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AnHoTamusi: CTaTbsi CONEPKUT PE3YIbTAThl CHUCTEMATHYECKOTO KBAaHTOBO-XHMHYECKOIO
UCCJICIOBAHMSI aICOPOIIMU U aKTUBAIMH YIIIEBOAOPOIOB PA3IMYHOTO CTPOCHHS Ha KIIacTepax
30JI0Ta, H3YYECHUS IPUPOAbl AKTHUBHBIX IICHTPOB U BIHUIHUSI CTPOCHUSA U 3apsg0BOIO
COCTOSTHUSI KJIacTepa Ha €ro pPEaKIMOHHYIO CIIOCOOHOCTh. YCTAHOBICHO, UYTO HAIHYUE
EHTPOB Au’* IIPUBOJIUT K YBCIIMYCHHUIO SHCPIrUH CBs3U B CXHy —Au, ¥ CHMXXACT DHEPIuIio
AKTHBALIMU B AJUTWJIHHON M30MEpHU3allii aTUI0EH301a, KaTaTu3upyeMon Au, .

KawueBble ciaoBa: xuacmepvl 3010ma, Memoo (QYHKYUOHANA NIOMHOCMU, KAMAIUu3,
aocopoyus, yeneeo0opoosl, AlIUlIOeH30], U30MEPUAYUSL.

HaHowacTuiipl 6JaropoHbIX METAIIOB, B TOM YHCIJIE 30J0TO, SBIISIIOTCA
aKTUBHBIMU KaTaJIM3aTOPAMH BO MHOTMX MPOMBIIIJIEHHO-BAXKHBIX peakuusx [1].
BBuny Hann4us HAaHOCTYKTYPUPOBAHHBIX METAJUIMUECKUX YACTHUI[ B MOJO0OHBIX
cUCTeMax HaOJIo/laeTcsi 3aBUCUMOCTb CBOMCTB Karajau3aTopa OT pa3Mepa
qacTUIbl. Tak, aKTMBHOCTb HAHOYACTHUI[ 30JI0Ta, HAHECEHHBIX Ha OKCHUJ
QIFOMUHUSA, B peakiuu okucieHnss CO MakcuMalbHa IIPU pa3Mepe YacTHIL 3 HM.
B sTux cucremax sipko HpOSBISAIOTCA Takke 3(P(PEKTbl CHHEPru3Ma — Pe3Koro
YBEIMYECHHE aKTHBHOCTH KaTalW3aTopa IPU BBEIACHUU B €r0 COCTaB JAPYroro
MeTajlla, HallpuMep HUKend win namnanus [2,3]. Hapsay ¢ TpaauimoHHBIMU
(U3UKO-XMMUYECKUMH  METOAAMH  HCCIEAOBAHHUS IOBEPXHOCTH, KOTOpPbIE
3G (HEKTUBHO MPUMEHSIOTCS I 00bSICHEHUS HaOmoaaeMbIX 3((HEKTOB (METOIbI
CHEKTPOCKONMH, MHUKPOCKOIIMH, PEHTIC€HOBCKOM Ju(pakiuu) B IMOCIEIHEE
BpEMs CTAJIM IMPOKO MPUMEHATHCSI TEOPETUYECKHUE MOIX0/Ibl, Oa3UpyIoIuecs B
NEPBYIO OUepeab HA COBPEMEHHBIX KBAHTOBO-XUMHUYECKMX METOAAX.

Llenp npUMEHEHHS TEOPETHUYECKUX IMOAXOAOB COCTOMT B HW3YYEHUU
IPUPOABl AKTUBHBIX LIEHTPOB HAHOCTPYKTYPUPOBAHHBIX KaTajlM3aTOPOB,
YCTAaHOBJICHMM MNPHUYUHBI HUX TMOsBIEeHUA. [IpoMCXOXKAeHUE TakuxX LEHTPOB
BO3MOYKHO CBSI3aHO C CO3J@HMEM JIOKAJIBbHBIX 3apsJ0B HAa 4YacTULE, HAIUYHEM
aTOMOB Ha IIOBEPXHOCTHM C HU3KUM KOOPJAMHALMOHHBIM YHCIIOM, HEJb3s
UCKJIIOYaTh U POJIb HOCUTENS B Ipolecce (pOpMUPOBAaHUS AKTUBHOIO IIEHTpA.
[Mpumenenne ab initio0 METOM0B K MOACTHUPOBAHHUIO KATATUTHUYCCKUX PEAKIIMHA
CIEPKUBAETCA CIOXKHOCTBIO H3ydyaemMoro oObekTa. M3BecTHO, 4TO peanbHas
MOBEPXHOCTh HAHOKOMIIO3UTa HMMEET HEOJHOPOAHOE CTpoeHue. Bo3MoxHoe
peleHre 3aKJoYaeTcs B PACcCMOTPEHUU CTPYKTYphl KiacTepa MeTaa,
MMMOOMIIM30BAaHHOTO HAa HOCUTEJNb. 3aT€M, C y4E€TOM BIIUSHUS HOCUTENS Ha
CTPYKTYpPY M 3apsa]l KjacTepa, MOXHO TMEepelUTH K MOJACIHUPOBAHUIO
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KAaTaJIMTUYECKUX TPOIECCOB, HA TMEPBOM CTaJAMM KOTOPBIX MPOUCXOIUT
azcopOIMsi MOJIEKYJbI Ha HW30JMPOBAHHOM KilacTepe (KIacTepHBIM MMOAXO.M)
(puc. 1) [4].

KrnacrepHslif moaxo/ 1 OCHOBaH Ha pacuere CTPYKTYpPhl M30JMPOBAHHOTO
Kjactepa B Ta30BoM (ha3e COBPEMEHHBIMM METOJAMH KBAaHTOBOW XHMHH.
OCHOBHBIMH aCIIEKTaMU IIPU 3TOM SIBJISIFOTCS: BEIOOP METOJIa pacueTa U MOJIeNn
kiactepa. C TOYKHM 3pEHUsS] KBAaHTOBOM XMUMHUHU, PACUET CTPYKTYPhI KJIACTEPOB
30J10Ta SBJISIETCSL TPYAOEMKOW M HE MPOCTOM 3a7aueil BBUAY HAIMUUS OOJIBIIIOTO
YHUCIa AJEKTPOHOB W TPOSIBICHHS pESITUBUCTCKUX 3P dekToB [5]. B kadectse
MOJIEIM YaCTHUIIbI MOTYT BBICTYINATh KJIACTEPHI, COAEPKAIINE PA3TUYHOE YUCIIO
aTOMOB W OOJajaronye IUIOCKOW WM O0BeMHOW CTpykTypour (puc. 1).
BzaumopeiicTBue KiacTtepa C HOCHUTEIEM MOKET W3MEHUTh MNEPBOHAYAIBHO
IIOCKYI0 ¢GopMy, a TakKe TOBJIUATh Ha pACHIpPEeTICHUE DIEKTPOHHOM
IJIOTHOCTH. B 3TOI CBSI3M B KadyecTBE MOJEIEH HAHOYACTHUI 30J10Ta MOKHO
paccMaTpuBaTh 3apsKEHHbIE KIAcTephl, B IEPBYIO 0Uepelb KaTHOHHBIE AU,

MOACIIb
HOCHTECJIb-4aCTHLIA

M30JMPOBaHHbBIE
KJ1acTepbl

Puc. 1. Kiacrepsslii moaxoa: OT NOBEPXHOCTH HAHOKOMIIO3UTAa K H30JHPOBAHHBIM
knactepaM. ONTUMU3UPOBAHHBIE CTPYKTYpPHI KIACTEPOB 30J0Ta: OOBEMHBIH U TUIOCKUI
KJIacTephl Au,,, TETpadIpuuecKuil U neeKTHBIN KIacTepsl Au,,

B Hacrosimiee BpeMsi pacyeT NeOMETPHHM U DHEPTUU 30JI0TOCOJEPKAIINX
CUCTEM, CoZepXkKaliux 0oyiee § aTOMOB, 3a MPUEMIIEMOE BPEMSI BOZMOXKHO JIUIIb
METOJIOM (PYHKIMOHANA IJIOTHOCTH. [IpM HCMONb30BaHUM TOTO WM HHOTO
NPUOJIMKEHUS 111 0OMEHHO-KOPPEJSILIMOHHOTO (PYHKIIMOHAJIA PAcUeT SHEPIUU
OCHOBHOT'O  COCTOSIHMSI ~CHCTEMBI CBOAMTCS K PEIICHUIO YypaBHEHUU
camocoriacoBaHHoro nojus Kona-Illsma:

Loz, S Za 1201 4
_EVE+;|Ra_n|+J.|r_r'|dr+vxc(ri)—gi0 @ (r)=0, (1)
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K Z
rae p(r') — SNeKTpOHHas IUIOTHOCTH B TOUKE I, Zﬁ — OIHUCHIBACT
-
a a i
JICKTPOCTATUIECKUIN TIOTCHIIHAI SEP, ¢, M & — BOJHOBBIC (QYHKIMH U SHEPTUH
OJHODJIEKTPOHHBIX COCTOSHHIA, V.. — OOMEHHO-KOPPEISIUOHHBIA ITOTEHIHA

[6]. OqauM u3 Hanbosee MPUMEHSIEMBIX (PYHKIIMOHAJIOB SIBJIICTCA (PYHKIIMOHAI
PBE (Perdew, Burke, Ernzerhow) [7]. Yuer pensruBuctckux 3¢dekToB 30510Ta
BO3MOXEH B  CKasipHO-pensituBUcTCkoM DFT B IBYXKOMIIOHEHTHOM
OpUOIMKEHUU C MOAU(PUIMPOBAHHBIM TaMiIbTOHHAaHOM [lupaka-Kynona-
bpeiita [8]. Bce pacueTsl, npejcTaBieHHbIE B CTaThe, OCYIIECTBISUINCH ITHM
METO/IOM B KBAaHTOBO-XMMHUYecKoi nporpamme [Ipupona [9]. Pacuer 3apsaoB Ha
aToMax ObLI IpOBeJeH Mo cxeme Xupiuidenbaa. Tun crannoHapubix Touek [1I19
ONpENENsUIM U3 aHalu3a MaTpull l'ecce Mpu aHAIMTUYECKOM BBIYHMCIECHUU
BTOPBIX IPOM3BOJHBIX. OHeprus axcopoumm E,,  yrmesogopoma CyHy, Ha

KJIacTepe 30JI0Ta COCTaBa Au, pacCCUMTHIBAIACH 1O opMyJIe:

E.. =E(Au,)+E(C,H,)-E(Au,C,H,), (2)
riae E(AunCXHy)— 3HAYCHWE HHEPruy ONTHUMHU3UPOBAHHOTO KOMILIEKCAa Au,—
yraeBomopon, E(Au,) wu E(CH) — DHEprum ONTUMHU3HPOBAHHOTO

M30JIMPOBAHHOIO KJIACTEPA U YIIIEBOAOPOIa COOTBETCTBEHHO.

boiio mpoBeneHO KBaHTOBO-XMMHUYECKOE MOJCIUPOBAHUE aJCcOpOIUU
pa3IUYHBIX TI0 COCTaBy U CTPOCHUIO NPEHACIbHBIX W HENPEACIbHBIX
yIIEBOJAOPOJOB Ha HaHOYACTHIAX 30j0Ta. B KkadectBe wMmojuenedt ObUH
PacCMOTPEHBI IJIOCKUN U 00BEMHBIN KiacTep Aujg ¢ obmum 3apsaaom 0 u +1.
B3auMopeiicTBue 3TUX KIAacCTEPOB paccMarpuBaiioch ¢ anudarnueckumu CoH,,
C2H4 C2H6, C6H10, C6H12, C6H14 H apOMAaTHYCCKHUMU C6H5CH2CH3,
CsHsCHCH,, CgHsCCH yraeBomgopomamu. beutn paccMOTpeHBI BCe BO3ZMOKHBIC
CcrocoObl KOOPAMHAIIMK YTJEBOJIOPOJIa OTHOCUTEIHLHO PA3JIUYHBIX aTOMOB B
KJIACTEPE.

Ha puc. 2 npuBeneHbl pacCUMTaHHbIE 3HAYEHUS SHEPTUid afcopOuuu
YIJIEBOAOPO/IAa HA KJacTepax, pa3iuyarolluXxcs CTPOCHUEM U 3apanoM. BumHo,
YTO HAUMEHbBINNE 3HAYCHUS E,, TMOJTydYeHBbI JJid aJIKaHOB M HamOoJee JIETKUX

yraeBoaoponoB. IlodydyeHHble 3HAaY€HUsT CONOCTABJIEHBI C  TEIJIOTAMM
afacopOLMK, TMOJYYEHHBIX  raszo-xpomarorpaguueckum  metomom  [10].
[IpumeuaTenbHO, 4YTO YBEIMYEHUE CTENEHW CBS3BIBAHMS YIJIEBOJOPOAA C
KJIACTEPOM TIPU  MEepexoJie OT TeKceHa K TIeKCHHY, HalJIJaeMoe B
SKCIIEpMMEHTE, IIPOUCXOJMUT TONBKO JId 00BbeMHOro Aui,’. Bo3MoxkHO,
NOJ00HBIE YACTHUIhl HA TTOBEPXHOCTH U SBIIAIOTCS aKTUBHBIMU LIEHTpPaMH MpU
aKTHUBAILIMK YTJIEBOJOPOIOB.

BingHne cocraBa KilacTepa Ha 3HEPTUIO €r0 CBSI3H C YIJIE€BOJAOPOAOM
ObUIO paccMOTpeHO Ha mpuMepe ammmiOeHsona. [lo nanHeiM pacuera E,
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ayumioen3onia ymeHnsinaercs ot 80 mo 62 kJx/monb mpu nepexojae oT AUy K
AUy, Tpm Hanuuuu JedexTa Ha TMOBEPXHOCTH W 3apsjia SHEPIrus CBS3U
yBEJINUMBAETCA B HECKONBKO pa3 (it Al cocraBiser 162 kJ[k/MOb).
AHanus MoJeKyIapHBIX opOuTaneil kmactepa AUy,  MOKasaj, 4To Haubosee
aKTUBEH B aJCOpPOLMM aTOM, MOJETUPYIOMUNA Je(EeKT MNOBEpPXHOCTH, Ha
KOTOPOM, TI0 JIaHHBIM pacyeTa, COCPEIOTOUEH MAKCUMAIBHBIN MOJOXKHUTEIbHBIHN

3apsi.

E..., xJIx/Monb

VRN +
140 N Auyy (3D)
=
120
100
Aum (3D)
80 Au10 (2D)
X
60
40

1 2 3 4 3 6 7 8 9

Puc. 2. Paccuntannas u skcnepuMmenTanbHas ([10]) sHeprum ajncopOuuu yrieBoJopoJoB Ha
+
IUIOCKOM WM 00beMHOM KiacTepax Aujg U Aujg . [udpamu o603HauEHB! yrieBOIOPOIBI:

CeHsCoHs (1), CoHs (2), CeHia (3), CaH2 (4), CeHsCoH (5), CeHsCoH3 (6), CoHa (7), CeHio
(8), CeH12 (9)

OnHOM M3 MaJOM3yYEHHBIX PEaKUUi, KaTAIU3UPYEMBIX HAHOYACTULIAMU
30J10Ta, ABJISETCS U30MEPHU3ALMS AJUTHIIOEH3051a B IUC- U TPAHC-B-METUIICTUPOIL.
Murpanus Bo1opoaa B HEIPEAEIbHOM YITIEBOIOPO/E,

R-CH,CH=CH, - R—CH =CHCH, (TpaHc- + 1uc-), (3)
corjacHo kiaccudukanuu Byasopma — I'odmana, npencrasisier codoit [1,3]-
curMatponHeii casur. Hecmorps Ha TO, 4TO o0O0pa3oBaHHWe MPOAYKTA
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U30MEpHU3ali B OOJBIIMHCTBE CIOy4aeB BBITOAHO C TOYKH 3pPCHHUS
TEPMOJIMHAMHKH, CaMOIIPOM3BOJIBHO PEAKIUsS HE IMPOXOIUT BBHUAY BBICOKHX
DHEPreTUYECKUX OaphepoB. BBIIO MPOBEICHO M3YyYCHHE MEXaHHW3Ma MUTPALHH
JBOMHOM CBSI3W a/UIMJIOCH30J1a Ha MPUMEPE PAa3IMYHBIX MOJICICH 30JI0THIX
gactuir (Au, AU, Au’, Aug, Au3Ni). YcraHoBIIEHO, YTO B OOJIBIIMHCTBE
PaCCMOTPEHHBIX CIydaeB MHTEPMEIUATAMU PEaKIUU SBISIOTCS  30JI0TO-
ruapuHbie KoMmIuiekcol [11]. Paccuurannsie E,, ammnOeH3ona ¢ aToMaMu U

KJIacTepaMH 30JI0Ta, a TakK)Ke€ SHEPruy aKTHBALMKM JIMMHUTHPYIOIIUX CTaJUM
npuBegeHsl B Tabmume 1. Haubonbinee 3HaueHwe E,, XapakTepHO IS

MOJIOKHUTEIIBHO 3apsHKEHHOTO aTOMa. 3HAYMTENIbHOE CHIDKCHHE DSHEPIHH
aKTHUBAIUM JUMUTHpYIONIeH cTagun Habmogaerca aus AU’ n knactepa AusNi.
Pacder 3apsmoB Ha aromax B OuMmeTaummdeckoM kiactepe AusNi mokasai, uto
BBEJICHUE BTOPOTO MeTalsla BBI3BIBACT IMEpepaclpe/ieICHUe DIECKTPOHHOM
IJIOTHOCTH BHYTPH KJIacTepa M CO3/1a€T aKTUBHBIC IICHTPHI KaK MOJOKUTEIbHBIC,
TaK W OTPHIIATEIIbHEIE.

Tabmuna 1. CHuxkenue sHeprum axtuBauuu (E,) m usmenenue sueprum cesasu (E, ) B

aJUIMIILHOM M30MEPH3alMy aJIMI0EH3011a B IPUCYTCTBUM Au (n=1,4;0=-10,+1) u Au,Ni

XapakTepHucTUKa peaKiuu - Au” Au Aut Au, Au,Ni
E.q, KDK/Monb - 43 59 308 138 17
E, ., xlx/Moib 250 145 108 92 136 94

[IpoBeneHHbBIC YKCIIEPUMEHTAIbHBIC KaTATUTHYCCKUE HcciaenoBanus [11]
NoKa3ajal, YTO BBEIECHUWE HUKEIS Ha cTaguud (OPMUPOBAHUS HAHOYACTHIIL
IIPUBOJUT K POCTY AKTHUBHOCTH HAHOKJIACTEPOB 30J10TAa B HW30MEPHU3ALUU
aTIIOeH30I1a, IPU 3TOM CaM HHKENb HE 00JIaZlaeT B YCIOBMSIX SKCIIEPUMEHTA
U3MEPUMOM aKTUBHOCTBIO. JlanpHelmee uzydeHrne Au—Ni HAHOKOMITO3UTOB
MTO3BOJIMJIO YCTAHOBUTH B3aUMOCBSI3b MEXAY U3MEHEHUEM DHEPTUM CBA3U 4f,,

31eKTPOHOB AuU(E,), CTENICHBIO OKUCIEHHS 30JI0TA U POCTOM KaTalIUTUYECKOH

AKTUBHOCTH HAaHOKJIACTEPOB 30JI0TA B PEAKUU.

Takum 00pa3oM, aKTHUBHBIMH aJCOPOLMOHHBIMH LEHTPAMH SIBIISIOTCS
HanOoJiee KOOPJIMHALMOHHO-HEHACHIIIEHHBIE aTOMBI 30JI0Ta, PACIIOJIOXKEHHBIE
Ha BepUIMHAX M pedpax kiactepa. AKTUBHBIMHM IIEHTPAaMH B W30MEpHU3aLUU
alTMiaOeH30Ma  SIBJIAIOTCSA  LEeHTphl  Au’".  CONOCTaBJICHHE  TOJYYCHHBIX
TEOPETUUYECKHX PE3yJbTaTOB C JaHHBIMH Ta30XpoMaTorpaduyecKux W
KATAIMTUYECKUX HCCIECIOBAHUM I10KA3aJ]0, YTO PACCMOTPEHHBIE MOJECIIbHBIC
KJIaCTephl aJIEKBaTHO OTOOpa)XaroT aJACOPOIMOHHBIE IIEHTPHl PEATbHOTO
KOMIIO3UTA.
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