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3a meromom ab initio B pamkax Tteopii Memiepa-Iliecce Apyroro MOPSAKY IPOBEACHO
KBaHTOBO-XIMIYHE MOJIEIIOBAaHHS €JIEMEHTapHUX CTaiiil mporecy QopMmyBaHHS Kiactepy Ag, K
NPOTOTHITY Hpolecy Hykiealii HaHOYaCTHHOK MeTaiiB. Ha OCHOBI aHamizy Imepepi3iB HOBEpXOHb
TOTEHIiATBHAX eHepriit 3’coBaHO, Mo acommiamis Ag,’ 3 aToMamu cpiGia BiGyBa€TECS 3 TOMITHOIO
(moHap 16 xKan/Mob) eHepriero akTuBamii. BogHowac, min 9ac B3aemMoii He3apsHKEHUX KIIAcTepiB 3
KaTiOHOM cpibja TepexigHWH CTaH HEMOXXJIMBO BHUSBUTH 3 BHUKOPHUCTAHHAM OOpPAaHOTO METOAY
PO3paxyHKiB, II0 MOXE€ CBIIYHTH Ha KOPUCTH CTYIEHEBOIO MeXaHi3My (OPMYBaHHS KPHTHIHOTO
3apojka cpiba.

Knouosi crosa: ab initio, enementapHi peakiii, eHepris akTUBaILil, HAHOKJIACTEPH Cpibia.
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1. Beryn

®opmyBanHs HaHoyacTHHOK MetaniB (MNPs) 3a yMoB iX romMoreHHoOi Hykieamii €
Ha/J[3BUYAIHO CKIIQIHUM 1 OaraTocTaliiHUM MPOLIECOM, SIKMU CYIPOBOIKYETHCS (ha30BUMHU
NepeTBOpeHHsIMH B cucteMi. OCHOBHMMH CTaJisIMH TakKoro mpouecy €: i) XiMidHe
BiJIHOBJICHHSI {0HIB MeTaly A0 aroMiB; ii) YTBOPEHHsS 3apOJKiB YaCTHHOK Ta [if)
ABTOKATAITHYHUIN PICT YTBOPSHUX 3apOJKiB. BomHouac, He3BaKalOUM HA Te, IO TaKUi
crnoci6 orpumanHs MNPs €, HaneBHO, OJJHMM 13 HaWBIIOMINIMX Cepell YCiX ONHCaHUX B
mitepatypi [1], MexaHi3MH HOTO OKpeMHUX CTaiil ChOTOJHI € MPEAMETOM JOCHUTH TOCTPOI
quckycii [2—4]. OnHUM i3 TOJIOBHUX MOMEHTIB € IMHUTAHHS 00 MEXaHi3My (OpMyBaHHS
KPUTHYHOTO 3apOJIKy, a caMe: makutl npoyec 8i00y8acmuvcsi AK HAKONUYEHHS KPUMUUHOL
KOHYenmpayii amomie ma ix acoyiayis, yu € NOCMYnOGUM NPUCOHAHHAM iOHA Memary 00
3pocmairoyoeo kracmepa? Ha mpeBenwknil kaib, HasBHI ChOTOJHI EKCIIEPUMEHTAIIbHI
METOHM K KIHETHYHUX JOCHTIDKEHB [S5], TaK i MPSAMHUX CIIOCTEPEKEHD [6] HE MOXKYTh JaTH
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OJTHO3HAYHOI BIJMOBIZI HAa TaKe 3alMUTAHHSA Ta OJHO3HAYHO MiATBEPAMTH TY UM IHIIY
rinmore3y. ToMmy a1t [OCHiKeHHS Ipoliecy HyKJiealii TOUiIbHUM € BUKOPUCTaHHSI METO/IIB
KBaHTOBO-XIMIYHMX pO3paxyHKiB. Y momepenniii mnpami [7] mnpoBeaeHo aHami3
TEpMOJMHAMIKH €JIEMEHTapHUX CTaliil (opmyBaHHS HaHOKIacTepa AQ, SIK IPOTOTHITY
nporiecy Hykiearii MNPs, ne Oyio mokasaHo, o yTBOpeHHS Ag, € MOXKIJIMBUM SIK 3aBISKU
acoriamii aTomiB (UM MMPUETHAHHS aTOMa JI0 He3apsHKEHOTro MOJIiaTOMHOTO KJlacTepa), TakK
1 IDIIXOM TpHEAHAHHS i0HA cpibila 0 HE3aps/HKEHOTO II0NiaTOMHOTO KiacTtepa 3
MOJANIBIIAM BiJHOBJICHHSM 3aps/HKCHOTO MOITiaTOMHOTO KaTioHa. Takok OyJo BHSBICHO,
1o mpueHaHHA Ag' 10 KmacTepa cpibna € 6iIbIl TepMOIMHAMIYHO BUTIIHHM, HOPIBHSIHO 3
acoIjiamielo He3aps[KCHUX YaCTHHOK. Takui (akT MoXe CBIJUUTH HA KOPHCTb
CTYIIEHEBOTO MeXaHi3My (OpMYBaHHA KPUTHYHOTO 3apOAKY, OJHAK TaKi pPO3paxyHKH
NOTpeOyIOTh IOJATBIIOr0 JOIOBHEHHS, 30KpeMa OI[IHKH EHEepreTHYHHX Oap’epiB eie-
MEHTapHHUX CTalid mporecy. ToMy MeTa Hamoi mpami — NpoaHadi3yBaTH NUISXH MiHi-
MaJIbHUX €Hepriil ImpoleciB acolianii aToma Ta i0Ha cpibiia 3 He3apsHKEHUM MOJTIaTOMHUM
knactepom Ag,’ JUIsl MOPIBHSHHS AKTHBALIMHAX MApAMETPIB TAKUX EIEMEHTAPHHX CTaiil
nporecy.

2. MarepiaJii Ta MeTOIMKA NMPOBe/JIeHHs] KBAHTOBO-XiMiYHHUX PO3pPaxyHKiB

KBaHTOBO-XIMi4HI pO3paXxyHKH IUIAXIB MiHIMAIBHOI €HEepril cTafii acomiamnii aToMa
(un iona) cpibma Ta Ag,’ mpoBommaM 3a MeromoMm ab initio B pamkax Teopii Memepa-
Ilnecce npyroro nopsiaky 3 BUKOpUCTaHHSIM DGDZVP noBHOENEKTpOHHOTO BaJEHTHO-
pO3WIEINICHHOTO ~ 0a3ucHOTO  HabOpy 3  J00aBKOW — MONMSAPHM3ALiHHUX — (QYHKIIHA
(MP2/DGDZVP) [8], skumit peani3oBaHWl y KOMIUIEKCI IIPOrpaM CTPYKTYpPHOI Ximil
GAUSSIANO09. [ns Bizyamizamii OTpUMaHHMX pe3yJbTaTiB BHKOPUCTAHO Mporpamy
Avogadro [9].

3. Pe3ynbTaTH 10CIi1KeHb Ta iX 00roBOpeHHs

VY monepenHii npari [7] Oyiao 3’scoBaHO, 10 HAHOUIBII ONTHMAIBHUMHU KOH)Iry-
paIisiMu MONEKyJIpHOi reoMeTpii 3apsmkeHnx (Ag,") Ta He3apsIKEeHHX (Agno) KJIacTepiB
cpibia € TpUKyTHA Ta poMOiuHa 1t Ags i Ag,, BiamoBiaHO (puc. 1).

Sk Gaunmo 3 puc. 1, yci 3apsypkeni kactepu Ag,’, a Takox Hesapsypkeni Agy’ i
Ag,’ € CHMETPHYHIMHE i XapaKTePU3YIOThCS PIBHOMIPHIM (a00 CHMETPHYHIM) PO3IOIIIOM
3apsiiB aToMiB. BogHOUAC Uepe3 HasSBHICTH HECIIAPEHOrO eIeKTPoHa CTPYKTypa Ags’ He €
CHMETPUYHOIO, 3 HEPIBHOMIPHHUH PO3IOALT 3apsAiB Ha aTOMax NMPU3BOJIUTH 10 YTBOPEHHS
CYTTEBOTO JMIIONBHOTO MOMeHTy (u = 2,23 D). MmosipHo, Taka He3GamaHcoBaHa
CTPYKTypa € NMPHYHHOI0 HU3BKOTO 3HAYCHHS CHTAIbII yrBopeHHs Ags’ (1uB. TaGIHIO),
ska nopiBaroe AH peaxii (1.2).

Omxe, U1 BHU3HAUCHHS AKTHBALIMHUX MapaMeTpiB eJIeMEeHTapHUX cTamii ¢op-
MyBaHHs Kkinactepa Ag, BUOpaHO Taki BapiaHTH B3a€MOJII:

Ag° + Ag® > Ag,’ (1.1)
Ag’ + Ag® — Agy’(T) (1.2)
Ags"(T) + Ag® - Ag(R) (1.3)
Ag’ +Ag" — Ag,” (2.1)
Ag,’ + Ag" — Ags'(T) (2.2)

Ags’(T) + Ag™ — Ags'(R) (2.3)
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Puc. 1. 'eomeTpuuni mapamerpu Ki1acTepiB cpibia. B qyxkax HaBeeHO 3HAYCHHS 3apsiB
aTOMiB, CTpiJ'IKOIO TMO3HA4YCHO HAIIPSIMOK JUIIOJIBHOTO MOMEHTY
Fig. 1. Geometric parameters of silver clusters. The values of atomic charges are given in
parentheses, and the arrow indicates the direction of the dipole moment

Ha puc. 2—4 HaBezeHi po3paxoBaHi 3HAUEHHS Iepepi3iB MOBEPXOHb MOTEHINATHHIX
SHEprii 3aJIe)KHO BiJ KOOpPIWMHATH peakiii. 3HadeHHs NOBHuX eHeprid (E) cucrem
HaBEJICHO B aTOMHHX OJMHHIX, & PO3paxoBaHi 3a puc. 2—4 3Ha4YeHHs CHepriil akTuBawii

HaBEJICHO y TaOHIIi.
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Fig. 2. Paths of minimum reaction energies for the formation of Ag,’ (a) and Ag," (b) clusters
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Po3paxoBaHi 3HaYeHHS eHepriil akTHBalii Ta eHTanbmii (AH)
peaxiif popMyBaHHS HaHOKJIAacTepiB cpibia

Calculated values of activation energies and enthalpies (AH)
of silver nanocluster formation reactions
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BusiBneHo, 1mo mix yac B3aeMofil He3apsHKEHUX KIIacTepiB Agn0 3 KaTioOHOM cpibna
TepexXiqHIA CTaH BiICYTHIH. BinCyTHICTE MepexiTHOTO CTaHy MPOCTEKYETHCS TAKOXK 1 IS
peaxuii Ag," + Ag’, fka € peakiie0 NpHeIHAHHS PajMKaIa J0 HE3aps/DKCHOI YaCTHHKH.
BincyTHicTh eHepreTndHoro 0ap’epy, HMOBIpHO, MOXKE CBIUUTHU IPO Te, IO TaKi peaxiii
B3a€EMOJIi  HE3apsUDKEHMX KJIACTEpiB Ta 3apsyDKCHUX YacTHHOK €  audysiiiHo-
KOHTponboBaHuMH. Bommouac peakuii Ag,’ (n=1,3) + Ag’ BinGyBaioThCs 3 MOMITHOIO
(moHan 16 KKaj/Mob) eHeprieio akTHBanii (uB. Ta6uI0). FIMOBipHO, TaKe SBHUIIE MOKHA
MOSICHUTH Tak. ATOM cpi6ma i knactep Agy’ BONOIIIOTH OJHHM HECIIAPCHHM EIEKTPOHOM,
TOOTO TaKi YACTHMHKU MOXKHA PO3IIISAATH SIK paluKalli, a TXHIO B3aEMOJIII0 — SIK peaKIilo ix
pexomMOinamii. BapTo 3a3HaunTy, M0 y il Iparli He B3ATO IO YBAard BIUIUB PO3YHHHUKA ITiJ|
yac po3paxyHKiB MUISXiB MiHIMATBHUX CHEpriil eleMeHTapHHX peakimiin. Tomy oTpumani
pe3ynbTaTH NAIOTh 3MOTY JIUIIE SKICHO OLIHUTH HMOBIPHICTH Mepediry OKpeMEX CTamii
nporecy GopMmyBaHHs Kiactepa Ad,.

JocmimkyBaHy TOCTIIOBHICTh peaklii MW pO3MIIAJANd SIK IOYaTKOBY CTaIilo
YTBOPEHHSI KPUTHYHOTO 3apojKy cpibma (abo mporotunm mnpouecy nykieanii MNPS).
BinnoBigHo, 3Bakarouy Ha BiJCYTHICTh aKTHBAIIMHOTO Oap’epa IUis MPOIIECIB B3a€MOJIIl
He3apsHKEHUX KJIACTEPiB Ta 3apsKEHUX YaCTHHOK, a TAKOX YPaxOBYIOUH, IO, 3TiJHO 3
miteparypaumu  maamMu  [10], AG conpBartamii 3apsmKeHHX KiacTepiB cpibma €
HETaTUBHHUM, a HE3apsIPKeHUX — MO3UTUBHUM (TOOTO, B pPEAIbHUX CHCTEMax Oijbll HMo-
BIPHUM € iCHYBaHHS 3aps/UKEHMX KiacTepiB THIy Ag,’), MOKHa TpPHIYCTUTH, 1O (op-
MYBaHHSI KPUTHYHOTO 3apOJIKy Cpibiia BigOYBaeThCs 3a CTYNEHEBUM MeEXaHi3MOM, TOOTO
BiIGYBA€THCS PHETHAHHS KaTiOHA CPibIa 10 He3apsKeHOro Kmactepa Ag,’ 3 MOAANBIIAM
Bi/IHOBJICHHSIM YTBOPEHOTO MOJIIATOMHOTO KaTiona Ag,".

4. BUCHOBKH

3 BHKOpHCTaHHSIM MeToay ab initio B pamkax Tteopii Menrepa-Iliecce npoBeneHo
KBaHTOBO-XIMIYHE MOJICITIOBaHHS KIHETHKH yTBOpEHHs Kiactepa Ag, Ha ocHOBI aHamizy
NUIAXiB MIHIMaIBHOI €Heprii eleMEHTapHHUX CTalili Mpolecy 3’sCOBaHO, IO IIiJ dYac
B3a€EMOJIII HE3aps/PKEHHMX KJacTepiB 3 KaTIOHOM cpiOia mepexiiHuid CTaH BiJCYTHIN;
BoJHOUAC, acomiamis Ag,’ 3 aroMoM cpiGna BigGyBA€THCS 3 MOMITHHM €HEPreTHUHHM
Gap’epom.

5. Moasika
VY crarti HaBeJEGHO pe3yNbTaTH JOCHTIKCHb, OTPHMaHI 3a 4acTKOBOi (piHAHCOBOT
niarpuMkn HamionansHOTO (OoHIY mHochimkeHs Ykpaiau (rpant Ne 2020.02/0309).
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The mechanism of the nucleation which is the main process determining the characteristics of
the formed metal nanoparticles (MNPs) in solutions is still debatable. Nowdays, we can observe a few
contrary points of view concerning the formation of a new phase under the conditions of
homogeneous nucleation of MNPs. One of these approaches is based on the classical nucleation
theory and means the formation of nuclei as a result of supersaturation of solution by metal atoms
subsequented by diffusion growth of the nuclei. An opposite approach implies step-by-step addition
of the ion of the metal to the growing neutral metallic cluster subsequented by the reduction of the
formed polyatomic cation. However, even the use of the high-quality methods of the direct
observations cannot provide unequivocal confirmation of one or the other assumption. Therefore, for
the modeling of the process of formation of the small metallic clusters the quantum-chemical methods
are often used. Thus, herein using the ab initio method within the framework of the second-order
Moller-Plesse theory, quantum-chemical modeling of the elementary stages of the Ag, cluster
formation process as a prototype of the nucleation process of metal nanoparticles was carried out. It
was found that the all charged Ag,' clusters, as well as uncharged Ag,° and Ag,’°, are symmetrical and
characterized by a uniform distribution of atomic charges. But the structure of Ags’ is not
symmetrical, and the uneven distribution of charges on Ag atoms leads to the formation of a
significant dipole moment. Based on the analysis of cross-sections of the potential energy surfaces it
was established that the association of Ag,” with silver atoms occurs with a significant (more than 16
kcal/mol) activation energy. At the same time, during the interaction of uncharged clusters with a
silver cation, the transition state cannot be detected using the selected method of calculations, which
can testify in favor of a stepwise mechanism of the formation of critical nucleus of silver.

Keywords: ab initio, elementary reactions, activation energy, silver nanoclusters.
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