2.078

K2-05 x2 2.7877(12) Mg3-Ow6 x2 2.0350(12)
K2-08 x2 2.8321(12) Mg3-O7 x2 2.0575(11)

K2-CI2 3.0943(7) Mg3-Ow3 x2 2.0782(12)
K2-Cl1 3.1617(7) (Mg3-O) 2.057
K2-CI3 x2 3.2188(5)
(K2-0) 2.810 Mg4-01 2.0216(12)
(K2-Cl) 3.173 Mg4-02 2.0419(12)
Mg4-03 2.0692(12)
K3-01 2.8231(12) Mg4-06 2.0788(12)
K3-08 2.8312(12) Mg4-Ow4 2.1061(13)
K3-08 2.8355(11) Mgd—Ow5 2.1273(13)
K3-03 2.8405(12) (Mg4-O) 2.074
K3-Ow3 2.8778(13)
K3-Ow6 2.9176(13) S1-02 1.4688(12)
K3-07 3.0750(12) S1-03 1.4694(12)
K3-CI3 3.0864(5) S1-O4 1.4720(12)
K3-Ow7 3.2706(7) S1-07 1.4798(11)
(K3-0) 2.934 (S1-0) 1.473
(K3-Cl) 3.086
$2-08 1.4629(11)
$2-01 1.4762(12)
$2-05 1.4798(12)
S2-06 1.4828(11)
(S2-0) 1.475

Pacuemvl memooom pynxkyuonana nekmponnoii naomunocmu (DFT). DFT-pacyers
JUTSL CTPYKTYPBI KAWHUTA TIPOBOMIIMCH C MCTIOJIB30BAaHUEM METO/1a TIPOSKIIMOHHBIX JTOTIOTHEHHBIX
BonH (PAW), peanmn3oBaHHOTO B IICEeBIONMOTeHIManbHOM kome Vienna Ab initio Simulation
Package (VASP) (Kresse, Joubert, 1999; Kresse, Furthmiiller, 2017). bbuia nposeneHa
ONTUMU3ALMS CTPYKTYpPhl C OTPAHUYEHUSIMH, COXPAHSSI METPUKY DSJIEMEHTApHON sYelKu u
JIOTTYCKasl TMOJTHYI0 PeJIaKCaIlMio KOOPJAUHAT aTOMOB. JJisi JaHHOTO MpoIecca SKCIEPUMEHTAIBHO
YTOYHEHHasl CTPyKTypa Obula TpaHCGOPMHpOBaHAa B TMPOCTPAHCTBEHHYIO0 Tpymnmy Pl u
UCIIONb30BaHA B KauecTBE CTApTOBOM Mojaend. B pacyerax wucCmonb30Balcs OOMEHHO-
koppesionHbii pyHkiroHan SCAN tuna MetaGGA (Sun et al., 2015). DHeprus oTceuku Obl1a
ycranoBieHa Ha 500 5B, a mna auckperuszanuu 30HBI bpuiuio’Ha HCMOIB30BaIaCh raMma-
HCHTpHpOBaHHas K-ToueuHast ceTka 6x6x12. Kpurepuii CXOIUMOCTH JUIS TPOLEAYPHI OBLI

ycTaHoBJIeH Ha ypoBHe 5x10° M3B. ONTHMHU3MPOBAaHHBIE KOOPAMHATHI ATOMOB BOJOPOJA
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CPaBHMBAIOTCS C KOOpPAMHATAMH, TIOJYYEHHBIMH W3 PEHTTEHOBCKOTO JIUGPAKIMOHHOTO
9KCHEPUMEHTA, B Tabauie S7. BljIo 1OCTUTHYTO OYEHb XOPOIIEe COOTBETCTBUE MEXK/TY JTaHHBIMU
PEHTI€HOCTPYKTYPHOT0 3KcriepuMenTa U pacueramu DFT, uto moarsepxaaercs TeM (pakTom, 4To
paccyMTaHHBIC MOJIOKEHHUS aTOMOB BOAOPOJAA, KOTOPbIE BHOCAT HAMMEHBUIMH BKJIAJ B OOLIYIO
DHEPTUI0, OYEeHb OJIM3KO COBMNAIM C OKCHEPUMEHTAIBHBIMU. OJTOT (aKT TMOATBEP)KIACT
IIPaBUJIBHOCTH Halle monenu. He3HauurtensHele pasinuusa Mexay pesyiasratamMu XRD u DFT
MOYKHO OOBSICHUTh BIIMSHUEM TEMIIepaTypbl, TaK Kak HOMHHaibHas Temmeparypa juist DFT
pacueroB paBHa 0 K, a Ttemmeparypa, HCHOJb30BaHHAas M IPU PEHTITEHOCTPYKTYPHOM

’KcrepuMeHTe, cocraisuia 100 K.

Ta6auma S7. Koopaunatel mo3unuii H B KpUCTaINTMYECKOW CTPYKType KaWHHTA, ONPEICICHHBIE C
nomoisio XRD u pacyeroB no teopun ¢pynkunonana miotHocta (DFT)

Amom  Memoo X y Z

Hla XRD 0.0910(3) 0 0.231(5)
DFT 0.106293 0 0.292659

H1lb XRD 0.014(2) 0 0.305(3)
DFT 0.014811 0 0.342652

H2a XRD 0.0706(6) Y 0.753(5)
DFT 0.078463 Ya 0.756077

H2b XRD 0.000(2) ) 0.812(2)
DFT 0.003230 Y 0.791945

H3a XRD  02469(12) 0.150(2)  0.724(3)
DFT 0247731  0.153191  0.728678
H3b XRD  0.1823(14) 0.1249(13) 0.634(4)
DFT  0.182785  0.127073  0.631840
Hda XRD  00758(4)  0.365(2)  0.140(4)
DFT  0.074493  0.358552  0.130331
Hab XRD  0.0040(16) 0.4039(15) 0.198(3)
DFT  0.004551  0.408167  0.201796
Hsa XRD  0.0646(9)  0.1068(19) 0.651(4)
DFT 0065711  0.100932  0.676725
Hsb  XRD  —0.0084(15) 0.0939(16) 0.695(3)
DFT  -0.013175 0.089448  0.663211
Héa XRD  0.2006(17) 0.1254(5) 0.327(3)
DFT  0.204667  0.124282  0.332483
Hé6b XRD  0.1528(9)  0.205(2)  0.293(3)
DFT  0.152895  0.195330  0.290814

H7a XRD  0.1921(11) % 0.801(5)
DFT  0.195882 % 0.809462

H7b XRD  0.149(2) A 0.9473(7)
DFT  0.155806 % 0.949561

Hu3sko- u eblcokomemnepamypHas RnoOpouwikoeas penmezenozpagus. JlaHHbIC
TIOPOIIKOBON peHTreHorpaguu ObUTM TOJYYECHBI C HCIONb30BaHHeM audpakTomerpa Rigaku
Ultima IV, ocnamennoro yuaeriHbiM PSD netextopom (kamepa Rigaku R-300, CuKa-uznydenue
it muanaszoHa remreparyp —150 °C...50 °C u xamepa Rigaku HTA 1600, CoKa-u3mydenue as

nuarnazona 50C...600 °C). O6paszenr ObuT1 u3MenbueH, mnepeHeceH Ha Pt-Rh nmepxkarens wu
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3aukcupoBaH C HWCHOJB30BaHWEM rentaHa. CkopocTh HarpeBa cocTaBisuia 2 °C/MuH.
PentrenodasoBplii aHaIu3 MPOBOJAMWICS C UCIIONBb30BaHueM 0a3bl qaHHBIX PDF-2 (2020), a Taxke
nporpamMmmubix komriekcoB PDXL (Rigaku, 2016) u TOPAS V.5.0 (Bruker, 2014). TemnoBoe
pacupeHre KauHHWTa pacCYMTHIBAIIOCH C UCHoib3oBaHMeM mporpamMmel Theta-To-Tensor
(Bubnova et al., 2013). [TockonbKy B pa3HbIX TEMIIEPATYPHBIX HHTEpBAJaX HCIIOJIb30BAIHChH
pasiuyHbIe JJIUHBI BOJIH, TO PE3yJIbTaThl PeACTaBIeHb! B BUe 3apucumocty I ot d 1 (A™).
Tepmuueckuii ananuz u macc-cnekmpockonusa. TepMmuueckrue npeodpazoBaHusl KAUHUTA
TaKKe M3ydanuch ¢ ucnonb3oBanueMm aHanuzatopa NETZSCH STA 429 CD ¢ npumeHeHHeM
nepxkatens TG+DSC u tepmomnap Pt/Pt-Rh (tun S). HarpeB npoBoauics B auama3one ot 35 10
600 °C, a oxmaxaenue — oT 550 mo 200 °C co ckopocthio 10 °C/mun B moTtoke Bo3zmyxa (50
mi/mMuH). O6paser; Obl1 U3MeNbUeH U crpeccoBaH B TabneTku (1 xrc/mMm?). M3HauaneHBIH Bec
oOpa3ua cocraBisan 25.23 mr. TabneTka Oblia MOMENIEHA B OTKPBITHIA alyHJOBBIM THUTENb.
Hannpie TI' (%) u JCK (MBt1/™Mr) perucrpupoBaiucs ogHoBpemeHHo. OOpasern; Obul

cdororpaduposan in Situ 10 1 MOCIIE IUKIIa HATPEBAHUS/OXJTAXK ICHUSI.

IIpuaoxenne 3. CuHTe3 M  PEHTTEHOCTPYKTYPHbIe  HCCJEJOBAaHUS  HOBBIX

MHUHEPAJIONOA00HbIX 0€3BOJAHBIX CYJIb(aToB

3.1. CuHTe3 W PEHTreHOCTPYKTYPHBI AaHAJIM3 HOBBIX CO€JUHEHHMH, CTPYKTYpPHO
poacTBeHHbIX 0eoycoButy A*Zn(SO4)X (A" = K, Rb, Cs, Tl, NH4*; X = Cl, Br, 1), a Tak:ke
NasZn(S04)2Cl; u Cs2Cd3(SO4)4 (M0GOUHBIX MPOAYKTOB, MOJIYYEHHBIX B TaHHBIX CHCTEMAX)

Cunmes. JIisi TOMyYeHHUs] CUHTETUYECKUX aHAJIOTOB OEJI0yCOBMTAa B paMKax JaHHOU
paboThl ObUIM HCTOJB30BaHBI JIBE pa3iMuHble METOAUKU. [IepBbIM MeToIOM OBLT CHHTE3 U3
pacmiiaBa, MPOBENCHHBIM B cOOTBeTCTBHM C paboToii Bosson (1976). B kauecTBe HMCXOIHBIX
PEaKTUBOB OBLIH B3SATHI TaJIOTCHUJIBI IIETOYHBIX METAIIOB (ITPEIBAPUTEIILHO MPOCYIICHHBIE TIPH
150 °C B Teuenue 1-2 4acoB), a TakkKe TaJOTCHUABI TAUIAS, W OC3BOJHBIN Cylb(haT IIHHKA
(mpocymennbii ipu 450 °C B TeueHue 3—4 4acoB) B MOJIIpHOM cooTHomeHuu 1:1 (2—3 mmonb
Ka)K7I0T0), IepEMEIIaHbl, U3METbYCHBI U TOMEIIEHBI B KBapIeBble TPYOKHU. JlaHHbIe TpyOKH ObLIH
BaKyyMHpOBaHBI (B ycioBusx MemieHHoro HarpeBa mo 100-150 °C (kpome Tl-comeprkammx
00pa3IIoB M3-3a BEICOKOH stetydectr TIX)), 0 IOCTHKEHHS 0CTATOYHOTO AaBieHns B (2.5-3)1072
MM pT. CT., M 3aT€M TepMeTHYHO 3amnasHbl. [lomyueHHBIe KBapleBble aMIlyJbl (MMEIOIIUe
BHYTPEHHUH quameTp 6 MM, U JuinHy — 150 MM) OBbLIT TOMEIIEHBI B TOPU30HTAIBHYIO TPyOUaTyIO
My (EIbHYIO TIeYb TAKHM 00pa3oM, 4TOOBI «XOJIOIHBIIN» KOHEI] TPYOKH CJIeTKa BBICTYIIAN HAPYKY
JUIs. KOHJIEHCAllMU OCTAaTKOB BOJBI M JIPYyTUX JeTy4yux BemiectB. HarpeB mpoBommiics no 525—

550 °C (co ckopoctrio 50 °C/uac), ¢ BeIIEPKKON MPU JaHHOK Temreparype B TeueHue 48—60 u.



125

3arem meub oxnaxnamu jgo 300 °C B Tewenme 60 u, mocie 4ero BBIKIOYAIHA. B mpobax,
coaepxanux NaBr, Nal, KI u TII, cymecTBeHHbIe KOJIUYECTBA KPUCTANIMYECKOTO CyOImMmara
KOHJCHCUPOBAIIUCH B «XOJIOAHO» YacTh TpyOoK. CyOIruMaThl OBICTPO pa3iaraiuch Ha OTKPHITOM
BO3JyX€ M, CKOpee BCEro, ObUIM MpeICTaBICHBbl OE3BOMHBIMH TajloreHuAamu ZnXz. JlaHHBIM
METOJIOM ObLjIa MOJIy4eHa OOJbINast 4YacTh CyIb(aT-TaJOreHUIOB [IMHKA U IIETOYHBIX METAJUIOB
(v Tannus).

TecToBbie s3KcriepuMeHThI, TipoBeaeHHbIe ¢ MgSO4, CdSO4 u CoSO4, Takke HE MPUBEITH K
nonydeHuto aHanoroB oOemnoycoButa. Peakmmst KCl u CoSOs4 mana TeMHO-CHHHE KPHUCTAILIBI
K2CoCls u po3oBbie kpucTauibl KoOaimbTOBOro aHamora janroernuta K2Co02(SO4)s. [lpu
B3aumozeiicteun KCl u MgSO4 (npu pa3nuuHbIX TeMIieparypax) ObUIM MOJIY4YeHbl KpyIHbIE
KpHCTa/UTbl cuHTeTHYecKoro nanroeiHuta K2Mg2(SOa)s. IIponykrom peaknuu CsCl u CdSOs,
cTai HOBbIW 0e3BOIHbIN cyibhaT, Cs2Cd3(SO4)4, KOTOPBIN ONMKCaH B paMKax HACTOSIICH pabOTHI.
DKCTIEpUMEHT, UMUTUPYIOIIUI IPUPOIHBIE YCIOBUS 00pa3oBaHus OEIOYCOBUTA, OBLI MPOBEICH
it ero npsimoro cuHTeTHueckoro aHaimora — KZn(SO4)Cl. Cmecy KCl u ZnSO4-7H20 B
cooTHomeHuu 1:1 Obuta U3MenbueHa, nomenieHa B GpaphopoByro J0I0UYKY BHYTPU KBapLEBOU
amMmynel U Oblma Harpera B TpyOuaroit mydensHoit meun mo 550 °C B moToke BO3ayXa,
MPOIYLIEHHOTO Yepe3 €MKOCTh ¢ KOHIIEHTPUPOBAHHOM COJISTHOM KucioTo. COrjiacHO JaHHBIM
MOPOILIKOBOM peHTreHorpaduu, MojgydyeHHas TakuM crocoOoMm mpoba Oblia NpeacTaBiieHa B
ocHoBHOM uncTeiM KZn(SO4)CL, u coneprxkana muib 3—5 % npumeceii.

Jlyis mony4yeHus: aMMOHHIA-COIepKAIINX aHAJIOTOB OelI0ycoBHUTa ObLT MPUMEHEH WHOM
METOJI CUHTE3a — cHHTe3 U3 pactBopoB. Cmech A'X™ (rme A" = NHs"; X° = CI/Br/l) u
ZnS04-7H20, B3aTHIX B MOJIsIpHOM cooTHOmeHuH 1:1 (110 10 MMoITB Kax10r0), OblJIa paCTBOPEHA
B 5-10 M3 AMCTWIMPOBAHHON BOJBI M BHIIApEHAa HA MApoBOM OaHe BIUIOTH JO Hadala
KPUCTATM3AIMd M YMEHBIICHHs] KoNu4ecTBa JKuAkou (asel 1o ~1 mu. OOpaszoBaBmiuecs
KPUCTAILIBI OBLTU OTJIEIICHBI C MOMOIIBI0 HEOOJBIIOTO CTEKIsSHHOrO (uibrpa. Kak mpasuio,
MATOYHBIM PACTBOpP 3aCTBIBAJ IMPH OXJAXKJICHUU C OOpa30BaHHWEM pa3UIHBIX THIPAToB. C
MOMOIIBI0 3TOTO TMOJXO0Ja OBUIM TMOJYYEeHBI JIBa HOBBIX AMMOHMUHBIX MPEICTABUTENS —
NH4Zn(SO4)Cl u NH4Zn(SO4)Br.

[lpu skcnepumentax ¢ Na' Bmecto oxumaemoro NaZn(SO4)Cl ObuTo MONYYEHO
XHMHYECKU U CTPYKTYpHO HHOe coeanHeHue NasZn(SO4)2Cl2. B3anmoneiicteue CsCl u CdSOa
TaKXe Jalio He 0eI0yCOBUTO-II0I00HOE coequHeHne, a HOBbIH cynbhaT Cs2Cd3(SO4)a.

Penmeenocmpykmypuotii  ananu3.  llopxopsdmue 1 PEHTIEHOCTPYKTYPHOTO
UCCJICIOBAHMS KPHUCTAJUTBI HUCCIICTYEMBIX COCAMHCHHA OBUTM OTOOpPAHBI TIOJ ONTHYECKUM
MUKPOCKOIIOM, 1 3a(pUKCUPOBAHbI HA CTEKJITHHBIX UTJIaX. PEHTT€HOCTPYKTYpHBIE SKCIIEPUMEHTHI

JUI BCEX U3yUeHHbIX coennHeHuH (kpome NHa-coneprkaiiux) npoBOAMINCE HA JUPPAKTOMETPE
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Bruker APEX-Il CCD, ocHamieHHOM MHKPO(QOKYCHON PEHTTEHOBCKON TPyOKOW (HM3ITyueHHEe
MoKa), ipu 50 kB u 0.6 MA. Coop u 00padoTka qudpakIMOHHBIX TaHHBIX (MHTETPUPOBAHHE,
BBEJICHUE TIONPABKK Ha TOTJIONICHWE W T.J.) MPOBOAMINCH C HCIIOJIb30BAHHEM MPOTPAMMHBIX
naketoB Bruker APEX2 u Bruker SAINT (Bruker, 2014). Jlns yTOYHEHUS KPUCTAJLTHYCCKOU
CTPYKTYPBI HCIOJb30Basicst kominieke nmporpamm SHELXL (Sheldrick, 2015).

Haunnsre s (NH4)Zn(SO4)Cl u (NH4)Zn(SO4)Br 6bum nonydens! Ha qudpakToMerpax
SuperNova u XtaLAB Synergy, cootBercTBeHHO, B atMochepe N2 mpu temmneparype 100 K.
JlaHHBIE OBUTH TPOMHTETPUPOBAHEI ¢ ToMoIIbi0 mporpammuoro nakera CrysAlisPro (Rigaku OD,
2021), BBeZieHHE SMIIUPUYECKON TIONIPABKH HA TMOTJIONMIEHUE OBUIO MPOBECHO C UCIOIB30BAHUEM
anroputma SCALE3 ABSPACK. B tadbmumax S10-S21 npuBeneHsI pe3yibTaThl pacueTa Oajianca
BAJICHTHBIX YCHIIUH, POBEJCHHOTO C UCIOJIb30BAHUEM TApAMETPOB, OIyOJIMKOBAHHBIX B paboTe

Gagné, Hawthorne (2015).



Ta6auna S8. Kpucrammorpadudeckue JaHHBIE U TapaMeTPhI YTOUHEHHS KpUCTaLTHUecKuX cTpykTyp KZn(SO4)Cl, KZn(SO4)Br, (NH4)Zn(S0.)CI, (NH4)Zn(SO4)Br,
RbZn(SO4)Cl u RbZn(SO4)Br

KZn(SO,4)CI KZn(SO4)Br (NH4)Zn(SO4)Cl  (NH4)Zn(SO4)Br  RbZn(SO.)CI RbZn(SO4)Br

Kpucrauiorpagpuieckue 1aHHbIe

CHUHroHus MonoknuHHas

[IpoctpancTBeHHas rpymmna P2i/c

a(A) 6.9324(16) 7.0420(5) 7.2019(3) 7.3255(2) 7.2692(5) 7.3573(1)

b (A) 9.606(2) 9.7207(7) 9.5479(4) 9.6732(3) 9.6261(7) 9.7091(2)

c(A) 8.2227(19) 8.4233(6) 8.2214(4) 8.5038(3) 8.3178(6) 8.5753(2)

L) 96.524(5) 98.201(2) 95.107(4) 97.505(3) 95.524(2) 97.820(1)

O6mem (A%) 544.0(2) 570.71(7) 563.08(4) 597.43(3) 579.33(7) 606.86(2)

Dypaca (/M) 2.881 3.264 2.535 2.884 3.237 3.577

n(mm ) 6.07 12.32 5.13 16.37 13.33 18.87

Pasmep kpucramia (Mm) 0.04x0.03x0.03  0.02x0.02x0.01  0.07x0.05x0.04 0.06x0.04x0.03 0.04x0.02x0.01  0.03x0.02x0.02
Coop 1aHHBIX

Temmnepatypa (K) 296(2) 100(2) 296(2)

Uznyuenue, pmuHa BonHI (A) MoKa, 0.71073 CuKa, 1.54184 MoKa, 0.71073

Juamazon 6 (°) 2.958-26.669 3.219-28.000 3.277-27.949 6.093-76.464 2.815-33.775 2.795-27.986

Bcero peduiekcon 3581 5382 2619 3475 7838 7200

HesaBucumbix peduiekcos (Rint) 1060 (0.029) 1369 (0.036) 1289 (0.061) 1201 (0.026) 2304 (0.028) 1445 (0.020)

HezaBucumsbix pediexcos ¢ F > 46F 859 1155 1140 1076 1805 1386

YTo4HEHHE CTPYKTYPbI

ITapameTpbl BECOBOI cxeMsr &, b
KoadduiueHT S3KCTUHKITUU
Rl[F > 4G|:], WRZ[F > 4(S|:]

Rl, WR>

Goodness-of-fit

Apmax, Apmin (e A%)

0.0207, 0.9404

0.0278, 0.0555
0.0413, 0.0598
1.022

0.48, —0.55

0.0215, 0.5503
0.0018(5)
0.0250, 0.0558
0.0340, 0.0599
1.080

0.54, —0.98

0.0601, 0.1923

0.0413, 0.1078
0.0461, 0.1166
1.054

1.04, -1.25

0.0415, 0.4323

0.0258, 0.0690
0.0296, 0.0709
1.093

0.64, —0.81

0.0225, 0.2243

0.0259, 0.0518
0.0409, 0.0572
1.028

0.62, —0.58

0.0089, 0.9826
0.0055(4)
0.0174, 0.0387
0.0184, 0.0391
1.139

0.66, —0.54

LZT



Ta6auna S9. Kpucramnorpaduueckne AaHHBbIC M MapaMeTphl YTOUHEHHs KpUcTamanueckux cTpyktyp RDZNn(SO.)l, TIZn(SO.4)Cl, TIZn(SO.)Br, CsZn(SO4)Cl,
CsZn(SO4)Br u CsZn(SO4)I

Koaddurment akCTHHKITIH
Rl[F > 4G|:], WRz[F > 4(S|:]
Rl, WR>

Goodness-of-fit

Apmax, Apmin (e A_3)

0.0327, 0.0605
0.0488, 0.0633
0.853

1.81, -1.82

0.0454, 0.0693
0.0751, 0.0769
1.053

1.56, —1.17

0.0311, 0.0466
0.0478, 0.0505
1.044

0.88, —-1.18

0.0271, 0.0488
0.0467, 0.0535
1.023

0.83, -1.11

0.0246, 0.0405
0.0392, 0.0442
1.025

0.80, -0.75

RbZn(SO4)I TIZn(SO4)CI TIZn(SO4)Br CsZn(S0,)CI CsZn(S0O4)Br CsZn(SOu)I

Kpucramanorpapuyeckue JaHHbIe

Cunronus MoHoknHHas

[IpocTpaHcTBEeHHAs rpynna P2./c

a(A) 7.5036(10) 7.341(2) 7.3746(12) 7.6854(5) 7.7892(7) 9.449(3)

b (A) 9.8981(13) 9.622(3) 9.7060(16) 9.6794(7) 9.791(1) 8.311(2)

c(A) 8.8015(12) 8.1632(16) 8.3810(12) 8.4492(6) 8.7355(8) 9.393(2)

5 (©) 99.175(4) 94.012(10) 96.370(6) 95.303(1) 97.290(2) 96.982(13)

O6nem (A®) 645.34(15) 575.2(3) 596.19(16) 625.85(8) 660.82(11) 732.2(4)

Dpacs (T/cm®) 3.847 4.634 4.966 3.500 3.762 3.821

n(mm ) 16.33 32.90 37.99 10.34 15.44 12.69

Pasmep kpucraiia (Mm) 0.06x0.04x0.03 0.04x0.04x0.02 0.06x0.05x0.03 0.08x0.06x0.03 0.05x0.04%0.03 0.06x0.04x0.03
COop 1aHHBIX

Temmnepatypa (K) 296(2)

Uznyuenue, anuHa BonHbI (A) MoKa, 0.71073

JuamnazoH 0 (°) 2.750-33.866 2.782-27.992 2.779-27.988 2.662-34.691 2.636-31.682 2.171-27.994

Bcero pediexcos 9981 3675 10308 9324 7969 5357

HesaBucumbix pediiekcoB (Rint) 2602 (0.090) 1362 (0.050) 1429 (0.065) 2704 (0.033) 2241 (0.025) 1742 (0.031)

Hezasucumebix peduekcos ¢ F > 46F 1829 962 1134 2000 1779 1517
YTouHeHHE CTPYKTYPBbI

ITapameTpbl BecoBO# cxeMsr &, b 0.0174, - 0.0200, 4.2191 0.0138, 1.7843 0.0197, 0.0507 0.0136, 0.6083 0.0477, 2.9558

0.0355, 0.0885
0.0415, 0.0926
1.050

1.39, -1.69

8¢l
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Tadauma S10. [TapameTpsl JOKaTBHOTO OanaHca BAJICHTHBIX YCHIIMH IS KPUCTAJUTHUECKOW CTPYKTYPBI

KZn(SO4)CI
01 02 03 04 cll >
Znl 0.51 0.46 0.48 0.62 2.07
S1 1.47 1.47 1.47 1.67 6.08
K1 0.09 0.10 0.12 0.17 0.14 1.02
0.16 0.13
0.11
> 2.07 2.03 2.07 2.00 1.00
Ta6auna S11. [TapameTphl JOKanbHOTO OajaHca BaJCHTHBIX YCHWIINH JUIS KPUCTAIUIMYECKOH CTPYKTYpBI
KZn(SO4)Br
01 02 03 04 Brl >
Znl 0.49 0.44 0.48 0.63 2.04
S1 1.46 1.46 1.45 1.65 6.02
K1 0.10 0.09 0.13 0.18 0.14 1.07
0.03 0.16 0.13
0.11
> 2.08 1.99 2.06 1.99 1.01
Ta6auua S12. [NapaMeTpbl JIOKAJIBHOTO OanaHca BAJICHTHBIX YCHIIMH IS KPUCTALIMUECKON CTPYKTYPBI
RbZn(SO4)CI
01 02 03 04 Cl1 >
Znl 0.51 0.47 0.48 0.61 2.07
S1 1.46 1.45 1.48 1.65 6.04
Rb1 0.10 0.10 0.11 0.15 0.16 1.06
0.13 0.15
0.03 0.13
> 2.07 2.02 2.07 1.96 1.05
Ta6manma S13. [lapameTpsl JIOKAIBHOTO OanaHca BAJICHTHBIX YCHIMH JUIS KPUCTAILTMYECKON CTPYKTYPHI
RbZn(SO4)Br
01 02 03 04 Brl D
Znl 0.50 0.46 0.49 0.63 2.08
S1 1.47 1.46 1.45 1.65 6.03
Rb1 0.11 0.10 0.12 0.15 0.14 1.09
0.04 0.14 0.13
0.12
0.04
> 2.12 2.02 2.06 1.94 1.06
Ta6auna S14. [NapameTpsl JIOKAIBHOTO OanaHCca BAJICHTHBIX YCHIIUH JUIS KPUCTAJLTMUECKON CTPYKTYPHI
RbZn(SO4)I
01 02 03 04 11 >
Znl 0.48 0.44 0.48 0.66 2.06
S1 1.45 1.46 1.43 1.65 5.99
Rb1 0.10 0.10 0.12 0.14 0.16 1.19
0.06 0.13 0.15
0.14
0.09
> 2.09 2.00 2.03 1.92 1.20
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Tadauma S15. [TapameTpsl JOKaIBHOTO OalaHca BaJICHTHBIX YCHIIMH IS KPUCTAJUTHUECKOW CTPYKTYPBI

CsZn(S0,4)ClI
01 02 03 04 Cl1 >
Znl 0.51 0.48 0.50 0.61 2.10
S1 1.48 1.48 1.49 1.66 6.11
Csl 0.10 0.09 0.10 0.15 0.15 1.01
0.11 0.14
0.04 0.13
> 2.09 2.05 2.09 1.96 1.03
Tadauma S16. ITapameTps! JOKaTBHOTO OalaHca BAJICHTHBIX YCHIIMH IS KPUCTAUTHUECKOW CTPYKTYPBI
CsZn(SO4)Br
01 02 03 04 Brl >
Znl 0.50 0.46 0.50 0.62 2.08
S1 1.46 1.47 1.48 1.67 6.08
Csl 0.10 0.11 0.11 0.14 0.15 1.06
0.12 0.14
0.13
0.06
> 2.06 2.04 2.09 1.93 1.10
Ta6auua S17. [MapaMeTpsl JIOKaJIBHOTO OanaHca BAJICHTHBIX YCHIIMH JUIS KPUCTALIMUECKON CTPYKTYPBI
CsZn(SOJ)I
01 02 03 0O4 11 >
Znl 0.46 0.46 0.47 0.71 2.10
S1 1.47 1.46 1.45 1.61 5.99
Csl 0.05 0.11 0.06 0.18 0.13 0.91
0.10 0.05 0.10 0.13
> 1.98 2.13 2.03 1.89 0.97
Ta6aunma S18. TTapameTphl JOKANBHOTO 0ajaHCca BAaJCHTHBIX YCHWIIMH JUIS KPUCTAIUTMYECKON CTPYKTYPBI
TIZn(SO4)CI
01 02 03 04 Cl1 >
Znl 0.51 0.47 0.44 0.57 1.99
S1 1.41 1.39 1.46 1.58 5.84
TI1 0.07 0.06 0.07 0.14 0.16 0.89
0.10 0.13
0.03 0.13
> 1.99 1.93 1.97 1.85 0.99
Ta6aunma S19. [TapameTphl JOKANBHOTO 0ajaHCa BAaJCHTHBIX YCHWIIMH JUIS KPUCTAIUTMYECKOH CTPYKTYPBI
TIZn(SO4)Br
01 02 03 04 Brl >
Znl 0.51 0.48 0.49 0.61 2.09
S1 1.47 1.47 1.49 1.65 6.08
TI1 0.08 0.07 0.09 0.14 0.15 0.93
0.13 0.14
0.13
> 2.06 2.02 2.07 1.92 1.03




Tadoauma S20. [TapaMeTpsl JTOKAIBHOTO OalaHca BaJICHTHBIX YCHIIMH TSI KPUCTAJUTHUECKOW CTPYKTYPBI
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(NH4)Zn(SO4)CI
o1 02 O3 04 Cl1 >
Znl 0.50 0.48 0.48 0.62 2.08
S1 1.49 1.52 1.55 1.70 6.26
N1 Coenacro cucmeme 8000pOOHbIX c8s3ell
> 1.99 2.00 2.03 1.70 0.62
Ta6auna S21. [TapameTphl JOKaNbHOTO OajaHca BaJCHTHBIX YCHWINH JUIS KPUCTAIUIMYECKOH CTPYKTYpBI
(NH)Zn(SO4)Br
Oo1 02 O3 04 Brl >
Znl 0.49 0.45 0.48 0.63 2.05
S1 1.47 1.45 1.45 1.61 5.98
N1 Coznacno cucmeme 8000pOOHLIX CB3ell
> 1.96 1.90 1.93 1.61 0.63
3.2. CuHTEe3 ¥ PEHTreHOCTPYKTYPHBbIii K2Cu3(SO4)s, KNaCu(SOa)2

K(Na,K)Naz[Cu2(SOa)4]

Cunme3s KoCuz(SO4)s. Coequnenne K2Cus(SO4)4 ObLTO MOTYyUCHO METOIOM XUMHUYECKOTO
razoBoro tpancrnopta (Binnewies et al., 2013). Cmecs KCI (Aldrich 99.0 %, 0.149 r, 2 MMmo11b),
CuSOa4 (Aldrich 99.0 %, 1.596 r, 4 mmoib), CuO (Aldrich 99.0%, 0.239 r, 3 mmons) u NaCl
(Aldrich 99.0 %, 0.175 T, 3 MMOJIb) M3MEIBYMIM U TOMECTHIIM B KBapIIEBYIO TPYyOKy (JUTHHOM
oKoJ10 15 cM), KoTopast OblIa BAKYyMHPOBAHa JI0 JOCTIKeHHs aaBineHns B 1072 mGap (1 mGap =
100 ITa), 1 3aTemM repMeTHYHO 3arasHa. PeakTuBbl ObUTH TIpeiBapuTeIbHO BhICyIIeHBI TIpH 100 °C
B TeueHHEe 2 4. AMIyIy MOMECTHIM B My(elnbHyIO Me4yb TPyO4aToro THIa W TOJBEPIIU
nocterieHHoMy HarpeBy. Yepe3 5 wacoB Obuia jgocturayTta temmeparypa 600 °C, koropas
BBIJICPKUBAIACH, HA NPOTsLDKEHMH 48 4YacoB. 3areM IMedb OXJIaXJajdach J0 KOMHATHOM
TeMIepaTypsl co ckopocTeio 7 °C/MuH. [IpoyKT peakiiuu B «XOJIOAHON 30HE» TPYOKU COCTOSLI
u3 cuHux kpuctamioB K2Cus(SO4)4 B acconmanuu ¢ 3eJeHbIMU KPUCTAJIAMH CUHTETUYECKOTO
anamora ¢enoroButa K2CusO(SO4)s (Starova et al., 1991). TlomydeHHoe coeIUHCHHE
K2Cu3(SOs)4 uyBCTBUTENBHO K BIIare M HAYMHACT THAPATHPOBATHCSA IOCIIE OIHON HEIEH
npeObIBaHMS Ha BO3IyXe.

Cunme3z KNaCu(S0:);. Coennnenne KNaCu(SOs4)2 ObUIO MOTYYEHO B YCIIOBHSX
BBICOKOTO JaByieHus 1 Bbicokoi Temmeparypsl (HP/HT). CunTtes mpoBoauIIcs ¢ HCIOIB30BaHHEM
nopirHeBoro mwmHApa cuctembl Voggenreiter Lp 1000-540/50, ycranoBnenHoit B UHCTHTYTE
Hayk o 3emiie Kunbckoro ynusepcurera (I'epmanus). Mcxonusie peaktussl KCI (Aldrich 99.0 %,
0.149 r, 2 mmoup), CuSO4 (Aldrich 99.0 %, 0.798 r, 2 mmoinb) u Na2SO04 (Aldrich 99.0 %, 0.142
r, | MMOB) OBUTH B3BEIICHBI, CMEIIEHBI M TOHKO M3MeJbueHbl. CMeCh peaKTHBOB TIOMECTHIIN B

TJIATHHOBYIO Karcyiy (BHEITHUHN quaMeTp = 3 MM, TojuHa cTeHkd = 0.2 MM, niuHa = 12 MM).
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Karcyna Obuta repMeTHYHO 3aKkpbhiTa ¢ 00E€MX CTOPOH M IOMEINIeHa B IIEHTP IOPIIHEBOTO
nuauHApa pasmepom 1/2 mrovima (1 mroiim = 25.4 mm), B kamepy u3 Tainbka. [laBimeHue
YBEJIIMYMBAJIOCH B TeueHHe 5 MUHYT co ckopoctbio 0.2 I'Tla/mMuH no mocTwkeHus pabouero
nasienust 1 I'Tla, mocie yero Obula 3amylieHa TemIlepaTypHash MpoOrpaMMa CO CKOpPOCTBIO
60 °C/mun no poctmwxkenus temneparypsl 600 °C, koTopasi, BMECTE C YCTaHOBICHHBIM pabounum
JaBJIEHWEM TOJIJIEp)KUBAIach B TeueHue 6 dacoB. Bpems oxnmaxaenusi cocraBisiio 10 gacos
(ckopocth oxmaxaeHuss okoino 60 °C/d). OIHOBPEMEHHO C OXJIaXKIECHHEM cOpachiBaoCh
nasiienue co ckopoctbio 0.1 I'Tla/u. Ilocne nocTukeHHss KOMHATHOW TeMIIEpaTyphl AaBICHHE
OBLIIO OKOHYATeNnbHO CHATO 3a 20 MuHyT. [InmaTuHOBas Karicyna ¢ oOpa3oM ObUTa U3BIICUYCHA U3
AKCIIEPUMEHTAIBHON YCTAaHOBKH M pa3pe3aHa sl JalbHEHIINX ucciaeqoBanuil. [Ipoaykt cocTosin
U3 cBETJIO-ToNyOBIX Tpo3paunbix KpuctamioB KNaCu(SOas)2 B accouuanuu ¢ MOJIOYHO-0SIBIMU
kpuctawiamu NazSOs u HeGonbimmu sxentbiMu kpructaiiamu Ko(PtCls) (kak npoaykra peakiu

C IUTATUHOBOM KarcyJioun; puc. S2).

Puc. S2. Cserno-rony6sie kpuctamibl KoCus(SOs)s ¢ 3eeHbIME KPUCTAITIAMU CHHTETHYECKOTO aHAJIora
¢demoroButa KyCusO(SO.)s (a); mpospaunbie cBerio-roayobie kpuctauibi KNaCu(SOs), B Mmacce
HerpopearupoBasiiero Na,SOs u nebombime xentbie kpuctauibl Ko(PtCle) Ha KoHTaKTe ¢ IIIATHHOBOM
karncyoi (b)

Cunmes K(Na,K)Naz[Cu2(SO4)s]. Coenmunenne K(Na,K)Naz[Cu2(SO4)4] 66110 TIOTYUIEHO
B pe3yJbTaTe MPEANPUHSTHIX 3KcriepuMeHToB 1o noiyuernio NaKCu(SO4)2 (rmomydyenHoro npu

HOBBIILICHHBIX JIABJIICHUSX ) B YCIOBUSX HU3KUX naBieHuil. Micxoaueie peaktisbl Na2SO4 (Aldrich

>99 %), K2SOa4 (Aldrich >99 %) u CuSOa4 (Aldrich >99 %) (npenBapuTebHO MPOTPETHIC MPH
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150 °C (mns Na2SO4 u K2SO4) u ipu 450 °C (it CuSOs) B TeueHNE HECKOJIBKUX YaCcOB) OBLIH
CMEIIaHbl B MOJIIPHOM COOTHOWIEHUH 1:1:2, W3MeNnbyeHbl M MOMEIIEHBl B KBApLEBYIO TPYOKY
mmHoit 150 mm. TpyOka Obuta octopoxHOo Harpeta g0 ~150°C (¢ ogHOBpeMEHHBIM
BaKyyMHPOBaHUEM), C LIEJIBIO yIaJI€HHUsI OCTaTKOB BOJIbl, IOIJIOIIEHHOM Ipy n3MenbueHuu. Ilocie
cHmwkenus gasienus 10 ~0.03 mwm pt. cT. (~5 I1a), TpyOKy 3amasiiy ¥ TOMECTUIN B TPyOUaTyrO
My(QelbHYIO0 I1eYb TaKUM 00pa3oM, 4TOObI €€ XOJIOAHBIN KOHEIl BHICTYMAJ 3a npeaensl neun. Ha
nepBoM 3tane obpaszen 6pu1 oToxxkeH npu 350 °C B Teuenue 60 yacoB. B pesynbTaTe oOpasenn
UMeJl HEOJHOPOIHBIM XapakTep, MpU TOM B XOJOJHOM KOHIE TPYyOKHM He HaOII0AaIoch HU
IPOAYKTOB, HU Kanesb Bojbl. Ilocie moBTOpHOro M3MENbUEHHUSI M IOCIEAYIOLIETO HarpeBa Ji0
150 °C B yciIOBHSAX TWHAMHUYECKOTO BaKyyMma oOpasell ObLI 3amasiH B 00jiee KOPOTKYIO aMITylTy,
MOJTHOCTHIO TTOMEMIEHHYIO B TOPSAYYIO 30HY Te4H, U oToxokeH npu 450 °C B teuenue 120 gacos.
[Tocne naHHOrO HTama S3KCIEPUMEHTa MPOJIYKT peakUuil BbITJsAAen 0ojiee OAHOPOAHBIM,
HaAOJII0JAIMCh MEJIKME KPUCTaUIbl, OJHAKO IOJ ONTHUYECKUM MUKPOCKOIIOM CTald OYEBUIHbI
pasznmuums B 1Bere KpucTawioB. OKOHYATENBHBIH OTXKUT mpoObl mpoBommics npu 550 °C B
Teyenre 60 yacoB (C MOCIEQYIOIIMM BBIKIIOUEHHEM meun). MccnenoBanue mpoObl METOAOM
peHTreHo(a3zoBoro aHaim3a nokaszano Hamuuue neneBoro npoaykra — NaKCu(SOs)2 Bmecte ¢
OnmeHO-TOMYOBIM ~ MPO3payHbIM  KPUCTAUIOM  HOBOoro  coeauHeHus.  ConepxaHue

K(Na,K)Naz[Cu2(SO4)4] coctaBmio okoio 10 % (1o JaHHBIM TOPOLIKOBOW peHTreHorpadun).

Penmezenocmpykmyphotit ananus. [Monxonsiue JUIs MOHOKPHUCTAJILHOTO
PEHTTCHOCTPYKTYpHOTO aHaim3a kpuctawibl coeaunenuit KoCus(SO4)s, KNaCu(SOs)2 wu
K(Na,K)Naz[Cu2(SOa4)4] Obutr 0TOOpaHBI O ONTUYECKAM MHUKPOCKOIIOM M TIOMEIICHBI Ha
CTEKJIIHHBbIE BOJOKHAa. COOp AM(PaKIMOHHBIX JaHHBIX OCYLIECTBISUICA C HCHOJIb30BAHHUEM
mudpakromerpa Bruker Kappa APEX II DUO c¢ mukpodokycHOW peHTTeHOBCKOH TpyOKoi
(MoKa usnydenue), npu 50 kB u 0.6 MA. JlanHbie coOupanuck ¢ Beiaepkkoit 10 cek. (s
K2Cu3(S04)4 1 KNaCu(S04)2) u 20 cek. (mmsa K(Na,K)Naz[Cu2(SO0a4)4]) uepes kaxabie 0.5° o o.
WHTerpupoBaHue JaHHBIX M BBEJCHME IIONPAaBKM Ha TMOTJIOLIEHHE OBUIO MPOBEAEHO C
ucnonb3oBanueM nporpamMmel Bruker APEX2 (Bruker, 2014). CTpyKTypbl BCceX Tpex coeIMHEeHUN
pacmudpoBaHsl TPSAMBIMA  MeTogaMu. CTPYKTypbl OBUTM YTOYHEHBI C TIOMOIIBIO TIAKeTa
nporpamMm SHELX (Sheldrick, 2015). Bce aTombl yTOYHEHBI B aHU30TPOITHOM HPUOIHKEHUY;

KaKUX-JI100 3aMETHBIX aHOMAJIMI He Ha6moz[anocr,.
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3.3. CuHrte3 n peHTreHOCTPYKTYpHBIit aHaan3 RbMCu(SO4). (M = Na, K, Rb)

Cunmes. Vicxonusie peaktuBbl Rb2SO4 (Aldrich >99 %), Na2SO4 (Aldrich >99 %) wu
K2S04 (Aldrich >99 %) u CuSO4 (Aldrich >99 %) (npenBapurenbho mporperbie mpu 150 °C (mmst
cynbdartoB menounsix Metamio) u npu 450 °C (st CuSO4) B TeueHHe HECKOIBKUX YacOB) ObLIH
B3STHl B MOJIIPHOM COOTHOIICHHWH 1:1:2, W3MeNbYeHBl W TIOMENICHBI B KBapIIEBBIC TPYOKHU
(umeromue BHYTpeHHHH auamerp 5 MM u muuHy 100 mMm). TpyOku Obutm 3amastHbel (TIpu
BaKyyMUpOoBaHUH 10 3% 1072 TOIT) 1 moMeIeHsl B Tpy6UaTyro MyeibHyIO IIedb TAKUM 00pa3oM,
4TOOBI €€ XOJOJHBIN KOHEI[ BBICTyNHal 3a mpeeinsl nedn. O0pasubl ObUIH MPOTPETHl HA MIEPBOM
starie — 1npu 350 °C B TeuyeHwe 96 yacoB. 3aTeM aMITyJbl OBLTH BCKPBITHI, HEOJIHOPOIHBIC
00pa3Iibl U3MENBYCHBI TIOBTOPHO U 0TOXKeHBI Tipu 450475 °C takke 96 yaco. B mosrydeHHBIX
npobax HaOIIOAATUCH MPU3HAKA YaCTUYHOTO TIABIICHHS, @ TAK)Ke 00pa30BaHUE 3€JIEHBIX U CHHHUX

KPHUCTaJLIOB.

Penmezenocmpykmyphoit ananus. [Monxonsuiue JUTSE MOHOKPHUCTAJILHOTO
PEHTI€HOCTPYKTYPHOT'O aHaJIN3a KPUCTAIUIbI BCEX COSAMHEHUI ObLIM 0TOOPAHbI O ONTUYECKUM
MHUKPOCKOIIOM W TIOMEIIEHbl Ha CTEKISHHbIE BOJIOKHA. COOp Iu(pPaKIUOHHBIX JaHHBIX
OCYIIECTBIISICS € ucmoyib3oBanueM audpakromerpa Bruker Kappa APEX 11 DUO ¢
MHUKPO(DOKYCHON peHTreHOBCKOM TpyOkoit (MoKa usnydenue), npu 50 kB u 0.6 MA. JlaHHBIC
cobupanucek ¢ Bbiiepkkoii 20 cek. uepes kaxple 0.5° o . MHTerpupoBanue JaHHBIX U BBEJICHHUE
NONPaBKM Ha MOTJIOHICHUE OBLIO TMPOBEACHO C HCIONb3oBaHMEeM mnporpammbl Bruker APEX2
(Bruker, 2014). CtpykTypbl BC€X Tpe€X COEAMHEHMH pacmupoBaHbl MPSMBIMU METOJAMHU.
CtpykTypsl ObuTH yTOYHEHBI ¢ Tomombio maketa mporpamm SHELX (Sheldrick, 2015). Bcee
aTOMBI YTOYHEHBl B aHU3OTPOMHOM NPUOMIDKEHUH; KAKUX-THOO 3aMETHBIX AaHOMAaIHi He

HaOJIFOJAJIOCh.



Tadmuua S22. Kpucramnorpadudeckue gaHHbIe U TapaMeTpbl yrouHeHus kpuctawmmdeckux cTpykryp KNaCu(SO4)2, Rb2Cu(S0s)2, RbNaCu(S04).2, RbKCu(SOa)2

u K(Na,K)Naz[Cu2(SO4)4]

KNaCu(SO.); Rb>Cu(SO4), RbNaCu(SOy), RbKCu(SOy): K(Na,K)Naz[Cu2(SO4)4]

Kpucramanorpapuyeckue JaHHbIe

Cunronus MoHoknuHHas PomOuueckas MoHoknuHHas

[IpoctpancTBenHas rpynmna C2/c Pna2, C2/c P2i/c

a(A) 15.9721(10) 9.2521(4) 16.034(3) 16.1865(14) 12.5085(9)

b (A) 9.4576(6) 10.9671(5) 9.560(2) 10.0026(9) 9.3166(7)

c(A) 9.0679(6) 8.9612(4) 9.170(2) 9.3923(8) 12.7894(10)

5 (©) 93.6350(10) 92.792(6) 92.149(2) 107.775(2)

O6weMm (A3) 1367.02(15) 909.28(7) 1403.9(5) 1519.6(2) 1419.28(19)

Dpacs (T/cm®) 3.088 3.116 3.472 3.341 2.920

n(mm ) 4.489 13.507 10.975 10.594 4.13

Pasmep kpucraiia (Mm) 0.16x0.16x0.08 0.10x0.10x0.10 0.11x0.13x0.13 0.14x0.10x0.10 0.05x0.10x0.10
COop 1aHHBIX

Temmnepatypa (K) 296(2)

Uznyuenue, fmuHa BoaHbI (A) MoKa, 0.71073

Juamason 0 (°) 2.504-27.992 2.880-27.999 2.481-27.992 2.394-27.635

Bcero peduiekcor 6732 18965 6789 3775 13295

Heszasucumsbix peduiexcos (Rint) 1655 (0.0282) 2180 (0.04) 1698 (0.02) 1678(0.02) 3393

HezaBucumebix pednexcos ¢ F > 1452 2049 1586 1387 2656

4oF
YTo4HeHHE CTPYKTYPbI

ITapameTpsl BeCOBO# cXxeMbI &, b 0.03720, 5.9250 0 0.0176, 5.6518 0.0271, 0.0310 0.0358, 1.0736

Koad¢umuenT skcTHHKITUT — — — —

Ri[F > 4or], WR2[F > 4cF] 0.029, 0.035 0.019, 0.043 0.019, 0.046 0.025, 0.057 0.0302, 0.0696

R1, WR; 0.082, 0.085 0.023, 0.045 0.021, 0.047 0.036, 0.061 0.0460, 0.0765

Goodness-of-fit 1.190 1.009 1.105 1.077 1.022

Prmax, Pmin (€ A7) 0.691, —0.810 0.413,-0.331 0.600, —0.460 0.435,-0.551 0.54, —0.65

GET



Ta6auna S23. Kpucramiorpadudeckue TaHHbIC U TapaMeTpbl YTOYHEHUs Kpuctamtinueckux cTpykTyp NasZn(S0.)2Cly, KoCuz(SO4)s n Cs2Cd3(SO4)4

Na4Zn(SO4)2CI2 KzCUs(SO4)4 CSszs(SO4)4

Kpucramnorpadpuieckue 1anHble

CuHronus Pombuueckas MoHokn1HHAas

[IpoctpancTBeHHas rpymma Imma C2/lc P2i/c

a(A) 10.4833(10) 13.6088(5) 16.9563(11)

b (A) 9.5543(10) 11.9627(5) 9.3921(6)

c(A) 10.2423(10) 17.0791(7) 9.3799(7)

L) 112.4500(10) 95.066(2)

O6weM (A%) 1025.87(18) 2569.72(18) 1487.96(18)

Dyaca (T/cMm®) 2.722 3.376 4.407

p(mm ) 3.51 6.316 9.72

Pa3smep kpucrama (Mm) 0.10x0.08x0.05 0.10x0.12x0.12 0.09x0.07x0.06
CoOop naHHBIX

Temneparypa (K) 296(2)

Uznyuenue, jmuHa BoaHb! (A) MoKa, 0.71073

Jnana3zon 0 (°) 2.780-31.867 2.581-27.999 1.206-35.840

Bcero pedrexcos 5180 12218 25367

Hesaucumsix pediexcos (Rint) 912 (0.071) 3093 (0.0282) 6939 (0.035)

HezaBucumsbix pedaexcos ¢ F > 46F 706 2746 5599
YTo4HEHHE CTPYKTYPbI

I[TapameTpbi BeCOBO# cxeMmbl &, b 0.0243 0.0307, 6.8205 0.0132, 0.5770

KoaddunueHt s3KCTUHKITIH 0.0015(4) 0.00040(4) 0.00056(3)

Ri[F > 4o¢], WR2[F > 40F] 0.0302, 0.0657 0.023, 0.059 0.0260, 0.0444

R1, WR2 0.0417, 0.0691 0.028, 0.061 0.0386, 0.0485

Goodness-of-fit 0.943 1.027 1.040

Prax, Pmin (€ A™°) 0.90, —0.60 1.401, -1.326 1.52,-1.24

9¢T



Ta6amma S24. [TapaMeTpbl JOKAJIBHOTO OanaHca BaJICHTHBIX yCHINi [ist Kprctaiuinueckoit cTpykTypbl KoCus(SOas)s

O1 02 03 04 05 06 O7 08 09 010 O11 012 013 014 015 016 >
Cul 047 0.15 0.48 0.30 0.34 0.29 2.03
Cu2 | 0.47x2— 0.40x2— 0.15x2— 2.04
Cu3 0.45 0.48 0.50 046 0.19 2.08
Cu4 0.04x2— 0.46x2— 0.49x2— | 1.98
K1 0.14 0.11 0.08 0.11 0.07 011 0.11 0.17 0.07 1.08
0.08 0.03

K2 |011 0.17 0.10 0.09 0.10 0.11 0.11 0.13 0.04 0.05 1.01
S1 1.46 1.51 1.50 1.53 6.00
S2 151 1.47 1.40 1.56 5.94
S3 | 1.50 1.54 1.43 1.54 6.01
S4 1.53 1.53 152 1.45 6.03
> 2.08 21 193 2.08 2.02 2.00 2.02 2.11 2.00 194 194 213 191 1.86 2.01 2.06

Ta6amma S25. [TapaMeTpbl JOKAILHOTO OaaHca BAICHTHBIX yCHIni 1uist kpuctauinaeckoit ctpyktypbl KNaCu(SOs),

O1 02 03 04 05 06 o7 o8 >
Cul | 0.43 0.43 0.46 0.37 0.24 0.08 2.01
K1 0.14 0.12 0.05 0.12 0.18 0.11x2—| | 1.09
0.08 0.03 0.06 0.09
Nal 0.14x2— 0.15%x2—  0.15x2— 0.88
Na2 | 0.21x2— 0.22x2—  0.12x2— 1.10
S1 1.57 149 1.40 1.54 6.00
S2 | 142 141 1.58 1.54 5.94
> 2.06 1.93 2.04 2.09 2.05 2.04 1.90 1.93

LET



Ta6auma S26. ITapaMeTpsl JTOKAILHOTO OajJaHca BaJeHTHBIX YCHINHN I KpucTammmdeckoit ctpykTypbl NasZn(S04).Cl,

0O1 02 O3 Cl1 >
Znl | 0.46x2— 0.53x2— | 1.98
S1 | 140 1.50x2— 1.53 5.93
Nal 0.17x2— 0.15x2|— 0.22x2]|— | 1.08
Na2 | 0.21x2— 0.14x4— 0.98
Na3 0.22x4— 0.04x2— | 0.96
> 2.07 2.03 1.83 1.01

Tadmuma S27. [TapameTpsl JIOKaIbHOTO OaaHca BaJICHTHBIX YCHIHN Ut Kpuctawmndeckor ctpykTypbl CS,Cd3(SOa4)4

o1 02 03 04 05 06 o7 o8 09 010 Ol11 012 013 014 015 016 >
Cd1l 0.25 0.38 0.33 0.26 0.31 0.42 1.95
Cd2 0.26 0.37 0.39 0.23 0.40 0.34 1.99
Cd3 0.38 0.33 0.32 0.33 0.37 0.43 2.16
S1 1.54 1.49 1.53 1.53 6.09
S2 1.50 1.54 1.56 1.47 6.07
S3 1.50 1.56 1.46 1.52 6.04
S4 1.44 1.54 1.50 1.50 5.98
Csl 0.09 0.13 0.10 0.12 0.12 0.18 0.16 0.09 0.07 1.28
0.03 0.08 0.08 0.03

Cs2 0.10 0.15 0.17 0.11 0.07 0.15 0.07 1.07

0.09 0.07 0.06

0.03
> 2.04 2.10 2.02 2.07 2.05 2.06 2.07 1.98 2.03 2.02 2.08 2.11 2.06 2.02 1.90 2.02

8€T
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Introduction

Relevance of the research. Sulfates are one of the major constituents of the lithosphere and
hydrosphere (Wedepohl, 1984). They play a significant role in the formation of different types of mineral
deposits, including those of important industrial relevance. Interest in sulfate-containing phases is due
in particular to the problem of sulfate attack in concretes (Neville, 2004; Mullauer et al., 2013). The
diversity of minerals with sulfate anion in the composition currently exceeds 600 species, which
represents more than 9% of the known minerals. Sulfates present a wide range of structural architectures
(Hawthorne et al., 2000). Among the geological formations associated with the greatest mineral diversity
in general, and sulfate in particular, a special place is occupied by fumaroles of active volcanoes (Bali¢-
Zuni¢ et al., 2016). One of the most famous mineralogical objects are active oxidizing fumaroles on the
scoria cones of Tolbachik volcano, located on Kamchatka Peninsula, Russia (VVergasova, Filatov, 2012,
2016; Pekov et al., 2020). Over 350 mineral species have been found in the fumaroles of Tolbachik
volcano (including more than 120 first discovered here), of which more than 60 contain sulfate
complexes. Such mineral diversity includes both primary high-temperature anhydrous minerals and
associations of secondary hydrated phases. Based on model experiments, this work shows the genetic
relationship between the primary sulfate mineralization of fumaroles, and the broad range of hydrated
phases.

The study of sulfate minerals is also prospective in terms of structural chemistry and materials
science (Lander et al., 2018). Synthesis and investigation of the properties of synthetic analogs of
fumarolic sulfate minerals allow the study of such practically important properties as the migration of
alkali metal cations. Mineral-related sulfates of alkali and transition metals are promising materials for
electrochemical applications (Singh et al., 2015).

The general aim of this work is to investigate the crystal chemistry and physico-chemical
properties of fumarolic sulfate minerals and their synthetic analogs.

The goals of this aim included:

1. Study of phase formation during hydration and subsequent dehydration of fumarolic anhydrous
sulfate minerals.
2. Investigation of the thermal stability and thermal expansion of kainite KMg(SO4)C1-2.75H20.

Refining of its crystal structure.

3. Synthesis and crystal chemical study of new compounds A*"M?*(SO4)X (A* = Na, K, Rb, Cs, T,

NH4*; M?* = Zn, Cd; X = Cl, Br, 1), related to belousovite.

4. Synthesis and crystal chemical study of new anhydrous sulfates of copper and alkali metals.
5. Performing a crystal chemical review of known framework anhydrous copper sulfates and

determining patterns in ion migration properties.
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The objects of this work:

Anhydrous sulfate fumarolic minerals — euchlorine KNaCus(SO4)30, chalcocyanite Cu(SOa4),
dolerophanite  Cu2(S04)O, alumoklyuchevskite  KsCusAl(SO4)s02 and  itelmenite
Na2CuMg2(S0a4)4 from mineral associations of the Yadovitaya fumarole (Tolbachik volcano,
Kamchatka, Russia), collected by the author during fieldwork on Tolbachik volcano.

Kainite KMg(SO4)Cl1-2.75H20 from potassium salt deposit Wilhelmshall, Halberstadt, Saxony-
Anhalt, Germany.

Synthetic analogs of the fumarolic mineral belousovite KZn(SO4)Cl with different alkaline
cations and halogen atoms.

Framework sulfates of alkali and transition metals.

Research methods. For the study of minerals and synthetic compounds in this work, a complex

of different methods was used:

1.

Powder X-ray diffraction studies were performed using the Rigaku Ultima IV diffractometer.
Data at low and high temperatures were obtained using a Rigaku R-300 low-temperature camera
and a Rigaku HTA 1600 high-temperature camera, respectively. The results were processed
using the PDF-2 (2020) database and the PDXL and Topas V.5.0 software packages.
Single-crystal X-ray diffraction studies were performed using diffractometers Bruker Smart
Apex 1l CCD, Bruker Kappa APEX Il DUO, Rigaku OD XtaLAB Synergy-S and Rigaku OD
SuperNova. For data processing the following software packages were used: Bruker APEX2,
Bruker SAINT, CrysAlisPro, SHELX u PLATON.

Electron microprobe analysis was performed using a Hitachi S-3400N scanning electron
microscope equipped with an Oxford Instruments X-Max 20 energy dispersive spectrometer.
Infrared spectra were obtained on a Bruker Vertex 70 FTIR spectrometer from powder samples
in KBr pellets.

Thermal studies were performed using a NETZSCH STA 429 CD equipment.

The technical details of all the performed experiments are described in the Appendix. In cases

where the methodology of the experiments was developed by the author, it is described in the main part

of this thesis.

Scientific novelty is defined by the sum of the obtained results and can be presented as the

following statements:

1.

During hydration of exhalation sulfates — euchlorine, chalcocyanite, dolerophanite, itelmenite
and alumoklyuchevskite 17 analogs of hydrated natural sulfates are formed. For euchlorine,
chalcocyanite, dolerophanite and itelmenite the hydration processes are partially reversible with
increasing temperature. Dehydration of kainite leads to formation of partially dehydrated phase
KMg(S04)Cl-(2+6)H20, 5 ~ 0.1.
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2. Twelve new synthetic analogs of the fumarolic mineral belousovite A*Zn(SO4)X (A" = K, Rb,
Cs, Tl, NH4"; X = CI, Br, |), obtained and structurally characterized by the author, form a
morphotropic series, which indicates that the main layered structural motif [Zn(SO4)X] is
flexible for cationic and anionic substitutions. Compound CsZn(SOa4)1 shows strong deformation
of [Zn(SOa4)I]™ layer and stepwise change of the unit-cell parameters. The crystal structure of the
new sulfate-chloride NasZn(S04)2Cl2 is based on isolated complexes [Zn(SO04)2Cl2] derivative
from the structure of belousovite. Replacement of Zn by Cd does not form the hypothetical
analogs of belousovite A*Cd(SQOa4)X, but only compounds A2Cd3(SOa)a.

3. The crystal structures of six new framework sulfates of copper and alkali metals with
stoichiometry of saranchinaite A2Cu(SOas)2 and itelmenite A2Cu3(SOas)sa obtained by melt
crystallization are based on three-dimensional frameworks composed of CuOn polyhedra and
SOq tetrahedra. By calculation methods, it has been found that there is no correlation between
the frame porosity parameters and the values of ionic conductivity over alkali metal cations for
all known Cu and alkali framework sulfates. The structural type of cryptochalcite shows the
lowest ion migration barrier, equal to 2.14 eV, and is the most perspective for electrochemical
applications.

Theoretical and practical relevance. The data resulted in the present work extend concepts on
transformations of anhydrous sulfate minerals and inorganic compounds in a wide range of physical and
chemical environments, in particular — temperatures. These results can be useful for understanding of
the secondary processes of change of sulfate minerals and inorganic materials. The accumulated data on
the new synthetic compounds and their crystal structures contribute to the crystal chemistry of materials
with sulfate anion used in different fields of modern industry. The results of the evaluation of the ion
migration in sulfate compounds having a framework structural architecture can form the background for
the development of materials for electrochemical applications.

Approbation of the study. The results of this work have been presented at the following
congresses, conferences and meetings: 200" Anniversary Meeting of the Russian Mineralogical Society
(Saint-Petersburg, 2017); XXIII All-Russian Scientific Youth Conference “Ural Mineralogical School
—2017” (Yekaterinburg, 2017); IX National Crystal Chemical Conference (Suzdal, 2018); XVI Youth
Conference “Modern Research in Geology” (Saint-Petersburg, 2018); XIX International Meeting on
Crystal Chemistry, X-ray Diffraction and Spectroscopy of Minerals (Apatity, 2019); X National Crystal
Chemical Conference (Elbrus Region, 2020); IV Conference and School for Young Scientists “Non-
Ambient Diffraction and Nanomaterials (NADM-4)” (Saint-Petersburg, 2020); XII1 General Meeting of
the Russian Mineralogical Society and the Fedorov Session (Saint-Petersburg, 2021); International

Scientific Conference "Modern Trends in the Development of Functional Materials™ (Sochi, 2021).
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Publications. Results of the work are published in 7 articles in peer-reviewed international
scientific journals and in 9 abstracts at international and all-Russian scientific conferences and
symposiums.
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Chapter 1. Relevance of mineralogical and crystal chemical studies of sulfates

Sulfate minerals are an interesting object for research both in terms of mineralogy and
geochemistry as well as in the fields of inorganic chemistry and materials science. The diversity of
known sulfate minerals is significant, with over 600 mineral species, representing more than 9% of all
minerals known to date. Sulfates occur in various geological formations — oxidation zones of ore
deposits (including in arid conditions), evaporite deposits, sedimentary rocks, and also in fumaroles of
active volcanoes. However, to date, the phase relations providing such wide mineral diversity are poorly
studied and need a more detailed analysis, including model experiments.

One of the most common and active processes leading to a diversity of sulfate minerals is the
hydration. The first part of this work presents the results of model experiments on hydration and
subsequent dehydration of a number of fumarolic minerals, as well as the analysis of obtained data from
the mineralogical, chemical and crystal chemical points of view (Siidra et al., 2019c, 2021a). Hydration
processes of primary anhydrous minerals as well as dehydration of the hydrated phases are relevant not
only for answering geochemical questions, but can also claim interest in the context of the theory of
«Evolution of minerals» (Hazen et al., 2008). One important piece of this theory refers to the observation
that new mineral species formed by hydration are usually more complex than the pristine ones and often
more than one secondary species are formed from a given primary mineral. There are many more
important aspects of hydration/oxidation processes, e.g. their role in the formation of economic mineral
deposits or their possible ecological threat as these processes are often the first steps of destructive
weathering and thereby possible release of toxic elements into the environment with all kind of
subsequent detrimental effects.

In the past few decades, hydration and dehydration processes of sulfate minerals, especially those
containing iron, have been studied (Sklute et al., 2018; Xu et al., 2009). Much systematic work has been
devoted to the study of hydration and dehydration processes in the magnesium - sulfate - water system,
in view of understanding the paleo-atmospheric conditions on Mars (Vaniman et al., 2004; Chipera,
Vaniman, 2007; Altheide et al., 2009; Grevel, Majzlan, 2009). Note that all of the cited publications -
and other ones not cited here for lack of space - concern primarily simple systems such as Fe(SO4)—
H2(SO4)—-H20 or Mg(S04)—-H2(S04)—-H20. Systems containing other cations, e.g. other transition metals
instead of Fe, or additional main group cations such as Na or K, or anions like halides, have received
less attention to date.

Anhydrous high-temperature sulfate minerals with transition metals such as iron, copper, zinc,
vanadium etc. are quite exotic mineral species, and occur almost exclusively in fumaroles of active
volcanoes - in a few cases they also form by natural underground coal fires (e.g. Pautov et al., 2020).

Often these minerals become unstable under changing temperature conditions and especially when they
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are exposed to humid atmosphere or to precipitation. When this happens they may rapidly hydrate and
undergo various chemical and physical transformations, including repeated dissolution - crystallization
cycles. Re-heating by exhausting hot gases from the fumarole may lead to dehydration with either
recovery of the pristine minerals, or crystallization of new species.

Fumaroles on active volcanoes can be subdivided into two groups: i) fumaroles with oxidizing
conditions and ii) fumaroles with reducing mineral formation environments. The latter are much more
common and have been well studied in terms of mineralogy; common primary mineral species are native
elements, sulfides and sulfosalts, overall, the mineral inventory is relatively poor and uniform. In stark
contrast to the latter, oxidizing fumaroles are much less common on Earth and they differ significantly
in the number and variety of mineral species. Some of the best-studied fumaroles with oxidizing
conditions are located at the Vesuvius volcano where they show remarkable copper oxide mineralization
(Balassone et al., 2019). The Vesuvius fumaroles have been known since the antiquity. In the middle of
the 20th century, oxidizing fumaroles of the 1zalco volcano in Salvador came under study and revealed
a rich anhydrous copper-vanadium mineralization (Hughes, Stoiber, 1985).

Half a century ago, in 1975-1976, one of the most famous eruptions of the 20" century rocked
the Tolbachik volcano located on the Kamchatka Peninsula, Russian Federation. This became known as
the Great Fissure Tolbachik Eruption (GFTE) (Fedotov, Markhinin, 1983). Several scoria cones were
formed and the associated fumaroles turned out to be real bonanzas providing amazingly rich and diverse
mineral associations which have become a veritable playground for the study of the mineralogy and
crystal chemistry of volcanic exhalations (Vergasova, Filatov, 2012, 2016; Pekov et al., 2018a, 2020).
In 2012, another important eruption occurred on the Tolbachik volcano — the Fissure Tolbachik
Eruption (FTE). The copper mineralization in the fumaroles of the Second Scoria Cone of GFTE was so
rich that at the end of the 70s of the last century these fumaroles were valued as a very rich though small
copper deposit and a possible mining was taken into consideration. Fortunately, this idea was dropped
because the remoteness and inaccessibility of this deposit made its possible exploitation uneconomic.
The fumaroles became world-renowned, not so much as a reservoir of copper, but rather for the high
number of different endemic mineral species, as well as for the total mineral diversity, which makes it
second to none on our planet, at least to this date. Note that the areas holding productive fumaroles are
rather small: the fumarole field on the Second Scoria Cone for example extends over just a few hundred
square meters. Despite this, more than 120 new minerals have been described to date from GFTE
fumaroles (Pekov et al., 2020), including anhydrous species. Contributions to these discoveries have
also been made by colleagues of the author of the present thesis (Siidra et al., 2014a, 2017, 2018a,b,c,
2019a,b, 2020a,b; Nazarchuk et al., 2018, 2020).

Post-eruptive processes are still going on and formation of new mineral species is observed. The

temperature in the fumaroles is by no means constant but changes over time, whereby the changes may
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happen in either directions, rising or falling. Some of the fumaroles which were active decades ago, are
now extinct. As a result of alteration by hydration processes, the formation of unique associations of
secondary hydrated sulfate minerals is observed (Siidra et al., 2014b,c). The temperature conditions in
the near-surface zones of fumaroles (due to their interaction with large volume of atmospheric
precipitation) are characterised by seasonal variations. However, the processes of transformation of
primary fumarolic minerals by atmospheric moisture are still insufficiently studied.

The Yadovitaya (Russian for Poisonous) fumarole is located in the fumarole field on the summit
of the Second Scoria Cone of the Northern Breakthrough of the GFTE. The field is located
approximately 18 km SSW from the active shield volcano Ploskiy (flat) Tolbachik (Fedotov, Markhinin,
1983).

The Yadovitaya fumarole was one of the first fumaroles described after the GFTE (Vergasova,
Filatov, 2016). The intensity of the gas streams in this fumarole varied greatly in the first years after the
eruption (Menyailov et al., 1980) and Yadovitaya fumarole is still very active to date. The diversity in
the number of endemic copper sulfate mineral species with various additional cations and anions in the
Yadovitaya fumarole is impressive. One of the most common sulfate minerals in this fumarole is
euchlorine KNaCus(S04)30 (Fig. 1). It is considered a rock-forming mineral of these assemblages.
Therefore, experiments related to hydration and subsequent dehydration of euchlorine are of special
interest because they can explain the formation of a significant part of the secondary sulfate

mineralization (Siidra et al., 2019c).

Fig. 1. Piece of scoria completely covered with euchlorine crystals of 0.1-2 mm from Yadovitaya fumarole; field
of view 5 cm across (a); large (up to 3 cm) dendritic crystals of euchlorine in the cavity from the deep zones of
Yadovitaya fumarole (b)

Figure 2a shows a photograph of the freshly cleared fumarole wall to a depth of 2.5 meters as of

September 2019. The Cu-SO4 zone enriched in various anhydrous copper sulfates ranges from 35 cm to
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65—70 cm below the top of the fumarole, it is marked by red lines on Fig. 2a. All the mineral samples
(Fig. 2b,d,e) used for hydration experiments described below were collected from this zone. The
temperature of exhausting gases registered on the level of the Cu-SO4 zone was approximately 300°C.
All the recovered samples were packed and isolated immediately after collection in order to protect them
from contact with the external atmosphere.

Chalcocyanite, dolerophanite and alumoklyuchevskite were obviously deposited directly as
sublimates from volcanic gas emissions, whereas the origin of itelmenite, which contains a significant
amount of Mg, is supposed to be the product of a reaction between volcanic gases and the basaltic scoria.
This is corroborated by the fact that possible relevant Mg compounds have very low volatility at 300°C,
hence direct sublimation of this mineral is deemed improbable. On the top of the fumarole, on the
outcrop, there is a zone (~ 10 cm) with variable fluoride mineralization. Between the fluoride zone and
the Cu-SO4 zone, a 15 to 25 cm thick intermediate zone composed of altered and hydrated sulfate

minerals is easily discerned by its coloration (Fig. 2a).

Fig. 2. General view of the wall of the Yadovitaya fumarole; the Cu-SQO, rich zone is delimited by red lines (a);
the maximum thickness of the Cu-SQ4 zone is 35 cm; well crystallized chalcocyanite sample excavated from this
zone (b) and the same sample, almost completely transformed into chalcanthite, exposed to humid air for one
week (c); dark brown crystals of dolerophanite with green euchlorine (d) and clusters of needle-like crystals of
alumoklyuchevskite (e) from the Cu-SO. zone used in this work

One of the common hydrated sulfate minerals found both in fumaroles and in other geological
formations is kainite KMg(SO4)CI-2.75H20 (Zincken, 1865; Robinson et al., 1972). In the fumarolic
assemblages of GFTE, it is related to a low-temperature (50-150 °C) sulfate-chloride zone (Pekov et al.,
2015b) which contains a large number of hydrated sulfates. Note that in connection with high-
temperature mineral associations, the question of «anhydrokainite» KMg(SO4)CI, raised repeatedly

during the last century (Jdnecke, 1912; Kassner, 1958 and references therein), remains open. In addition,
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it seems interesting to study the transformation processes of kainite at high temperatures to determine
its relationship with the primary anhydrous fumarolic minerals.

Besides fumarolic associations, kainite is one of the common minerals in evaporite deposits
(Braitsch, 1971; Jena, 2021). In this formation, it acts as a potassium concentrator as well as an important
potassium ore along with sylvite KCI, carnallite KMgCls-6H20, langbeinite KaMg2(SO4)3 and polyhalite
K2Ca:Mg(S04)4-2H20 (Spencer, 2000; Babel, Schreiber, 2014; Jena, 2021). In view of this large
industrial importance of evaporite deposits, flotation properties have been actively studied for all these
minerals, including kainite (Miller, Yalamanchili, 1994; Hancer, Miller, 2000). Recently, extensive
attention has been paid to the evaporite weathering processes (Censi et al., 2016), which are of essential
ecological concern in the environment of salt-bearing deposits (Warren, 2010; Wang et al., 2019;
Shields, Mills, 2021). In addition, kainite is of interest for isotopic studies as it also contains both sulfur
(Hryniv et al., 2007) and chlorine (Eggenkamp et al., 1995).

Several attempts have been made to prepare synthetic kainite doped by various magnetically
active cations, namely Mn?*, Cu?*, Cr®", (VO)?*, Co?* and Ni?* (Subramanian, Hariharan, 1986; Rao et
al., 1994; Narasimhulu et al., 2000; Dhanuskodi, Jeyakumari, 2001, 2004), and their studies using
nuclear magnetic resonance. Structural characterisation of sulfate anions in the structure of kainite were
also supported by spectroscopic studies (Murthy et al., 1992a,b; Salagram et al., 1988, 1994). In
addition, natural kainite is a proper object for investigating crystal chemical behaviour of chloride anions
which coordinate to cations, incsiluding high-pressure studies (Nazzareni et al., 2018). However, to date
there has been a lack of studies on the hydrogen bonding system in the structure of kainite, which plays
a major role in the structures of hydrated minerals (Hawthorne, 1992). In the present work the nature of
hydrogen interactions is investigated in detail, in addition to which the correct chemical formula of
kainite KMg(SO4)Cl1-2.75H20 (Borisov et al., 2022a) is proposed.

Despite numerous studies of kainite, the thermal expansion of this mineral has not been
investigated. A brief description of its thermal behaviour (Bish, Scanlan, 2006) reports only the
decomposition of the mineral (at 60 °C in vacuum and 80 °C in air), while the nature of decomposition
products remains unaddressed (note the proposed ‘anhydrokainite’ which is also not characterised). It is
worth noting that kainite may also exist on the surface of Mars in the Gusev crater (Rice et al., 2010).
The results of thermal studies of kainite may be useful for understanding the behaviour of compounds
similar to that on Mars. It is notable that the surface temperature of Mars changes from —150 °C to 10—
20 °C (Barlow, 2008, and references therein), which is included in the temperature range in our study of
kainite.

As noted above, sulfate minerals are of interest in terms of not only mineralogy and

geochemistry, but are also important from the positions of structural chemistry, in particular as
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prototypes for new advanced materials. Both natural and synthetic anhydrous sulfates represent an
actively researched area of solid-state chemistry.

One of the extensively studied chemical classes is sulfate-halides of transition metal. They are
characterised by a great variability in chemical composition, crystal structures and physical properties.
Most attention in materials science is paid to sulfate-fluorides (e.g., Ati et al., 2011; Reynaud et al.,
2012; Sun et al., 2016). Synthetic compounds with other halogens, namely Cl, Br and I, are relatively
rare and have previously been considered (mainly in copper compounds) due to their interesting
magnetic properties (Hélg et al., 2014; Kikuchi et al., 2017; Soldatov et al., 2018; Fujihala et al,
2020a,b). Sulfate-halides of other cations have received much less attention. For example, compounds
of this class with Zn have been described only in single works (Bosson, 1973, 1976).

Regarding sulfate-halides, we should mention the recently discovered mineral belousovite
KZn(SO4)CI (Siidra et al., 2018c), found in the associations of the Yadovitaya fumarole (GTFE),
described above. Belousovite belongs to a relatively rich family of sulfate-chloride minerals,
represented, for example, by kamchatkite KCus(SOa4)20ClI, piypite KiCus(SO4)s0-(Na,Cu)Cl,
chlorothionite K2Cu(SO4)Cl2 and atlasovite CusFeBi(SO4)s04:KCI. The great majority of anhydrous
sulfate-chlorides are Cu-bearing minerals, while zinc is a speciation element only in single examples —
in hermannjahnite CuZn(SOa4)2 (Siidra et al., 2018b), glikinite Zn3(SO4)20 (Nazarchuk et al., 2020) and
majzlanite K2Na(ZnNa)Ca(SOa4)4 (Siidra et al., 2020a).

In the present work, the family of these compounds has been significantly extended (Borisov et
al., 2022b). In continuation of several works of the last decade (e.g. Singh et al., 2015; Kovrugin et al.,
2019), which described mineral-related synthetic compounds, the structural type of belousovite
KZn(SO4)CI (Siidra et al., 2018c) was taken as a prototype for synthesis of new anhydrous sulfates.
Twelve of its synthetic analogs with different alkaline cations and halogen atoms were synthesized and
studied. Based on the obtained data, it was possible to consider a number of crystal chemical phenomena,
in particular — morphotropism (Kalman, 2005), a regular change in the crystal structure with a change
in chemical composition.

However, morphotropism is more common among anhydrous sulfates of alkali and transition
metals. A notable example of fumarolic mineral that has become the basis for the synthesis of a large
number of synthetic analogs is saranchinaite Na2Cu(SOa4)2 (Siidra et al., 2018a). Our work also examined
a series of saranchinaite analogs with different alkaline cations, which became an illustrative example
of morphotropism with a number of morphotropic transitions (Siidra et al., 2021c). This part of the study
is particularly relevant not only for the development of structural mineralogy and crystal chemistry, but
also because of the high interest in anhydrous sulfates of alkali metals for electrochemical applications.
Recently, the approach “from minerals to materials” has been shown to be effective for a number of

materials interesting for electrochemistry. An example is the mineral eldfellite NaFe3*(SOa)2, which was
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discovered in the fumaroles of Eldfedl volcano, Iceland (Bali¢-Zuni¢ et al., 2009). Analogs of eldfellite
synthesized in later work (Singh et al., 2015; Yu et al., 2017; Ri et al., 2018) show stable behaviour in
the electrochemical cycle. Another example is langbeinite KaMg2(SO4)s. To date, a great number of
synthetic compounds with langbeinite structure and different combinations of chemical composition are
known (e.g. Lander et al., 2017; Trussov et al., 2019). In addition, in terms of electrochemistry, some
sulfate minerals whose formation is associated with alteration zones on active fumaroles have also
received attention, such as krohnkite Na2Cu(SOa)2-2H20 (Barpanda et al., 2014; Watcharatharapong et
al., 2017) and blodite Na2Mg(SO4)2-4H20 (Reynaud et al., 2014).

In view of such a high relevance of the study of anhydrous alkali metal sulfates, the present work
contains the results of both sulfates with stoichiometry of saranchinaite Na2Cu(SQOa4)2 (Siidra et al.,
2018a), and compounds related to itelmenite Na2CuMg2(SO4)4 (Nazarchuk et al., 2018). In addition to
the description of new compounds, the dissertation presents the results of topological analysis of all
currently known (natural and synthetic) anhydrous copper and alkali metal sulfates with framework
structural architecture (Borisov et al., 2021). Also, the results of the evaluation of possible Na* and K*
migration pathways within the considered structures using the BVEL (bond-valence energy landscapes)
method as well as the analysis of the electron density distribution in procrystals are presented.
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Chapter 2. Evolution of fumarolic sulfate minerals during alterations in physico-

chemical conditions

2.1. Refinement of the crystal structure and thermal expansion of euchlorine KNaCuz(S04)30

Before the experiments on hydration and dehydration of sulfate minerals for one of them,
euchlorine KNaCus(S04)30, the crystal structure was refined (Siidra et al., 2019c). Euchlorine is
monoclinic, C2/c space group, with the unit-cell parameters: a = 18.131(15), b = 9.386(8), ¢ =
14.353(12) A, p = 113.217(12)°, V = 2245(3) A3. The atomic coordinates published in Scordari, Stasi
(1990) were used as an initial model. All experimental details are given in Appendix 1.

The crystal structure of euchlorine (Fig. 3) contains two symmetrically independent alkali sites
Al and A2 (where 4 = Na, K). Structure refinement including the site occupancies shows, that the A1
site is K dominant, whereas A2 is almost completely occupied by Na. The general crystal chemical
formula of ‘euchlorine group’ minerals can be represented as 4142[CuzO](SO4)3 (4 = Na, K) (Siidra et
al.,2017) and, based on EDS analysis (see below), the crystal chemical formula of the studied euchlorine
can be given as (Ko.s3Naoss@)( Naoes3Ko.oz3)[CusO](SO4)s. The difference in the atomic radii of K and
Na manifests itself in the increase of the unit-cell volume for ‘euchlorine group’ minerals puninite
NaNa[Cu3O0](SO4)s (Siidra et al., 2017) and fedotovite KK[CuzO](SO4)3 (Starova et al., 1991) from
2182.6t02396.8 A3, respectively. The unit-cell volume of the studied euchlorine is almost halfway these
extremes. The ‘a’ lattice parameter of ‘euchlorine group’ minerals is very sensitive to the K-Na ratio
(Siidra et al., 2017).

In the earlier work of Scordari, Stasi (1990) the structure of euchlorine was described in terms of
cation-centered polyhedra. Such a description has the disadvantage that it does not allow an easy
comparison of euchlorine with other copper sulfate exhalation minerals and to rationalize the nature of
thermal expansion described below. In an approach to understand the structure in terms of anion-
centered coordination polyhedra (Krivovichev et al., 2013) the "additional™, non-sulfate, oxygen atoms
O1 and are considered to form oxocentered O1Cu4 and O2Cus tetrahedra which share a common Cul-
Cul edge thus forming an [O2Cus]®* dimer (Fig. 3a). Two S1-centered and two S2-centered sulfate
tetrahedra are attached ‘face-to-face’ to the dimers. S3-centered tetrahedra provide the linkage of these
clusters in two dimensions (Fig. 3b) to form {CusO(SO4)3}* layers parallel to the bc plane. Potassium

and sodium atoms are located in the interlayer (Fig. 3c,d).



Fig. 3. Crystal structure of euchlorine; O1- and O2-centered OCu, tetrahedra share a common edge thus forming
[O2Cus]® dimers (a); four SO, tetrahedra centered by S1 or S2 atoms are attached to the dimers in a ‘face-to-
face’ fashion; S3-centered sulfate tetrahedra provide the linkage of these clusters in two dimensions (b); general
projections of the crystal structure of euchlorine along the b and ¢ axes (¢, d) (K (Al site) = orange balls, Na (A2
site) = blue balls); evolution of thermal expansion tensors of euchlorine at different temperatures (e)

Analysis of the high-temperature behaviour and thermal expansion of euchlorine

The temperature of the decomposition of euchlorine was estimated as the mean temperature
between the two corresponding HTPXRD-experiments where the diffraction pattern changes, i.e. where
peaks not belonging to euchlorine appear. Euchlorine was found to be stable up to 650—-675 °C when it

starts to decompose into tenorite, CuO, and an unidentified phase. Products of the euchlorine
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decomposition react with the platinum plate under formation of platinum oxide PtO2. No structural phase
transitions of euchlorine were observed. As shown by Fig. 4, and quantified by the corresponding
thermal expansion coefficient, the unit-cell volume expands continuously with temperature. Similarly

the a, b and c axes expand with increasing temperature, and the monoclinic f angle decreases.
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Fig. 4. The temperature dependences of the unit-cell parameters and evolution of the powder diffraction patterns
of euchlorine as a function of temperature; patterns in the temperature range of euchlorine decomposition are
marked in red (Pt = platinum, PO = PtO,, Te = tenorite, CuO, X = unknown)

The thermal expansion of euchlorine is strongly anisotropic (Fig. 3e) and can be expressed by:

ar=18.5315(56) + 0.156(41) x 10737 + 0.356(60) x 10704

b =9.3800(20) + 0.104(14) x 10737+ 0.172(21) x 10754

cr=14.3409(17) + 0.0415(45) x 107

Bi=113.871(12) + 0.163(89) x 103 —2.32(13) x 107

Vi=2270(2) + 134(5) x 107%¢, where ¢ is a temperature.

The strongly anisotropic character (Fig. 3e) of the thermal expansion of euchlorine remains
essentially unchanged up to its decomposition. The strongest a1 expansion is observed approximately
perpendicular to the {CusO(S0a4)3}* layers (Fig. 3c,d), whereas minimal a22 and a3s thermal expansion
occurs parallel to the planes of these layers (Fig. 3b—e). This thermal behavior can be rationalized on the
basis of considerations of the respective rigidity of structural units in the euchlorine structure, in which

the SO4 tetrahedra and OCus tetrahedra are the most rigid building units which tend to resist the thermal

expansion.
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2.2. Crystal chemical study of phase formation during hydration and dehydration of fumarolic

anhydrous sulfate minerals
2.2.1. Methodology

Euchlorine, chalcocyanite, dolerophanite, alumoklyuchevskite and itelmenite are water-soluble
and sensitive to air humidity. The crystals of all minerals start to alter, with initial formation of hydrated
mineral films, already after one day of exposure (e.g. chalcocyanite) to open air with 81% relative
humidity and 23 °C. Systematic hydration experiments were carried out to monitor the occurring
transformations by PXRD (Siidra et al., 2019c, 2021a).

For all minerals used for further research, qualitative electron microprobe analysis revealed no
elements other than reported in the respective publications: chalcocyanite (Siidra et al., 2018b),
alumoklyuchevskite (Gorskaya et al., 1995, Siidra ef al., 2017) and itelmenite (Nazarchuk ez al., 2018).
There is a published semi-quantitative chemical analysis of dolerophanite from the fumaroles of
Vesuvius (Kahler, 1962). The dolerophanite sample used in this study contained 1.8 wt. % ZnO.
Admixture of zinc is rather common for the copper sulfate minerals studied here. This is not surprising
since the gas condensates of the GFTE were highly enriched in Zn (Menyailov, Nikitina, 1980).

The experiments with all four studied minerals were carried out using the same technique: 1 g of
each mineral was hand-picked under an optical microscope and ground in an agate mortar. Prior to that
the purity of each sample was checked via PXRD, and in the case of observed impurities a new sample
was selected. The pure powdered sample was loaded on a Si plate for further X-ray measurements. In
turn, the holder with the Si plate was placed inside a common desiccator (3 liter volume). 250 ml of
distilled water was poured into the bottom of the desiccator. The humidity in the desiccator during the
experiments was monitored by a humidity- and temperature-meter CEM DT-625. The e.s.d. for humidity
values is 0.5%. Each set of the experiments was repeated twice. In total 6 subsequent stages of hydration
were carried out for each mineral and the results are listed in Tables 1, 3, 5, 7. The transformation of
each powder sample into the respective single phase or mixture of hydrated sulfates is accompanied by
color changes (Fig. 5-9).

PXRD data in air after each stage were taken by means of a Rigaku Ultima X-ray diffractometer
(CuKa radiation). The duration of each X-ray measurement was about 15 minutes. The evolution of the
powder diffraction patterns in moist environments is shown in Figures 5-9. Full powder diffraction
patterns were collected at different intervals and analyzed via Rietveld refinement using the TOPAS
program (Bruker, 2014a). Using the known structural data for each of the intermediate phases (minerals)
listed in Tables 1-8 it was possible to refine the phase fraction of each of the intermediate phases and
thus to determine the composition of the mixtures. Note, we put in quotes all mineral-like phases

appearing during hydration/dehydration.
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The thermal behavior of the mixtures of the different hydrated sulfates subsequently was studied
in air by means of a Rigaku Ultima X-ray diffractometer (CoKa radiation (dolerophanite,
alyumoklyuchevskite and itelmenite experiments) or CuKa radiation (chalcocyanite experiment only)
and a high-temperature camera Rigaku HTA 1600. The sample was loaded on a Pt-Rh plate.
Temperature steps were 25 °C in the range 25-400 °C.

2.2.2. Hydration and subsequent dehydration of euchlorine KNaCus3(SO4):0

Hydration

In moist atmosphere euchlorine undergoes complex transformation into multiple phases. After
the first 30 minutes of hydration it has converted mainly into two phases, viz. “cyanochroite”
(Na,K)2Cu(S04)2:6H20 (Robinson, Kennard, 1972) and “chalcanthite” Cu(SOas)-5H20 (Bacon,
Titterton, 1975). We may hypothetically add Na to the formula of “cyanochroite” phase, to account for
the fact that the primary euchlorine contains ~65% of sodium.

“Kobyashevite” Cus(SO4)2(OH)s-4H20 (Pekov ef al., 2013) starts to appear already at this step.
Note, that kobyashevite has only recently been discovered in the Vishnevye Mountains, South Urals, but
was not known before from secondary assemblages of the Tolbachik fumaroles. A minor amount of
unreacted euchlorine is still present at this stage (Fig. 5, pattern 2). Cyanochroite and chalcanthite are
well known minerals and occur abundantly in the secondary mineral assemblages of SSC. All of the
stages 3—6 (Fig. 5, patterns 3—6) have similar phase composition. They are dominated by “cyanochroite”,
“kobyashevite” and “chalcanthite” phases. We may also note the appearance of significant amounts of
a “krohnkite” phase (Hawthorne, Ferguson, 1975) during these hydration stages. “Kaliochalcite-
natrochalcite” phases (Na,K)Cu2(SOa4)2(OH)-H20 (Giester, Zemann, 1987; Pekov et al., 2014a) are
clearly observed as a minority phase in patterns 3—6. This phase becomes dominant in the last stage 7
characterized by the longest hydration time. In the other aspects the phase composition of the sample is
preserved, except for the disappearance of “krohnkite” (Fig. 5, pattern 7). The humidity conditions are
rather similar at all hydration stages (Table 1). It seems that the total hydration duration time plays the
crucial role.
Dehydration

In general, all the steps during the heating experiment can be divided into four groups (designated
as I, 11, 111, 1V), mainly according to the dominant phases in the complex mixtures, viz. “kobyashevite”
for step I, “kaliochalcite-natrochalcite” for step 11, euchlorine for step 1V, while step 111 designates a
transition state where euchlorine is already present as a minor phase with increasing share as the

temperature increases.
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Fig. 5. XRD patterns for the products of euchlorine hydration (left below); different stages of hydration are
numbered on the left side; peaks of the corresponding phases are marked with triangles of different colors; XRD
patterns for the products of dehydration of the mixture of hydrated sulfates initially obtained from euchlorine (left

above)



Table 1. Evolution of primary euchlorine into mixtures of hydrated sulfates during the hydration experiments at 23 °C, different duration and different relative
humidity; dominating phases (>20%) are marked in bold; the amount of each phase is given in wt. %. E.s.d is ~3%

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7

Initial 30 min, 30 min, 60 min, 120 min, 30 min, 14 hours,
humidity 85 % humidity 86 % humidity 88 % humidity 90 % humidity 91 % humidity 94 %

euchlorine 100 «cyanochroite» 47 «cyanochroite» 48 «cyanochroite» 41 «cyanochroite» 40 «cyanochroite» 39 «kaliochalcite-

«chalcanthite» 37
«euchlorine» 12
«kobyashevite» 4

«chalcanthite» 28
«kobyashevite» 21
«kréhnkitey» 3
«euchlorine» ~1

«kobyashevite» 25
«kréhnkite» 17
«chalcanthite» 16
«kaliochalcite-
natrochalcite» 1

«kobyashevite» 24
«chalcanthite» 18
«kroéhnkite» 14
«kaliochalcite-
natrochalcite» 4

«kobyashevite» 25
«krohnkite» 18
«chalcanthite» 13
«kaliochalcite-
natrochalcite» 5

natrochalcite» 64
«kobyashevite» 19
«cyanochroitey» 12
«chalcanthite» 5

Table 2. Evolution of the mixture of hydrated sulfate phases, formed as a result of euchlorine hydration, upon heating; dominating phases (>20%) are marked in bold,
amount of each phase is given in wt. %; e.s.d is ~3%

| stage Il stage
+25 °C +50 °C +75°C +100 °C +125 °C +150 °C +175 °C +200 °C
«kobyashevite» 49 «kobyashevite» 65 «kobyashevite» 41 «kaliochalcite- «Kkaliochalcite- «Kkaliochalcite- «kaliochalcite- «kaliochalcite-
«kaliochalcite- «kaliochalcite- «kaliochalcite- natrochalcite» 51 natrochalcite» 60 natrochalcite» 72 natrochalcite» 75 natrochalcite» 76
natrochalcite» 25 natrochalcite» 24 natrochalcite» 37 «kobyashevite» 27 «brochantite» 12 «wulffite» 7 «wulffiten 9 «poitevinite» 8

«cyanochroite» 20
«chalcanthite» 5
«krohnkite» <1

«cyanochroite» 8
«chalcanthite» <2
«krohnkite» <1

«cyanochroite» 8
«poitevinite» 6
«chalcocyanite» 5
«brochantite» 2
«krohnkite» <1

«cyanochroite» 11
«poitevinite» 5
«chalcocyanite» 4
«brochantite» <1
«krohnkite» <1

«wulffite» 11
«kobyashevite» 11
«bonattitey 2
«krohnkitex» 2
«poitevinite» <1
«chalcocyanite» <1

«brochantite» 7
«poitevinitey 6
«kréhnkite» 6
«chalcocyanite» <1
«bonattite» <1

«poitevinite» 7
«brochantite» 7
«chalcocyanite» <1
«bonattite» <1

«brochantite» 8
«wulffite» 6
«bonattite» <1
«chalcocyanite» <1

111 stage IV stage
+225 °C +250 °C +275 °C +300 °C +325 °C +350 °C +375 °C +400 °C
«kaliochalcite- «kaliochalcite- «kaliochalcite- «kaliochalcite- «euchloriney» 64 «euchloriney» 90 «euchloriney» 89 «euchlorine» 89
natrochalcite» 78 natrochalcite» 76 natrochalcite» 71 natrochalcite» 48 «kaliochalcite- «dolerophanite» 5 «dolerophanite» 7 «dolerophanite» 8

«poitevinite» 9
«brochantite» 6
«wulffite» 5
«bonattite» <1
«chalcocyanitey <1

«brochantite» 8
«poitevinite» 7
«chalcocyanite» 5
«wulffite» 3
«bonattite» <1

«chalcocyanite» 7
«brochantite» 7
«poitevinite» 5
«euchlorine» 5
«wulffitey 4
«bonattite» <1

«euchlorine» 29
«poitevinite» 10
«chalcocyanite» 8
«wulffite» 5

natrochalcite» 25
«wulffitey 11

«wulffite» 5

«wulffitey 4

«wulffite» 3

65T
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It should be noted that the composition of the phase mixture can be quite susceptible to
even minor changes of the experimental conditions. For instance, the need of changing the sample
holder from the hydration experiments to dehydration studies results in a slight heating from room
temperature (about 23 °C) to 25 °C and changes the ratios of the phases present (see the last
column of Table 1 and the first one of Table 2). The “kobyashevite” phase remains dominant at
stage | up to 100 °C when “kaliochalcite - natrochalcite” starts to prevail. “Chalcanthite”
disappears at 75 °C and a copper sulfate phase with less water, “poitevinite” CuSOs-H20 (Giester
et al., 1994; Ting et al., 2009), appears. The 75 °C stage is also characterized by the first
appearance of small amounts of the anhydrous sulfate phase “chalcocyanite” CuSOa4 (Siidra et al.,
2018b). Even smaller is the amount of “brochanthite” CusSOs(OH)s (Merlino et al., 2003), also
revealed at this stage. Group Il is characterized by a rather homogeneous phase composition
(Fig. 5). Another anhydrous, more complex, alkali copper sulfate phase — ‘“wulffite”
KsNa[Cus02](SO4)4 (Pekov et al., 2014b) — is reliably determined at stage Il after every
temperature step, and continues to be present in small amounts up to the highest temperature used.
Note, wulffite was only recently discovered in Arsenatnaya fumarole, SSC, GTFE (Pekov et al.,
2014b).

Euchlorine appears at stage 111 (275 °C) when the amount of hydrated phases starts to
decrease. Eventually, at 350 °C the sample completely dehydrates and almost completely
transforms back to euchlorine. “Wulffite” and “dolerophanite” [Cu20](SOa4) (Effenberger, 1985)
are present in group 1V in very small amounts. It is perhaps not by mere chance that the crystals
structures of both these minerals are based on oxocentered OCus tetrahedra (Krivovichev et al.,
2013). This feature is also characteristic for the crystal structure of euchlorine described above and
even for the majority of exhalative, i.e. anhydrous, copper sulfate minerals found in fumaroles of
SSC.

2.2.3. Hydration and subsequent dehydration of chalcocyanite Cu(SOa)

Hydration

In moist atmosphere chalcocyanite transforms rapidly into «chalcanthite» Cu(SOas)-5H20
(Bacon, Titterton, 1975). The single-phase composition remains intact until the last stage of the
hydration (Fig. 6).
Dehydration

The first stage of heating (Fig. 6) at 25°C and 50 °C is also characterized by the
predominantly single-phase chalcanthite composition of the probe. However, we should note that
first minor peaks of «bonattite» Cu(SOa4)-3H20 (Zahrobsky, Baur, 1968) start to appear at 50 °C.
At 75 °C, the sample completely consists of «bonattite» Cu(SO4)-3H20. The third stage covers the
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relatively large temperature range 100-200 °C and is characterized also by a single-phase
corresponding to «poitevinite» Cu(SOa4)-H20 (Giester et al., 1994; Ting et al., 2009). At 225 °C a
transitional stage with coexisting poitevinite and anhydrous CuSO4 (chalcocyanite) is observed.
Starting from 250 °C the sample composition has reversed back to the initial chalcocyanite. The

color of the powder sample is also the initial grey (Fig. 6).
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Fig. 6. XRD patterns for the products of chalcocyanite hydration (left below); different stages of hydration
are numbered on the left side; peaks of the corresponding phases are marked with triangles of different
colors; XRD patterns for the products of dehydration of the mixture of hydrated sulfates initially obtained
from chalcocyanite (left above); during the heating of the hydrated products the color reverses back
completely in agreement with the reversible hydration/dehydration of chalcocyanite

2.2.4. Hydration and subsequent dehydration of dolerophanite Cuz(SO4)O

Hydration

The initial dolerophanite sample contained no admixtures of other phases (Fig. 7) and its
powder pattern corresponds to that reported for synthetic Cu20(SOa) (Effenberger, 1985). After
the hydration processes have started, the phase composition undergoes significant transformations
(diffraction patterns 2—4 in Fig. 7). «Kobyashevite» Cus(SO4)2(OH)s-4H20 (Pekov et al., 2013)
and «chalcanthite» Cu(SO4)-5H20 (Bacon, Titterton, 1975) appear in significant amounts. The
amount of dolerophanite gradually decreases, and drops down to 13 wt.% as registered in powder
pattern #4. At the next stage of hydration (diffraction patterns 5-6 in Fig. 7 and Table 3) the
signature of dolerophanite has almost disappeared, and its amount is refined to yield only 3 wt. %.

«Kobyashevite» has become the major phase with 67 wt. % whereas the «chalcanthite» content is
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still important with ~30 wt. %. The last stage of the dolerophanite hydration experiment
(diffraction pattern 7 in Fig. 7 and Table 3) is characterized by the almost complete disappearance
of «chalcanthite» in favour of «antlerite», Cu3(SO4)(OH)4 (Hawthorne et al., 1989). The remains

of «chalcanthite» amount to only ~ 6 wt. %.
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Table 3. Evolution of primary dolerophanite into mixtures of hydrated sulfates during the hydration experiments at 23 °C, different duration and different relative
humidity; Dominating phases (>20%) are marked in bold; The amount of each phase is given in wt. %. E.s.d is ~3%

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7

Initial 30 min, 30 min, 60 min, 120 min, 30 min, 14 hours,
humidity 85 % humidity 86 % humidity 88 % humidity 90 % humidity 91 % humidity 94 %

dolerophanite 100  «dolerophanite» 47 «kobyashevite» 41  «kobyashevite» 58 «kobyashevite» 67 «kobyashevite» 67 «kobyashevite» 67
«kobyashevite» 28  «dolerophanite» 31 «chalcanthite» 29  «chalcanthite» 30  «chalcanthite» 30  «antlerite» 27
«chalcanthite» 25 «chalcanthite» 28 «dolerophanite» 13 «dolerophanite» 3 «dolerophanite» 3 «chalcanthitey 6

Table 4. Evolution of the mixture of hydrated sulfate phases, formed as a result of dolerophanite hydration, upon heating; dominating phases (>20%) are marked in
bold; amount of each phase is given in wt. %; e.s.d is ~3%

| stage I stage
+25 °C +50 °C +75°C +100 °C +125 °C +150 °C +175 °C +200 °C
«kobyashevite» 63 «kobyashevite» 62 «kobyashevite» 73 «kobyashevite» 68 «kobyashevite» 49 «poitevinite» 67 «poitevinite» 69 «poitevinite» 67
«chalcanthite» 29 «chalcanthite» 29 «poitevinite» 17 «poitevinite» 22 «poitevinite» 39 «antlerite» 27 «antlerite» 27 «antlerite» 28

«antlerite» 8

«antlerite» 9

«antlerite» 10

«antlerite» 10

«antlerite» 10
«chalcocyanite» 2

«chalcocyanitey 3
«kobyashevite» 3

«chalcocyanite» 2
«kobyashevite» 2

«chalcocyanitey 3
«kobyashevite» 2

11 stage

111 stage

+225 °C

+250 °C

+275 °C

+300 °C

+325 °C

+350 °C

+375 °C

+400 °C

«poitevinite» 63
«antlerite» 31
«chalcocyanite» 5
«kobyashevite» 1

«poitevinite» 49
«antlerite» 33
«chalcocyanite» 18

«poitevinite» 39
«antlerite» 32
«chalcocyanite» 29

«poitevinite» 38
«antlerite» 33
«chalcocyanite» 29

«chalcocyanite» 40
«antlerite» 29
«poitevinite» 29
«tenorite» 2

«chalcocyanite» 68
«dolerophanite» 20
«tenorite» 12

«chalcocyanite» 69
«dolerophanite» 19
«tenorite» 12

«chalcocyanite» 69
«dolerophanite» 18
«tenorite» 13

€91
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Dehydration

The dolerophanite dehydration processes with increasing temperature can be classified into
three main stages (Table 4). The characteristic of stage | is the dominance of «kobyashevite»
although its amount gradually decreases with rising temperature. Diffraction patterns 10-12 at
75 °C, 100 °C and 125 °C (Fig. 7) demonstrate the appearance of «poitevinite» Cu(SO4)-H20
(Giester et al., 1994; Ting et al., 2009) at the expense of the «chalcanthitey.

The dehydration stage 11, starting at 150 °C, is characterized by the complete disappearance
of «kobyashevite», with «poitevinite» and «antlerite» becoming the dominant phases. Minor
amounts of «chalcocyanite» (~3 wt. %) appear in the polyphasic mixture. The «poitevinite»
amount gradually decreases with rising temperature till 300 °C. The amount of «antlerite» remains
nearly constant during this process, but the amount of chalcocyanite gradually increases.

The last dehydration stage Il starts at 325°C and is accomplished at 350 °C.
«Chalcocyanite» is the dominant phase throughout this stage with about 70%. Re-appearence of
«dolerophanite» is observed at this temperature, but its amount does not exceed 20%. «Tenorite»
CuO (Brese et al., 1990) is present with about 12% as an obvious product of decomposition of

«chalcocyanite» and/or «dolerophanite». The color of the sample becomes brownish at the end
(Fig. 7).
2.2.5. Hydration and subsequent dehydration of alumoklyuchevskite KzCuszAl(SO4)40;

Hydration

The initial alumoklyuchevskite sample contained no detected admixtures of other phases
(Fig. 8) and its powder pattern is in a good agreement with that calculated for its recently refined
crystal structure (Siidra et al., 2017).

Immediately after the start of hydration, the alumoklyuchevskite sample starts to
decompose and shows the diffraction pattern of two hydrated phases (diffraction patterns 2 and 3
in Fig. 8): «cyanochroite» K2Cu(SO4)2-6H20 (Bosi et al., 2009) and subordinate «chalcanthite»
Cu(SO4)-5H20 (Bacon, Titterton, 1975). After 60 minutes of hydration, the reflections of
alumoklyuchevskite have completely disappeared. The amount of «cyanochroite» gradually
increases, and at the end of hydration, the sample is almost completely represented by this phase
(diffraction pattern 7 in Fig. 8; Table 5).

Dehydration

The dehydration behavior of the product of the alumoklyuchevskite hydration registered

by PXRD appears relatively simple. It is characterized by three main stages (Table 6). At the

beginning of experiment, when the temperature reached 25 °C, the remains of «chalcanthite» have
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completely disappeared and only diffraction peaks of «cyanochroite» are present. According to
the diffraction patterns 10-18 in Fig. 8, the sample undergoes gradual amorphization.

A recrystallization of the sample is observed in the range 300400 °C. All the observed
peaks correspond to K2Cu(SOa4)2 (PDF card No. 00-017-0485). The crystal structure of this phase
is unknown. K2Cu(SOa4)2, reported recently by Zhou et al. (2020), has unrelated PXRD pattern.

Note that despite the likely formation of a considerable amount of crystalline
«cyanochroitey» during hydration, the color of the resulting sample does not show the typical bluish
tints typical for the mineral cyanochroite, but the color appears yellow with greenish tints instead.
This might be an indication of the amorphous Al203 or its hydrated forms as decomposition

products which envelop the finely dispersed crystallites of «cyanochroitey.
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Table 5. Evolution of primary alumoklyuchevskite into mixtures of hydrated sulfates during the hydration experiments at 23 °C, different duration and different
relative humidity; dominating phases (>20%) are marked in bold; the amount of each phase is given in wt. %; e.s.d is ~3%

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
Initial 30 min, 30 min, 60 min, 120 min, 30 min, 14 hours,
humidity 85 % humidity 86 % humidity 88 % humidity 90 % humidity 91 % humidity 94 %
alumoklyuchevskite 100  «cyanochroite» 82 «cyanochroite» 86 «cyanochroite» 89 «cyanochroite» 90 «cyanochroite» 81 «cyanochroite» 98
«alumoklyuchevskite» 13 «chalcanthite» 9 «chalcanthite» 11 «chalcanthite» 10 «chalcanthite» 19  «chalcanthite» 2

«chalcanthite» 5

«alumoklyuchevskite» 5

Table 6. Evolution of the mixture of hydrated sulfate phases, formed as a result of alumoklyuchevskite hydration, upon heating; dominating phases (>20%) are marked
in bold; amount of each phase is given in wt. %; e.s.d is ~3%

| stage Il stage 111 stage
+25 °C +50 °C +75 +100 +125 +150 +175 +200 +225 +250 +275°C | +300°C +325°C +350°C +375°C +400°C
«cyanochroite» 100  «cyanochroite» 100 Amorphization K2Cu(SO4)2 100

991
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2.2.6. Hydration and subsequent dehydration of itelmenite Na;CuMg2(SO4)4

Hydration

The initial itelmenite sample contained no admixtures of other phases (Fig. 9) and its
powder pattern is in a good agreement with the pattern calculated for the crystal structure of
itelmenite (Nazarchuk et al., 2018).

Itelmenite demonstrates remarkably complex and multiple transformations even after the
first 30 minutes of hydration. About half of the polyphase mixture is still represented by itelmenite.
The second most significant phase is «hexahydrite» Mg(SO4)-6H20 (Zalkin et al., 1964). The
other hydrates of magnesium sulfates are represented by «pentahydrite» MgSOa4-5H20 (Baur,
Rolin, 1972), «starkeyite» Mg(SO4)-4H20 (Baur, 1962) and «sanderite» Mg(SO4)-2H20 (Ma et
al., 2009). «Kroéhnkite» Na2Cu(SO4)2-:2H20 (Hawthorne, Ferguson, 1975) and «brucite» Mg(OH)2
(Mitev et al., 2009) are also present in minor amounts (Table 7).

After another 30 minutes of hydration the amount of itelmenite is reduced. «Krohnkite»
becomes dominant and the amount of «hexahydrite» is reduced. New phases «epsomite»
Mg(SO4)-7H20 (Calleri et al., 1984) and «alpersite» (Mg,Cu)(SO4)-7H20 (Mills et al., 2010)
appear in minor amounts.

The third stage of hydration (diffraction patterns 4-6 in Fig. 9) is characterized by almost
constant phase composition, with only slight variations in the amounts of these phases. Primary
itelmenite no longer exists in the mixture, and only «krohnkite», «epsomite», «hexahydrite» and
«alpersite» are registered.

The last stage of hydration is characterized by the strong shift of the dominant phases and
appearance of «konyaite» Na2Mg(SOa)2-5H20 (Mills et al., 2010) in the amount of 62 wt.%.
Dehydration

At 25 °C and 50 °C the composition of the polyphase sample, with «konyaite» as the
dominant phase, is similar to the final stage of hydration. At 75 °C the sample completely
transforms into a two-phase mixture highlighting the end of the dehydration stage I.

The dehydration stage Il indicates almost complete amorphization of the sample
(diffraction patterns 12-17 in Fig. 9). Some relics of crystalline matter are present, but an
interpretation of the diffraction pattern is uncertain.

The dehydration stage 111 is characterized by the presence of anhydrous crystalline phases
only. Simple Mg(SO4) (Rentzeperis, Soldatos, 1958) is the dominant phase in the range from
275 °C to 375 °C. Its amount gradually reduces with the rise of the temperature in favour of the
amount of «chalcocyanite» Cu(SOa4). Already at 275 °C itelmenite reappears in minor amounts

and becomes the dominant phase at 400 °C. «Vanthoffite» NasMg(SOa)4 (Fischer, Hellner, 1964),



«metathénardite» Naz(SO4) (Rasmussen et al., 1996) and MgO (Fan et al., 2008) are minority
phases. In the photographs (Fig. 9), it is clearly seen that the initial gray color of the itelmenite
powder sample fades away towards the end of the experiment and its color becomes light-gray.

Dehydration

Hydration
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Fig. 9. XRD patterns for the products of itelmenite hydration (left below); different stages of hydration are
numbered on the left side; peaks of the corresponding phases are marked with triangles of different colors;
XRD patterns for the products of dehydration of the mixture of hydrated sulfates initially obtained from
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Table 7. Evolution of primary itelmenite into mixtures of hydrated sulfates during the hydration experiments at 23 °C, different duration and different relative humidity;
Dominating phases (>20%) are marked in bold; the amount of each phase is given in wt. %; e.s.d is ~3%

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7
Initial 30 min, 30 min, 60 min, 120 min, 30 min, 14 hours,
humidity 85 % humidity 86 % humidity 88 %  humidity 90 %  humidity 91 %  humidity 94 %

itelmenite 100  «itelmenite» 48 «krohnkite» 34 «epsomite» 66  «krohnkite» 46 «epsomite» 52 «konyaite» 62
«hexahydrite» 35 «itelmenite» 31 «krohnkite» 24  «epsomite» 42  «krohnkite» 44  «alpersite» 31
«krohnkite» 8 «hexahydrite» 24  «hexahydrite» 7  «hexahydrite»9  «hexahydrite» 2 «krohnkite» 3
«pentahydrite» 3 «alpersite» 6 «alpersite» 3 «alpersite» 3 «alpersite» 2 «epsomite» 3
«sanderite» 3 «brucite» 3 «brucite» 1
«starkeyitey 2 «epsomite» 2
«brucitex 1

Table 8. Evolution of the mixture of hydrated sulfate phases, formed as a result of itelmenite hydration, upon heating; dominating phases (>20%) are marked in bold;
amount of each phase is given in wt. %; e.s.d is ~3%

| stage 11 stage
+25°C +50 °C +75°C +100 °C +125°C  +150°C  +175°C  +200°C +225°C +250 °C
«konyaite» 68 «konyaite» 68 «krohnkite» 90 «krohnkite» 75 Amorphization

691

«alpersite» 29  «Cu-pentahydrite» 19  «konyaite» 10 «konyaite» 25
«brucite» 2 «hexahydrite» 8
«epsomitey 1 «kroéhnkite» 5
111 stage
+275 °C +300 °C +325 °C +350 °C +375 °C +400 °C
Mg(SO4) 70 Mg(SO4) 69 Mg(SO4) 50 Mg(SO4) 45 Mg(SO4) 39 «itelmenite» 38

«chalcocyanite» 23
«itelmenite» 6
MgO 1

«chalcocyanite» 23
«itelmenite» 7
MgO 1

«chalcocyanite» 29
«itelmenite» 16
MgO 2
«vanthoffite» 2
«metathenardite» 1

«itelmenite» 29
«chalcocyanite» 21
MgO 2
«vanthoffite» 2
«metathenardite» 1

«itelmenite» 35
«chalcocyanite» 16
«vanthoffite» 7
MgO 2
«metathenardite» 1

Mg(SOs4) 37
«chalcocyanite» 13
«vanthoffite» 10
MgO 1
«metathenardite» 1
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2.2.7. Physico-chemical aspects of the transformation of anhydrous sulfate minerals during

hydration processes

Euchlorine

Investigations of the hydration of euchlorine demonstrate its complex behavior with
multicomponent phase formation (Fig.5). Some of the identified mineral phases, e.g.
kobyashevite, have not been found prior to our work in the secondary mineral assemblages of
GTFE. From our results we anticipate the discovery of a new Na,K analogue of cyanochroite and
of K,Na krohnkite (in case of possible fedotovite hydration) in the near future. Our study has also
provided evidence that the mixed Na-K hydrated sulfate minerals are stable phases but more
detailed studies of the secondary mineral associations occurring at GTFE, are necessary.

Unexpectedly, the complex mixture of hydrated sulfates gradually reverses and the
minerals recombine and reform the primary euchlorine composition upon heating. Minor
anhydrous by-phases dolerophanite and wulffite formed at the final stages of dehydration are
structurally related to euchlorine, as their structures are also based on oxocentered OCus tetrahedra.
[02Cus]®* dimers similar to those found in euchlorine occur in both these phases but are
polymerized differently, viz. via common edges into [O2Cu4]*" chains in the structure of wulffite
(Pekov et al., 2014b), but via common corners into [OCuz]*" layers in dolerophanite (Effenberger,
1985). Chemically wulffite is similar to euchlorine and contains several crystallographically
distinct alkali sites preferentially occupied by Na or K, whereas dolerophanite is alkali-free.

The "additional" oxygen atoms in the structures of copper oxysulfate minerals are strong
Lewis bases which supposedly control the phase formation during the hydration. The hydration
behavior of euchlorine differs significantly from that of the sulfates not containing "additional"
oxygen atoms (i.e. chalcocyanite, CuSOs4), as revealed by our preliminary studies (to be reported
in the near future). The presence of "additional" oxygen atoms seems to stimulate not only the
formation of phases containing molecular H20, but also phases with hydroxyl groups. Filatov et
al. (1992) suggested a mechanism of copper transport by volcanic gases in the form of oxocentered
OCu4 complexes. This could explain the diversity of oxocentered structural building units in the
crystal structures of anhydrous oxysalt minerals discovered in hot fumarolic environment. Our
study suggests that such complexes may also exist in aqueous solutions occurring during
weathering processes connected with seasonal or short-term atmospheric changes and/or fumarolic
activity.

Chalcocyanite

The reversible hydration of this mineral has been studied previously using synchrotron
radiation (Ting et al., 2009). The good agreement of our results with those reported by (Ting et
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al., 2009) makes us confident that our experimental setup reproduces the hydration process of this
mineral sufficiently well. Thus, chalcocyanite can be relied on as a reference system for the other
minerals studied in this work. Under high RH (relative humidity) at ambient conditions, hydration
proceeds in one step yielding the thermodynamically stable product, i.e. chalcanthite (Bacon,
Titterton, 1975). The small amount of chalcocyanite remaining even after several hours of
hydration can be probably explained by formation of chalcanthite “shells” around the initial
chalcocyanite particles which block or strongly retard the hydration process. On heating, formation
of the less water-rich forms proceeds in the temperature intervals which agree well with the data
of (Cheng et al., 2019). Note the relatively low crystallinity of the monohydrate.

Dolerophanite

Hydration. This case is more complex than the previous one as the hydration involves
formation of basic copper sulfates whose interconversion depends on a variety of external
conditions including temperature, presence of liquid phase and its acidity as well as copper
concentration (Yoder et al., 2007; Stanimirova, lvanova, 2019).

The first step of hydration can be described tentatively by an equation 3Cu20(SQO4) +
14H20 = Cus(S04)2(0OH)s-4H20 + Cu(SO4)-5H20, or expressed in shorthand by the Cu:SOxs ratio,
3(2:1) = (1:1) + (5:2). The (5:2) compound is known to be easily formed either by reaction of CuO
with an aqueous solution of CuSOa4 (Stanimirova, Ivanova, 2019) or gently increasing the pH of a
CuSOs solution by adding small amounts of alkalis (Yoder et al., 2007), probably due to kinetic
reasons. It was found to be stable in contact with aqueous solutions of cupric sulfate (1M or slightly
below), while in pure water it readily converts into brochantite (4:1) or its hydrates (posnyakovite
and langite).

Formation of synthetic kobyashevite was also detected upon hydration of a more complex
copper oxysulfate mineral, euchlorine KNaCusO(SOa)2, but formation of antlerite was not
observed. Possibly, the concentration of copper sulfate in the slurries formed was not high enough
because of the relatively low solubility of kronkite-type double copper — alkali sulfate products.

Dehydration. Evaporation of water from the initial slurry results in the initial crystallization
of dissolved chalcanthite. In agreement with Yoder et al. (2007), the antlerite content increases as
the temperature rises and water-rich kobyashevite dehydrates. This step can be described by a
tentative equation 2Cus(SO4)2(OH)e4H20 = 3Cus3(SO4)(OH)4 + Cu(SO4)H20 + 7H20, or in
shorthand, 2(5:2) = 3(3:1) + (1:1). Poitevnite is also formed by dehydration of chalchanthite.

At the final steps, copper hydroxyl sulfates decompose with loss of water and formation of
cyanochroite and tenorite. We note that, while our study was restricted to 450°C, the suggested
deposition temperature on the wall of the fumarole, only a small part of the initial dolerophanite

was recovered. In the thermoanalytical studies dedicated to dehydration of basic copper sulfates
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(Ramamurthy, Secco, 1970; Tanaka, Koga 1988; Uzunov et al., 1995), thermal effects attributed
to the formation of synthetic dolerophanite (in a CuO-rich mixture) are reported to occur at
somewhat higher temperatures (around 500°C). In one of our test experiments in a sealed silica
tube no reaction was observed between CuO and Cu(SOa) up to 550°C.

Alumoklyuchevskite

The chemical identity of at least some of the hydration products remains obscure due to
their amorphous nature. Based on the crystalline products formed at the first stage, we may suggest
the following equation: 2K3CusAlO2(SO4)4 + (26+x)H20 = 3K2Cu(S04)2:6H20 + Cu(SO4)-5H20
+ [Al2(SO4)(OH)4-xH20], the amorphous part (with a tentative composition) shown in brackets.
The low temperature of the hydration process probably favors formation of amorphous basic
aluminum salts which crystallize with difficulty, as noted particularly for sulfates (Nordstrom,
1982). It is possible that the progressive disappearance of chalchanthite is caused by its slow
dissolution in the slurry (it is more water soluble compared to cyanochroite) and sorption by the
aluminum-based amorphous phase. Further reactions involving formation of amorphous double
copper-aluminum hydroxysulfates are also possible.

Upon heating, given the overall cation ratio, one could expect formation of sulfates with
K:Curatio of 1:1, i.e. K2Cu2(SOa4)s (Lander et al., 2017), or a mixture of K2Cu(SO4)2 and Cu(SOa4).
Instead, the only process detectable by PXRD study is dehydration of cyanochroite, also via an
amorphous precursor. TG-DTA studies of synthetic cyanochroite (Nagase et al., 1978) revealed a
two-step loss of water (which is complete below 150°C) followed by two endothermal effects at
370 and 520°C, the latter being attributed to melting. The yet not interpreted data provided in the
PDF card No. 00-017-0485 refer to the compound prepared by dehydration of cyanochroite, most
likely to the high-temperature form of K2Cu(SOa4)2 while the structure reported by Zhou et al.
(2020) refers to its low-temperature form, according to the way of preparation. In our experiment,
crystallization of the high-temperature form starts from ~275°C which might be enhanced by the
amorphous nature of the precursor or by the presence of aluminum. Detailed temperature-
dependent studies of K2Cu(SO4)2:6H20 and its anhydrous form, particularly DTA/PXRD, are
evidently necessary to confirm the nature of compound noted in the PDF card No. 00-017-0485.
Itelmenite

Due to the absence of additional oxygen atoms, the formation of any basic salts upon
hydration is not expected. Only a few selected and partial studies have been performed within the
relatively complex Naz(SO4)-Cu(SO4)-Mg(SO4)—H20 system (e.g. Steiger et al., 2011; Lindstrom
et al., 2016). In addition, rapid hydration is most likely driven by kinetic factors, i.e. compounds

more easily formed are observed first. Hence, the initial hydration stage can be described by the
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following tentative equation: NaCuMgz(SOs)a + (2+2x)H20 = Na2Cu(SOs4)2:2H20 +
2(Mg,Cu)(S0O4)-xH20. The latter formula designates the successively formed magnesium sulfates
which may also accommodate the remaining copper sulfate as the latter’s hydrates are not
observed. The following steps correspond mostly to progressive hydration of Mg/Cu sulfates until
the point where the largest hydration point is observed (epsomite Mg(SOa4)-7H20 and alpersite
(Mgo.67Cu0.33)(SO4)- 7H20).

Further reactions are likely to proceed in partially deliquesced samples: dissolution of
krohnkite and epsomite leads to formation of konyaite; the released cupric sulfate contributes to
alpersite which forms also at the expense of epsomite: Na2Cu(SQO4)2:2H20 + 3Mg(SOa4)-7H20 +
3H20 = NazMg(S04)2-5H20 + 3Mgo.67Cu0.33(SO4)-7H20. This reaction is partially reversed on
heating when water starts to evaporate. Partial dehydration of alpersite also contributes to the
transient cuprian pentahydrite.

As in the previous case, decomposition of complex mixture of hydrates results in
amorphization (partial dissolution?). It is therefore not possible to trace the origin of crystalline
phases arising at ~275°C. The last step is characterized by a slow reaction of anhydrous sulfates
with formation of the initial itelmenite, probably enhanced by the seed crystals formed from the
amorphous precursor. The small amount of Mg(OH)2 formed due to partial hydrolysis converts

independently into MgO.

Structural evolution

The analysis of the sequential phase formation shows that the behavior of the studied
minerals differs significantly (Fig. 10, 11). The formulas and structures of hydrates, formed as a
result of chalcocyanite transformations during hydration and subsequent heating, are more
complex than the initial simple copper sulfate Cu(SOas). The opposite behavior, namely the
formation of simpler phases during hydration, was described in study of euchlorine.

To analyze quantitatively the sequence of transformations of mineral phases, we performed
an analysis of their structural complexity, Ic in bits/atom, using the approach proposed in
Krivovichev (2012, 2013). Additionally, for each of the minerals, weighted average values of I
bits/atom at each stage of the experiment were calculated (Fig. 10, 11), using molar fraction of
each mineral phase.

In an experiment with itelmenite, the weighted average structural complexity of the phases
formed also decreases, however, by the end of dehydration, having passed through the amorphous
state stage, when anhydrous sulfates are formed at high temperatures, its value increases again
(Fig. 11a). The phases resulting from hydration and subsequent dehydration of euchlorine

(Fig. 11b) demonstrate a significant reduction in structural complexity with respect to the initial
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phase. However, by the end of the experiment, as the phase composition of the sample returns to
the initial, almost single-phase euchlorine composition, the weighted average structural
complexity becomes close to the initial value.

Thus, the performed analysis shows that many of the primary exhalative Cu?*-containing
sulfates are structurally intermediate complex (Krivovichev, 2012, 2013). Alumoklyuchevskite
(4.892 bits/atom), itelmenite (4.644 bits/atom), the previously studied euchlorine (4.440 bits/atom)
(Fig. 10, 11) are much more structurally complex than the products of their hydration. Despite the
decrease in the structural complexity for the complex anhydrous sulfates during hydration, with
subsequent heating and dehydration, the complexity increases again and reaches almost its initial
values. It is worth noting that the rock-forming minerals of the scoria (Fedotov, Markhinin, 1983)
are structurally simple (labradorite 3.700 bits/atom, diopside 2.522 bits/atom, olivine 2.522
bits/atom, chromite 1.379 bits/atom).
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Fig. 10. General schemes of the evolution of chalcocyanite (a), dolerophanite (b) and alumoklyuchevskite
(c) during the different stages of hydration and dehydration; evolution of the structural complexity
(weighted average values of Ig bits/atom) is shown on the right hand side; g bits/atom and types of
CuOy(H20)n(OH)m polyhedra (Cu?* = light blue, O* = red, H,O = blue, OH" = green) in the structure for
each mineral phase are shown to the left. Ao 10° bond-length distortion parameter for each Cu-centered
octahedron is given
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Fig. 11. General schemes of the evolution of itelmenite (a) and euchlorine (b) during the different stages
of hydration and dehydration; evolution of the structural complexity (weighted average values of Ig
bits/atom) is shown to the right; I bits/atom and types of CuOx(H20)n(OH)m polyhedra (Cu®* = light blue,
0% = red, H,0 = blue, OH = green) in the structure for each mineral phase are shown to the left; Aoerx10°
bond-length distortion parameter for each Cu-centered octahedron is given

Changes in coordination of Cu?* cations as a result of hydration/dehydration processes also
demonstrate a number of interesting patterns. The types of coordination polyhedra of copper in the
structure of each of the minerals or mineral phases, identified during the experiments, are sketched
on the left side of Figures 10, 11. All of the Cu-O bonds <3A were taken into consideration. For
the considered anhydrous copper sulfate minerals (and, in general, for other known fumarolic
copper sulfates), the following coordination environments are characteristic: square pyramid CuOs
with different degree of distortion and octahedron CuOs. A typical structural characteristic of
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several anhydrous copper sulfate minerals of fumarolic origin (dolerophanite, euchlorine,
alumoklyuchvskite, wulffite), is the presence of oxocentered OCus tetrahedra. These are absent in
the structures of all known hydrated minerals or synthetic compounds of the class under
consideration.

During the transformation to hydrated species (the diversity of which is much greater than
that of anhydrous sulfates), a general pattern manifests itself — this is the formation of (4+2)
CuOn(H20)m(OH)k octahedra (Table 9) with different degree of distortion (Fig. 10, 11) due to
Jahn-Teller effect. A few exceptions from the (4+2) coordination environments and formation of
a (4+1+1) coordination are found in the cases of itelmenite and wulffite. CuO400 (4+1+1)
strongly distorted polyhedra are observed in both minerals. The coordination environment of Cu?*
cations is represented by the three types of ligands, viz. O atoms, OH groups, and H20 molecules.

The following Aoct bond-length distortion parameter, suggested in Wildner (1992), was

used for octahedrally coordinated M sites in all mineral phases listed in Figures 6,7:

Age== 38 [M]z where di = (Cu-0) bond-length, dm = (Cu-O) bond-length. As can be seen, the

oct™ g Zi=1 |~ g -
values of Aoctx10° are higher for non-protonated CuOs octahedra in anhydrous sulfate structures,
while for octahedra with the presence of OH groups and H20 molecules in the coordination of the
Cu?* cation, the values are lower. An exception is the Cu4(H20)402 octahedron in the kobyashevite
structure, showing the distortion value Aoctx10° = 23.93. Conversely, the CuOs octahedron in the
structure of chalcocyanite has a low Aoctx10® value of 8.05, which is not typical for the structures
of anhydrous copper sulfates. If we exclude these two octahedra from the calculation, then the
average Aoctx 103 for the protonated octahedra in the structures of the considered mineral phases is

8.03, while for anhydrous it is several times higher — 25.18.

Table 9. Minimum, maximum and average equatorial and apical Cu-O bond-length values in
CuOx(H20)n(OH)n octahedra in the structures of mineral phases listed in Fig. 10, 11

Anhydrous species

Cu—0O¢q Cu—Oyp
Cu—O¢qmin 1.882 Cu—Ogapmin 2.153
Cu—Ogq max 2.070 Cu—Og max 2.885
(Cu—0¢q) 1.964 (Cu—0Oap) 2.623
Hydrated species
Cu—O¢q Cu—Ogy Cu—OHgq
Cu—Oggmin 1.940 Cu—Ogmin 2.290 Cu—OHegmin 1.906
Cu—0O¢q max 2.033 Cu—04p max 2.659 Cu—OHeq max 2.090
(Cu—0eq) 1.974 (Cu—0Ogp) 2.409 (Cu—OHeg) 1.984
Cu—OHgp Cu-H30¢q Cu—H:04
Cu—OHgzpmin 2.259 Cu—H20¢qmin 1.885 Cu—H204p min 2.275
Cu—OHgp max 2.380 Cu—H20eq max 2.100 Cu—H204p max 2.420
(Cu—OHgp) 2.311 (Cu—H20eq) 1.993 (Cu—H204p) 2.342
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The crystal chemistry of divalent copper cations in oxysalts is determined by the Jahn-
Teller effect and responsible for the variety of structures and transformation processes during
hydration processes. The pronounced Jahn — Teller effect and low crystal field stabilization energy
for the 3d°® configuration make the coordination sphere of Cu?" particularly non-rigid which
enhances these transformations and contributes to structural diversity. Copper polyhedra shown in
Figures 10, 11 show that during the hydration processes, protonated oxygen atoms generally
occupy the equatorial plane, while the apical atoms remain involved in the bonding with sulfate
tetrahedra. Another interesting observation is the pattern of the significantly more complex
behavior of fumarolic minerals, as exemplified by dolerophanite, with additional oxygen atoms in
its composition (Krivovichev et al., 2013). Overall, the crystal chemistry of hydroxysalts is
essentially richer due to greater variability of polymeric M—OH architectures since negatively
charged hydroxyl groups can bridge several M cations which is uncommon for neutral water
ligands. Therefore, hydration of minerals initially containing O? anions as parts of oxocomplexes
(euchlorine and dolerophanite), proceeds with sequential formation of a large series of
hydroxysalts. Formation of several successive hydrated hydroxysalts reflects an evident
competition between charged hydroxyl and neutral but more abundant water molecules as ligands.
The family of basic copper sulfates, anhydrous and hydrated, is relatively rich; our results, as
compared to reference data, indicate that their interconversions are far from being studied in detail.
This suggests that, on the one hand, this family will very likely be enriched upon further
experimental studies; on the other hand, some more basic copper sulfates, known as synthetic
species only, may as likely occasionally be found in nature, particularly if sampling is deliberately
performed in “wet” seasons.

On the contrary, hydration of itelmenite with a relatively complex “initial” structure
without additional oxygen atoms, which are strong Lewis bases, results in formation of simpler
hydrates. The lower the temperature and the larger excess of water, the higher hydration numbers
are observed for cations. Ultimately, the more abundant water molecules expel the bridging sulfate

anions from the metal coordination sphere yielding relatively simple fully hydrated structures.
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2.3. Crystal chemical study and thermal expansion of kainite KMg(SO4)Cl1-2.75H.0

In the previous sections, we focused on anhydrous fumarolic sulfate minerals. At the same
time, as it was noted in Chapter 1, mineralogical and crystal chemical studies of not only
anhydrous, but also hydrated fumarolic sulfates is of interest. One of them is Kkainite
KMg(SO4)C1-2.75H20 (Zincken, 1865; Robinson et al., 1972), which occurs both in fumarolic
mineral assemblages and in evaporite deposits. In previously published works, kainite has been
extensively studied for crystal chemical features (Subramanian, Hariharan, 1986; Salagram et al.,
1988, 1994) and various physical properties (Hancer, Miller, 2000; Nazzareni et al., 2018).
However, neither the nature of hydrogen bonds in the structure of kainite (which play an impotant
role in the structural organisation of hydrated compounds (Hawthorne, 1992)), nor the thermal
expansion of its structure, nor the general patterns of thermal behaviour have been investigated.
The latter may be relevant to the understanding of phase formation in sulfate systems, especially
in evaporite deposits.

This section describes the results of kainite crystal structure refinement, including the study
of the hydrogen bonding system, as well as the results of investigation of phase formation during
heating in a wide temperature range (Borisov et al., 2022a). All experimental data on Kainite,

atomic coordinates and interatomic distances in its structure are given in Appendix 2.

2.3.1. Refinement of the crystal structure of kainite KMg(SO4)Cl1-2.75H,0

The crystal structure of kainite was first determined in Robinson et al. (1972). Our
refinement permitted to localize the positions of hydrogen atoms which play an essential role in
the structure formation. Kainite is monoclinic, C2/m, unit-cell parameters: a = 19.6742(2), b =
16.18240(10), ¢ = 9.49140(10) A , 5 = 94.8840(10)°, V = 3010.86(5) A3. The kainite structure
(Fig. 12a) can be considered as based on krohnkite-like chains (Fig. 12b) (Hawthorne et al., 2000;
Fleck et al., 2002), comprised of Mg404(H20)2 octahedra (Fig. 12b,c) linked by S104 and S204
sulfate tetrahedra and stretched along c. The chains are linked by Mg104(H20)2 and Mg204(H20):
species to form layers (Fig. 12c) parallel to (100). Further linkage via Mg302(H20)4 assembles
these layers into a porous framework. The Mgl, Mg2 and Mg4 adopt the trans-MgOa4(H20):
coordination with basal plane formed by sulfate oxygens and apical vertices, by water molecules.
Mg3 atom is coordinated by two sulfate oxygens and four water molecules (Fig. 13).

The average Mg—O distances for all MgOn(H20)m octahedra lie in the range 2.057-2.078 A
which is in a good agreement with the value of 2.089 A given by Gagné and Hawthorne (2016).
The sulfate tetrahedra are close to regular and the mean S—O distances of 1.473 and 1.475 A for
S1 and S2, respectively, almost coincide with the statistical data for sulfates (Hawthorne et al.,

2000; Gagné and Hawthorne, 2018). The cavities of the framework also host three independent
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potassium sites whereof K1 and K2 adopt a similar KO4Cls coordination with the mean values of
2.856 and 2.810A (K-0O) and 3.291 and 3.173A (K-CI) for K1 and K2. The K3 has a different
coordination: KOs(H20)sCl. Based on the description of the crystal structure of kainite given
above, we suggest the following crystal chemical formula — K[Mg(H20)2.5(S04)]CI-(H20)0.25.

The brackets designate the formula of the framework.

Fig. 12. Crystal structure of kainite along the b axis (a); kréhnkite-type chains (b) (highlighted by the red
dotted line) form layers (c) further interconnected via Mg-centered polyhedron into framework; thermal
expansion tensor of the structure of kainite (d), and its compressibility tensor (e) (after Nazzareni et al.,
2018)

The structure of kainite contains seven symmetrically independent sites occupied by water
molecules (Fig. 13, 14). Owl, Ow2, Ow3, Ow4, Ow5 and Ow6 water molecules are strongly
bonded to Mg?* cations while the Ow7 resides in the framework cavities. The interactions with
separations of H---A < r(A) + 2 A and <DHA (D = donor, A = acceptor) above 110° were taken
into consideration (Steiner, 2002). To verify the analysis of the hydrogen bonding system, the
experimental data were combined with density functional calculations (DFT), the details of which

are given in Appendix 2, and the results are shown in Table 10.
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Fig. 13. Coordination of cations in the crystal structure of kainite; all interatomic distances are given in A;
a.d.p. ellipsoids are drawn at the 50 % probability level

Table 10. Hydrogen bonding distances (d in A) and angles (°) in kainite (D — donor, A — acceptor)

D-H--A d(D-H) d(H--A) <DHA d(D---A)
Owl-Hla:--Cl1 XRD 0.998(5) 2.388(6) 177(4) 3.3851(17)
DFT 0.987 2.183 153.62 3.099
Ow2-H2a:---Ow7  XRD 1.000(5) 1.658(11) 168(4) 2.644(3)
DFT 1.000 1.586 172.56 2.581
Ow3-H3b---CI2 XRD 0.997(5) 2.188(10) 165(3) 3.1601(12)
DFT 0.983 2.207 159.49 3.147
Ow4-H4a---Cl3 XRD 0.995(5) 2.076(6) 174(3) 3.0673(12)
DFT 0.986 2.170 151.46 3.072
Ow4-H4b---Ow2'  XRD 0.998(5) 1.826(9) 168(3) 2.8096(15)
DFT 0.991 1.860 169.03 2.839
Ow5-H5a---CI2 XRD 0.996(5) 2.303(14) 157(3) 3.2442(12)
DFT 0.977 2.278 158.15 3.205
Ow5-H5b---Owl"  XRD 0.998(5) 1.858(11) 165(3) 2.8331(16)
DFT 0.991 1.760 168.84 2.739
Ow6-H6a---Cl1 XRD 0.996(5) 2.109(6) 174(3) 3.1012(12)
DFT 0.987 2.081 172.03 3.062
Ow6-H6b---06 XRD 0.993(5) 1.928(18) 149(3) 2.8281(16)
DFT 0.992 1.757 159.99 2.711
Ow6-H6b---02 XRD 0.993(5) 2.29(3) 121(2) 2.9351(16)
DFT 0.992 2.336 116.80 2.920
Ow7-H7a---CI1"  XRD 0.998(5) 2.066(6) 177(4) 3.064(2)
DFT 0.990 1.999 174.10 2.985
Ow7-H7b---CI3V ~ XRD 0.998(5) 2.560(11) 133.3(11)  3.3238(18)
DFT 0.981 2.469 135.08 3.239

Symmetry: (i) —x, —y+1, —z+1; (ii) =X, -y, —z+1; (iii) —x+1/2, ~y+1/2, —z+1; (iv) X, y, z+1.
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The acceptors of the hydrogen bonds are either chloride anions, neighbor water molecules
or oxygens of sulfate groups (Fig. 14, 15). The Ow1l water molecule coordinating Mg2 atom
(Fig. 14a) forms only one hydrogen bond through Hla atom to CI1 acceptor with the interatomic
distance 2.388 A and D—H---A angle 177°. The D-H---A angle for H1b and Ow5 as a potential
acceptor is 109° and does not meet the criteria for hydrogen bonding mentioned above. The Ow2
molecule has a somewhat similar environment (Fig. 14b). The hydrogen atom H2a forms a
moderate hydrogen bond to the interstitial Ow7 water molecule. Atom H2b was excluded from the
hydrogen bonding system also because of the aforementioned criteria — the Ow2—H2b---Ow4 angle

is 105°. Ow3 water molecule (Fig. 14c) forms also moderate hydrogen bond via H3b to CI2

acceptor.
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Fig. 14. Environments of the all water molecules in the crystal structure of kainite; hydrogen bonds are
shown by blue dotted lines

Both Ow4 and Ow5 water molecules (coordinating Mg4-centered polyhedron) have a
similar coordination environment (Fig. 14a,b, 15) with both H atoms participating in the hydrogen
bonding system. The H4a atom, as well as H5a, have chlorine atoms as acceptors with distances
2.076 A for H4a---CI3 and 2.303 A for H5a--CI2 and bond-valence values of 0.27 and 0.18 vu,

respectively. Atoms H4b and H5b also form moderate hydrogen bonds with neighboring water
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molecules (Ow2 and Ow1l) with comparable D-H---A angles 168° and 165°, and H---A bond
distances of 1.826 and 1.858 A, respectively.

The H6a atom of the Ow6 water molecule (Fig. 14c) forms hydrogen bond with CI1, with
the interatomic distance 2.109 A and D-H---A angle 174°. H6b atom is involved in a typical three-
centered asymmetric hydrogen bond, i.e. bifurcated bond (Rozas et al., 1998). The H6b forms two
Héb---A bonds to 06 and O2 acceptors with bond distances 1.928 u 2.29 A, respectively
(Fig. 14c), the D—H---Aangles are in the range of 121-150°, and the A---H---A angle demonstrates
value of 83°. Rozas et al. (1998) reported, that hydrogen bonds become longer in three-centered
type comparing to the regular ones, due to the equal sharing of electron density between H atom
and two acceptors. A very sensitive criterion for confirming a three-centered character of hydrogen
bonds has been proposed by Taylor et al. (1984). This criteria consists in the fact that the hydrogen
atom is within 0.2 A out of the plane defined by D, A and A". In our case, this value is 0.19 A.

The water molecule Ow?7 is not connected to any of the MgOn(H20)m octahedra (Fig. 14d).
According to Hawthorne (1992), Ow7 molecule can be described as interstitial (H20)° group,
bonded to an interstitial cation (potassium). The H7a atom forms a hydrogen bond to CI1 with D—
H---A angle of 177° and H---A distance 2.066 A. The H7b hydrogen forms a weak symmetrical
hydrogen bonds with two CI3 atoms as acceptors with distance 2.560 A and D-H---A angle of
133.3°. A schematic representation of the hydrogen bonding system in the structure of kainite with

distribution of valences is shown in Fig. 15.
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Fig. 15. Schematic representation of hydrogen bonding in kainite
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2.3.2. High-temperature behaviour of kainite KMg(SO.)Cl1-2.75H.0

The investigation of the high-temperature behavior of kainite began with differential
thermal analysis (DTA) and differential scanning calorimetry (DSC). The results of DTA and
DSC, as well as the results of mass spectrometry (at m/z = 18) are shown in Fig. 16.

The TG and DTG curves exhibit several stages of mass loss. Between 77 and 178 °C, the
DSC shows a noticeable endothermal effect with a maximum at 155 °C which corresponds to a
4.34 % mass loss on TG and DTG and can be attributed to the removal of the interstitial Ow?7
molecule providing (H20)o.25 per formula of kainite. Ow7 water molecule gives 4.50 wt. % to the
molecular mass of kainite. The ionic current (1C) at m/z = 18 shows a distinct maximum indicating
the presence of water vapor in the decomposition products. This endothermal effect is
characterized by absorbed heat of 91.89 J/g. The next, stronger event is observed in the 178-274 °C
range with a maximum at 222 °C which corresponds to the mass loss of 15.18 %. The IC curve
shows another strong maximum corresponding to release of water vapors. The energetic effect is
323.31 J/g. The overall water loss is 19.52 % while theoretical value for KMg(SO4)CI-2.75H20 is
20.27 %.

Between 274 and 320 °C the DSC curve exhibits a symmetric exothermal effect with the
maximum at 299 °C while the TG and IC curves remain featureless. This suggests that a phase
transformation is likely to proceed, most likely crystallization from amorphous or metastable
precursors. The effect is characterized by energy of 14.75 J/g.

lon current x107® (A)

TG (%) DSC (mW/mg)
100 }-4.34% exoT 3.0 t4.00
90 \ -15.18 % 2.5 3.50
80 ) 2.0 13.00
70 1.5 12.50
60 1.0 ;2.00
50 0.5 1.50
40 0 1.00
30 -0.510.50

-1.0t0

100 200 300 400 500 600

Temperature (°C)

Fig. 16. TG, DTA and IC curves for kainite and in situ photographs of the sample before (left) and after
(right) heating/cooling cycle; note that the color change of the probe during the experiment, as well as the
decrease of the size of the tablet
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Between 451 and 560 °C, the DSC curve features an endothermal effect with a maximum
at 494 °C, which is accompanied by a small and long mass loss. This might be caused by melting
and alight decomposition. The energy of this effect is 19.48 J/g.

Further heating from 560 to 600 °C is characterized by a featureless DSC curve while TG
and DTG reflect the last smeared step of mass loss. The IC curve was also featureless which
indicates that the decomposition products likely have condensed above 195 °C before entering the
quadrupole mass spectrometer.

Upon cooling from 600 to 200 °C the TG curve shows weak mass losses down to 395 °C,
while DSC indicates a strong exothermal effect between 417 and 395 °C centered at 412 °C, likely
crystallization of the melt. The energetic effect is 11.72 J/g.

Variable-temperature PXRD patterns were registered with a step of 5 °C between —150 °C
and 90 °C, and with a step of 10 °C between 90 °C and 600 °C (Fig. 17). Between —150 °C and
200 °C the patterns contain the diffraction maxima of kainite though the trend in their relative
position changes abruptly about 100 °C. This can be correlated with the mass loss effect at 155 °C
(considering the different heating rates for the PXRD and DSC/DTA runs) which corresponds to
ca. —10.2 g/mol kainite and can be roughly associated with loss of 0.65-0.75H20. At 200 °C,
further dehydration causes amorphization until re-crystallization starts at ca. 280 °C. From this on,
langbeinite K2Mg2(SOa)s (Mereiter, 1979) is formed which persists until the highest temperature
(600 °C) Potassium chloride (Lesly Fathima et al., 2012) is observed between from 340 °C and
560 °C which is replaced by a-K2SOa4 (Arnold et al., 1981).

600°C:

B S )

-150°C Y

1/A

Fig. 17. Evolution of the powder diffraction patterns of kainite as a function of temperature (red circles —
kainite, black — KCI, green — K2SOs, blue — langbeinite)
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The first loss of water is associated with a distinct shift of diffraction maxima of kainite
which is observed from 110 °C and persists until 180 °C (before full amorphization of the sample).
In the meantime, no such shift is observed for the benchmark reflections of the Pt-Rh holder. It is
most likely that this shift is caused by loss of some water while the overall structure motif is
retained. Unfortunately, the quality of the XRD patterns (particularly the broad lines due to
lowered crystallinity) did not permit us to investigate the structural changes which mainly concern
the weakest scatterers (O and H). Interstitial Ow7 water molecules are released the first. The loss
of water and increasing temperature are expected to influence the unit-cell volume in the opposite
directions which is manifested by the shift of diffraction maxima. One may speculate that the
hypothetical “anhydrokainite” might actually correspond to the partially dehydrated kainite, or
KMg(SO4)CI-(2+38)H20 (where 5 ~ 0.1).

The total dehydration results in decomposition of Kkainite and formation of amorphous
sample which crystallizes into synthetic langbeinite and, at higher temperatures, potassium
chloride. The tentative reaction at the first step might be written as 3KMg(SO4)CI-2.75H.0 —
8.25H.0T + K2Mg2(SOa4)s + KMgCls (or KCI + MgCl2). While magnesium chloride is rather
sensitive to the thermal hydrolysis, its thermal behavior in the presence of alkali chlorides is more
complex and hydrolysis is somewhat retarded or even suppressed (Shoval, Yariv, 1985; Shoval et
al., 1986). Unfortunately, this behavior has been studied only by DTG and IR spectroscopy, and
it was not reported whether the intermediate products are amorphous or crystalline. The effect at
475 °C reported for KMgCls which might correspond to crystallization (Shoval, Yariv, 1985) was
not observed in our study. Yet, successive formation of KCI and K2SO4 indicates that further
exchange processes take place, probably with participating amorphous intermediates, after full
decomposition of the initial kainite. In a test experiment, preheated KCI and anhydrous MgSQOa4
were annealed in a silica-jacketed alumina crucible at 700 °C; large high-quality crystals of
synthetic langbeinite were the main product.

The thermal expansion of kainite was studied between —150 °C and 50 °C wherein the
composition KMg(S04)CI-2.75H20 is retained. According to the expansion tensor, the largest
expansion is observed along ass, while the smallest —along a1, both direction lying in the ac plane.
The angles of shear deformation are u. = 47.4° for temperature range between —150 and —65 °C
and p. = 47.5° for range from —60 to 50 °C (u. = c"oss, the angle between the c axis of the unit-
cell and a33 axis of the tensor in the ac plane).

It is seen from Fig. 12d that thermal expansion along c is less pronounced compared to a

and b. This can be explained keeping in mind that this direction more or less coincides with those
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of the kronkite chains which are relatively rigid. All parameters increase with temperature
(Fig. 18), according to the equations:

a=19.73792(86) + 0.414(11) x 1073t (A)

b =16.22965(85) + 0.382(12) x1073t (A)

Cc=9.53220(48) + 0.2680(64) x 1073t (A)

£ =94.9279(37) + 0.444(49) x 103t (°)

V =3042.18(23) + 217(3) x 103t (A%), where t is a temperature.

The behavior the thermal expansion tensor is typical for monoclinic crystals (Filatov et al.,

1984) exemplifying the shear thermal deformations which cause the change of  angle, according
to the equation ag = (1/4)/(dp/dt).
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Fig. 18. Temperature dependences of the unit-cell parameters and volume for kainite

2.3.3. Problem of “anhydrokainite”

As noted above, there remains an unanswered question connected with kainite, namely the
possible existence of its anhydrous analog, “anhydrokainite” KMg(SO4)CI. This question was
addressed several times in the previous century (Janecke, 1912; Kassner, 1958 and references
therein). To handle it properly from the crystal chemical viewpoint, it is necessary to compare
kainite with some chemically related minerals. However, by now it is a unique representative of
hydrous sulfate chloride of Group 1 — Group 2 elements. Therefore, these comparisons are possible
only with chemically more distant and well characterized species. Note that no structural or even
X-ray data were reported for the crystals of the claimed-to-be zinc analog of kainite (Narasimhulu
et al., 2000); given the high solubility of zinc halides and relatively low solubility of schonite-like
double sulfates, the identity of crystals grown from solution needs further verification. According
to (Narasimhulu et al., 2000), partial substitution of Cu?* for Zn?* results in formation of two
crystallographically distinct paramagnetic centers which does not correlate with presence of four
symmetrically independent Mg?* sites in the structure of kainite. Our attempts to grow crystals of
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any Zn-bearing kainite analogs from aqueous solutions were not successful. In the meantime, zinc
contributes to a formal analog of “anhydrokainite”, namely belousovite KZn(SO4)ClI (Siidra et al.,
2018c). However, the coordination of Zn?* in its structure is tetrahedral which is uncommon for
Mg?* and has not been reported in sulfate minerals to date.

Considering the important role of hydrogen bonds and chlorine in particular, as their
acceptor, in the structures of hydrous minerals, it is of interest to compare other few hydrated
sulfate chloride minerals and kainite. These structures cam be quite conveniently described in
terms of structural units and interstitial complexes (Hawthorne, 2015): adranosite
(NHa4)sNaAl2(SO4)4CI(OH)2 (Demartin et al., 2010) and gordaite NaZn(SO4)(OH)sCl-6H20 (Zhu
et al., 1997). In both of these minerals chloride contributes to the components of structural units
(infinite ...Na—CI-Na—Cl... chains in adranosite and coordination environment of Zn in gordaite).
In the case of adranosite the large cavities occupied by nine-coordinated NH4" ions, and chlorine
from structural unit acts as an acceptor for hydrogen bonding. In the structure of gordaite the zinc
hydroxide layers are held together by a system of hydrogen bonds from the hexaaquo Na* ions to
oxygen and chlorine atoms from structural unit.

The structure of kainite exhibits some particularities. Chloride is not coordinated to
magnesium hence it does not contribute to formation of structural units, but rather bonds to
potassium cations within interstitial complexes. The major role of the chloride anions in the
structure of kainite is accepting hydrogen bonds from various water molecules. As a result, we
observe a complex network of hydrogen bonds, including not only the regular hydrogen bonds,
but also three-center and symmetric ones. Therefore, the hypothetical anhydrous compound
KMg(SO4)CI, if exists, would highly likely adopt a quite different arrangement. However, the
kainite structure probably tolerates loss of ca. 30 % of water molecules; therefore, the
“anhydrokainite” might actually be this partially dehydrated species. It is also possible that the
amorphous intermediate obtained around 200 °C might have become crystalline over long time,

which is very much possible under natural conditions.
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Chapter 3. Crystal chemical investigation of new mineral-related

anhydrous sulfates

An interest in sulfate compounds is not only significant from a mineralogical point of view.
As noted in chapter 1, the crystal chemical study of sulfate minerals is a promising background for
the development of new materials. The “minerals-to-materials” approach has become widespread
in the field of inorganic material science in recent decades (Depmeier, 2009), and its effectiveness
has been shown in a number of examples (Reynaud et al., 2014; Singh et al., 2015; Lander et al.,
2017). In addition, the design of synthetic mineral analogs permits wide variations in chemical
compositions and allows consideration of various crystal chemical phenomena that determine the
structural organisation of anhydrous sulfates. One such phenomenon is morphotropism (Kalman,
2005). While common in organic and organometallic systems (Pannell et al., 1990), more recent
cases of this effect have been described among inorganic materials (e.g. Yakubovich et al., 2019).

The present work discusses a number of morphotropic series among anhydrous sulfates
(Siidra et al., 2021c; Borisov et al., 2022b). These morphotropic series are based on the chemical
compositions of two recently discovered fumarolic sulfate minerals, belousovite KZn(SO4)CI
(Siidra et al., 2018c) and saranchinaite Na:Cu(SOa4)2 (Siidra et al., 2018a). The study of
morphotropic changes in the first case is related to substitutions of alkali metals and halogens, in
the second case — only alkali atoms. In the course of investigation of these systems, compounds
whose crystal structures belong to six new structural types were obtained. In addition, two
stoichiometric analogs of itelmenite Na2CuMg2(SO4)4 (Nazarchuk et al., 2018; Nekrasova et al.,

2021) were synthesised — their crystal structures are described in section 3.4.

3.1. Morphotropism in a series of new compounds structurally related to belousovite
A*Zn(SO4)X (A* = K, Rb, Cs, Tl, NHs*; X=CI, Br, I)

During studies, the results of which are presented in the following section, it was shown
that the crystal structure of belousovite KZn(SO4)CI (Siidra et al., 2018c) is actually an archetype
for a large family of isostructural synthetic compounds. Based on these results, twelve
representatives with different variations in chemical composition can be identified (Table 11).
Only two synthetic compounds related to belousovite were described earlier (Bosson, 1973, 1976),
but within this work they were reproduced in order to refine the crystal structures.

The described new belousovite-related compounds have the general formula A*Zn(SO4)X",
where A* are monovalent cations K*, Rb*, Cs*, and related to them TI* and NH4*. In the part of
halogenes (X) chlorine, bromine, and iodine were included into consideration. All new

compounds are isostructural (space group P2i/c), but some structural features differ from one
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compound to another. In general, the largest differences are observed in coordination environments
of monovalent cations as well as in geometry of structural layers. Synthesis of all compounds
considered in this section, experimental details of single-crystal analysis as well as data on the

distribution of valence forces are given in Appendix 3.

Table 11. Studied compounds of the belousovite structural type A*Zn(SO4)X™ (A" = K*, Rb*, Cs*, TI", NH,";
X" =CI, Br, I); all the listed compounds have a P21/c space group

Mineral/synt. a(A) b (A) c (A) V (A3) Reference

compound p©) R

Belousovite 6.8904(5) 9.6115(7)  8.2144(6) 540.43(7)  Siidraetal.,

KZn(SO4)CI 96.582(2) 0.029 2018c

KZn(S0.)CI 6.9324(16) 9.606(2)  8.2227(19) 544.0(2)  This work
96.524(5) 0.028

KZn(SO.)Br 7.0420(5) 9.7207(7)  8.4233(6) 570.71(7)  This work
98.201(2) 0.025

RbZn(S0,)CI 7.2692(5) 9.6261(7) 8.3178(6) 579.33(7)  This work
95.524(2) 0.026

7.2610(3) 9.6152(5) 8.3086(6) 577.42(6)  Bosson, 1973, 1976

95.542(6) 0.080

RbZn(SO4)Br 7.3573(1) 9.7091(2) 8.5753(2) 606.86(2)  This work
97.820(1) 0.017

RbZn(SO)I 7.5036(10) 9.8981(13) 8.8015(12) 645.34(15) This work
99.175(4) 0.033

CsZn(SO4)Cl 7.6854(5) 9.6794(7) 8.4492(6)  625.85(8)  This work
95.303(1) 0.027

CsZn(SO4)Br 7.7892(7) 9.791(1)  8.7355(8)  660.82(11) This work
97.290(2) 0.025

CsZn(SOa)l 9.449(3)  8311(2)  9.393(2)  732.2(4)  Thiswork
96.982(13) 0.036

TIZn(SO4)CI 7.341(2)  9622(3)  8.1632(16) 575.2(3)  Thiswork
94.012(10) 0.045

7278(1)  9551(1)  8.092(1)  5610(2)  Bosson, 1976

93.97(1) 0.070

TIZn(SO4)Br 7.3746(12) 9.7060(16) 8.3810(12) 596.19(16) This work
96.370(6) 0.031

(NH2)Zn(S0.)CI 7.2019(3) 9.5479(4)  8.2214(4)  563.08(4)  This work
95.107(4) 0.041

(NH4)Zn(SO4)Br 7.3255(2) 9.6732(3) 8.5038(3) 597.43(3)  This work
97.505(3) 0.026

Coordination of cations in synthetic analogs of belousovite

The coordination polyhedra of alkali and thallous cations are represented in Fig. 19.
According to (Brown, 1981) all interactions giving more than 0.03 v.u. were taken into the
consideration. The potassium cations in the structures of KZn(SO4)Cl and KZn(SO4)Br center the

KOsCls and KOgBr3 polyhedra, respectively, which are rather common (Waroquiers et al., 2017).
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As expected, the K—X (X = Cl, Br) distances are essentially longer compared to K—O with the mean
values of 3.284 A (K—Cl) u 3.431 A (K-Br) against 2.872 A and 2.960 A for K-O separations. In
the structure of RbZn(S0O4)CI, Rb* adopts RbOesClz environment while in RbZn(SO4)Br the bond
distances are somewhat different. Some Rb-O1 and Rb-Br separations equal 3.565(2) and
3.5764(4) A, which is above the assumed cutoff limit. In RbZn(SO4)I, the coordination number of
Rb* increases and a RbOsl4 polyhedron is formed with (Rb—O) = 3.091 A and (Rb-1) = 3.759 A.

Increasing the cationic radii

Increasing the anionic radii

Fig. 19. Left: coordination of the alkali and thallous cations in the sulfate analogs of belousovite; all
polyhedra, except that in CsZn(SQ.)l, are given in nearly the same orientation, to facilitate comparison;
a.d.p. ellipsoids are drawn at the 50 % probability level; all interatomic distances are given in A; Right:
coordination of the ammonium cations in the structures of (NH4)Zn(SO4)Cl and (NH4)Zn(SO4)Br

In sulfate chlorides, TI" and Cs* adopt the same coordination within AOeCls polyhedra. In
their bromide analogs, the Cs—O1 is essentially longer (3.792(3) A) against TI-O1 (3.706(5) A).
The coordination of Cs* in the structure of CsZn(SO4)l is essentially different from the other cases
and corresponds to a CsOvl2 polyhedron with (Cs—O) = 3.307 A and (Cs—1) = 3.928 A. In the two
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selenate analogs, the coordination of Cs* and Rb* can be described as CsOsCls and RbOsBrs, which
Is again very common for these cations (Waroquiers et al., 2017).

The coordination of ammonium cations should be considered with regard to hydrogen
bonding (Fig. 19, right). The interactions with separations of H---A < r(A) + 2 A and <DHA (D =
donor, A = acceptor) above 110° were taken into consideration (Steiner, 2002). They exhibit
relatively close patterns with the small differences probably caused by the anion radii. In the
structure of the bromide, H1 forms a hydrogen bond to Br (which is not present in the structure of
the chloride) with the separation of 2.99(4) A and ZDHA = 115(3)°. Compared to NH4Zn(SO4)ClI,
in the structure of (NH4)Zn(SO4)Br the ammonium group is slightly rotated relative to the sulfate
tetrahedra, so that the H3---O1 separation increases to 2.65 A which is beyond the commonly
accepted limit.

All structures of the belousovite-related sulfate compounds contain one symmetrically
independent SOs group. The greatest distortion of sulfate tetrahedron is observed for
NH4Zn(S04)Cl, where the (S-O) bond length is 1.457 A, while the mean S—O bond length for
sulfate minerals is 1.473 A (Hawthorne et al., 2000). This may reflect the stronger polarization
induced by directed hydrogen bonds compared to symmetrical uniatomic cations. With the
exception of NH4Zn(SO4)Cl, the average S—O value for the remaining structures is 1.471 A. The
distortion is also reflected in the volume of the polyhedra. The lowest value of 1.582 A3 is again
characteristic for NHaZn(SO4)CI, while for the remaining structures the values of the sulfate
tetrahedron volume are in the range from 1.610 A3 for CsZn(S04)Cl to 1.675 A3 for TIZn(SO4)CI.

The Zn cations center the ZnOsX tetrahedra wherein all oxygen atoms are bridging and
come from three distinct sulfate tetrahedra while the halide ligands are terminal. The Zn—X bond
distances range from 2.1891(10) A in (NH4)Zn(SO4)CI to 2.5148(5) A in RbZn(SOs)I, which is
expectedly essentially above those for Zn—O (ranging from 1.939(4) A for Zn—O1 in T1Zn(SO4)Br
t0 1.999(3) A in Zn—02 in RbZn(SO4)l). Earlier, we noted (Siidra et al., 2018c) that the ZnOsCl
tetrahedron is observed most commonly among cases of mixed-ligand zinc coordination. Besides
belousovite and its analogs, it is also present in the structures of minerals simonkolleite
Zns(OH)sCl2-H20 (Hawthorne, Sokolova, 2002), chubarovite KZn2(BOz)Cl2 (Pekov et al.,
2015a), and gordaite NaZn4(SO4)(OH)sCI-6H20 (Zhu et al., 1997), as well as of two synthetic
compounds, CaZns(SO04)2(0OH)12Cl2(H20)9 (Burns et al., 1998) and Bazn(TeOs)Clz (Jiang et al.,
2006).

Description of crystal structures
The structure of belousovite and its analogs is built of layers parallel to bc (Fig. 20a-c)
comprised of vertex-sharing ZnOsX polyhedra (X = Cl, Br, I, Fig. 20d), linked by the sulfate
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polyhedra to form ZnXOz2(TOa4) “building blocks” (Fig. 20e). These layers contain four-membered
rings with alternating °...up—down...” orientation of ZnOsX and SOs, as well as larger eight-
membered rings (Fig. 20d). The latter are of particular interest for monitoring the structural
evolution and deformations with variation of chemical composition (mainly the nature of A and
X). Earlier, we noted that the topology of the Zn(TO4)X frameworks are very close to that of
apophyllite group minerals (Siidra et al., 2018c; Liebau, 1985) with the only essential difference
that in the latter case, all tetrahedra of the four-membered rings have the same orientation.

The structure of CsZn(SOa)l, containing the largest univalent cation and halide anion,
exhibits the largest deviations from the common motif. As follows in Fig. 21, the anionic layers
are noticeably stretched along a, with the Zn—O-S bridges acting as hinges (Fig. 21a-c). The
corrugation angle (@) of the layers, measured at Zn atoms in a plane perpendicular to the
corrugation, changes from 144° for CsZn(SO4)Br to 94.9° for CsZn(SOa4)l (Fig. 21d-f). The
separations between planes containing Zn atoms (which are aligned along c) increases to 3.20 A
from the minimal value of from 1.32 A for KZn(SO4)CI. This permits to consider the structure of
CsZn(S0a)l as a yet unique representative of a new morphotropic form in the AZn(TOa4)X series.

}%/,0)../,.
®e'0

Cl/Bril

2.187-

01 1.939 2.515
1.476- 1.979 7
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Fig. 20. The crystal structure of KZn(SO4)Cl as the archetypic representative of its structure type, in ball-
and-stick and polyhedral representation (a, b); a typical layer (c) formed by the four- and eight-membered
rings (d); the mixed-ligand coordination of Zn and coordination of S with minimal and maximal bond
distances (e)
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Fig. 21. The crystal structures of KZn(SO4)CI (a), CsZn(SO4)Br (b), and CsZn(SO4)I (c), showing
maximum layer corrugation; from KZn(S04)ClI to CsZn(SO4)Br, the phi angle varies slightly (d,e), but
decreases sharply to 94.9° in case of CsZn(SO4)I (f); graphs for the unit-cell dimension (g), volume (h) and
¢ angle (i) in studied belousovite-type structures

AKin to a variety of minerals, belousovite also proved to be a predecessor for a relatively
rich family of synthetic analogs. The structure is relatively flexible and able to accommodate
univalent cations and halide anions of variable size (Fig. 21). It needs be noted however that the
largest anion, I, can only be incorporated with the largest cations like Rb* and Cs*, and the
structure of CsZn(SOa)l differs rather from those of other members.

Several additional test synthesis with different substitutions of the sulfate anion were
carried out. Based on their results it was possible to obtain single crystals of two selenate analogs
(Rb- and Cs-containing), which seems insufficient for any reliable conclusions. As can be seen,
the synthesis of crystals of sulfate analogs of belousovite was more productive than in the case of
selenates, which indicates that the latter are less stable. Synthesis with CrO4*>~ did not give any
belousovite-like compounds. This seems to indicate that the structural type of belousovite is
sensitive to the size of tetrahedral oxoanions.
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It proved also impossible to substitute Zn?* by a variety of divalent cations of similar (Co?",
Mg?*), smaller (Be?*) and larger (Cd?*) size. While tetrahedral coordination is the most common
for Be?*, its coordination sphere is rather rigid and less prone to ligand exchange in aqueous
solutions; note also the relatively large mismatch in the Lewis acid strength of Be?* (La = 0.50)
and basicity of sulfate (Lb = 0.17) and “heaver” halide (Lo = 0.10 — 0.06) anions; relatively stable
complexes are formed only with F~ (Lo = 0.21) (Brown, 1981). To the best of our knowledge,
mixed BeOnXs-n (X = Cl, Br, I) coordination is either unknown or exceptionally rare.

On the contrary, Zn?*, Mg?*, and Co?* have nearly the same La of 0.36-0.40 (Brown, 1981)
which is more close to the Lb’s of sulfate and heavier halides; Cd?* (La = 0.32) is even softer
(Gagné, Hawthorne, 2017). However, Cd?*, Co?* and Mg?" more readily adopt octahedral
environment; mixed-ligand tetrahedral MO3X and MO2X2 coordinations are unknown for Mg?* and
rather uncommon for Co?* and Cd?".

The structure of AZn(SO4)X with X = CI, Br, | differs from those of AM(SO4)F which have
been reported for a variety of transition and non-transition M?* cations (Barpanda et al., 2011;
Melot et al., 2011; Reynaud et al., 2012; Tripathi et al., 2013; Lander et al., 2015; Sun et al., 2016;
Ge et al., 2018). Notably, in all these structures the M?* cation adopts a mixed oxyfluoride
octahedral coordination; in addition, these structures have been reported for the smaller univalent
cations (Li*, Na*, K*, and NH4"); larger ones (TI*, Rb*, and Cs*) are either not tolerated or have
not been addressed. Hence, the AM(SOs)X family provides a yet another example of
morphotropism, a rather common phenomenon for anhydrous sulfates which we had addressed
recently for A2Cu(SO4)2 and A2M2(SO4)3 compositions (Siidra et al., 2021b, 2022). Among
fluoride sulfates, the prime structure-driving factor is probably the size of alkali cation; on the
contrary, the belousovite architecture demonstrates a striking flexibility adopting a variety of

cations and anions of quite different size.

3.2. Crystal structure of NasZn(SQ04),Cl>

In contrast to its heavier alkali analogs, sodium does not contribute to the belousovite
family. Instead, a new compound NasZn(SOa)2Clz is formed which represents a new structure type.
This compound is orthorhombic, Imma, unit-cell parameters: a = 10.4833(10), b = 9.5543(10), ¢
= 10.2423(10) A, V = 1025.87(18) A3. This arrangement contains one site for Zn, S and ClI, and
three symmetry-independent sites for Na and O. The zinc atom is tetrahedrally coordinated by two
Cl atoms at 2.2437(9) A and two O1 atoms at 1.980(2) A, which correspond to two sulfate anions.
As expected, the S-O1 distance to the bridging oxygen atom is longer (1.501(2) A) than the
terminal S-0O2 (1.4718(17) A) and S-0O3 (1.465(2) A) distances. The latter are closer to the mean
value for sulfates (1.473 A; Hawthorne et al., 2000).
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Overall, the structure of NasZn(S0a4)2Cl2 can be regarded as comprised of molecular
[ZnCl2(SO4)2]* anions (Fig. 22a), aligned in the ab plane (Fig. 22b). The remaining space is filled
by the “net” of three symmetry-independent sodium sites (Fig. 22¢). The latter is comprised of
layers (parallel to ab) formed by Nal and Na2, which alternate with Na3 along c. The Nal and
Na3 are coordinated by four oxygen (d(Na-O) = 2.3393(16) — 2.4828(19) A) and two chlorine
atoms (d(Na-Cl) 2.7185(3) u 3.3261(9) A for Nal and Na3, respectively) to center trans-NaO4Cl>
octahedra. The Naz2 is octahedrally coordinated by oxygen atoms only at (Na2—O) = 2.466 A.

Formation of ZnO2X2 oxyhalide tetrahedra is less common, yet observed in a series of
natural and synthetic zinc selenite and tellurite halides (Semenova et al., 1992; Johnson, Térnroos
2003a,b, 2007; Zhang, Johnson, 2008). Note that in all these cases, except CuZn(TeOs3)Cl2
(Johnson and Térnroos, 2003b), zinc is present in several different oxyhalide coordinations, not
only as ZnO2X: tetrahedra. Also, attempts to prepare crystals of CuzZn(TeOs)Br2 were not
successful (Johnson, To6rnroos, 2003b), similar to our unsuccessful attempts to prepare
NasZn(S04)2Brz.
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Fig. 22. The 0D [ZnCl»(SO4),]* anions in the structure of Na,Zn(S04).Cl, (a) and their alignment along ab
(b); the cationic sublattice (c) and overall structure of NasZn(SQO4)2Cl; (d); a.d.p. ellipsoids are drawn at the
50 % probability level; all interatomic distances are given in A
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The hitherto only anhydrous alkali zinc sulfate halide beyond the belousovite family,
NasZn(S04)2Cl2, exhibits totally different composition and unrelated structure. In this case, it was
not possible to substitute Na* or CI" by their analogues. It would be interesting to see, given the
abundance of sodium in the fumarolic exhalations, if a mineral analog of this compound could

once be discovered.

3.3. Saranchinaite morphotropic series A72Cu(SOa4)2 (A* = Na, K, Rb, Cs) —
crystal chemical study of new representatives

Minerals and synthetic compounds with framework structural architecture and the general
formula A*2Cu(S0s)2, as in the case of described above synthetic analogs of belousovite, represent
a perfect example of the morphotropic series. However, in this case several morphotropic
transitions occur. Substitution of alkali cations, located in [Cu(SO4)2]*~ framework cavities, results
in compounds of different structural types with the common stoichiometry mentioned above. To
date, 5 structural types have been found in these systems. As was described in the introduction of
this chapter, the A"2Cu(SOa)2 stoichiometry was first described for saranchinaite Na2Cu(SOa)z2
(Siidra et al., 2018a), a sulfate mineral discovered in the fumarolic assemblages of the Naboko
scoria cone, and its synthetic analog (Kovrugin et al., 2019). Saranchinaite has a framework crystal
structure with a unique topology (hereafter we will denote it as a-type), which is currently
unknown in other anhydrous sulfates of copper and alkali metals. Note that saranchinaite contains
only a minor admixture of potassium at one symmetrically independent position (Siidra et al.,
2018a). The compound K(Na,K)Naz[Cu2(SOa4)4], described further in this work, is characterised
by significant potassium content and crystallises in a different structural type (B-type). Compounds
KNaCu(SO4)2, RbNaCu(SO4)2 and RbKCu(SOs4)2, also first described here, as well as their
previously known potassium analog K2Cu2(SO4)2 (Zhou et al., 2020) form a family of y-type
structures. The new compound Rb2Cu(SOa)2 (both positions of alkali metals are occupied by
rubidium atoms) belongs to the & structural type. The morphotropic series of saranchinaite-type
structures is completed by the e-type compound Cs2[Cu(SO4)2], a fully cesium analog, described
by Siidra et al. (2022). A brief summary of the crystallographic data for all compounds listed above

is given in Table 12.

Table 12. Crystallographic data of minerals and synthetic compounds of saranchinaite morphotropic series

Str. Mineral/Synt. a(A) b (A) c (A) V (A3) Reference

type compound B(® R1

Sp. gr.

a-type  Saranchinaite 9.0109(5) 15.6355(8)  10.1507(5) 1367.06(12) Siidraetal.,

P2, Naz[Cu(SO4).] 107.079(2) 0.030 2018a
Naz[Cu(SO4).] 8.9711(3) 15.5482(5) 10.1421(3) 1351.73(7) Kovruginetal.,

107.155(1) 0.020 2019
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Continued table 12
B-type  K(Na,K)Na[Cuz(SOs4)s] 12.5085(9)  9.3166(7) 12.7894(10) 1419.28(19) This work

P2i/c 107.775(2) 0.030
v-type  KNa[Cu(SO4)] 15.9721(10) 9.4576(6) 9.0679(6) 1367.02(15) This work
C2/c 93.6350(10) 0.029
K2[Cu2(S04)2] 16.0433(11) 9.7819(7) 9.2341(7) 1446.79(18) Zhouetal.,
93.2680(10) 0.017 2020
RbNa[Cu(SOa4),] 16.034(3) 9.560(2) 9.170(2) 1403.9(5) This work
92.792(6) 0.030
RbK[Cu(S04),] 16.1865(14) 10.0026(9)  9.3923(8) 1519.6(2) This work
92.149(2) 0.025
d-type  Rby[Cu(SO4);] 9.2521(4) 10.9671(5) 8.9612(4) 909.28(7) This work
Pna2; 0.019
e-type  Csy[Cu(SOs)7] 9.685(3) 7.920(3) 12.141(4) 931.0(5) Siidra et al.,
P2:/n 91.416(8) 0.044 2022

As can be seen from Table 12, the fully sodium compounds belong to only one structural
type. Attempts to obtain sodium analogs with structures belonging to the other structural types
were unsuccessful. At the same time, for example, the euchlorine structure, which has been
described in section 2.1, seems to be more flexible for the incorporation of sodium. However, the
structural type of euchlorine A*2Cu3(S0a4)30 (A*2 = Naz, NaK and K2) presented both in minerals
(Starova et al., 1991; Siidra et al., 2017, 2019c) and in its synthetic analogs (Nekrasova et al.,
2020) has a layered nature. Thus, it can be assumed that the dimensionality of the copper-sulfate
complexes may be a key factor for the incorporation of Na* (while preserving the structural type).
Compounds with a framework structure, such as saranchinaite Na2Cu(SO4)2 (Siidra et al. 2018a),
can exhibit different structural architectures depending on the size of the alkali metal, whereas
euchlorine, is much more easily incorporated by alkali metal atoms with significantly different
ionic radii.

Here you will find the results of crystal chemical investigation of the new representatives
of the anhydrous sulfates with framework structures (Borisov et al., 2021; Siidra et al., 2021b;
Siidra et al., 2021c). Synthesis techniques as well as details of the single-crystal analysis of all

compounds are given in Appendix 3.

3.3.1. Crystal structute of K(Na,K)Naz[Cu2(SO4)4] (B-type)

The crystal structure of a new framework sulfate with mixed-population sites of alkali
metals K(Na,K)Naz[Cuz(SOa4)4] (Siidra et al., 2021b) is monoclinic, P2i/c, with unit-cell
parameters: a = 12.5085(9), b = 9.3166(7), ¢ = 12.7894(10) A , p = 107.775(2)°, V =
1419.28(19) A3. The structure contains two symmetry-independent Cu sites with similar

coordination environments (Fig. 23).
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Cul and Cu2 atoms form four very strong Cu—Oeq bonds < 2 A each resulting in CuQOs
squares which are complemented by a fifth, longer Cu-Ozp bond of 2.28-2.35 A, thus forming
CuOs distorted tetragonal pyramids. There are two essentially longer Cu-Oadd bonds which
contribute weakly to the bond-valence sums. The overall coordination polyhedra of Cu?* can thus
be considered as “octahedra with one split vertex”. A similar coordination was observed also in
mostly mineral crystal structures of Na2Cu(SQOa4)2 (saranchinaite: Siidra et al., 2018; Kovrugin et
al., 2019), Na1oCaCu2(SQa)s (petrovite: Filatov et al., 2020). (4+1+(2)) coordination of Cu?* seems
to be abundant among copper-alkali sulfates but exceptionally rare for other copper oxides and
oxysalts. The four S5 sites in the asymmetric unit form regular SO4 tetrahedra. The average bond
lengths span the narrow range 1.472—1.476 A and are in excellent agreement with (S-O) distance

of 1.473 A reported for sulfate minerals by Hawthorne et al. (2000).

Fig. 23. Coordination of Cu?* cations in the crystal structure of K(Na,K)Naz[Cu2(SO4)4]; a.d.p. ellipsoids
are drawn at the 50 % probability level; Cu—Oau distances exceeding 2.55 A are shown by dashed lines;
common O—0O edges shared between SO, tetrahedra and CuOy7 polyhedra are highlighted in blue

There are four symmetrically independent alkali metal (K, Na) sites (Fig. 24) in the
structure of K(Na,K)Naz[Cu2(SO4)4]. During the process of crystal structure refinement, it was
found that Na3 site has a mixed occupancy by Na* and K* in a ratio 0.718(11):0.282(11). For K1
and Nas3 sites, all of the A—O bonds < 3.55A were taken into account and only bonds < 3.05A were
taken into consideration for Na2 and Na3. Ten O atoms coordinate the K1 atom, and nine oxygens
are bonded to Na3. Coordination environments of K1 are typical for K* cations (Waroquiers et al.,
2017), whereas coordination of Na3 can be described as intermediate due to the mixed occupancy
by Na* and K*. Coordination environments for Nal and Na2 sites are typical for Na* cation and
can be described as strongly distorted octahedral. The Bond Valence Sums (BVS) for all sites were
calculated using parameters from Gagné, Hawthorne (2015). BVS for K1 is slightly above the
nominal 1 v.u. (valence units), which may indicate strong chemical bonding and thus localization.

The Cu?* and SO4*> form a highly porous open framework containing cavities of different

size (Fig. 25a,b). The CuO7 and SO4 polyhedra share common vertices and edges to form
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Fig. 24. Coordination of alkali sites cations in the crystal structure of K(Na,K)Naz[Cu2(SO4)4]; a.d.p.
ellipsoids are drawn at the 50 % probability level; Na—O distances exceeding 3.05 A are shown by dashed
lines
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Fig. 25. General projection of the crystal structure of K(Na,K)Naz[Cux(SO4)4] (a); the [Cua(SO4)s]*
framework can be decomposed into ribbons [circled in green ellipse in (b)] formed by the corner and edge-
sharing CuO- and SO, polyhedra (c); long Cu—O,4q bonds are highlighted as blue dashed lines; the ribbons
link to each other via common oxygen atoms forming the host part of the structure; four guest alkali sites
(b) are occupied by solely K*, a mixture of K and Na* or solely Na*
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[Cu2(S04)4]* wide ribbons represented in Fig. 25¢. They link to each other via common oxygen
atoms forming the “host” part of the structure. Four “guest” alkali sites are occupied by solely K*,
mixture of K* and Na*, and solely Na*, which agrees well with the size of the cavities. Such full
and/or partial “guest” ordering is observed among other complex framework structures, e.g.
clathrates (Schéfer, Bobev, 2013). Note the complete ordering between K* and Na* over two
cationic sites in the structure of KNaCu(SOa4)2 mentioned above and synthetic analog of euchlorine
KNaCusO(S04)3 (Nekrasova et al., 2020).

3.3.2. Crystal structures of KNaCu(S0Oa)2, RbNaCu(SO4)2 and RbKCu(SO4): (y-type)

KNaCu(SOa4)2

The first compound of structural type “y” with saranchinaite stoichiometry discovered
within this work was anhydrous sulfate KNaCu(SOa4)2 (Borisov et al., 2021). This compound is
monoclinic, C2/c, with the unit-cell parameters: a = 15.9721(10), b = 9.4576(6), ¢ = 9.0679(6) A,
B = 93.6350(10)°, V = 1367.02(15) A3. The crystal structure of KNaCu(SOas)2 contains one
symmetrically independent Cu site, two S sites, one K and two Na sites (Fig. 26). Cu, S, and K are
in general positions, Nal and Na2 in special positions (Wyckoff letters and site symmetries 4c 1
and 4e 2, respectively).

The S atoms form approximately regular SOa4 tetrahedra, both with respect to the S—O bond
length and to the O—S—-0O angles. The tetrahedra can be considered as essentially rigid bodies.

Fig. 26. Coordination of cations in the crystal structure of KNaCu(SOs); legend: K* = pink; Na* = green;
Cu®* = cyan; S® = yellow; O* = red; all interatomic distances are given in A; a.d.p. ellipsoids are drawn at
the 50 % probability level
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Four Cu—O bonds with distances around 2 A form a nearly square planar configuration, the
bond with a fifth O atom (O7) is longer (about 2.2 A) and its bond is oriented approximately
perpendicular to the square plane. The latter atom can thus be considered to be apical. In first
approximation the Cu coordination can thus be considered to be of the (4+1) type. However, there
Is an additional close O8 atom on the opposite side of the plane. It has a significantly longer
distance from Cu than the opposite O7, but still contributes weakly to the BVS (Fig. 26).
Furthermore, the Cul-0O8 bond is strongly bent away from the 180 degrees which would be
expected for an ideal (4+1+1) octahedron. The bending is towards the O1 atom such that the angle
08-Cul-01 reduces from ideally 90 to 61.46(9) degrees. Note that O1 and O8 belong to the same
SOq4 tetrahedron where they form an edge.

The crystal structure refinement yielded the important, yet not unexpected, result that K*
and Na* cations are completely segregated and do not substitute for each other. The potassium
atom forms a KO11 polyhedron with an average K-O distance of 3.01 A, and both Na atoms have
octahedral coordination environments with different degree of distortion. The average Na-O
distances are 2.501 A and 2.421 A for Nal and Na2, respectively. The BVS for K1, Nal, and Na2
are respectively 1.09, 0.88, and 1.10 v.u. The value of 0.88 indicates that Nal is under-bonded
lending itself to a speculation that this might be related with a possible delocalization of Nal and

perhaps participation in ion migration processes (see below).

Each SO tetrahedron shares one of its O atoms (O2 or OB, respectively) exclusively with
K and Na, the remaining three are connected with Cu. The Cu polyhedron shares corners with five
S04 tetrahedra (two centered by S2 and three by S1) corresponding to the (4+1) configuration
mentioned above. As mentioned before, O8 with its long distance and O1 in the equatorial plane
belong to the same tetrahedron around S2, together they form one of its edges. Therefore, this
situation can be regarded as edge-sharing between the SO4 tetrahedron and the CuOs octahedron.
As a consequence, this configuration is of course not the usual (4+1+1) type, but could be
symbolized as ((4+1)+1).

Edge-sharing of CuOs polyhedra with SO4 tetrahedra is all but common (Hawthorne et al.,
2000), probably because of unfavourable repulsive interactions between the cations. For
KNaCu(S0Oa)2 the Cul-S2 distance along the S2-08-Cul connection is only 2.81 A, compared to
the considerably longer distances along connections via corner-sharing O atoms, e.g. around 3.2 A
for S1-O—Cu. Edge-sharing between CuOs octahedra and SO4 tetrahedra has also been reported
for the crystal structure of chlorothionite, CuK2Cl2SO4. (Giacovazzo et al., 1976) with an even
shorter Cu-S distance of 2.59 A. Overall, this type of connection between Cu?" octahedra and
(SO4)*" is extremely rare in minerals and oxysalts of divalent copper (Hawthorne et al., 2000).
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Together with SO4 tetrahedra the CuOs polyhedra form the porous [Cu(SQa4)2]*~ framework
shown in projection in Fig. 27a,b. It contains two types of channels running along the c axis
(Fig. 27a,d). The larger elliptical channels are occupied by K*, whereas the smaller ones are filled
by Na* represented by Na2 sites. Na* cations in the Nal sites reside at inversion centers in smaller

cavities shown in Fig. 27d.

Fig. 27. General projections of the crystal structure of KNaCu(SO.), along the ¢ (a) and b (b) axes; the
[Cu(SO4)2)* framework is formed by corner- and edge-sharing of CuOg octahedra with SO, tetrahedra (c);
larger channels (pink) are occupied by K atoms, whereas the smaller (green) ones by Na atoms in the
[Cu(SO4)2)* framework (d); the non-interconnected BVEL (blue color for Na*and pink for K*) is plotted
at 1.6 eV along the ¢ (e) and b (f) axes; a.d.p. ellipsoids are drawn at the 90 % probability level
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RbNaCu(SO4)2 u RbKCu(SO4):2

These compounds (Siidra et al., 2021c) are isostructural to the KNaCu(SO4)2 described
above and have unit-cell parameters: a = 16.034(3), b = 9.560(2), ¢ = 9.170(2) A , f=92.792(6)°,
V = 1403.9(5) A3 for RbNaCu(SO4)2 and a = 16.1865(14), b = 10.0026(9), ¢ = 9.3923(8) A , f =
92.149(2)°, V = 1519.6(2) A3 for RbKCu(SOs)2. The lattice parameters show a strong unit-cell
dilatation by 7.62 % together with the replacement of Na for K. Both structures contain each one
symmetrically independent Cu site, two S sites and three A (A = Rb, K, Na) sites labelled Al to A3
below (Fig. 28).

The Cu?* cation is coordinated by the four Cu—Oeq short bonds with distances around 2 A
and forming a nearly square planar coordination. The lengths of the fifth (longer) Cu—Oap differ
essentially: 2.236(2) A in RbNaCu(SOs)2 against 2.547(3) A in RbKCu(SOs)2. The effect of the
alkali cation size on the Cu?* coordination has been observed before in layered copper hydrogen
selenite halides (Charkin et al., 2019). The CuOs tetragonal pyramids are complemented by the
sixth long and relatively weak bond of 2.604(2) A and 2.713(3) A for RbNaCu(SOa4)2 and
RbKCu(SO4)2, respectively. Thus, the coordination polyhedron of Cu?* cation can be also
described as (4+1+1).

In contrast to KNaCu(SQOa4)2, the cation ordering in the rubidium analog is less perfect. Only
Al site in the sodium compound is occupied exclusively by Rb*™ while the other alkali sites
demonstrate mixed occupancies:

RbNaCu(S0a4)2: Al = Rb1.00, A2 = Rbo.0383)Nao.9s2(3), A3 = Rbo.051(3)Nao.o49(3);

RbKCu(SOa4)2: Al = Rbo.s103)Ko.1903), A2 = Rbo.311(4)Ko.689(4), A3 = Rbo.156(4)Ko.844(4).

The A2 and A3 sites in RoNaCu(SOa4)2 contain only minor amount of Rb* admixture. The
coordination environments for these sites are typical for Na* cations (distorted octahedra, Fig. 28),
while CN = 11 of Al site is typical for Rb*. In RbKCu(SQOs4)2, the A2 and A3 sites correspond to
coordination numbers (CN=10 for both sites) in accordance with larger radius of K*. In this case,
cation disorder is more pronounced which agrees with the smaller relative differences in cation
size.

The S atoms center approximately regular SO4 tetrahedra. Akin to Rb2Cu(S0O4)z2, the sulfate
moieties share one of the edges with CuOs octahedra (Cu-S2 = 2.8315(8) A and 2.8756(11) A for
RbNaCu(SO4)2 and RbKCu(SOa4)2, respectively), despite unfavourable repulsive interactions
between the Cu?* and S®* (Fig. 28).

RbNaCu(SO4)2 and RbKCu(SO4)2 are formally isostructural to the recently reported
KNaCu(SOa4)2 and K2Cu(SO4)2 (Zhou et al., 2020), though some differences in the cation
coordinations are clearly visible. The SO4 tetrahedra and the CuOs polyhedra form the porous

[Cu(S04)2]* framework with two types of channels parallel to the ¢ axis. The larger (elliptical)
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channels are occupied preferably by larger Rb* (Al sites), whereas the smaller ones are filled
mostly by Na® (in RbNaCu(S0s)2) or K* (in RbKCu(SQOs4)2). Note the complete size-derived
ordering of alkali cations in KNaCu(SOa)2, which is somewhat smeared in its Rb-based analogs.

‘\-»q\ Y ,&i 2 ;
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Fig. 28. Coordination environments of A* (A = Rb, K and Na), Cu®* and S®* cations in the crystal structures
of RbNaCu(S0.); (a) and RbKCu(SO4)2 (b); general projections of the crystal structure of RbNaCu(SOs)
(c) and RbKCu(S0.); (d) along the ¢ axis

3.3.3. Crystal structure of Rb2Cu(SOa)2 (6-type)

Anhydrous sulfate Rb2Cu(SQa)2 (Siidra et al., 2021c), classified as type 8, has a crystal
structure different from the mixed Rb-Na and Rb-K compounds described above. Statistics of
diffraction intensities and systematic extinctions were consistent with the space group Pna2i. The
|E2-1| parameter was equal to 0.668, which clearly indicated high probability of a non-
centrosymmetry (NCS) (Marsh, 1995) confirmed by subsequent structure solution and refinement.

The structure contains respectively one symmetrically independent Cu?*, two Rb* and two
S5* cations. All Cu—O bonds < 3.05 A and Rb-O bonds < 3.55 A were taken into consideration.
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Cul atom forms four very strong Cu-Oeq bonds (< 2 A) resulting in CuO4 square which is
complemented by a fifth, longer Cu—Ogp bond of 2.182 A, to form CuOs distorted tetragonal
pyramid (Fig. 29). The copper atom forms one additional long bond of 2.994(4) A resulting in
(4+1+1) CuOes octahedron strongly distorted by the Jahn-Teller effect. Such “Jahn-Teller” type of

coordination geometry of Cu?* cations is rather common in minerals and inorganic materials.

Fig. 29. Coordination environments of Rb*, Cu? and S°® cations (top) in the crystal structure of
Rb,Cu(S0.),; general projections of the crystal structure of Rb,Cu(SO4), along the ¢ and a axis, respectively
(bottom).

Both Rb cations center irregular polyhedra of oxygen atoms (8 vertices for Rb1 atom and
9 for Rb2). Each of two S sites centers the respective tetrahedra. The average S—O bond-lengths,
1.47 A, are consistent with the value of 1.475 A given for sulfate minerals in general (Hawthorne
et al., 2000).

The CuOs polyhedra share O3—-05 and O4-05 oxygen edges and O1, O7 vertices with SO4
tetrahedra forming clusters depicted in Fig. 29. These are linked into an open framework with
three-dimensional system of channels occupied by the Rb* cations. The structural topology of the
[Cu(S04)2]* framework in Rb2Cu(SOas)2 is unique and has not been observed before. The
projection in the bc plane well evidences the “up” only orientation of all the sulfate groups, along

the polar 21 c-axis, comforting the NCS character of this material.
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3.4. Crystal structures of new compounds — stoichiometric analogs
of itelmenite Na2CuMg2(SO4)4

The study of synthetic analogs of the sulfate minerals described in this chapter also resulted
in two new compounds that are stoichiometric analogs of the fumarolic sulfate mineral itelmenite
Na2CuMg2(SO4)4 (Nazarchuk et al., 2018) — K2Cus(SO4)s and Cs2Cd3(SO4)s. Both compounds
belong to new structural types, and have framework structural architectures. Their review will be

a continuation of the description of new anhydrous framework sulfates.

3.4.1. Crystal structure of KoCuz(SO4)4

Anhydrous potassium-copper sulfate K2Cus(SO4)4 (Borisov et al., 2021) is monoclinic,
C2/c, with unit-cell parameters: a = 13.6088(5), b = 11.9627(5), ¢ = 17.0791(7) A , p =
112.450(1)°, V = 2569.72(18) A®. The crystal structure of K2Cus(SOs4)s contains four
symmetrically independent Cu sites with different coordination environments (Fig. 30).
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Fig. 30. Coordination of cations in the crystal structure of K,Cus(SOa)4; legend: K* = pink; Cu®* = cyan;
S5 = yellow; O* = red; a.d.p. ellipsoids are drawn at the 50 % probability level; all interatomic distances
are given in A

Cu2 and Cu4 are in special positions (Wyckoff letters and site symmetry 4a 1 and 4e 2,
respectively) and impose their symmetry on the respective coordination polyhedra. Cul and Cu2
are coordinated by six oxygen atoms forming CuOs octahedra, which are differently distorted due
to the Jahn-Teller effect and by symmetry. Six-fold coordination is common for oxysalts of
divalent copper in general, and among Cu?* sulfates in particular (Burns, Hawthorne, 1995). The
(Cu-0) distances are 2.095 A and 2.108 A for Cul and Cu2, respectively. The Aoctx10° octahedral
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distortion values (Brown, Shannon, 1973; Wildner, 1992) are 4.21 and 7.07 for the CulOs and
Cu20s, respectively. These values reflect the fact that the coordination polyhedron around Cu2 is
more distorted than that around Cul, despite its higher local symmetry. The CulO6 polyhedron
may be regarded as intermediate between a perfect (4+2) coordination where the distances to the
apical O atoms are nearly equal, and a (4+1+1) coordination where they are markedly different.
The difference between the two elongated Cul—O bonds amounts to about 10% and thus are close
to 12.5% suggested earlier as a borderline between (4+2) and (4+1+1) coordinations (Burns,
Hawthorne, 1995). Note that the shorter of the elongated bond (Cu1-015, 2.126 (2) A) is not much
different from the average Cul-Oeq (2.022 A) (Oeq = O atoms in the equatorial "plane™).

The Cu206 polyhedron is a (4+2) distorted, centrosymmetric, elongated octahedron. The
Cu3 atom is coordinated by five oxygens, four of which are in the equatorial plane, and one (O13)
occupies the apical vertex, thus in good approximation it forms a distorted (4+1) CuOs square
pyramid with average (Cu3-O) distance 2.017 A. An additional sixth O atom (O9) opposite to
013 completes a quasi-(4+1+1) octahedral geometry, however its distance of 3.022(2) A from
Cu3 can only be qualified as a very weak bond. This bond is 33% longer than the opposite
elongated bond to 013 (2.270(2) A). In a first approximation, Cu4 has square planar coordination
with four equatorial oxygen atoms (Fig. 30). The square is complemented by two additional long
Cu-O bonds of 2.843(2) A to the apical oxygens thus resulting in a strongly distorted CuOas«+2
octahedron. This polyhedron has point symmetry 2, and the equatorial "plane™ is better
characterized as a flattened disphenoid.

The four S® sites in the asymmetric unit form fairly regular SOa4 tetrahedra. The average
bond lengths span the narrow range 1.470 -1.476 A and are in excellent agreement with average
S-O distance of 1.473 A reported for sulfate minerals by Hawthorne et al. (2000).

For the two symmetrically independent K sites all of the K—O bonds < 3.55A were taken
into account. Eleven O atoms coordinate the K1 atom, and ten oxygens are bonded to K2. Both
coordination environments are common for K* cations (Waroquiers et al., 2017). The Bond
Valence Sums (BVS) for both K sites are slightly above the nominal 1 v.u. (valence units) (1.08
and 1.01 v.u. for K1 and K2, respectively, which may indicate strong chemical bonding and thus
localization.

In general, the crystal structure of K2Cus(SOa4)s is based on a [Cuz(SOas)4]> framework
(Fig. 31a,b) with relatively simple bond topology. Each CuOn (n = 4-6) polyhedron shares all of
its corners with SO4 tetrahedra. In turn, each SO4 tetrahedron shares three oxygens with Cu
centered polyhedra and one with K. Nominally, the framework can be decomposed into zigzag
layers as shown in Fig. 31b,c. In turn, the layers consist of porous bands (Fig. 31d,e) running along

the a axis. The K* cations reside in the pores of the [Cu3(SO4)4]*~ framework.



Fig. 31. Balls-and-sticks (a) and polyhedral (b) representation of the crystal structure of K,Cus(SQa)4 along
the a axis; legend: CulQOs, Cu20¢, Cu30s polyhedra = blue; Cu4O4 squares = dark blue; SO, tetrahedra =
yellow; the [Cuz(SO4).]* framework can be split into zig-zag layers highlighted by the red dashed line (b,c);
the layers consist of porous bands (polyhedral representation (d) and graph (g))

3.4.2. Crystal structure of Cs2Cd3(SO4)4

The crystal structure of the Cs2Cds(SOa4)4 (by-product in belousovite-related systems with
Cd (Borisov et al., 2022b)) belongs to the monoclinic symmetry, P21/c, with unit-cell parameters:
a=16.9563(11), b =9.3921(6), c = 9.3799(7) A, p = 95.066(2)°, V = 1487.96(18) A3. The crystal
structure of the Cs2Cd3(SO4)4 contains two Cs, three Cd, and four S sites (Fig. 32a). All Cd?*
cations are octahedrally coordinated by oxygen atoms which is quite common (Waroquiers et al.,
2017) with the mean bond distances of 2.320, 2.311, and 2.269 A for Cdl, Cd2, and Cd3,
respectively. The sulfate tetrahedra are characterized by the mean bond distances of 1.466—
1.473 A, uto which again correlates well to the reference values (Hawthorne et al., 2000). The
Csl and Cs2 sites exhibit as high coordination numbers as 11 and 13, respectively; the
corresponding polyhedra are linked by sulfate groups (Fig. 32a).

The new structure can be regarded as a framework comprised of [Cd3(SO4)4]*>" blocks
which can be deconvoluted into layers (Fig. 32b-d). The layers are comprised of Cd2010 dimers of
edge-sharing Cd10s and Cd20s octahedra, tied additionally by the S104 groups via O5 and O12.
The Cd30s octahedra are attached to these species via S204 and S304 tetrahedra adding up to the
[Cd3(S0a4)4]* blocks and forming the porous framework filled by Cs1 and Cs2 alternating along
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a. Thus, the crystal structure of the double sulfate Cs2Cds(SQOa4)s, belongs to a new structural type.
It is interesting to note that despite the close ionic radii of Cd?* and Ca®* (Shannon, 1976), this

compound is not isostructural for Cs2Ca3(SO4)4 (Fang et al., 2022).
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Fig. 32. Coordination of Cs atoms in the crystal structure of Cs,Cds(SQa4)4 (a); general projection of the
crystal structure of Cs,Cdz(SO4)4 (b); designations: Cd10s, Cd20s = blue; Cd30¢ octahedra = green; SO4
= yellow; Cs1 atoms = brown balls; Cs2 atoms = violet balls; framework of the structure of Cs,Cd3(SO4)4
consists of blocks (highlighted by the red dashed line) which can be split into layers; the layers are formed
by Cd2010 dimeric units sharing common corners with SO, tetrahedra (c) and single CdOs octahedra
inserted in the voids (d)
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Chapter 4. Topological analysis and evaluation of ion migration potentialities

in anhydrous framework copper sulfates

Attention to sulfate minerals and inorganic compounds from the position of materials
science is due to a number of reasons. One of them is the search for new materials for possible use
as cathodes in rechargeable metal-ion batteries (Goodenough, Park, 2013; Masquelier,
Croguennec, 2013; Sun et al., 2019). Currently, the most commonly used cathode polyanionic
materials are phosphate based, but sulfates present a promising alternative given their superior
electronegativity (Rousse, Tarascon, 2014; Barpanda, 2015; Lander et al., 2018). With regard to
the cations, lithium-ion-based batteries dominate the current energy-storage market, but sodium
and potassium are believed to be potentially good substitutes for lithium because of their high
chemical activity, their superior safety aspects and lower costs, while keeping the energy density
on an acceptable level. Furthermore, because of the boost in demand for Li-ion batteries in the
fields of, for example, electric vehicles, mobile communication devices and cordless tools, and not
least because economic Li resources are limited in number and the deposits are concentrated in
only a few countries, the Li supply is likely to become critical in the medium to long term. Unlike
Li, K and Na resources are abundant and available throughout the world, which makes them
uncritical and low-cost raw materials even in the long run. This is why Na- and K-ion batteries are
considered to be prospective alternatives to the currently prevailing Li-ionbased technology
(Hwang et al., 2017; Hosaka et al., 2020). Obviously, many scientific and technical problems have
to be solved, e.g. in the fields of crystallography, crystal chemistry and materials sciences, before
any widespread real-life applications can be taken into serious consideration.

To the best of our knowledge, copper-based compounds have only rarely been considered
as materials for advanced battery electrodes owing to the low operating voltages of the Cu*/Cu?*
redox couple and also because of their instability upon electrochemical cycling. Nevertheless, Xu
et al. (2014) demonstrated reversible electrochemical activity in layered copper oxide materials
based on the Cu?*/Cu* redox couple with its high operating voltage of ~ 4 V versus Na. Further
studies demonstrated that certain complex Cu-based compounds with relatively stable structures
might also be considered as potential electrode materials, at least in principle. Examples are the
disordered wurtzite-type structures of Li2CuVOs4 (Ben Yahia et al., 2016) and Li2Cu20(SO4)2 (Sun
et al., 2015), which are based on copper sulfate chains. Unfortunately, neither of them survives
electrochemical delithiation because the Li* cations are essential for their stability, which means
that their removal during cycling results in deformation and subsequent collapse of the structure.

This observation lends itself to a hypothesis that Cu-based 3D framework structures where cations,
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such as Li*, Na* or K*, are not an integral part of the framework but act as exchangeable guest
species might provide good long-term structural stability upon electrochemical cycling.

Previous chapter described a number of new compounds, anhydrous sulfates of copper and
alkali metals (including K and Na) which have a framework structural architecture. Using the large
volume of data collected on these structures, as well as previously published data on other related
compounds, the present work attempted to evaluate the migration properties of alkali cations by
different methods in order to determine the most perspective compounds for electrochemical
applications (Borisov et al., 2021). This chapter presents the results of both the topological analysis
of the crystal structures and the BVEL (bond-valence energy landscapes) and procrystal analysis.
Two new compounds described in chapter 3 were used for the topological analysis: the
stoichiometric analogs of saranchinaite (KNaCu(SOa4)2) and itelmenite (K2Cu3(SO4)s), as

representatives of different structural types.

4.1. Topological analysis of anhydrous framework copper sulfates

In the following we present an analysis and comparison of all the topologies occurring in
anhydrous framework copper sulfates known to date. This is deemed useful as such an approach
might facilitate an evaluation of their potentialities as ion exchange materials. Only those synthetic
compounds and natural minerals will be included which have 3D framework structures formed by
corner and/or edge sharing of CuOn polyhedra and SO4 groups. Some cases of other cations
substituting for divalent copper, or where additional positions are occupied by other metals, have
also been included. The former case is realized in the mineral glikinite, with the ideal end formula
Zn30(S04)2 (Nazarchuk et al., 2020), where in all three symmetrically independent atomic sites
there is a significant amount of Cu?* substituting for Zn, the overall Zn:Cu ratio is approximately
2:1 and the formula is (Zn,Cu)3O(SOa4)2. The latter case is realized by itelmenite Na2CuMg2(SO4)4
(Nazarchuk et al., 2018). Note that the majority of the compounds, satisfying the mentioned
criteria, occur naturally as minerals. For only a few listed synthetic compounds no mineral
counterpart is known, at least up to date (Table 13, 14).

The considered cases are subdivided into two groups. The first one contains the cases with
empty framework cavities (Table 13). Here one finds the simple copper sulfate Cu(SQOa), also
known as mineral chalcocyanite (Wildner, Giester, 1988; Siidra et al., 2018b), the double sulfate
of copper and zinc hermannjahnite CuZn(SOa)2 (Siidra et al., 2018b), unknown yet as synthetic
compound, and also the isostructural dravertite CuMg(SOa4)2 (Pekov et al., 2017), as well as two
oxysulfates with additional oxygen atoms in the structure (Krivovichev et al., 2013), viz.
dolerophanite Cu20(SQOa4) (Effenberger, 1985) and glikinite (Zn,Cu)sO(SOa)2 (Nazarchuk et al.,
2020).



212

Table 13. List of framework porosity (FP), and framework density (FD) for anhydrous framework copper
sulfates

Mineral Sp.group a(A) b@A) c@A) V@AY FP(%) FD Reference

Formula a® O 7y Z

Hermannjahnite  P2i/n 48076 8.4785 6.7648 27535 71 29.05 Siidraetal., 2018b
CUZH(SO4)2 93.041 2

Chalcocyanite Pnma 8.4123 6.7040 4.8303 27241 76 29.37 Wildner, Giester, 1988;
Cu(SO0.) 2 Siidra et al., 2018b
Glikinite P2:/m 7.298 6588 7.840 3354 74 29.82 Nazarchuk et al., 2020
(Zn,Cu)3(S04)20 117.15 2

Dolerophanite C2/m 9370 6.319 7639 3821 73 31.40 Effenberger, 1985
Cu,(S04)0 122.34 4

In the second group of compounds (Table 14) alkali metal cations fill cavities and/or
channels in the framework (highlighted by square brackets in the formulas below). This group
includes the recently discovered minerals saranchinaite Naz[Cu(SOs)2] (Siidra et al., 2018a),
cesiodymite CsK[CusO(SOs)s] (Pekov et al., 2018b) and the isostructural cryptochalcite
K2[CusO(S04)s] (Pekov et al., 2018b), as well as itelmenite Na2[CuMg2(S0a4)4] (Nazarchuk et al.,
2018). Another listed sulfate mineral — kamchatkite K[CusO(SQa4)2]Cl (Siidra et al., 2017)
contains additional KCI complexes in the cavities of the framework.

The topological classification was carried out using the ToposPro program package (Blatov
et al., 2014). For all considered structures, the values for the framework porosity (FP) were
calculated by means of ToposPro, employing Slater atomic radii, and compared with the
framework density (FD), calculated as the number of framework forming cations (Cu/Zn/Mg and
S) per 1000 A3, The separation of the Cu-SO4 frameworks into two groups (Table 13 and 14)
correlates well with the calculated values of FP and FD. The crystal structures of hermannjahnite,
chalcocyanite, glikinite and dolerophanite are characterized by relatively high FD values (Table
13), with dolerophanite having the densest framework. It is interesting to note that the presence of
an additional oxygen atom in the structures of glikinite and dolerophanite — which allows to
segregate copper atoms into tetrahedral anion-centered OCus complexes — makes them denser
than the structures without this crystal chemical feature. The group of copper sulfates with alkali
cations (Table 14) contains structures with significantly higher porosity and concomitantly lower
density. Itelmenite (FD = 23.19) has the densest framework in this group. Interestingly,
kamchatkite, cryptochalcite and the isostructural cesiodymite have very similar values of FD and
FP. Note, again, the presence of additional oxygen atoms in the structures of these three minerals.
The new framework type of K2[Cus(SOa4)4] described in this paper has an intermediate value FD
=21.79. The new KNaCu(S0Os)2 sulfate also described in this work, as well as the related



Table 14. List of anhydrous framework (highlighted in formulas in square brackets) copper sulfates with alkali metal cations and values of calculated threshold energies
(Ew), theoretical capacity for 1 e~ transfer per Cu (Cy), framework porosity (FP), and framework density (FD)

Formula Sp. a(A) b (A) c(A) V(@AY  En Et Ctn FP FD Reference
group @ (%) B 6 N (Na*,  (K*,  (mAh/g) (%)
eV) eV)
Natural phases Mineral name
Nai.92Ko.0s[Cu(SOs)2] Saranchinaite P2, 9.0109 15.6355  10.1507 1367.06 2.26 88.8 86 17.56 Siidraetal.,
107.079 2 2018a
Na1.08K0.02[CU13Mg16ZN01(SO4)4]  Itelmenite Pbca 9.568 8.790 28.715 24150 3.30 49.4 79 23.19 Nazarchuk et
4 al., 2018
K[Cu3(S04).0]ClI Kamchatkite Pnma 9.755 7.0152 12.886  881.8 4.56 40.3 79 22.68 Siidraetal.,
8 2017
K2[Cus(S04)s0] Cryptochalcite  PT 10.0045 12.6663  14.4397 1751.7 2.14 30.0 80 22.83 Pekovetal.,
102.194  101.372 90.008 4 2018b
K11Rbo.2Cs0.7[Cus(SO4)s0] Cesiodymite P1 10.0682 12.7860 14.5486 1797.5 1.37 27.2 81 22.25 Pekov etal.,
102.038  100.847 89.956 4 2018b
Synthetic phases Str. type
Na[Cu(SO4)]F Tavorite C2lc 6.8231 8.5246 6.8778 37411 4.78 132.9 81 21.38 Reynaudetal.,
110.745 4 2012
Naz[Cu(SO4),] Saranchinaite P2, 8.9711 155482  10.1421 1351.73 2.28 88.8 86 17.76  Kovrugin et al.,
107.155 2 2019
K(Na,K)Naz[Cu2(SO4)4] P2i/c 12.5085 9.3166 12,7894 1419.28 2.40 16.91 This work
107.775 1
KNa[Cu(SO4)2] C2/c 159721  9.4576 9.0679  1367.02 2.86 1891 843 86 17.56 This work
93.6350 8
K2[Cu(SOs),] C2lc 16.0433  9.7819 9.2341  1446.79 1531 80.3 86 16.59 Zhouetal.,
93.2680 8 2020
K2[Cus3(SO4)4] C2/c 13.6088 11.9627 17.0791 2569.72 6.62 41.0 82 21.79 This work
112.4500 8
Reference phases Str. type
K[Fe(SO4)]F KTiOPO,4 Pna2;  13.15116 6.539302 10.8689 934.716 0.65 127.6 84 17.12 Landeretal.,
4 2015
Nazss[Fe1.72(SO4)3] Alluaudite C2lc 12.6556  12.7726  6.5144 950.09 1.34 60.5 81 21.05 Luetal., 2017

115.5439 4

€T¢
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K2Cu(S0a4)2 (Zhou et al., 2020), have the highest porosity among all considered framework
anhydrous copper sulfates. Saranchinaite Na2Cu(SOa4)2 (Siidra et al., 2018a) and its synthetic
analogue (Kovrugin et al., 2019) have the same cation to anion ratio as KNaCu(SQOa4)2 and
K2Cu(SO4)2, but their structural architectures are completely different and the framework
topologies unrelated, yet their FP values coincide.

As one would have expected, FD decreases in the series of A2Cu(SOa4)2 compounds with
increasing ionic radii of the A" and concurrent increase of the unit-cell volume. Analysis of the
porosities of A2Cu(SO4)2 compounds shows that the FD characteristic is more sensitive than FP
and better reflects all structural features.

In order to find similar topological patterns among the structures, the standard
simplification method was applied (Blatov et al., 2014). The procedure includes contracting
polyatomic building units (e.g. octahedra or tetrahedra) to their centroids, thus forming nodes, and
removing 0-, 1- and 2-coordinated nodes (Fig. 33). The resulting simplified nets were compared
with the known nets from the ToposPro topological database (TTD). In addition, the intra-
frameworks cages of the new K2Cus(SO4)4 and KNaCu(SOs)z2 structures were characterized by the

natural tiling partition (Blatov et al., 2007).

.T_, b (a) ———" I_. » (b

Fig. 33. The standard simplification of hermannjahnite structure (a) into a periodic graph (net) (b)

According to the results of the topological analysis, the structure of the new K2Cuz(SO4)4
in the standard representation has an 8-nodal 4-, 5-, 6-coordinated net, which was unknown in
other structures (Fig.34). The total point symbol (Blatov et al.,, 2010) of the net is
{4.6%}{4%.6*}2{4°.6°.8}2{4".6°}6{4°.65.8%}{4°.67.8%}>. The natural tiling consists of [4°], [4.67],
[47.6%], and [48.6%] tiles in a 5:4:1:1 ratio (Fig. 34). Thus, the framework has four types of cages.
Only the latter two tiles are spacious enough to accommodate potassium atoms. These cages are

connected to each other through 6-membered rings and form 3-periodic channel system with pts
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topology (Fig. 35a). The widest channels have zigzag shape and run along the c axis. The pts
topology is known from the crystal structure of cooperite PtS (Rozhdestvina et al., 2016).

[48.6%] [47.68%] [4.67] [4%]

b

-— \(/ — »
'\4{"‘/ “'"./4 L
\

(a) (b)

Fig. 35. The 3D system of channels (rods) formed by the largest intra-framework cages of the K>Cu3z(SOa)4
structure (a) and of the KNaCu(S0O.), structure (b). The widest channels are highlighted by violet rods

[42.107] [6.8.107]

Sl

Fig. 36. The natural tiling, tiles, and cages of the KNaCu(SO4) structure
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The underlying net of KNaCu(SOa4):2 structure corresponds to the 3,4T1 topology recently
found in K2Cu(S0a4)2 (Zhou et al., 2020). The natural tiling of the net is formed by [42.10%] and
[6.8.107] tiles in 1:2 ratio (Fig. 36). Cages corresponding to the tiles form a 3-periodic channel
system (Fig. 35b). The widest channels run along ¢ axis and have spiral like shape.

4.2. Evaluation of ion migration in anhydrous framework copper sulfates

In order to evaluate possible pathways of mobile ions in the group of natural and synthetic
framework copper sulfates, we used BV-based energy calculations as a computationally cheap and
time-saving method for a screening of the materials in question. The classic method of crystal
structure validation based on bond-valence sums (see, e.g. Brown, 2009, 2016), is thereby
supplemented by an approach which benefits from the known positive correlation between ion-
conduction pathways and maps of low bond valence mismatch (Adams, 2000; Adams, Prasada
Rao, 2011). The construction of bond-valence energy landscapes (BVEL) served to visualize the
ion diffusion networks as mappings on energy isosurfaces (Fedotov et al., 2018; Katcho et al.,
2019; Yasui et al., 2019). The actual BVEL calculations employed the software 3DBVSMAPPER
(Sale, Avdeev, 2012), which generates a spatial distribution of energy values to produce a 3D
surface within the unit-cell. For our calculations the spatial resolution was set to 0.2 A. The bond
valence sums for a probe ion (Na* or K*) were calculated and the deviation from the reference
value determined. The higher the BV mismatch the higher the energy barriers and thus the lower
the ion migration probability.

The threshold value of energy (En) at which the generated isosurfaces start to percolate the
unit-cell in at least one dimension can be considered as a rough estimation of the physical
activation energy for ion migration. As a caveat it should not be concealed that in some cases Etn
was reported to differ significantly from the real ion migration energy (Katcho et al., 2019).
Nevertheless, even though lattice relaxation effects are not taken into account, and despite the
relatively low quantitative accuracy of the BVEL method, the results obtained by this approach
have been reported to be in generally good agreement with those obtained by much more
demanding quantum mechanical computations (Xiao et al., 2015; Deng et al., 2018).

We carried out the BVEL screening of all natural and synthetic alkali metal copper sulfates
based on 3D frameworks reported so far and listed in Tables 13 and 14. The crystallographic
information data and the simplified chemical formulae for mineral phases were used as given in
the literature. For the new synthetic KNaCu(SOa4)2 compound the Ew energy isosurfaces were
calculated separately for each of the alkali metal cations. The results of our calculations of the
threshold energies needed for Na* and/or K* percolation within the unit-cell are summarized in

Table 14. The table shows that the Ew values are relatively high for most of the framework copper
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sulfates. It is generally accepted that, the values of energy barriers should not exceed 1.6 eV for
conducting percolation of alkali metal ions in polyanionic compounds (Adams, Prasada Rao, 2014;
Boivin et al., 2017). Hence, Ewn values < 1.6 eV might be an indication of ion transport upon
electrochemical cycling. For example, our calculations of Ew for alluaudite-type Fe-based sulfate,
reported as a promising electrode material (Lu et al., 2017) and quoted here as a reference, reveal
indeed a value of 1.21 eV for Na* migration. Likewise the corresponding calculations for the
structure of orthorhombic KFe(SO4)F show that K* ions begin to percolate already at 0.65 eV, in
accordance with the reported good reversible potassium insertion/extraction properties (Recham
etal., 2012).

The tavorite-type NaCu(SO4)F synthetic phase with the highest theoretical capacity among
all the selected copper sulfate framework compounds, displays a very high Ew of 4.78 eV, which
is in accordance with the experimentally confirmed complete electrochemical inactivity of the
compound (Reynaud et al., 2012). This is probably due to the specific coordination environment
of Na which is strongly bonded by four O? and one F~ at a short distance of 2.2 A.

Regardless of its high porosity, the framework of KNaCu(SOas)2, shows only poor
calculated ion diffusion capability for both, Na™ and K* cations as visualized in Fig. 27e,f. Indeed,
the calculated high energy barrier (Ex = 2.86 eV) for Na™ migration is consistent with the results
of electrochemical experiments of the synthetic isotypic K2Cu(SOa4)2 phase tested at low voltages
vs. Na*/Na, which revealed low capacities and overall structural instability upon cycling (Zhou et
al., 2020). Again, such limited ability for ion movement is probably due to the stable coordination
environments around the alkali cations in the structure of KNaCu(SOa)2. The bond valence sums
of the K1 and Naz2 sites localized in the open channels exceed 1 v.u. indicating the strong bonding
of K* and Na* ions. The low BVS value for the Nal site mentioned earlier is probably related with
a certain degree of delocalisation along the blue tails shown in Fig. 27e,f. The valley in the energy
landscape where Ewn < 1.6 eV is bounded on both ends by high energy barriers piled up by the
surrounding framework.

It is quite interesting that the calculations performed on the isotypic crystal structures of
Cs-, Rb-and K-containing cesiodymite and K-only cryptochalcite display relatively low E values
for K* percolation. The low Ew value of only 1.37 eV found for K* percolation in cesiodymite
(Fig. 37a) is probably due to the substitution of K* (ionic radius 1.38 A) by the big Cs* and Rb*
cations (ionic radii 1.67 A, and 1.52 A, respectively) which contributes to the expansion of voids

in the framework.
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Fig. 37. Transport conduction pathways of K* ions in cesiodymite, CsK[CusO(SQa4)s], generated using the
BVEL approach; the interconnected energy isosurfaces (royal blue color) along [100] plotted at 1.6 eV;
mixed populated (K, Cs, Rb) alkali metal cationic sites are shown by pink balls (a); two symmetrically non-
equivalent 1-periodic potential ion migration maps of K;[CusO(SQ.)s] running along [100]; these maps
connecting pink-coloured K cationic sites consist of alternating red and blue or green and yellow pieces
(b); the electron density profiles of these pieces calculated by the electron density approach, are shown
together with their respective "bottlenecks™ by the Cu-SO4 - framework and arranged according to the
maximum barrier along the respective path ()

As an additional, complementary, method, a search for possible ion migration pathways
between particular crystallographic sites and an evaluation of migration barriers were carried out
using the lonExplorer program (https://github.com/angolov1990/lonExplorer), which is based on
the analysis of procrystal electron-density distribution (Downs et al., 2002). Within the approach,
the diffusion trajectory is approximated by the gradient paths with the lowest electrondensity
values between initial and final positions of a mobile ion, while the migration barrier is attributed
to the maximum value of electron density along the path. A good agreement of this approach with
the results of the nudged elastic band method coupled with density functional theory [NEB(DFT)]
has been demonstrated recently (Zolotarev et al., 2019).

The gradient lines and critical points were calculated by means of the Critic2 program
(Otero-de-la-Roza et al., 2009). As input information, we used experimental crystallographic data
without additional geometry relaxation. The ion diffusion was modelled from a position of the
single-vacancy hop mechanism. We considered all symmetrically nonequivalent pathways
between the neighbour positions in the substructure lattice. The lowest barrier 1D, 2D and 3D ion
migration maps were found, and the electron-density profiles were constructed for the pathways
within the 3-periodic maps. The term ‘image’ was used (by analogy with NEB-derived energy
profiles) to indicate the gradient coordinates in the electron-density profiles. For the isotypic
crystal structures of saranchinaite and its synthetic analogue, and likewise cryptochalcite and

cesiodymite, only models with the sites fully occupied by a single type of alkali metal cation, i.e.
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Na2Cu(S0a)2 and K2CusO(SOa4)s, were considered. A structural model with ideal composition
Na2CuMg2(SO4)4 was used for itelmenite.

Both BVEL and electron-density approaches give comparable calculated values for K-
(Fig. 38a) and Na-containing (Fig. 38b) species (cf. Tables 13, 14), and we find very good
correlation between the results obtained by the two methods. The lowest barriers of ionic
conductivity among the structures are found for K2CusO(SOa)s, KFeSO4F and NazssFe1.72(SO4)s.
The 1-periodic migration map of KFeSO4F is piecewise composed of two symmetrically
nonequivalent alternating pathways (red and blue in Fig. 39), running along the c axis. In principle,
the third migration path (yellow in Fig. 39) would link the red/blue one, thereby adding dimensions
2 and 3 to the ion mobility, but this is hampered by the high diffusion barrier along this path
(Fig. 39b). The electron-density profiles of the red and blue pathways have a convex shape [as
seen from below; Fig. 39b). This means that cation equilibrium positions at the ends of the pathway
are subject to electrostatic repulsion between them. Thus, the introduction of a vacancy at one of

the ends of the pathway would lead to a shift of the cation equilibrium position on the opposite

side.
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Fig. 38. Maximal values of electron density (p) along the gradient paths that form a periodic map plotted
against the threshold values of energy (Ew) calculated by BVEL for potassium (a) and sodium (b) containing
compounds, demonstrating good correlation

Whereas the two Fe-based reference structures have already been evaluated for their ion
transport properties, the finding of a low ion migration barrier for the Cu-containing cryptochalcite
structure is reported here for the first time. Its framework contains two symmetrically
nonequivalent channel systems running along the a axis which provide the casing for a possible
transport of cations (Fig. 37b). The 1-periodic ion migration map consists of two symmetrically
independent maps, each one being composed of two different alternating partial pieces [red and
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blue or yellow and green in Fig. 37c). Only the red/blue pathway provides a favourably low two-
barrier migration map (Fig. 37c).

1 2 3 4 5 6 7 8 9 10
Image

(b)
Fig. 39. The lowest barrier 3-periodic ion migration map of K[FeSO4F] (a) and the electron density profile
(b) along structural "bottlenecks" as calculated by the electron density approach

2 3 4 5 6 7 8 9 10
Image

(b)

Fig. 40. The 1-periodic ion migration map of Nazs[Fe17(SO4)3] (a) and the electron density profile (b)
calculated by the electron density approach

The lowest barrier migration map of the reference material Naz.ssFe1.72(SOa)3 is formed by
only one type of pathway between Na3 positions (red in Fig. 40). The pathways between Na2 as
well as the Nal-Na3 and Nal-Na2 positions need much higher activation energy. Thus, only one-
third of all Na atoms in the structure are involved in charge transfer, which agrees well with the
results of experimental studies and bond valence site energy (BVSE) and DFT calculations
reported so far (Wong et al., 2015).
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Table 15. List of anhydrous framework copper and iron sulfates with potassium metal cations and the
maximal values of electron density (p, atomic units = a.u.), along the gradient paths that form the 1-, 2- and
3-periodic maps

Compound Periodicity Path p(a.u)x10*
1 0,1 4.054
2 0,1,2,3,5 4 20.843
K2[CusO(SO4)s] 0,1,2,3,54,9,8,18, 21,
3 20, 17, 27, 10, 29, 47.670
11, 26, 33, 24, 32, 12
1 0,1 4,155
K[FeSO4F] 2 - -
3 0,1,2 7.397
1 0 6.753
K[CusO(SO4)]CI 2 - -
3 0,2,1 37.352
1 3,0,2 7.400
Kz[CUg(SO4)4] 2 - -
3 3,0,2,1 10.769
1 0,1,2 12.558
Kz[CU(SO4)2] 2 - -
3 0,1,2,3 12.798

Table 16. List of anhydrous framework copper and iron sulfates with sodium metal cations and the maximal
values of electron density (p), along the gradient paths that form the 1-, 2- and 3-periodic maps

Compound Periodicity Path p(a.u.)x10*
1 1 9.872
Nazs[Fe1.7(SO4)3] 2 10,32 20.301
3 1,0,3,2,4,509,7 65.832
1 14, 4,17, 22, 15, 10, 6, 2 12.312
14,4, 17, 22, 15, 10,
2 6, 2, 13, 39, 21, 18, 9, 15.907
Naz[Cu(SOa),] 11, 16, 20, 57,0
14, 4,17, 22, 15, 10, 6,
3 2,13, 39,21, 18,9, 15.951
11, 16, 20,57,0,7
1 - -
Naz[CUMgz(SO4)4] 2 1,0,5 17.599
3 1,0,5,3 17.7445
1 1 31.051
Na[CuSO4F] 2 - -
3 1,0 33.386

Discussion

The present study has demonstrated that compounds consisting of essentially CuOn
polyhedra and SO+ tetrahedra, with optionally added other species, such as alkali cations Na and
K, can form 3D framework structures. Such structures could attract interest as materials for
potential electrochemical applications, in particular when they contain alkali cations able to
migrate through the framework without impeding its integrity and stability. Mineralogical

investigations of active fumaroles have disclosed the existence of plenty of new minerals in the
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Cu-SO4—(+ alkali + other species) systems; not all of them can yet have been synthesized. This is
probably due to the enormous diversity of the physicochemical conditions under which minerals
grow under fumarolic conditions, which cannot easily be screened in the laboratory. These variable
conditions concern, for example, the chemical composition of fumarolic gases, nature of a
substrate, temperature, pressure, oxygen fugacity, humidity etc., which vary often over short
distances and on short timescales, thus creating a myriad of different local ‘test tubes’. In view of
possible electrochemical applications, it must be admitted that, even if suitable minerals were
found and the conditions under which they grew were known and could be emulated in the
laboratory, much material scientific engineering would probably be necessary before practical
applications could be envisaged.

In terms of crystal chemistry, the structure determination of the two new synthetic
compounds in the system has disclosed that ‘soft” Cu—On polyhedra react rather sensitively to the
crystalline environment, which in this case is formed by ‘hard” SOa4 tetrahedra and Na or K in their
usual coordination. Cu has four different coordination polyhedra in the first compound, and in the
second compound the single (distorted) Cu octahedron is corner as well as edge connected with
SOq tetrahedra. These observations demonstrate the high structural flexibility of the considered
Cu-SO4 (—alkali metals) systems.

The mere observation of structurally dense architectures in minerals and synthetic
compounds without alkaline cations in the considered system does not a priori exclude the
possibility of (de)intercalation properties, as shown by the recent discovery and description of yet
another fumarolic mineral, koryakite, NaKMg2Al2(SOa4)s (Siidra et al., 2020b), with a framework
topology identical to that of millosevichite, Al2(SO4)s (Dahmen, Gruehn, 1993), and mikasaite,
Fe3*2(S04)s (Christidis, Rentzeperis, 1976). Replacing part of the trivalent cations in the
framework by divalent ones provides a negative charge to the framework and allows the
incorporation of alkali species in the channels, which are void in millosevichite and mikasaite.
This structural mechanism is known as the concept of stuffed derivative structures first proposed
by Buerger (1954).

The BVEL approach was demonstrated to be a useful method for the prediction of the
mobility of alkali metal ions in various structures. By means of this approach, the threshold
energies at which isosurfaces begin to percolate were determined as well as the directions of the
ion migration in structures. The modelling of ion migration maps by the analysis of procrystal
electron-density distribution was used to perform fast identification of ion migration pathways and
limiting barriers between particular crystallographic sites in the structures under consideration. Its
consistency and complementarity with the BVEL method have been shown. Both approaches

revealed a relatively low ion threshold percolation and migration barriers in the cryptochalcite-
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type structures. Thus one may assume the suitability of its 3D framework type for ion transport
applications. Additional studies are required to investigate experimentally the conductive

properties of the cryptochalcite-type compounds.
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Conclusion

1. A series of experiments on hydration and dehydration of a number of fumarolic high-
temperature sulfate minerals were performed for the first time. Experiments on hydration
of the studied sulfates make a contribution to an actively developing area of evolution of
mineral systems. The formation of many hydrated sulfates in active fumaroles of the scoria
cones of Tolbachik volcano is associated with the hydration of euchlorine and other most
common primary minerals, formed from the gas. Some of the identified phases have not
yet been described as minerals. For example, it is possible that K,Na-analogs of
cyanochroite and krohnkite will be described as new mineral species.

2. The hydrogen bonding system in the crystal structure of kainite KMg(SO4)Cl1-2.75H20,
occurring in altered fumarolic mineral assemblages, was determined for the first time.
High-temperature behavior of this mineral and its transformations during dehydration
processes were studied by powder X-ray diffraction and thermal analysis. The character of
thermal expansion of kainite structure was studied for the first time. Based on the data of
thermal analysis, the presence of a partial dehydrated analog of kainite
KMg(SO04)Cl-(2+8)H20, & ~ 0.1 has been confirmed.

3. Twelve new synthetic analogs of belousovite A*Zn(SO4)X (A" = K, Rb, Cs, Tl, NH4*; X =
Cl, Br, 1) forming a morphotropic series have been obtained and structurally characterized.
The most strong structure deformation and step change of unit-cell parameters were
described for CszZn(SQOas)l. Also, new compounds NasZn(S0s)2Cl2 and Cs2Cd3(SOa)a
belonging to new structural types were obtained in these experiments.

4. Six new anhydrous framework sulfates of copper and alkali metals were obtained, 4 of
which belong to the new structural types. A significant diversity of crystal structures in the
saranchinaite morphotropic series A2Cu(S0Oa4)2 is shown. Based on the results of BVEL and
procrystal calculations, it is demonstrated that the most promising among anhydrous
framework sulfates of copper and alkali metals for electrochemical applications is the
structural type of cryptochalcite.
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Appendices

Appendix 1. Experimental details of the study of euchlorine KNaCusz(SO4)30

Electron microprobe study. Euchlorine was analysed using a Hitachi S-3400N scanning
electron microscope (equipped with an Oxford Instruments X-Max 20 Energy Dispersive
Spectrometer and INCA Wave 500 wave dispersive spectrometer) by EDS with an accelerating
voltage of 20 kV, electron beam current of 1.0 nA and defocused beam (up to 15 pum). The
standards used were: KCI (K), NaCl (Na), CaSOs (S). The empirical formula averaged from 10

spot analyses and based on O = 13 apfu is Ko.ssNa1.32S3.00013. No other elements were detected.

High-temperature powder X-ray diffraction. The thermal behavior of euchlorine was
studied in air also by means of a Rigaku Ultima X-ray diffractometer (CoKa radiation) and a high-
temperature camera Rigaku HTA 1600. The sample was prepared as a heptane suspension on a Pt-
Rh plate. X-ray diffraction patterns for euchlorine were obtained in the range 25-625 °C with step
size 25 °C. Unit-cell parameters at different temperatures were refined by least-squares methods.
The main coefficients of the thermal expansion tensor were determined using linear approximation

of the temperature dependences by the ThetaToTensor program (Bubnova et al., 2013).

Single-crystal studies. Single crystal X-ray data of euchlorine from Yadovitaya fumarole
were collected using a Bruker SMART diffractometer equipped with an APEX II CCD detector
operating with MoKa radiation at 50 kV and 40 mA. A single green translucent prism-shaped

3 was chosen and more than a

euchlorine crystal with dimensions of 0.18%0.10x0.12 mm
hemisphere of data collected with a frame width of 0.5° in w, and 20 s spent counting for each
frame. The data were integrated and corrected for absorption applying a multi-scan type model
using the Bruker programs APEX and SADABS (Bruker, 2014). The structure was successfully
refined with the use of SHELX software package (Sheldrick, 2015). All experimenat details are

listed in Tables S1-S3.
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Table S1. Crystallographic data, data collection and refinement parameters of the crystal structure of
euchlorine KNaCu3O(S04)3

Crystallographic data

Crystal system Monoclinic

Space group C2/c

a(A) 18.131(15)

b (A) 9.386(8)

c(A) 14.353(12)

£(°) 113.217(12)

Volume (A%) 2245(3)

Deaic (g/cm3) 3.264

p(mm™) 6.564

Crystal size (mm) 0.18x0.10x0.12
Data collection

Temperature (K) 296(2)

Radiation, wavelength (A) MoKa, 0.71073

F(000) 2131

0 range (°) 2.445-21.798

Total reflections collected 6814

Unique reflections (Rint) 1338 (0.06)

Unique reflections F > 46(F) 1018
Structure refinement

Weighting scheme a, b 0.0743,0.0
Ri[F > 4o¢], WR2[F > 40¢] 0.046, 0.069
R1, WR> 0.107,0.121
Goodness-of-fit 1.024

Pmax, Pmin (e A73) 1.273, —0.765

Table S2. Selected interatomic distances (A) in euchlorine KNaCusO(SO.)3

Cul-02 1941(7) Al-O7 2.560(8) S1-O4 1.435(8)
Cul-06 1.945(8) Al-O11 2.630(9) S1-05 1.465(8)
Cul-O1 1.952(7) ALl-O8 2.731(9) S1-06 1.481(8)
Cul-O7 1.958(8) Al-O6 2.764(8) S1-03 1.501(8)
A1-010 2.767(8) (S1-O) 1.471
Cu2-O1 1.926(6) Al-O12 2.813(8)
Cu2-Ol11 1.964(7) ALl-O5 3.035(8) S2-08 1.434(8)
Cu2-03 1.978(8) (A1-O) 2757  S2-09 1.476(8)
Cu2-05  2.020(8) $2-07 1.489(8)
Cu2-013 2.223(7) A2-O4 2.242(9) S2-010 1.490(8)
A2-08 2.377(9) (S2-0) 1.472
Cu3-02 1.919(6) A2-O3 2.454(9)
Cu3-O14 1.941(7) A2-013 2.467(9) S3-012 1.467(8)
Cu3-010 2.004(8) A2-O14 2.541(9) S3-013 1.474(8)
Cu3-09 2.008(8) A2-O4 2.586(9) S3-O11 1.476(8)
Cu3-012 2.278(7) A2-0O9 2.955(9) S3-0O14 1.484(7)
(A2-0) 2517  (S3-O) 1.475

O1-Cu2 x2 1926(6) 02-Cu2 x2 1.919(6)
O1-Cul x2 1952(7) 02-Cu2 x2 1.941(7)
(O-Cu) 1.939  (O-Cu) 1.930




Table S3. Coordinates and atomic displacement parameters (A?) in the crystal structure of euchlorine KNaCus(SQO4)30

Atom X y z Ueq Uis Uz Usz Uzs Uss U
Cul 0.58428(8) 0.25372(14) 0.29486(10) 0.0251(4) 0.0379(10) 0.0171(8) 0.0249(8) 0.0012(6) 0.0174(7)  0.0002(6)
Cu2 0.48141(9) 0.98144(14) 0.34341(10) 0.0239(4) 0.0391(9) 0.0222(8) 0.0184(8)  0.0039(6) 0.0198(7)  0.0004(6)
Cu3 0.51600(9) 0.52368(14) 0.36100(10) 0.0239(4) 0.0375(9) 0.0216(8) 0.0194(8) —0.0050(6) 0.0186(7) —0.0024(6)
S1 0.65719(19) 0.9683(3) 0.3684(2) 0.0258(8)  0.039(2) 0.0214(16) 0.0232(16) 0.0030(13) 0.0191(15) 0.0032(14)
S2 0.65666(18) 0.5413(3) 0.2914(2) 0.0247(7)  0.0327(19) 0.0212(16) 0.0245(17) 0.0018(13) 0.0160(14) —0.0009(14)
S3 0.49912(17) 0.7512(3) 0.51296(19) 0.0217(7) 0.0391(19) 0.0162(15) 0.0165(15) —0.0006(12) 0.0182(14) —0.0003(13)
Al*  0.6940(2) 0.2434(4) 0.6311(3) 0.0498(17) 0.034(3) 0.053(3) 0.064(3) —0.0100(19) 0.0217(19) 0.0026(18)
A2** 0.6752(3) 0.7698(5) 0.5475(4) 0.039(2) 0.046(4) 0.037(3) 0.040(3) 0.008(2) 0.023(3) 0.006(2)
01 Y2 0.1094(10) Y 0.021(2) 0.036(7) 0.023(6) 0.004(5) 0 0.008(5) 0

02 Y 0.3964(10) Y 0.022(2) 0.035(7) 0.021(6) 0.010(5) 0 0.009(5) 0

03 0.5973(5) 0.9407(8) 0.4146(5) 0.031(2) 0.051(6) 0.033(5) 0.021(4) 0.005(4) 0.029(4) 0.002(4)
04 0.7306(4) 0.8970(8) 0.4288(6) 0.0290(19) 0.032(5) 0.027(5) 0.026(4) 0.003(4) 0.009(4) 0.006(4)
05 0.6252(5) 0.9174(8) 0.2621(5) 0.032(2) 0.050(6) 0.025(4) 0.025(4) —0.003(4) 0.021(4) 0.010(4)
06 0.6704(4) 0.1223(8) 0.3691(6) 0.032(2) 0.037(5) 0.027(5) 0.032(5) 0.001(4) 0.013(4) —0.004(4)
o7 0.6714(5) 0.3874(8) 0.3109(6) 0.035(2) 0.040(5) 0.025(5) 0.042(5) 0.007(4) 0.020(4) —0.003(4)
08 0.7314(5) 0.6104(8) 0.3084(6) 0.031(2) 0.043(5) 0.028(5) 0.029(5) —0.003(4) 0.022(4) —0.006(4)
09 0.6198(5) 0.5971(8) 0.3603(6) 0.034(2) 0.045(5) 0.034(5) 0.035(5) -0.011(4) 0.027(4) —0.015(4)
010 0.6016(5) 0.5636(8) 0.1836(5) 0.0287(19) 0.040(5) 0.031(5) 0.020(4) 0.005(4) 0.018(4) —0.005(4)
011 0.4541(5) 0.8521(7) 0.4326(6) 0.0291(19) 0.041(5) 0.021(4) 0.031(5) 0.010(4) 0.021(4) 0.007(4)
012 0.4401(4) 0.6755(8) 0.5422(5) 0.0262(18) 0.036(5) 0.019(4) 0.029(4) 0.004(3) 0.019(4) —0.002(4)
013 0.5596(4) 0.8273(7) 0.5991(5) 0.0252(19) 0.037(5) 0.016(4) 0.030(5) —0.004(3) 0.021(4) —0.001(4)
014 0.5449(4) 0.6482(7) 0.4780(5) 0.027(2) 0.038(5) 0.021(4) 0.026(5) —0.016(3) 0.017(4) —0.002(3)

*g.0.f. Ko_es(a)Nao_as(g); **g.0.f. Nao,98(3)Ko,oz(3).
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Appendix 2. Experimental details of the study of kainite KMg(SO4)Cl-2.75H,0

The studied sample of kainite originates from the old potassium salt deposit Wilhelmshall
located near the city of Halberstadt, Saxony-Anhalt, Germany. The material for studies was
separated from a transparent, colourless tabular large (1.5%4x5 cm) single crystal of kainite

collected in the first quarter of 20" century from the underground mine.

Electron microprobe study. The semi-quantitative electron-microprobe analysis (EMPA)
was carried out using a JXA 850A scanning electron microscope equipped with a LINK 1000
energy-dispersive spectrometer. The EDS mode was used, with an acceleration voltage of 20 kV,
a beam current of 2 nA, and a 5 um beam diameter. The EMPA data showed the presence of
significant amounts of K, Mg, S, Cl and O in the mineral. Contents of other elements with atomic

number higher than that of oxygen are below their detection limits.

IR spectroscopy. The IR spectrum of kainite was acquired on a Bruker Vertex 70 FTIR
spectrometer in the 370-4000 cm™* wavelength range (4 cm™, 32 scans). The powdered sample
was mixed with preheated potassium bromide (Sigma-Aldrich, >99.0 %) and pressed into a pellet.
A similar pellet of pure KBr was used as a reference.

The IR spectrum of the kainite sample is depicted in Fig. S1; it virtually coincides with that
registered in (Chukanov, 2014) for kainite sample from the type locality. The spectrum contains
bands corresponding to the vibrations of sulfate groups and water molecules. Their positions (in
cm 1) and assignments are the following: 3473, 3352, 3252, 3125 [stretching O—H vibrations of
water molecules H20], 2200 [proton shift from water molecule to the sulfate anions with formation
of HSO47], 1645 [bending vibrations of H20 molecules], 1460 [possibly, bending vibrations of
admixed NHs* cations], 1175, 1129 [va(F2) asymmetric vibrations of SO4>7], 1022 [vi(A1)
symmetric vibrations of SO4*7], 906, 790, 755 [H20 and OH libration modes], 643, 609, 575
[va(F2) of SO4*7], 525, 467, 450, 414 [Mg-O stretching vibrations, v2(E) SO4>", and lattice modes
involving translation of K*, CI~, and SO4*" as a whole].
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Fig. S1. Infrared (IR) spectra of studied kainite from Wilhelmshall (a) and kainite from its type locality,
Brefeld, Tarthun, Stassfurt potash deposit, Saxony-Anhalt, Germany (b) (Chukanov, 2014)

Single-crystal studies. The crystals of studied kainite were examined under an optical
microscope and a suitable one selected and mounted on glass fiber for the data collection. The
single crystal X-ray data collection was carried out using a XtaLAB Synergy diffractometer with
a micro-focus sealed X-ray tube (CuKa radiation) operating at 50 kV and 1.0 mA in an ambient
N2 atmosphere at 100 K, with frame widths of 0.5° and a 0.15-0.40 s count for each frame (based
on calculated strategy). The data were integrated and corrected by means of the CrysAlisPro
1.171.41.103a (Rigaku OD, 2021) program package, which was also used to apply an empirical
absorption correction using spherical harmonics, as implemented in the SCALE3 ABSPACK
scaling algorithm. The SHELXL program (Sheldrick, 2015) was used for the crystal-structure
refinement. The structure was refined to R1 = 0.0229 for 3080 unique observed reflections with

|[Fo] > 40F. All experimental details are given in Table S4.
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Table S4. Crystallographic data, data collection and refinement parameters of the crystal structure of kainite
KMg(SO,)Cl1-2.75H.0

Crystallographic data

Crystal system

Space group
a(A)

b (A)

c(A)

B ()
Volume (A®)
Dcalc (g/Cmg)
u (mm™)

Crystal size (mm)

Monoclinic
C2/m
19.6742(2)
16.18240(10)
9.49140(10)
94.8840(10)
3010.86(5)
2.157

12.900
0.14x0.10%0.05

Data collection

Temperature (K)
Radiation, wavelength (A)
0 range (°)

Total reflections collected
Unique reflections (Rint)
Unique reflections F > 4cF

100(2)

CuKa, 1.54184
3.542-76.954

12153

3169 (0.0263)

3080

Structure refinement

Weighting scheme a, b
Extinction coefficient
Rl[F > 4G|:], WRz[F > 40;:]
Rl, WR,

Goodness-of-fit

Pmax, Pmin (e A73)

0.0376, 3.7245
0.000140(18)

0.0230, 0.0652
0.0235, 0.0656
1.074

0.566, —0.638

As an initial structure model, the atomic coordinates of K, Mg, S, Cl and O atoms were
taken from Robinson et al. (1972). All of the subgroups of C2/m space group were tried but none
of them led to better than those reported below refinement results for the positions of hydrogen
atoms. All H atoms were located from the analysis of difference Fourier electron density maps and
were refined with the imposed O-H distance restraints of 1.00 + 0.005 A. The isotropic
displacement parameters for hydrogen atoms were held constant at 0.065 A% HI1B...H5B and
H2B...H4B distances are relatively short, whereas their elongation and restraining result in a
strong distortions of the geometry of the water molecules. Slightly larger Ueq value for the Ow7

atom of the water molecule can be explained by the fact that it belongs to the interstitial (H20)°

group.



Table S5. Coordinates and atomic displacement parameters (A2) of non-hydrogen atoms in the crystal structure of kainite KMg(SO4)Cl1-2.75H,0

Atom X y z Ueq U Uz, Uss Uzs Uiz Uz
KL  0.19146(2) % 0.41040(5) 0.00972(12) 0.0086(2)  0.0101(2)  0.0108(2) O 0.00303(18) 0

K2  0.19274(2) 0 0.93944(5)  0.00870(11) 0.0079(2)  0.0091(2)  0.0094(2) O 0.00215(17) 0

K3  0.19459(2) 0.30633(2) 0.84773(4) 0.01079(10) 0.00961(17) 0.01477(19) 0.00804(17) —0.00005(13) 0.00105(12) —0.00289(13)
Mgl 0 v v, 0.0056(2)  0.0043(4)  0.0061(5)  0.0064(5) 0O 0.0011(4) 0

Mg2 0 0 0 0.0060(2)  0.0052(5)  0.0063(5)  0.0066(5) O 0.0015(4) 0

Mg3 % v v, 0.00650(16) 0.0054(3)  0.0070(4)  0.0072(3)  0.0000(3)  0.0017(3)  0.0006(3)
Mg4 0.00014(2) 0.24850(3) 0.24822(5) 0.00590(13) 0.0051(3)  0.0074(3)  0.0053(3)  —-0.0005(2)  0.0006(2)  0.0002(2)
S1  009713(2) 0.33123(2) 0.51696(4) 0.00498(10) 0.00396(18) 0.0060(2)  0.00497(19) 0.00014(13)  0.00056(13) 0.00030(13)
S2  -0.09851(2) 0.16750(2) —0.01353(4) 0.00515(10) 0.00431(18) 0.0062(2)  0.00502(19) 0.00004(13)  0.00069(13) 0.00003(13)
ClL  0212373) O 0.27354(6)  0.01229(13) 0.0153(3)  0.0112(3)  0.0105(3) O 0.0013(2) O

Cl2  0.13966(3) O 0.62304(6) 0.01103(12) 0.0102(2)  0.0109(3)  0.0121(3) O 0.00190(19) 0

CI3  0.17902(2) 0.38978(3) 0.13560(4) 0.01358(11) 0.00884(18) 0.0162(2)  0.0160(2)  —0.00495(15) 0.00302(14) —0.00235(14)
Ol  007142(5) 0.23267(7) 0.91539(12) 0.0081(2)  0.0075(5) 0.0086(5)  0.0079(5)  0.0012(4)  —0.0002(4) 0.0002(4)
02  007127(5) 0.26847(7) 0.41419(12) 0.0087(2)  0.0074(5) 0.0100(6)  0.0084(5)  —0.0017(4)  —0.0004(4) 0.0000(4)
03  007516(6) 0.31213(7) 0.65747(12) 0.0087(2)  0.0081(5)  0.0121(6)  0.0063(5)  0.0009(4)  0.0023(4)  —0.0016(4)
04 007351(6) 0.41410(7) 0.47141(12) 0.0084(2)  0.0077(5) 0.0077(5)  0.0102(5)  0.0017(4)  0.0022(4)  0.0022(4)
05 0.07163(6) 0.08636(7) 0.96308(12) 0.0082(2)  0.0085(5)  0.0065(5)  0.0097(5)  —0.0015(4)  0.0020(4)  —0.0011(4)
06  007652(6) 0.18429(7) 0.15636(12) 0.0081(2)  0.0076(5)  0.0106(6)  0.0063(5)  —0.0010(4)  0.0018(4)  0.0013(4)
07  0.17258(5) 0.33261(7) 0.52621(12) 0.0074(2)  0.0049(5)  0.0072(5)  0.0100(5)  —0.0004(4)  0.0009(4)  0.0005(4)
08  0.17301(6) 0.16660(7) 0.01779(12) 0.0080(2)  0.0052(5)  0.0097(6)  0.0093(5)  0.0006(4)  0.0008(4)  0.0004(4)
Owl 0.04007(8) O 0.21913(17) 0.0095(3)  0.0095(7)  0.0113(8)  0.0079(7) O 0.0018(6) O

Oow2 0.02095(8) Y 0.71999(17) 0.0091(3)  0.0089(7)  0.0111(8)  0.0073(8) O 0.0008(6) O

Ow3 021256(6) 0.17391(7) 0.65194(13) 0.0124(2)  0.0120(6)  0.0111(6)  0.0145(6)  0.0033(5)  0.0032(4)  0.0001(4)
Ow4d 002579(6) 0.35847(7) 0.14657(12) 0.0088(2)  0.0082(5)  0.0085(5)  0.0098(5)  —0.0004(4)  0.0019(4)  0.0000(4)
Ow5 0.01978(6) 0.13549(7) 0.64843(12) 0.0096(2)  0.0088(5)  0.0096(6)  0.0104(5)  —0.0002(4)  0.0013(4)  0.0020(4)
Owé 0.19665(6) 0.18599(8) 0.34253(13) 0.0107(2)  0.0078(5)  0.0115(6)  0.0124(6)  —0.0030(5)  —0.0020(4) 0.0017(4)
Ow7 0.14690(10) Y 0.8420(2)  0.0434(7)  0.0126(9) 0.106(2)  0.0111(10) O ~0.0012(8) 0

0S¢
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Table S6. Selected interatomic distances (A) in kainite KMg(SO4)C1-2.75H,0

K1-04 x2 2.7850(12) Mgl-O4 x4 2.0406(11)
K1-07 x2 29270(11) Mgl-Ow2 x2 2.0936(16)

K1-CI3 x2 3.2225(6) (Mgl-O) 2.058
K1-Cl1 3.3369(7)

K1-CI2 3.3807(7) Mg2-05 x4 2.0362(11)
(K1-0) 2.856 Mg2-Owl x2 2.1606(16)
(K1-Cl) 3.291 (Mg2-0) 2.078

K2-05 x2 2.7877(12) Mg3-Owé x2 2.0350(12)
K2-08 x2 2.8321(12) Mg3-O7 x2 2.0575(11)

K2-CI2 3.0943(7) Mg3-Ow3 x2 2.0782(12)
K2-Cl1 3.1617(7)  (Mg3-O) 2.057
K2-CI3  x2 3.2188(5)
(K2-0) 2.810 Mg4-O1 2.0216(12)
(K2-Cl) 3.173 Mg4-02 2.0419(12)
Mg4-03 2.0692(12)
K3-01 2.8231(12) Mg4-06 2.0788(12)
K3-08 2.8312(12) Mg4-Ow4 2.1061(13)
K3-08 2.8355(11) Mg4-Ow5 2.1273(13)
K3-03 2.8405(12) (Mg4—O) 2.074
K3-Ow3 2.8778(13)
K3-Ow6 2.9176(13) S1-02 1.4688(12)
K3-07 3.0750(12) S1-03 1.4694(12)
K3-CI3 3.0864(5) S1-O4 1.4720(12)
K3-Ow7 3.2706(7) S1-O7 1.4798(11)
(K3-0) 2.934 (S1-0) 1.473
(K3-Cl) 3.086
$2-08 1.4629(11)
s2-01 1.4762(12)
$2-05 1.4798(12)
$2-06 1.4828(11)
(S2-0) 1.475

DFT calculations. DFT calculations on the equilibrium structure of kainite were
performed utilizing the Projector Augmented Wave method (PAW) as implemented in the
pseudopotential Vienna Ab initio Simulation Package (VASP) code (Kresse and Joubert, 1999;
Kresse and Furthmiiller, 2017). Constrained structure optimization was performed, retaining the
unit-cell metrics and allowing full atomic coordinate relaxation. To accommodate the procedure,
experimentally established structure was transformed to the P1 space group and used as a starting
model. MetaGGA-type SCAN exchange-correlation functional (Sun et al., 2015) was used in the
calculations. The energy cut-off was set at 500 eV with a 6x6x12 gamma-centered k-point mesh
used for Brillouin zone sampling. The convergence criterion for the procedure was set at 51073
meV. The geometrical parameters of the experimentally and theoretically derived hydrogen
bonding systems are compared in Table 10. Optimized coordinates of the hydrogen atoms are

compared to those derived from X-ray diffraction experiment in Table S7. In fact, very good
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agreement between the XRD data and DFT calculations was achieved, which is emphasized by
the fact that even calculated hydrogen atom positions, which contribute the least to the total energy,
matched the experimental ones very closely. This fact proves our model to be correct. Minor
differences between the XRD and DFT results can be assigned to the effect of a temperature, as
nominal temperature for the results of the DFT calculations is OK and the temperature used for the
XRD measurements was 100K.

Table S7. Coordinates of the H sites in the crystal structure of kainite determined by X-ray diffraction
(XRD) analysis and density functional theory (DFT) calculations

Atom Method X y z
Hla XRD 0.0910(3) 0 0.231(5)
DFT 0.106293 0 0.292659
Hilb XRD 0.014(2) 0 0.305(3)
DFT 0.014811 0 0.342652
H2a XRD 0.0706(6) ) 0.753(5)
DFT 0.078463 ) 0.756077
H2b XRD 0.000(2) Y 0.812(2)
DFT 0.003230 ) 0.791945

H3a XRD  0.2469(12) 0.150(2)  0.724(3)
DFT 0247731  0.153191 0.728678
H3b XRD  0.1823(14) 0.1249(13) 0.634(4)
DFT 0182785  0.127073  0.631840
H4a XRD  0.0758(4)  0.365(2)  0.140(4)
DFT  0.074493  0.358552  0.130331
Hab XRD  0.0040(16) 0.4039(15) 0.198(3)
DFT  0.004551  0.408167  0.201796
Hsa XRD  0.0646(9)  0.1068(19) 0.651(4)
DFT  0.065711  0.100932  0.676725
H5b XRD  —0.0084(15) 0.0939(16) 0.695(3)
DFT  -0.013175 0.089448  0.663211
Héa XRD  0.2006(17) 0.1254(5) 0.327(3)
DFT  0.204667  0.124282  0.332483
He6b XRD  0.1528(9)  0.205(2)  0.293(3)
DFT  0.152895  0.195330  0.290814

H7a XRD  0.1921(11) % 0.801(5)
DFT 0195882 % 0.809462

H7b XRD  0.149(2) v 0.9473(7)
DFT 0155806 % 0.949561

Variable-temperature powder X-ray diffraction. The XRD patterns were registered on a
Rigaku Ultima 1V powder diffractometer (Rigaku R-300 camera, CuKo radiation for the
temperature range from —150 to 50 °C and Rigaku HTA 1600 camera, CoKa radiation for the
range between 50 and 600 °C, linear PSD detector). The sample was thoroughly ground, suspended
in dry heptane, and transferred onto a Pt-Rh holder. The heating rate was 2 °C/min. Phase analysis
was performed based on PDF-2 database (2020), and PDXL (Rigaku, 2016), TOPAS V.5.0
(Bruker, 2014) suites. Thermal expansion of kainite was calculated using a Theta-To-Tensor
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(Bubnova et al., 2013) suite. As different wavelengths were employed in temperature intervals,
the PXRD patterns (Fig. 7) are plotted as I vs. d* (A™).

Thermal analysis and mass-spectroscopy. The thermal behavior of the kainite sample was
also studied on a NETZSCH STA 429 CD equipment using TG+DSC sample holders and Pt/PtRh
thermocouples (S type). Heating was performed from 35 to 600 °C, while cooling, from 550 to
200 °C with a ramp of 10 °C/min in an air flow (50 ml/min). The sample was ground and pressed
into a pellet (1 kgf/mm?). The initial sample weight was 25.23 mg. The pellet was placed into an
open alumina crucible. The TG (%) and DSC (mW/mg) data were recorded simultaneously. The

sample was photographed in situ before and after heating/cooling cycle.

Appendix 3. Synthesis and single-crystal studies of new mineral-related anhydrous sulfates

3.1. Synthesis and single-crystal studies of new compounds, structurally related to
belousovite A*Zn(SO4)X (A* = K, Rb, Cs, Tl, NH4*; X = CI, Br, 1), NasZn(S04).Cl> and
Cs2Cd3(SO4)4 (by-products)

Synthesis. Two synthetic approaches were applied. The first, chosen by analogy to (Bosson
1976), employed melt technique. The alkali (Na — Cs, preheated at 150 °C for 1 — 2 hrs) or thallous
halide and anhydrous zinc sulfate (preheated at 450 °C for 3 — 4 hrs) were taken in 1:1 molar ratio
(2 — 3 mmol each), mixed, rapidly ground, placed into silica tubes, and evacuated upon slow
heating to 100 — 150 °C (except the Tl-containing samples due to the high volatility of TIX) until
the residual pressure dropped to (2.5-3)-102 mmHg, and flame sealed. The tubes (6 mm inner
diameter, 150 mm long) were placed in a horizontal furnace so that the “cold” end protruded
slightly outwards to collect residues of water and other volatile species, heated to 525 — 550 °C at
a ramp of 50 °C/hr, soaked at this temperature for 48 — 60 hrs, and cooled to 300 °C within 60 hrs,
after which the furnace was switched off. In the samples containing NaBr, Nal, KI and TII,
essential amounts of crystalline sublimate condensed in the cold part of the tubes. The sublimates
deliquesced rapidly in air and most likely corresponded to anhydrous ZnX. In these cases, no
target compound was formed in the solidified melts. This method produced the majority of the
alkali (thallous) zinc sulfate halides.

The test experiments performed with MgSO4, CdSO4 and CoSO4 also did not result in
belousovite analogs. Reaction of KCI and CoSO4 produced high-quality dark blue and pink
crystals of K2CoCls and K2C02(SO4)s langbeinite, respectively. Large, high-quality crystals of
synthetic KaMg2(SOa4)3 langbeinite were also produced upon interaction of KCI and MgSO4 at
varied temperatures. Reaction of CsCl and CdSOa4 did produce, however, a new sulfate species,
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Cs2Cd3(SOa4)4 which is described below. No interaction was observed between cesium or rubidium
chlorides and zinc chromate at 500 — 550 °C. A single experiment emulating natural conditions
was performed for KZn(SO4)CI. A 1:1 mixture of KCI and ZnS04-7H20 was ground, placed in a
porcelain boat inside a silica reactor in tubular furnace, and heated slowly to 550 °C in a stream of
air passed through a wash bottle charged with concentrated hydrochloric acid. According to PXRD
data, the solidified melt was mainly KZn(SO4)CI containing 3 — 5% of impurities.

The other synthetic approach (solution synthesis) was employed in preparation of
compound involving thermally unstable species, including ammonium salts. A mixture of alkali
or ammonium halide and zinc sulfate heptahydrate, taken in 1:1 molar ratio (10 mmol each), was
dissolved in 5 — 10 ml of distilled water and evaporated on a steam bath or heating plate until
crystallization started and the amount of liquid phase dropped to ~1 ml. The crystals were rapidly
separated using a small glass filter. Generally, the mother liquor solidified upon cooling, with
formation of various hydrates which were also analyzed. This method could not be applied to
insoluble thallous compounds. This approach produced two new ammonium-bearing members,
NH1Zn(SO4)Cl and NH4Zn(SO4)Br.

With the smallest Na*, a chemically and structurally different compound NasZn(S0s)2Cl:
was obtained instead of the expected NaZn(SO4)CI. Interaction od CsCl and CdSOs also yielded
not the targeted belousovite analog but a novel binary sulfate, Cs2Cd3(SOa4)a.

Single-crystal studies. The crystals of studied compounds were examined under an optical
microscope and suitable ones selected and mounted on glass fibers for the data collection. The
single crystal X-ray experiments for all studied compounds (except NHs-containing species) was
carried out using a Bruker APEX-II CCD diffractometer with a micro-focus sealed X-ray tube
(MoKa radiation) operating at 50 kV and 0.6 mA. The data collection and reduction procedures
(integration, absorption correction, scaling and setting up initial SHELX files) were performed
using the Bruker APEX2 and Bruker SAINT (Bruker, 2014) program packages. The SHELXL
program (Sheldrick, 2015) was used for the crystal-structure refinement. The data collection for
(NH4)Zn(SO4)Cl and (NH4)Zn(SO4)Br was carried out using a SuperNova and XtaLAB Synergy
diffractometers, respectively, in a N2 atmosphere at 100 K. The use of low temperature suppresses
rotation of the pseudo-spherical ammonium cation and permits to localize weakly scattering
hydrogen atoms and analyze the pattern of hydrogen bonding. The data were integrated and
corrected by means of the CrysAlisPro (Rigaku OD, 2021) program package, which was also used
to apply an empirical absorption correction using spherical harmonics, as implemented in the
SCALE3 ABSPACK scaling algorithm. The structures of AZn(SO4)Cl with A = K, Rb, and Tl
were refined to obtain a consistent data set. Tables S10-S21 show the bond-valence sums for all

structures calculated using parameters given in Gagné and Hawthorne (2015).



Table S8. Crystallographic data, data collection and refinement parameters of the crystal structure of KZn(SO4)Cl, KZn(SO.)Br, (NH4)Zn(SO4)CI, (NH4)Zn(SO.)Br,
RbZn(SO4)Cl and RbZn(SO.)Br

KZn(SO4)CI KZn(SO4)Br (NH)Zn(SO4)Cl  (NH4)Zn(SO4)Br  RbZn(SO4)CI RbZn(SO4)Br

Crystallographic data

Crystal system Monoclinic

Space group P2i/c

a(A) 6.9324(16) 7.0420(5) 7.2019(3) 7.3255(2) 7.2692(5) 7.3573(1)

b (A) 9.606(2) 9.7207(7) 9.5479(4) 9.6732(3) 9.6261(7) 9.7091(2)

c(A) 8.2227(19) 8.4233(6) 8.2214(4) 8.5038(3) 8.3178(6) 8.5753(2)

L(°) 96.524(5) 98.201(2) 95.107(4) 97.505(3) 95.524(2) 97.820(1)

Volume (A%) 544.0(2) 570.71(7) 563.08(4) 597.43(3) 579.33(7) 606.86(2)

Deaic (g/cm®) 2.881 3.264 2.535 2.884 3.237 3.577

n(mm™) 6.07 12.32 5.13 16.37 13.33 18.87

Crystal size (mm) 0.04x0.03x0.03  0.02x0.02x0.01  0.07x0.05x0.04 0.06x0.04x0.03 0.04x0.02x0.01  0.03x0.02x0.02
Data collection

Temperature (K) 296(2) 100(2) 296(2)

Radiation, wavelength (A) MoKa, 0.71073 CuKa, 1.54184 MoKa, 0.71073

0 range (°) 2.958-26.669 3.219-28.000 3.277-27.949 6.093-76.464 2.815-33.775 2.795-27.986

Total reflections collected 3581 5382 2619 3475 7838 7200

Unique reflections (Rint) 1060 (0.029) 1369 (0.036) 1289 (0.061) 1201 (0.026) 2304 (0.028) 1445 (0.020)

Unique reflections F > 4cF 859 1155 1140 1076 1805 1386

Structure refinement

Weighting scheme a, b
Extinction coefficient
Rl[F > 4G|:], WRZ[F > 4(S|:]
R1, WR2

Goodness-of-fit

Apmax, Apmin (e A%)

0.0207, 0.9404

0.0278, 0.0555
0.0413, 0.0598
1.022

0.48, —0.55

0.0215, 0.5503
0.0018(5)
0.0250, 0.0558
0.0340, 0.0599
1.080

0.54, —0.98

0.0601, 0.1923

0.0413, 0.1078
0.0461, 0.1166
1.054

1.04, -1.25

0.0415, 0.4323

0.0258, 0.0690
0.0296, 0.0709
1.093

0.64, —0.81

0.0225, 0.2243

0.0259, 0.0518
0.0409, 0.0572
1.028

0.62, —0.58

0.0089, 0.9826
0.0055(4)
0.0174, 0.0387
0.0184, 0.0391
1.139

0.66, —0.54

GG¢



Table S9. Crystallographic data, data collection and refinement parameters of the crystal structure of RbZn(SO4)l, TIZn(SO4)CI, TIZn(SO4)Br, CsZn(SO4)Cl,
CsZn(S04)Br and CsZn(SO4)!

Extinction coefficient
Rl[F > 4G|:], WRz[F > 4($|:]
Rl, WR2

Goodness-of-fit

Apmax, APmin (e A%)

0.0327, 0.0605
0.0488, 0.0633
0.853

1.81, -1.82

0.0454, 0.0693
0.0751, 0.0769
1.053

1.56, -1.17

0.0311, 0.0466
0.0478, 0.0505
1.044

0.88, —1.18

0.0271, 0.0488
0.0467, 0.0535
1.023

0.83, —-1.11

0.0246, 0.0405
0.0392, 0.0442
1.025

0.80, —0.75

RbZn(SO4)I T1Zn(SO.)CI T1Zn(SO4)Br CsZn(SO,)CI CsZn(SO.)Br CsZn(SOu)I

Crystallographic data

Crystal system Monoclinic

Space group P2i/c

a(A) 7.5036(10) 7.341(2) 7.3746(12) 7.6854(5) 7.7892(7) 9.449(3)

b (A) 9.8981(13) 9.622(3) 9.7060(16) 9.6794(7) 9.791(1) 8.311(2)

c(A) 8.8015(12) 8.1632(16) 8.3810(12) 8.4492(6) 8.7355(8) 9.393(2)

L) 99.175(4) 94.012(10) 96.370(6) 95.303(1) 97.290(2) 96.982(13)

Volume (A%) 645.34(15) 575.2(3) 596.19(16) 625.85(8) 660.82(11) 732.2(4)

Deatc (g/cm®) 3.847 4.634 4.966 3.500 3.762 3.821

n(mm) 16.33 32.90 37.99 10.34 15.44 12.69

Crystal size (mm) 0.06x0.04x0.03  0.04x0.04x0.02  0.06x0.05x0.03  0.08x0.06x0.03  0.05x0.04x0.03  0.06x0.04x0.03
Data collection

Temperature (K) 296(2)

Radiation, wavelength (A) MoKa, 0.71073

0 range (°) 2.750-33.866 2.782-27.992 2.779-27.988 2.662-34.691 2.636-31.682 2.171-27.994

Total reflections collected 9981 3675 10308 9324 7969 5357

Unique reflections (Rint) 2602 (0.090) 1362 (0.050) 1429 (0.065) 2704 (0.033) 2241 (0.025) 1742 (0.031)

Unique reflections F > 4cF 1829 962 1134 2000 1779 1517
Structure refinement

Weighting scheme a, b 0.0174, - 0.0200, 4.2191 0.0138, 1.7843 0.0197, 0.0507 0.0136, 0.6083 0.0477, 2.9558

0.0355, 0.0885
0.0415, 0.0926
1.050

1.39, -1.69

96¢



257

Table S10. Empirical bond-valences (v.u.) for KZn(SO4)CI

01 02 03 04 Cl1 >
Znl 0.51 0.46 0.48 0.62 2.07
S1 1.47 1.47 1.47 1.67 6.08
K1 0.09 0.10 0.12 0.17 0.14 1.02
0.16 0.13
0.11
> 2.07 2.03 2.07 2.00 1.00
Table S11. Empirical bond-valences (v.u.) for KZn(SO4)Br
01 02 03 04 Brl >
Znl 0.49 0.44 0.48 0.63 2.04
S1 1.46 1.46 1.45 1.65 6.02
K1 0.10 0.09 0.13 0.18 0.14 1.07
0.03 0.16 0.13
0.11
> 2.08 1.99 2.06 1.99 1.01
Table S12. Empirical bond-valences (v.u.) for RbZn(SO4)CI
01 02 03 04 Cl1 >
Znl 0.51 0.47 0.48 0.61 2.07
S1 1.46 1.45 1.48 1.65 6.04
Rb1 0.10 0.10 0.11 0.15 0.16 1.06
0.13 0.15
0.03 0.13
> 2.07 2.02 2.07 1.96 1.05
Table S13. Empirical bond-valences (v.u.) for RbZn(SO4)Br
01 02 03 04 Brl >
Znl 0.50 0.46 0.49 0.63 2.08
S1 1.47 1.46 1.45 1.65 6.03
Rb1 0.11 0.10 0.12 0.15 0.14 1.09
0.04 0.14 0.13
0.12
0.04
> 212 2.02 2.06 1.94 1.06
Table S14. Empirical bond-valences (v.u.) for RbZn(SOa4)l
01 02 03 04 11 >
Znl 0.48 0.44 0.48 0.66 2.06
S1 1.45 1.46 1.43 1.65 5.99
Rb1 0.10 0.10 0.12 0.14 0.16 1.19
0.06 0.13 0.15
0.14
0.09
> 2.09 2.00 2.03 1.92 1.20
Table S15. Empirical bond-valences (v.u.) for CsZn(SO.)CI
01 02 03 04 Cl1 >
Znl 0.51 0.48 0.50 0.61 2.10
S1 1.48 1.48 1.49 1.66 6.11
Csl 0.10 0.09 0.10 0.15 0.15 1.01
0.11 0.14
0.04 0.13
> 2.09 2.05 2.09 1.96 1.03




Table S16. Empirical bond-valences (v.u.) for CsZn(SO.)Br
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01 02 03 04 Brl >
Znl 0.50 0.46 0.50 0.62 2.08
S1 1.46 1.47 1.48 1.67 6.08
Csl 0.10 0.11 0.11 0.14 0.15 1.06
0.12 0.14
0.13
0.06
> 2.06 2.04 2.09 1.93 1.10
Table S17. Empirical bond-valences (v.u.) for CsZn(SOa4)l
o1 02 03 04 11 >
Znl 0.46 0.46 0.47 0.71 2.10
Sl 1.47 1.46 1.45 1.61 5.99
Csl 0.05 0.11 0.06 0.18 0.13 0.91
0.10 0.05 0.10 0.13
> 1.98 2.13 2.03 1.89 0.97
Table S18. Empirical bond-valences (v.u.) for TIZn(SO4)CI
o1 02 03 04 Cl1 >
Znl 0.51 0.47 0.44 0.57 1.99
S1 1.41 1.39 1.46 1.58 5.84
TI1 0.07 0.06 0.07 0.14 0.16 0.89
0.10 0.13
0.03 0.13
> 1.99 1.93 1.97 1.85 0.99
Table S19. Empirical bond-valences (v.u.) for TIZn(SO4)Br
o1 02 03 04 Brl >
Znl 0.51 0.48 0.49 0.61 2.09
S1 1.47 1.47 1.49 1.65 6.08
TI1 0.08 0.07 0.09 0.14 0.15 0.93
0.13 0.14
0.13
> 2.06 2.02 2.07 1.92 1.03
Table S20. Empirical bond-valences (v.u.) for (NH4)Zn(SO.)CI
o1 02 03 04 Cl1 >
Znl 0.50 0.48 0.48 0.62 2.08
S1 1.49 1.52 1.55 1.70 6.26
N1 According to H-bonding scheme
> 1.99 2.00 2.03 1.70 0.62
Table S21. Empirical bond-valences (v.u.) for (NH)Zn(SO4)Br
01 02 03 04 Brl >
Znl 0.49 0.45 0.48 0.63 2.05
S1 1.47 1.45 1.45 1.61 5.98
N1 According to H-bonding scheme
> 1.96 1.90 1.93 1.61 0.63
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3.2.  Synthesis and single-crystal studies KyCu3(SO4)s, KNaCu(SO4). and
K(Na,K)Naz[Cu2(SO4)4]

Synthesis of K>Cuz(SOa4)s. K2Cu3(SO4)s was prepared by the chemical vapor transport
(CVT) technique (e.g. Binnewies et al., 2013). A mixture of KCI (Aldrich >99.0%, 0.149 g, 2
mmol), CuSOa (Aldrich >99.0%, 1.596 g, 4 mmol), CuO (Aldrich >99.0%, 0.239 g, 3 mmol) and
NaCl (Aldrich >99.0%, 0.175 g, 3 mmol) was ground and loaded into a silica ampoule (ca. 15 cm),
which was evacuated to 1072 mbar and sealed. Reactants were predried at 100 °C for 2 h. The
ampoule was placed in a tube furnace and heated. After 5 hours, a temperature of 600 °C was
reached, and held for 48 h. The furnace was cooled to room temperature at a rate of 7 °C/min. The
product in the “cold zone” of a tube consisted of blue crystals of K2Cu3(SOa)4 in association with
green crystals of the synthetic analogue of fedotovite, K2CuzO(SQOa4)s (Starova et al., 1991)
(Fig. 1a). The as-prepared K2Cus(SOa4)4 is moisture-sensitive and starts to hydrate after one week

of exposure to air.

Synthesis of KNaCu(SOs4)2. KNaCu(SOs)2 was obtained under high-pressure/high-
temperature (HP/HT) conditions. The synthesis was performed using the piston cylinder module
of a Voggenreiter LP 1000-540/50 system installed at the Institute of Geosciences, University of
Kiel. KCI (Aldrich >99.0%, 0.149 g, 2 mmol), CuSO4 (Aldrich >99.0%, 0.798 g, 2 mmol) and
Na2S04 (Aldrich >99.0%, 0.142 g, 1 mmol) were weighed, mixed, and finely ground. The mixture
was placed into a platinum capsule (outer diameter = 3 mm, wall thickness = 0.2 mm, length = 12
mm). The capsule was sealed on both sides and placed into the center of a 1/2-inch piston cylinder
talc—Pyrex assembly. The pressure increased for 5 minutes at a rate of 0.2 GPa/min, until a working
pressure of 1 GPa was reached, whereupon the temperature program was started at a rate of
60 °C/min up to the operating temperature of 600 °C which was maintained at the set pressure for
6 hours. The cooling time was 10 h (cooling rate = 60 °C/h). Simultaneously with cooling, the
pressure was released at a rate of 0.1 GPa/h. After room temperature had been reached, the
experiment was decompressed during 20 min. The capsule was extracted from the high-pressure
assembly and cut for further investigations. The product consisted of light blue transparent
KNaCu(SOa4)2 crystals in association with milky white crystals of Na2SO4 and small yellow
crystals of Kz2(PtCls) (as product of a reaction with the Pt capsule (Fig. S2)).
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Fig. S2. Light-blue crystals of K,Cus(SO4)s with green crystals of the synthetic analog of fedotovite,
K2Cu3(S04)30 (a); transparent light-blue crystals of KNaCu(SO.), in the mass of unreacted Na,SO. and
small yellow crystals of Ky(PtCle) in the rim (b)

Synthesis of K(Na,K)Naz[Cu2(SOa4)4]. Initially, we attempted to see if NaKCu(SOa4)2, first
prepared during high-pressure experiments, could be reproduced at low-pressure conditions.
Anhydrous sulfates of sodium (Aldrich >99%), potassium (Aldrich >99%), and copper (Aldrich
>99%) (preheated at 150 and 450°C for several hours, respectively) were mixed in 1:1:2 molar
ratio, finely ground and placed into a 150 mm-length silica tube. The tube was heated gently to
~150°C during evacuation to expel traces of water absorbed upon grinding. When the pressure
dropped to ~0.03 mmHg (~ 5Pa), the tube was sealed and placed in a vertical programmable
furnace so that its cold end protruded into air. The sample was first annealed at 350°C for 60 hrs.
The specimen was inhomogeneous and no sublimate or water drops were observed in the cold end.
After grinding and subsequent heating to 150°C in dynamic vacuum, the sample was sealed in a
shorter ampoule fully immersed into the hot zone of the furnace and annealed for 450°C for 120
hrs. The sample looked more homogeneous and small crystals were visible, yet different color tints
were clearly discernable under optical microscope. Final annealing was made at 550°C for 60 hrs
with natural cooling of the furnace. Powder X-ray studies indicated presence of the target
NaKCu(SO4)2 compound along with the pale blue transparent crystal of the new compound
reported below. The content of the new compound K(Na,K)Naz[Cu2(SO4)4] was estimated as ca.
10% from powder diffraction data.
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Single-crystal  studies. The crystals of K2Cu3(SO4)s, KNaCu(SO4). and
K(Na,K)Naz[Cu2(SOa4)4] were examined under an optical microscope and suitable ones selected
and mounted on glass fibers for the data collection. The single crystal X-ray data collection was
carried out using a Bruker «Kappa APEX I DUO» diffractometer with a micro-focus X-ray tube
(MoKa radiation) operating at 50 kV and 0.6 mA. For each crystal more than a hemisphere of data
was collected with a frame width of 0.5° in ®, 10 s (for K2Cus(SO4)4 and KNaCu(SOa)2) or 20 s
(for K(Na,K)Naz[Cu2(S04)4]) counting time spent for each frame. The data were integrated and
corrected for absorption using a multi-scan type model using the Bruker programs APEX (Bruker,
2014). The structures were solved by direct methods. The structures were successfully refined with
the use of SHELX software package (Sheldrick, 2015).

3.3. Synthesis and single-crystal studies of RoMCu(SO4)2 (M = Na, K, Rb)

Synthesis. The new compounds were prepared according to a slightly different protocol.
Mixtures of Rb2SO4, Na2SO4 or K2SOq4 (all pre-heated at 140°C for 3-4 hrs) and CuSOa4 (obtained
by dehydration of CuSO4-5H20 at 450°C for 4 hrs) were taken in 1:1:2 molar ratio, ground and
placed in silica capsules (5 mm inner diameter, 100 mm length). The tubes were evacuated to 3-10°
2 Torr, flame sealed and placed in a vertical furnace with “cold” ends protruding out so that any
absorbed water would condense therein. The mixtures were annealed first at 350°C for 96 hrs; the
ampoules were opened, inhomogeneous samples re-ground and further annealed at 450-475°C for

more 96 hrs. The samples partially melted and formation of green or blue crystals was observed.

Single-crystal studies. Single crystals of all compounds were visually isolated under
microscope and mounted on thin glass fibers for X-ray diffraction analysis using Bruker APEX Il
DUO X-ray diffractometer with a micro-focus X-ray tube operated with MoKa radiation at 50 kV
and 0.6 mA. The data were integrated and corrected for absorption using a multi scan type model
using the Bruker programs APEX and SADABS (Bruker, 2014). More than a hemisphere of X-ray
diffraction data was collected for each crystal. The structure refinements were performed using
SHELXL software. Crystallographic information for all obtained phases is summarized in Table
S22.



Table S22. Crystallographic data, data collection and refinement parameters of the crystal structure of KNaCu(SO4)2, Rb2Cu(SOa)2, RbNaCu(S0s)2, RbKCu(SOa).
and K(Na,K)Naz[Cu2(804)4]

KNaCu(SO4)2 szCU(SO4)2 RbNaCU(SO4)2 RbKCU(SO4)2 K(Na, K)Naz[CU2(SO4)4]

Crystallographic data

Crystal system Monoclinic Orthorhombic Monoclinic

Space group C2/c Pna2; C2/c P2i/c

a(A) 15.9721(10) 9.2521(4) 16.034(3) 16.1865(14) 12.5085(9)

b (A) 9.4576(6) 10.9671(5) 9.560(2) 10.0026(9) 9.3166(7)

c(A) 9.0679(6) 8.9612(4) 9.170(2) 9.3923(8) 12.7894(10)

£(°) 93.6350(10) 92.792(6) 92.149(2) 107.775(2)

Volume (A%) 1367.02(15) 909.28(7) 1403.9(5) 1519.6(2) 1419.28(19)

Deatc (g/cm®) 3.088 3.116 3.472 3.341 2.920

p(mm™) 4.489 13.507 10.975 10.594 4.13

Crystal size (mm) 0.16x0.16x0.08 0.10x0.10x0.10 0.11x0.13x0.13 0.14x0.10x0.10 0.05x0.10x0.10
Data collection

Temperature (K) 296(2)

Radiation, wavelength (A) MoKa, 0.71073

0 range (°) 2.504-27.992 2.880-27.999 2.481-27.992 2.394-27.635

Total reflections collected 6732 18965 6789 3775 13295

Unique reflections (Rint) 1655 (0.0282) 2180 (0.04) 1698 (0.02) 1678(0.02) 3393

Unique reflections F > 4cF 1452 2049 1586 1387 2656
Structure refinement

Weighting scheme a, b 0.03720, 5.9250 0 0.0176, 5.6518 0.0271, 0.0310 0.0358, 1.0736

Extinction coefficient - - - -

Ri[F > 4o¢], WR2[F > 40¢] 0.029, 0.035 0.019, 0.043 0.019, 0.046 0.025, 0.057 0.0302, 0.0696

R1, WR> 0.082, 0.085 0.023, 0.045 0.021, 0.047 0.036, 0.061 0.0460, 0.0765

Goodness-of-fit 1.190 1.009 1.105 1.077 1.022

Pmax, Pmin (€ A7) 0.691, —0.810 0.413, -0.331 0.600, —0.460 0.435, —0.551 0.54, —0.65

¢9¢



Table S23. Crystallographic data, data collection and refinement parameters of the crystal structure of NasZn(SO4)2Clz, K2Cu3(SO4)s and Cs2Cd3(SO04)4

Na4Zn(SO4)ch2 KzCUg(SO4)4 CSszg(SO4)4

Crystallographic data

Crystal system Orthorhombic Monoclinic

Space group Imma C2/c P2i/c

a(A) 10.4833(10) 13.6088(5) 16.9563(11)

b (A) 9.5543(10) 11.9627(5) 9.3921(6)

c(A) 10.2423(10) 17.0791(7) 9.3799(7)

L(°) 112.4500(10) 95.066(2)

Volume (A®) 1025.87(18) 2569.72(18) 1487.96(18)

Deatc (g/cm®) 2.722 3.376 4.407

p(mm™) 3.51 6.316 9.72

Crystal size (mm) 0.10x0.08x0.05 0.10x0.12x0.12 0.09x0.07x0.06
Data collection

Temperature (K) 296(2)

Radiation, wavelength (A) MoKa, 0.71073

0 range (°) 2.780-31.867 2.581-27.999 1.206-35.840

Total reflections collected 5180 12218 25367

Unique reflections (Rint) 912 (0.071) 3093 (0.0282) 6939 (0.035)

Unique reflections F > 4cF 706 2746 5599
Structure refinement

Weighting scheme a, b 0.0243 0.0307, 6.8205 0.0132, 0.5770

Extinction coefficient 0.0015(4) 0.00040(4) 0.00056(3)

Ri[F > 4o¢], WR2[F > 40¢] 0.0302, 0.0657 0.023, 0.059 0.0260, 0.0444

R1, WR2 0.0417, 0.0691 0.028, 0.061 0.0386, 0.0485

Goodness-of-fit 0.943 1.027 1.040

Pmax, Pmin (8 A7) 0.90, —0.60 1.401, -1.326 1.52,-1.24
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Table S24. Empirical bond-valences (v.u.) for KoCu3z(SO4)s

01 02 03 04 05 o6 O7 08 09 010 011 012 013 014 015 016 >
Cul 0.47 0.15 048 0.30 0.34 0.29 2.03
Cu2 | 0.47x2— 0.40x2— 0.15%x2— 2.04
Cu3 0.45 0.48 0.50 0.46 0.19 2.08
Cu4 0.04x2— 0.46x2— 0.49x2— | 1.98
K1 0.14 0.11 0.08 0.11 0.07 011 0.11 0.17 0.07 1.08
0.08 0.03
K2 |0.11 0.17 0.10 0.09 0.10 0.11 0.11 0.13 0.04 0.05 1.01
S1 1.46 1.51 1.50 1.53 6.00
S2 151 1.47 1.40 1.56 5.94
S3 | 1.50 1.54 1.43 1.54 6.01
S4 1.53 1.53 152 1.45 6.03
Y 2.08 21 193 2.08 2.02 2.00 2.02 2.11 2.00 194 194 213 191 1.86 2.01 2.06
Table S25. Empirical bond-valences (v.u.) for KNaCu(SOs),
01 02 03 04 05 06 o7 08 Y
Cul | 043 0.43 0.46 0.37 0.24 0.08 2.01
K1 0.14 0.12 0.05 0.12 0.18 0.11x2—] | 1.09
0.08 0.03 0.06 0.09
Nal 0.14x2— 0.15x2—  0.15x2— 0.88
Na2 | 0.21x2— 0.22x2—  0.12x2— 1.10
S1 1.57 149 1.40 1.54 6.00
S2 | 142 141 1.58 1.54 5.94
¥ 2.06 1.93 2.04 2.09 2.05 2.04 1.90 1.93
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Table S26. Empirical bond-valences (v.u.) for NasZn(S0,).Cl>

o1 02 03 Ci1 5
Znl | 0.46x2— 0.53x2— | 1.98
S1 | 1.40 1.50x2— 1.53 5.93
Nal 0.17x2— 0.15x2|— 0.22x2|— | 1.08
Na2 | 0.21x2— 0.14x4— 0.98
Na3 0.22x4— 0.04x2— | 0.96
y 207 2.03 1.83 1.01

Table S27. Empirical bond-valences (v.u.) for Cs,Cd3(SO4)4

O1 02 O3 04 05 06 o7 o8 09 010 011 012 013 014 015 016 >
Cd1l 0.25 0.38 0.33 0.26 0.31 0.42 1.95
Cd2 0.26 0.37 0.39 0.23 0.40 0.34 1.99
Cd3 0.38 0.33 0.32 0.33 0.37 0.43 2.16
S1 1.54 1.49 1.53 1.53 6.09
S2 1.50 1.54 1.56 1.47 6.07
S3 1.50 1.56 1.46 1.52 6.04
S4 1.44 1.54 1.50 1.50 5.98
Csl 0.09 0.13 0.10 0.12 0.12 0.18 0.16 0.09 0.07 1.28
0.03 0.08 0.08 0.03

Cs2 0.10 0.15 0.17 0.11 0.07 0.15 0.07 1.07

0.09 0.07 0.06

0.03
> 2.04 2.10 2.02 2.07 2.05 2.06 2.07 1.98 2.03 2.02 2.08 2.11 2.06 2.02 1.90 2.02
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