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[Momysmmupudeckum metomoM PM3 ¢ momompio mporpammbl HyperChem ocyrmecTBieHo
KBaHTOBOXUMHYECKOE M3yUEHHE MPOoLiecca aICOPOIIMH NOHOB CTPOHIIHS Ha MOJIETFHON CUCTEME aKTH-
BHPOBAHHOTO YTJISI — KACIOpOAcoAepKaIiero yriepoauoro kinacrepa CosOsH;. CpaBHeHue pacmpene-
JICHHS 3aps0B, TEOMETPHUECKUX U DHEPreTHUECKUX XapaKTePUCTUK PAa3IMYHBIX COCTUHEHHH KHCIIO-
POICOAEPIKAILETO YTIEPOTHOTO KiacTepa ¢ 3JIEMEHTapHBIMH, MOHOTHAPATHPOBAHHBIMUA KaTHOHAMU
Sr**, a taroke noxmamu SrOH' mokasamo, 4TO HOHBI CTPOHIMS aICOPOUPYIOTCS HA KapOOKCHIBHBIX
rpynmnax yriepoJHOTO KJacTepa Kak M0 HOHOOOMEHHOMY MEXaHH3MY, MPEUMYIIECTBEHHO B (opme
SrOH", Tak u B3aMMOJIEHCTBYS ¢ KApOOHIILHBIM aTOMOM KHCIIOPO/a KapOOKCHIBHEIX TPYII ¢ 06pa-
30BAHHMEM TIPOYHBIX CoemuHeHui. KpoMe Toro, HoHsI Sr°* 06pasyioT J0CTATOYHO TIPOYHBIE COCTHHE-
HUSI C KapOOHUIIBHBIM aTOMOM KHCJIOPOJIa albJeTHIHONW IPYIIIbI, a TAKXKE YYacTBYIOT B 00pa30BaHUU
KOMIUICKCOB TU-3JICKTPOHOB IIOBEPXHOCTHBIX ITOJIMCONPSKCHHBIX CUCTEM yrnepo,uHofz'I MaTpUIbIl.
YCTaHOBJICHO, YTO MOHOTHJIPATUPOBAHHBIC HOHBI CTPOHITUS 00pa3yroT 00Jiee MPOYHBIC COCAUHEHUS C
KHCIIOPO/ICOAEPIKALINMH TPYIIIAMH YTIEPOIHOTO KIACTEPa, YeM HErHAPATHPOBAHHBIC HOHBI Sr”.

Knoueguvle crnosa: yenepoonwie Kuciopoocooepicawjue Kiacmepvl, K8AHMOB0-XUMUUECKUE Pac-
yemol, a0copoyuUs, UOHBL CMPOHYUSL.

DKCIIEpUMEHTAIILHO YCTAHOBJICHHBIM (DaKTOM SIBIIIETCS ydacTue B afcOpOLUY Ha aKTH-
BUPOBaHHOM yriie KM-2 MOHOB KaJbITUs U CTPOHITHS KapOOKCHIIBHBIX TpyIt. [ITpruem xapak-
TEPHO# 0COBEHHOCTBIO cOpOIHH HOHOB Ca’’ Ha HEONSPH30BAHHOM U AHOHONOSIPH30BAH-
HOM yIJIe SBISIETCS TO, YTO KOJIMYECTBO a1COPOMPOBAHHBIX HOHOB Ca’  PaBHO KOJHYCCTBY
KapOOKCUIBHBIX IPYIIL. B ciydae HOHOB Sr*' KapTHHA CIOXKHEe: BEIHYHHA aICOPOIMU ITHX
MOHOB HE COOTBETCTBYET KOJIMUECTBY KapOOKCHIBHBIX Tpyml [1]. Iy UCKITIOUeHUST BO3ZMOXK-
HOCTH Y9YaCTHs KaTHOHOB (hOHA B HOHHOM 0OMeHe agcopbumio nonos Ca”" u Sr** mpoBomu
u3 pactBopoB MeCl, + Me(OH), (Me — Ca, Sr) ¢ pH = 10.5. UccnenoBanus mokaszanu, 4To
KOJIMYECTBO KapOOKCHJIBHBIX TPYNI B 3TOM CIydyae PaBHO KOJUYECTBY aJCOPOMPOBAHHBIX
1oHOB Kanbius [1]. CootBercTBUE ¢ ,. KOIMYECTBY KapOOKCUIBHBIX IPYIIT MOXKET CBHJC-
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Ca(OH)". B mpexsiaymux cTaThax [2, 3] HamMm 6BIIO MOKa3aHO, YTO Hamboee BEPOATHOI
(dbopmoii, B KOTOPOil Ha KapOOKCHIBHBIX rpynmax yrist KM-2 ancopOupyroTcsi HOHBI KaIbIIHs,
spisercst Ca(OH)".

OKCIEpUMEHTAIbHBIE UCCIENOBAHMS IMOKA3aIM, YTO KOJWYECTBO U MPOYHOCTh CBSI3U
nonoB Ca®’ ¢ MIOBEPXHOCTHIO HENOJIsIpu30BaHHOro yriasi KM-2 Belile, 4eM HOHOB Sr*" [1]. O
oee mpoUHOi cBsi3KM HOHOB Ca’’ ¢ TIOBEPXHOCTHIO JAHHOTO YISl CBUACTENBCTBYIOT 1 ONpe-
JICJIEHHbIE U3 3KCIEPUMEHTAIbHBIX JaHHBIX KOHCTAHThl HECTOMKOCTH MOBEPXHOCTHBIX KOM-
miexcoB Me?" — yroas [4].

Hamu mpoBeneHa KBAaHTOBOXMMHYECKAsh OLEHKA YCTOMYMBOCTH COCJMHEHUN HOHOB
CTPOHLIUS C Pa3IMYHBIMH KUCIOPOACOAEPKAIIUMHU (DYHKIIMOHAIBHBIMU TPYIIAMHU yTIIEPOI-
HOro Kjacrepa [5—8].

Brruncienust mpoBOIMIINCH Tak e, Kak U B padoTax [2, 3, 5], ¢ HOMOIIbIO TPOrpaMMbl
HyperChem, monysmnupudeckum metogoM PM3. B pamkax qaHHO#M pacdeTHOM MOAEIH ObI-
JM HCIIOJI30BAHBI CIEAYIOLIUE MapaMeTpbl: CIIMHOBAs MYJBbTUIUIETHOCTh COEIMHEHUN paB-
Ha 1; TouHOCTH pacuera (mapameTp cxoaumocTtu) paBHa 0.01 kkan/Monb; MaKCUMallbHOE KO-
JMYECTBO UTepanuid paBHO 50; UCTIOIB30BANICS OTpaHUYCHHBIA MeToa XapTpu—Doka; ¢akTo-
pBl niepekpbiBaHus BelTuHra ans - U m- cBsA3e€d paBHbl 1. ['eomeTpuueckas onTUMH3aLUs
MPOBOAMIIACH YHUBEpcaIbHbIM anroputMoM [lonmaka—Pulbepa B Bakyyme co cpeqHeKBaapa-
THYECKMM OTKJIOHEHHEM rpanueHta, paBHeM 0.1 kkam A '*Momb ' ¥ ¢ MAKCHMAIBHBIM HHC-
JIOM 1UKJIO0B, paBHbM 100 [9-11].

Jnist pacu€ToB HAMU OBIITH B3ATHI BCEBO3MOYKHBIE COSAMHEHUS DIIEMEHTAPHOTO U MOHO-
TUAPATUPOBAHHOTO KaTHOHA Sr*t ¢ KHCIIOPOJCOAEPKAIIUM yIIIepoaHbIM KiaacTtepoM CosOsHj
[3] mo pa3nuuyHBIM (YHKIHOHATIBHBIM TPYIIIAM M HEMOCPEICTBEHHO C IMOBEPXHOCTHIO YTIIe-
POAHOrO KJ1acTepa, KOTOpPbIE MPEICTABIEHbI Ha puc. 1.
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Puc. 1. Ilo3unuu, Mo KOTOPHIM YUUTHIBAIOTCS B pacuéTax 00pa3oBaHNE XUMUYECKOH CBSI3U

B tab6in. 1 mpuBenens! paccuntanubie MeTozoM PM3 sHepreTndeckue napaMeTphl U JId-
MOJIbHBI MOMEHT COEIMHEHUH, YUYaCTBYIOIINX B PEAKIUAX COPOLMU KHCIOPOCOACPIKAIIETO
+
YITIEPOIHOTO KITACTEPa C IEMEHTAPHBIME H MOHOTHAPATHPOBAHHBIMU KATHOHAMH ST° .
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Ta6aununa 1. [losHasi 3Heprus, TenjoTa 00pa3oBaHus U JUNOJbHbIH MOMEHT PEaKTAHTOB

o JaHHBIM MeToaa PM3

Cesi3b mona Sr™* ¢ | IMoanasn Temnora 00- Jlumoan-

Ne PeakTaHThI (pyHkuuOHANBLHOM | JHeprus, pa3oBanus, HBIH MO-

rpynnou KKaJ/MOJIb | KKaJ1/MOJIb MeHT, D
1 CosOsH; — —305469.1 1372.7 4.5
2 H,0 — —7492.7 —53.5 1.7
3 H;0" — —7627.3 165.6 0.0
4 Sr** — 0.0 332.8 0.0
5 H' — 0.0 353.6 0.0
6 Sr(H,0)*" — —7547 .4 325.1 7.5
7 CogOsH,Sr" > O-Sr" —-305517.9 1303.1 42 .4
8 | CogOsHSr(H,0)" | > 0-Sr(H,0)" —313034.7 1225.6 45.0
9 CogOsH,Sr" > C=0-Sr" —305537.0 1284.0 14.5
10 | CosOsH,Sr(H,0)™ | > C=0-Sr(H,0)" | —313055.3 1204.9 14.9
11 Co3OsH,Sr" —HC=0-Sr" —-305568.3 1252.7 39.1
12 | Co30sH,Sr(H,0)" | —-HC=0-Sr(H,0)" | —313084.8 1175.5 38.1
13 Co3OsH,Sr" —OHSr" —-305529.6 1291.5 44.1
14 | CosOsH,Sr(H,0)' | —OHSr(H,0)" —313046.4 1213.9 46.4
15 Co3OsH,Sr" —~COOSr" —305463.9 1357.2 26.3
16 | CosOsH,Sr(H,0)' | —COOSr(H,0)" | —312979.8 1280.5 28.7
17 CosOsH3SI™" > O0-Sr" —305640.6 1534.0 36.0
18 | CosOsH3Sr(H,0)*" | > O-Sr(H,0)* | —313157.7 1456.1 38.5
19 CosOsH3SI™" > C=0-Sr" —305591.2 1583.4 55.4
20 | CosOsH;Sr(H,0)* | > C=0-Sr(H,0)"" | —313111.5 1502.3 61.7
21 CosOsH3SI™" ~HC=0-Sr*" —305677.4 1497.2 39.6
22 | CogOsH;3Sr(H,0)"" | ~HC=0-Sr(H,0)*" | —313188.2 1425.8 33.5
23 CosOsH3Sr™" —OHSr* ~305630.8 1543.8 39.4
24 | CosOsH3Sr(H,0)*" |  —OHSr(H,0)*" | —313157.1 1456.7 413
25 CogOsH;Sr™ —C(OH)OSr*" —305703.3 1472 .4 18.9
26 | CosOsH3Sr(H,0)™" | —~C(OH)OSH(H,0)™" | —313226.2 1387.6 20.9
27 CosOsH;Sr™" —C(O)OHSr"" —305646.2 1538.2 35.3
28 | CosOsH;3Sr(H,0)™" | —C(O)OHSH(H,0)™" | —313164.2 1449.7 38.1
29| CosOsH,SI" ;;ifo"ci‘:a” g | ~305537.6 1283.5 19.5
30 | CosOsH,Sr(H,0)" Bi;iz’oocﬁaf g | —313054.5 1205.7 18.8
31| CosOsH;SI Bi;ffo"cﬁa" gr% ~305696.1 1478.5 26.8
32 | CogOsH;SH(H,0)> Bi;ffooc)fia" gr% 313159.6 1454.3 20.7

90

DJeKTpOHHBIE (3apsAabl HA aTOMax), TeOMETPUUYECKUE U DHEPTeTHUECKUE XapaKTePUCTH-
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xacrepa ¢ karuoHamu Sr° u Sr(H,0)*" npuseneHs! B TaGun. 2, riue AEg — SHeprus ruapara-
uuu; AE, — sHeprus peakiuu o0pa3oBaHUS KOMILUIEKCHBIX COSIMHEHHI KHUCIOPOJICOIepiKa-
IIET0 YIJIEPOAHOro KiacTepa ¢ MHAMBHAYAIbHBIMU U MOHOTHJPATUPOBAHHBIMU KaTHOHAMU
Sr** u3 cooTBeTcTBYIOIMX BemecTB — CosOsHsz, H,O u Sr?,

Taduauna 2. JjIeKTPOHHbIE, FeOMeTPHUYECKHEe U IHEPreTHYeCKHUE XapaKTePUCTUKHU
it 2+
COeIMHEHUI1 KHCJI0POICOAEPKANIEro YIJIEePOIHOr0 KjIacTepa ¢ KATHOHAMH Sr
u Sr(H,0)**, paccuntanusie merogom PM3

Cesi3b woHa Sr™* ¢ | 3apsiabl Ha I(Sr- | AEg, AE,,
Ne PeakTanTthnl HKIMOHAJLHOM | aToMax Sr u 0), KKaJ/ | KKaJI/M
y
rpynnoii 0 A* | moab | oam
1 CosOsH,Sr" —COOSr" 1.56 | —=0.56 | 2.95 - 5.2
2 | CogOsH,Sr(H,0)" | —COOSr(H,0)" 1.53 | =039 | 3.00 | 232 | -18.0
3 CosOsH,Sr" > O0-Sr" 1.57 | —0.04 | 4.17 - —48.8
4 | CosOsH,Sr(H,0)" > 0-Sr(H,0)" 1.53 | =040 | 264 | 238 | -72.9
5 CosOsH,Sr" > C=0-Sr" 1.47 | =020 | 4.43 - -67.8
6 | CogOsHoSr(H,0) | >C=0-Sr(H,0)" | 144 | —0.21 | 447 | 256 | -935
7 CogOsH,Sr" ~HC=0-Sr" 1.52 | —0.40 | 2.64 - —99.2
8 | CogOsHSr(H,0)' | ~HC=0-Sr(H,0)" | 1.50 | —039 | 2.64 | —33.8 | —123.0
9 CogOsH,Sr" —OHSr" 1.61 | =026 | 3.17 - —-60.5
10 | CogOsH,Sr(H,0)" —OHSr(H,0)" 1.57 | =025 | 3.17 | —24.1 | -84.6
11 CosOsH;Sr >0-Sr*" 1.63 | —0.06 | 3.96 — ~171.5
12 [CosOsH3Sr(H,0)*" | > O-Sr(H,0)"" 159 | —0.06 | 2.64 | —67.5| —195.9
13 CosOsH;Sr > C=0-Sr*" 1.72 | —045 | 2.77 — ~122.1
14 |Cos0sH;St(H,0)*" | > C=0-Sr(H,0)"" | 1.68 | —0.44 | 278 | 244 | —149.7
15 CosOsH;Sr ~HC=0-Sr*" 1.54 | —0.39 | 2.94 — ~208.3
16 |CosOsH3Sr(H,0)*" |-HC=0-Sr(H,0)" | 1.52 | 037 | 2.98 | —18.1 | —226.4
17 CosOsH;SI —OHSr* 1.63 | -023 | 3.28 - ~160.9
18 |CosOsH3Sr(H,0)°" |  —OHSr(H,0)" 159 | 023 | 2.64 | —33.6 | —195.3
19 CosOsH3Sr™" —C(OH)OSr*" 1.54 | —0.45 | 3.08 — | 2342
20 |CosOsH3Sr(H,0)*" | —C(OH)OSH,0) | 1.48 | —0.50 | 3.31 | —30.2 | —264.4
21 CosOsH3Sr™" —C(O)OHSr*" 1.59 | —029 | 3.47 - | -177.1
22 |Cos0sH;Sr(H,0)™" |-C(0)OHSK(H,0)" | 1.56 | 029 | 3.45 | 253 | —202.4
23| CosOsHaSr™ | STICPOMHATIOC |y 46| | ggoex | | 685
BEPXHOCTb — ST
+ | Yraepoanas mo- B % B
24 C9805str(H20) BerHOCTB _ Sr2+ 143 255 242 927
25 | CoOsHaSr | TICPORHAAIOC |y 5y || ggex [ — | 2270
BEPXHOCTb — ST
2+ | Yraepoxanas mo- B . B
26 |CosOsH3Sr(H,0) BepXHOCTE ST 1.50 6.58 29.2 197.8

- +
* | — nIMHAa XUMHUYECKOM CBSI3M; ** paccTOsHHE OT KaTHOHA Sr? JIO TIOBEPXHOCTH KHC-
JIOPOJICOIEPIKAIIETO YIJIEPOTHOTO KiTacTepa.
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Ha ocHoBanuu nanHbIX Tabi. 1 mpoBeaeHa OIeHKAa YCTOMYMBOCTH COCTMHEHUM YJIEMEH-
TApHBIX ¥ THAPATHPOBAHHBIX KAaTHOHOB Sr’, a Taixe moHa Sr(OH)" ¢ xapOOKCHIBbHBIME
rpynnamu yriiepogHoro kiacrepa. Huxe npuBeneHbl HEKOTOpbIe Haubosee BEpOsTHBIE TEp-
MOXMMHYECKHE YPABHEHHUS PEAKIIMI KaTUOHOB Sr**, [Sr(H,0)]*" 1 Sr(OH)" ¢ naHHBIME rpyn-
namu:

TepMOXuMHUUYECKHE PEAKLIUN:

CosOsHs + St** + H,0 = CosOsH,St" + H3;0" + 82.24 kka;

CogOsHs + [St(H,0)]*" = CosOsH,Sr" + H30" + 49.25 kka;

CosOsH; + St** + OH™ + H,0 = CogOsH,SrOH + H30" + 220.42 xkan.

W3 mpuBeneHHBIX YpaBHEHHH BUHO, YTO WOHBI CTPOHIIUS aJCOpOUpPYIOTCS Ha Kap-
OOKCHJIBHBIX T'PYIINax YIJIEpOJHOTO KJacTepa MO MOHOOOMEHHOMY MEXaHHU3MYy, IMpeuMyllle-
cTBeHHO B (hopme Sr(OH)'.

AHaIu3 JaHHBIX Ta0ll. 2 [OKA3bIBAET, YTO HOHBI SI° 00pa3yroT TOCTaTOYHO MPOYHBIE
COCIMHEHUS M C KapOOHWJIBHBIM aTOMOM KHCIIOpoJa B KapOokcunsHOU rpymme (Ne 19, 20 B
Tabn. 2, mo3unwms 3 Ha puc. 1), ¥ ¢ KapOOHMUIBHBIM ATOMOM KHCJIOPOJA abJICTHIHON TPYIIIBI
(Ne 15, 16 B Tabu. 2, mo3unus 5 Ha puc. 1). Kpome Toro, He UCK/II0U€Ha BEPOSATHOCTD yYacTHs
B 00pa30BaHHUU KOMIIJIEKCOB T-3JIEKTPOHOB MOBEPXHOCTHBIX MOJIHCOIMPSHKEHHBIX CHCTEM yT-
aepoaHoi MaTpulibl. [Ipu 3TOM cregyer OTMETUTh, YTO MOHOTHAPATUPOBAHHBIE HOHBI CTPOH-
st 00pasyloT Oosiee MPOYHBIE COSNUHEHHS C KHCIOPOCOACPKAIIMMH TPYTIIAMU yTIIePOI-
HOTO KJIacTepa, YeM HEeTHAPATUPOBAHHBIC HOHBI Sr*.
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Quantum-chemical Estimation of the Alkaline Earth Metal Cations Interaction
with Oxygen-containing Carbon Cluster. II. Stability of Carbon Cluster with Trontium
Cations
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The quantum-chemical study of strontium ion adsorption on the surface of activated carbon
modeled by the oxygen-containing carbon cluster CosOsH; was performed by means of the semi-
empirical PM3 method using the HyperChem program. Comparison of the charge distribution, geo-
metric and energy characteristics of various compounds of the oxygen-containing carbon cluster with
elementary, mono-hydrated Sr** cations, as well as Sr(OH)" ions show that strontium ions are ad-
sorbed on the carboxyl groups of the carbon cluster both by an ion exchange mechanism, mainly in the
form of Sr(OH)", and interacting with the carbonyl oxygen atom of the carboxyl groups to form strong
compounds. In addition, Sr*" ions form fairly strong compounds with the carbonyl oxygen atom of the
aldehyde group, and also participate in the formation of m-electron complexes of surface polyconju-
gated carbon matrix systems. It was found that monohydrated strontium ions form stronger com-
pounds with oxygen-containing groups of the carbon cluster than non-hydrated Sr** ions.
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