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B cratbe paccMOTpEHBI MPOIECCHl aicOpOIMK HA TTOBEPXHOCTAX aKTHBUPOBAHHBIX YTJICH, CBSI-
3aHHBIC C UX IIMPOKUM NPUMEHEHHEM B MPOMBINIJICHHOCTH, B YACTHOCTU JJISl BBIIEICHUS, KOHIICH-
TPUPOBAHHS U TTTyOOKOW OYMCTKU BEIIECTB B KAUECTBE KAaTAIM3aTOPa U HOCUTENS KaTalu3aTopoB, CO-
3[IaHUS AIIEKTPOTHBIX MacC XUMHUIECKHX HCTOYHHKOB TOKA, PEIIEHHUs POoOIIeM OXpaHbI OKpYy Katomeit
cpenbl, B MEUITMHE U IIPH CO3/IaHUU CPEACTB MHANBHUIYaTbHOM 3aIIUTH opraHu3Ma. [lepcrieKTHBHBIM
MPEACTABIACTCA KaK TEOPETUUECKOE M3YUYCHHE NAHHBIX MPOIECCOB C MOMOIIBIO MOTYyIMIUPUUCCKUX
KBaHTOBO-XMMHYECKUX METOJIOB, TaK W MpaKTHYecKoe OOOCHOBaHWE H3y4daeMbIX mporieccoB. [Ipum
TEOPETHUECKOM OINMCAHUH aJCOPOIIMOHHBIX IIPOIECCOB HA IMOBEPXHOCTSIX MOJISIPHBIX aJACOPOCHTOB
TJIOZOTBOPHBIM OKa3aJCsl MOAXO0J, OCHOBAHHBIN Ha MPHUOIIKEHUN TaK HAa3bIBAEMOU KIIACTEPHOU MO-
Jieny TBeporo Tena. KiracTepHbIi moaxoa OCHOBaH Ha TOM, YTO B CIIydae CHCTEM C CYIIECTBEHHO KO-
BaJICHTHBIM XapaKTepPOM XHMHYECKHX CBS3€H CTPYKTYpHbIE OCOOCHHOCTH W CBOWCTBA OTHEIBHBIX
Y4aCTKOB TOBEPXHOCTHU yJOBJIETBOPUTEIIBHO MEPEAAIOTCS JIOCTATOYHO MalbIMU (hparMeHTaMU, pa3o-
pBaHHBIC TPAHUYHBIE CBSI3U KOTOPBIX 3aMBIKAIOTCS HA TICEBJ0ATOMAaX CO CHEIHAaIbHO MOA00paHHBIMU
cBoiicTBaMu. KnacTepHblil METOJT MpeinoaraeT KBaHTOBO-XUMHUUECKUN aHAIN3 3JIEKTPOHHOTO CTpoe-
HUs (a TIpH HEOOXOJMMOCTH U MPOCTPAHCTBEHHOW CTPYKTYpPBI) BBIACIIAEMOro ()parMeHTa MOBEpX-
HOCTHOTO CJIOSl a7icopOeHTa WM aJICOPOIIMOHHOTO KOMILICKCA, SHEPTeTUKU B3aUMOJCHCTBUS aJlcop-
OeHT—amcop0ar, 3apsAA0BOTO paclpeleeHus Ha aToMax aJcopOeHTa W JPYTHUX XapaKTepUCTHK. BEI-
YUCJICHHUS] TTPOBOJWINCH C MOMOIIBIO mporpammbel HyperChem, momysmnupudeckum MerogoM PM3.
CpaBHeHUE pacUpeleNieHHs 3apsioB, TEOMETPUUECKUX U DHEPIeTUUECKUX XaPAKTEPUCTHUK COEIUHE-
HUH KHCIOPOJICOEePKAIIETO yTISPOIHOTO KIacTepa ¢ 3IEMEHTAPHBIMU U THIPATUPOBAHHBIMU KaTHO-
namu Ca®" u Sr* okasano, 4To COeTMHEHHs KHCIOPOICOCPIKALIEro YIIEPOIHOTr0 KIIacTepa ¢ KaTHO-
namu Ca”" Goree yCTOIYMBBI, YeM COOTBETCTBYIOIINE COSAMHEHMS ¢ KaTHOHOM St . C sHepreTHye-
CKOM ToukM 3peHusi HanbOozee ctabuinbHbl coenuHeHUsT CosOsH,CaOH u CogOsH,SrOH, onm o0pasy-
10TCs ¢ OOITBIIIeH BEPOATHOCTHIO MTPH XEMOCOPOIIMY Ha KUCIOPOICOIEPIKAIIEM yTIepOIHOM KilacTepe.

KiroueBsie cnoBa: yeaepoonvie xuciopoocodepicaujue Kiacmepvi, KBAHMOGO-XUMULECKULL PAC-
yem, XemMocopoyusl, MepMoXUMUYecKue ypagHeHus.

Beenenne

W3BecTHO, 4TO OJHUM U3 Haubosiee MEepPCIEeKTUBHBIX METOJOB U3BJICUEHUS PA3IUYHBIX
COEJMHEHUI U3 BOAHBIX PACTBOPOB U AHAIUTHUYECKOTO KOHIIEHTPUPOBAHUS MHUKpOIpUMecen
SBIISIETCS COPOIMOHHBIN MeToA. M3 O0NbIIoro Koim4ecTBa COPOCHTOB, KaK OPraHUYECKOTO,
TaK ¥ HEOPraHMYECKOTO MPOMCXOXKAEHUS, IUPOKOE PACIPOCTPAHEHUE MOIYUUIN COPOSHTHI
Ha OCHOBE YIJIEPOJHBIX MaTE€pHaIOB, B YACTHOCTH aKTUBHpPOBaHHbIE yIiu (AY), 4TO CBA3aHO
C UX XUMHYECKOW YCTOHYMBOCTBIO, NEIIEBU3HOM, BO3ZMOXKHOCTBIO IOJIy4aTh MaTepHalbl C
IIUPOKHUM CHEKTPOM (DPU3UKO-XUMHUUECKUX U aICOPOIMOHHBIX CBOUCTB [ 1—4].
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[lepcrieKTUBHBIM SIBIISIETCSA MCTIONb30BaHHE AY B KauecTBE COPOEHTOB ISl HEOPTaHU-
yeckux MOHOB. Tak, B [5—7] Obl10 mOKa3aHo, 4To AY Mpu COOTBETCTBYIOLIEH MOAU(PUKAIIUU
MOBEPXHOCTH MOTYT CTaTh JOCTaTOYHO 3((HEKTUBHBIMH COPOCHTAMH HMOHOB IIEIIOYHO3E-
MeJbHBIX MeTaJIoB. B pabotax [6—7] B kadecTBe copOeHTa Il aAcOpPOLIMU MOHOB IIEI0YHO-
3eMEJIbHBIX METAJIJIOB MCIIOIB30BAJICS aKTUBUPOBAHHBIN yroiabr KM-2, xapakTepus3yroniuics
BBICOKHM COJIEpP’KaHHUEM IMOBEPXHOCTHBIX (DYHKIIMOHATBHBIX TPYII KHCIOTHOTO XapakTepa
[8]. Bb10 ycTaHOBIIEHO, YTO MOHBI IIETOYHO3EMENIBHBIX METAJUIOB a/ICOPOUPYIOTCS TIaBHBIM
00pa3oM Ha KapOOKCHIIBHBIX Tpynmax [6].

C wenblO0 BBISICHEHHS MeXaHm3Ma ancopOumu monos Ca”” u Sr** ma AV mnpoeneHa
KBaHTOBO-XMMHUYECKAsl OLIEHKA YCTOWYMBOCTU COEMHEHUN KHUCIOPOACOIEPKAILIETO YIIepoI-
HOTO KJIacTepa ¢ JaHHBIMU KaTHOHAMHU.

MeTtoauka. BerunciaeHust mpoBOAWIUCH ¢ TOMOIIbI0 porpamMMbl HyperChem nomysm-
nupudyeckuM MetojoM PM3. OTnuuurtenbHOM ocoOeHHOCThIO MeTogoM PM3 sBnsercs To,
YTO OH YJOBJIETBOPUTEIBHO BOCIPOU3BOINUT CTPOCHUE U SHEPreTUKY coenuHeHMM. st Bcex
HCCIIEyeMbIX COeIMHeHUI Oblia 3a/laHa camas MUHUMAaJbHasl CIIMHOBAsE MYJbTUILUIETHOCTD.
CnuHOBOE COCTOSIHUE PACCUUTHIBAJIOCH OrpaHUUYEHHBIM MeToJ0oM XapTpu—Doka. [l yBenu-
YEHUSI CKOPOCTH CXOJMMOCTH pacyeToB Oblla HCIOJb30BaHa mpouenypa «Accelerate
convergence» (MpsMOe WHBEPTUPOBAHUE TTOAMPOCTPAHCTBA UTepanuii) [9, 10].

Pe3yabTaTsl U 00Cy:KICHUE

B 1abn. 1 nmpuBeneHsl paccunTaHHble MeTooM PM3 sHepretuueckue mapaMmeTpsl co-
€IMHEHUH, YJaCTBYIOIIUX B XEMOCOPOIMH KHCIOPOACOAEPKAILIEro YTIIEPOAHOrO KiacTepa ¢
3NIeMEHTAPHBIMH U MHAPATHPOBAHHBIME KaTioHamu Ca® u S’

Ha puc. 1 npencraBieHO IpOHYMEPOBAaHHOE MOJEKYJISIPHOE CTPOCHHE YTIEPOIHOTO
KJlacTepa C BKJIIOYEHHBIMH aTOMaMU KHCJIOpoAa B (OpMe TpyHNIHPOBOK KapOOHHIBLHOTO
(> C = O) tumna, a taxxke ¢enonbHbIx (—OH), kapookcunbHbIXx (—COOH) 1 ambaerumaHbx
(~CHO) rpynm.

Taouuna 1. [TosiHast JHeprus U TEMJIOTAa 00pa30BaHMs PEAKTAHTOB
10 JaHHBIM MeToaa PM3

Tennora obpazoBaHus,
PeakranThl [TomHas YHEPTHS, KKAJI/MOJh
KKaJ1/MOJIb

CysOsHj3 —301 415.2 1 430.5
CosOsHy' —301 102.8 1389.3

H,0 —7492.7 -53.5

H;0" ~7627.3 165.6

OH —7103.2 —-17.5

Ca™ 0.0 433.3

S 0.0 332.8
Ca(H,0)"" —7 580.7 291.8
Sr(H,0)"" —7525.7 246.4
CosOsHCa’ —301 756.9 1168.5
Co3OsH,Sr" —301 362.9 1462.0
Co30sH,Ca(H,0)" —309 215.1 1 149.5
Co30sH,Sr(H,0)" —308 883.6 1 380.5
Cy30OsH,CaOH —308 970.5 1 040.5
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Cos0sH,SrOH 308 604.3 1306.3
C9s0sH,Ca(H,0)OH 316 520.7 929.5
Cos0sH,Sr(H,0)OH 316 134.1 1215.7

Ha puc. 2 npencraBieHbl TeOMETPUYECKHUE TTApAMETPhl XUMUYECKUX CBsI3ed (PyHKIHO-
HaneHOU Tpynnbel —COOH B monekyne yranepoaHoro kinacrepa CosOsHz mo ganHeiM MeTona

PM3.

—% 49
119.9° \/C _C\ lo
=&  0-2H

Puc. 2. T'eomeTpuueckue mnapameTpsbl
¢ynkumonansHoH Tpynmsel —COOH B
MOJIEKyJIe  yIJIEepOJHOro  KiacTepa
CosOsH;

118.1°

Puc. 1. TunuyHoe MOJEKYIAPHOE CTPOCHUE KUCIOPO/I-
coneprkamero yraepogHoro kmacrepa CosOsH; (aTombr
MPOHYMEPOBAHEI)

Paccunrannbpie momyammnupudeckuM MetonoM PM3 3apsansl Ha aTomMax KHCIOPOICO-
JIEpIKaIIEero yIIepOAHOro KiacTepa MpeJCTaBieHbl B TalOa. 2, B KOTOPOM yKa3aHbl HOMeEpa
aTOMOB U HX THI (HyMepalusi aTOMOB Ha puc. 1).

Tabauna 2. PacnpenesieHue 3apsioB HA ATOMAaX KUCJIOPOACOAEPKAIIET0 YIJIePOIHOT0
kjaacrepa CogOsHsz mo nanabiM metoga PM3

Ne aroma Tumn aroma 3apsi Ha aToMe
97 O (-OH) —0.130
97a H (-OH) 0.216
98 O(>C=0) —0.246
99 C (—-CHO) 0.206
99a H (—CHO) 0.155
100 O (-CHO) —0.030
101 C (—-COOH) 0.445
102 O (-COO H) —0.287
102a H (-COOH) 0.231
103 O (-CO" OH) —0.365
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DNEeKTPOHHBIE, TEOMETPUUECKUE U IHEPIeTUUYECKUE XAPAKTEPUCTUKH COECTUHEHHM, On-
TUMHU3UPOBAHHBIX MCTOAOM PM3, KHCJIOPOACOACPKAIICTO YITICPOAHOTO KJIACTEPa C KATHO-
namu Ca’", [Ca(H,0)]*", CaOH", Sr*, [Sr(H,0)]*" u StOH" npusenens! B Tadn. 3 (4Es —
SHEPTUA rujipatalivuu, repecUYuTaHHasd Ha 1 monp MOJICKYJI BOI[LI).

Tabauna 3. J1eKTpOHHBbIE, FTeOMeTPUYeCKHe U JHEPreTHYeCKHe XapaKTePUCTUKH
) + +
COCIUHEHUN KUCJIOPOIACOAEPIKALEro YIJIEPOIHOI0 KJIAacTepa ¢ KATHOHAMM Ca® u Sr™,
paccuntanHubie MeTogom PM3

PeakTaHThI q(Me) Q(O*) I(Mel&O ) {(Me AHgO), KKaZJ’Iﬁi’OHB
CosOsH,Ca" 0.755 | —0.560 2.23 - -
CogOsH,Sr" 1.547 | —0.563 2.96 — —
CosOsH,Ca(H,0)" 0.867 | —0.660 2.10 2.24 ~34.48
Co305H,Sr(H,0)" 1.526 | —0.572 3.11 2.95 -28.02
CogOsH,CaOH 0.756 | —0.573 2.20 — —
Co3OsH,SrOH 1.467 | —0.553 3.06 — -
Co30sH,Ca(H,0)OH | 0.742 | —0.620 2.21 2.42 -57.53
CosOsH,Sr(H,O)OH | 1.404 | —0.661 2.85 3.02 ~37.12

* aTOM KHCIIOpO/Ia THAPOKCHIBHOMN IPYIIBI B KAPOOKCHIIBHON TPYIITIe

Paccunrannbpie o naHHBIM Tabm. 1, Hanbosee BEpOSTHBIE TEPMOXUMUYECKHE YpaBHE-
HUSI XeMOCOPOIINH C KATHOHAMH Ca®", [Ca(H,0)]*" u CaOH":

CosOsH3 + H,O = CogOsH, + H30+, AE =177.91 xkajn/mMoib;

C9805H3 +OH = C9305H2_ + Hzo, AE =-77.05 KKEUI/MOJII:;

CogOsH; + Ca®" + H,O = Cog0sH,Ca” + H30", AE = —476.21 kkan/Mons;

CosOsH; + [Ca(H,0)]*" = CosOsH,Ca' + H30™, AE = —388.2 kKai/MoJIb;

CosOsH,™ + Ca>™ + OH™ = Co3OsH,CaOH, AE = —764.57 kKai/Moub;

C9805H2_ + [Ca(HzO)]2+ +OH = C9805H2C30H + Hzo, AE =-676.56 KKaJI/MOJIB;

C9305H3 + Ca2+ +OH + Hzo = C9805H2C30H + H30+, AE =-586.66 KKaJ'I/MOJ'IB;

CogOsH; + CaOH" + OH = Cy30sH,CaOH + H,0, AE = —472.68 Kkxai1/Moib.

Paccunrannbie 10 naHHbIM Tabi. 1, Hanbosnee BEpOSTHBIE TEPMOXUMUYECKHUE YpaBHE-
HUS PEaKIH XEMOCOPOIIUU C KAaTHOHAMU Sr**, [St(H,0)]*" u StOH™:

CogOsH; + Sr** + HyO = Cog0sH,Sr" + H30", AE = —82.24 kxan/Moib;

Cog0sH; + [St(H,0)]*" = CosOsH,St™ + H30", AE = —49.25 kKain/Mois;

CogOsH, + Sr** + OH™ = Co30sH,SrOH, AE = —398.33 KKan/MoJIb;

CogOsHs + [St(H,0)]* + OH = Cos0sH,SrOH + H,0, AE = —365.34 kKai/Moib;

CosOsH; + Sr** + OH™ + Hy0 = Co30sH,SrOH + H;0", AE = —220.42 kkan/Monb;

CogOsH; + STOH™ + OH™ = CogOsH,SrOH + H,0, AE = —225.937 kKa/MOb.

3aki0ueHnue
CpaBHeHHE pacnpefiesieHusl 3apsiioB, FTEOMETPUUECKUX M YHEPreTHUECKUX XapaKTepu-
CTHK COEIMHEHMI KHCIIOPOJACOEPIKAILEro YriIepoJAHOro KjacTepa ¢ 3JIEMEHTApHbIMM U TU-
paTupoBaHHbIME KaTioHaMu Ca” u Sr** moKasbIBaeT:
1. CoenuHeHus KMCIOPOACOAEPIKAIETO YIIEPOJHOrO KiacTepa C 3JI€MEHTapHbIMU U
FHPAaTHPOBAHHEIMA KaTHoHaMu Ca®’ Gosee yCTOHUYMBEI, 4eM COOTBETCTBYIONINE COSTMHCHHIS
C KATHOHOM Sr”, 4TO TIOATBEP/KAACTCS H SKCIICPHMEHTATBHBIMH HCCIIEIOBAHMSIMHE [6].
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2. C >HepreTU4ecKor TOYKM 3peHus Haubosiee cTabmibHbl coenuHeHus CogOsH,CaOH
u CosOsH,SrOH, onn 06pasyrorcest ¢ Ooublieil BEpOSATHOCTBIO MPU XEMOCOPOIIMU Ha KUCIO-
poJicoeprKaIeM YIiIepoTHOM KiTacTepe.

Paboma evinonnena npu noodepoicke cmunenouu Ilpesuoenma Poccutickou @edepayuu
CI1-3926.2019.4 u coczaoanus 3.5982.2017/8.9.
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The relentless interest of researchers in studying the processes of adsorption on the surfaces of
activated carbons is associated with their widespread use in industry, in particular for the isolation,
concentration and deep purification of substances, as a catalyst and catalyst carrier, creating electrode
masses of chemical current sources, solving environmental problems, in medicine and when creating
personal protective equipment. It seems promising both a theoretical study of these processes using
semi-empirical quantum-chemical methods and a practical justification for the processes under study.
In the theoretical description of adsorption processes on the surfaces of polar adsorbents, an approach
based on the approximation of the so-called cluster model of a solid proved to be fruitful. The cluster
approach is based on the fact that in the case of systems with a substantially covalent nature of chemi-
cal bonds, the structural features and properties of individual surface sections are satisfactorily trans-
mitted by sufficiently small fragments, the broken boundary bonds of which are closed onpseudoatoms
with specially selected properties. The cluster method involves a quantum-chemical analysis of the
electronic structure (and, if necessary, the spatial structure) of the extracted fragment of the surface
layer of the adsorbent or adsorption complex, the energy of the adsorbent-adsorbate interaction , the
charge distribution on the adsorbent atoms, and other characteristics. Computations were performed
using HyperChem, a semi-empirical PM3 method. The comparison of the charge distribution, geomet-
ric and energy characteristics of compounds of an oxygen-containing carbon cluster with elementary
and hydrated Ca®" and Sr*" cations showed that compounds of an oxygen-containing carbon cluster
with elementary and hydrated Ca®" cations are more stable than the corresponding compounds with
Sr** cation, as well as from an energy point of view the most stable compounds are CosOsH,CaOH and
Cos05H,SrOH, and they are more likely to form upon chemisorption on oxygen-containing carbon
cluster.

Keywords: oxygen, carbon clusters, quantum-chemical calculation, chemisorption, thermo-
chemical equation.
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