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Ha ocHoBi aHami3y kiHeTnku (opMmyBaHHsA HaHOdacTHHOK cpibma (AgNPS) 3a peakuiero
BizHOBNEeHHs AQ’ TipasMHOM y JyKHHUX PO3YHMHAX 3alpOTOHOBAHO CXEMY POCTY YAacTHHOK, SKa
MICTHTh CTajii NpUEIHAHHS ioHa cpibiia O 3pOCTaldoi HAHOYACTHHKH; ancopOIii0 MOJEKYyIH
rifpasuny i GopMyBanHs nosepxHesoro komrmiekcy [Ag(N,H,)]"; posknajn yTBopeHOro KoMIieKcy B
JY’)KHOMY CEpeIOBHILI. 3 BUKOPUCTAHHSIM OCHOBHHUX HOJIOXKEHB Teopii rpadiB Ta METOAY MapUIpyTiB
3alpONOHOBAHO KiHETWYHE pIBHAHHA a1 ommcy pocty AQNPS Ta po3paxoBaHO KOHCTaHTH
MIBUIKOCTEH eeMeHTapHHuX cTafiil. [lokazaHo, 10 JIMITYIOUOIO CTaHi€l0 aBTOKATAIITHYHOTO POCTY
AgNPs e BigaoBnenns xommiekcy [Ag(N,H,)]" Ha mOoBepXHi YaCTHMHKH 3a OPUCYTHOCTI TiApOKCH-
iOHiB.

Knrouogi crosa: MeTon MapIpyTiB, Teopist rpadiB, KiHeTHKa, HAHOYACTHHKH Ccpioa.
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1. Beryn

Cepey BEIMKOTO MacHUBY JIITEpAaTypHHUX JaHUX, Y SIKMX PO3TIITHYTO METOJM CHHTE3Y,
BJIACTHUBOCTI Ta 3acTocyBaHHs MeraneBux HanodacTHHOK (MNPS), okpemo moTpiObHO
BIIMITUTH POOOTH, NPHUCBSIUCHI IOCITIIPKEHHIO MEXaHi3MiB (hOPMYBaHHS HAHOCHCTEM,
30KpeMa 3a YMOB IX TOMOIEHHOI HykJieamii. 3/1e0ijbplioro MexaHi3sMu (GopMyBaHHS
HAHOYACTUHOK METANiB JIOCITI/DKYIOTBCSI Ha INPHUKIANI OJIArOPOJHUX METajiB, 30KpeMa
3omota [1-4], cpibma [5-7], maturm [8, 9], mamamito [10, 11] um ipummiro [12]. Lle
3YMOBJICHO, TIO-TIEpII€, BHCOKMMM 3HAYCHHSIMHM OKHCHO-BIJHOBHOTO IOTEHIlially
651aropoIHUX METaJIiB, IO JJa€ 3MOTY BUKOPUCTOBYBATH IIHUPOKHI CIIEKTP BiTHOBHHKIB IS
OTpPHUMaHHS BIJINOBITHUX HAHOYACTHHOK, & TAKOXX BHCOKOIO CTaOUIbHICTIO OTPUMYBaHHUX
HAaHOYACTHUHOK OJIaropofHMX MeTaiiB. BojgHouac, He3Bakaloum Ha Te, IO IPOIECH
YTBOPEHHSI KOJOIMHUX (200 HAHO) YAaCTMHOK METANiB BUBYAIOTH YIPOJOBXK TPUBAIOTO
TepMiHy (OAHIEIO 3 mepmMxX MyOikKamii Ha M0 TeMy 3a3BHYail YBaKalOTh CTATTIO
npodecopa Typkesmua [1]), cboroHi cepen TOCTITHIKIB HEMa€e OTHOCTAWHOI TyMKH 00
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MeXaHi3MiB (OpPMyBaHHS TaKMX HAHOCHCTEM 3arajioM, a TaKOXX MEXaHi3MiB OKPEeMHX
CTafiii mporecy.

3aragom ¢QopmyBanas MNPS 3a ymoB 1X TromoreHHoi Hykieamii MOXHA
HPOLTIOCTPYBATH TAKOI0 CXEMOIO:

Me** (solution) — ™2 nucleus —=2—> nanoparticle- (1)

VY wmiii cxemi sik R1 mo3HaueHo mporec yTBOPEHHs 3apOJIKiB HAHOYACTHHOK (HOBOT
¢das3m), a sk R2 — mpouec ix pocry. PymiiitHolo cuioio peakuiii, siki BigOyBarOThCS B
CHUCTEMi, MOXYTh OyTH Oynb-siKki (pakTOpH, SIKi CIPUIMHSAIOTH BiTHOBJICHHS 10HIB MeTaty. 3
HaBeJICHOI CXeMH MOKHa 3pOOHMTH BUCHOBOK, 110 OCHOBHUMH YHHHUKAMH, SIKi BU3HAYAIOTh
xapakrepuctuku orpuMmyBaHux MNPS, € kiHeTHUHI i TEpMOJMHAMIYHI TTapaMeTpu OpPyTTO-
nporeciB R1 i R2.

Croronni s onucy nporecy popmysanas MNPS BHKOpHCTOBYIOTH pi3Hi IMiIXO0IH,
30kpema piBHIHHA J[)xoHCOHa—Mema—ABpami—Kommoroposa (JMAK) [13], pisHi
moaudikanii cxemu JlaMepa [14] abo miHiMamicTH4HI aBTOKaTamiTH4HI cxemu DiHke-
Bamki [12, 15]. Takox TpamisfioThcsi poOOTH, B SKHAX aBTOPH OINHUCYIOTH IPOIIEC
dopmysansust MNPs 3 Touku 30py XiMiuHHX mepeTBOpeHb pearcHTiB [16]. Koxen i3 Takux
MiAXOMIB Ma€ BIACHI mepeBard 1 Hemoiiku. Tak, mim yac aHamizy JHUIIE XIMIYHHX
MepeTBOPEHb, SIKI BINOYBAalOThCS B peakuUiiiHid cymimii, He OepyTh 10 yBaru NpoLec
¢aszoBoro mepexoxy. ToOTo Takuil aHami3 Moxke OYTH BUIPAaBIAHHM JIUILNE JUIA OIUCY
MpOLIECY BiJHOBJICHHS 10HIB METaliB y TOMOTEHHOMY cepeaoBui (Opyrro-peakiis R1).
AHati3 KiIHeTHYHHAX KpUBUX 3 BUKOpHcTaHHsIM piBHIHHSI JMAK, cxem JlaMepa a6o ®inke-
Banki mae 3Mory oTrpuMaTH AeSKi YHCIOBI 3HAYCHHS, SKi XapaKTePHU3YIOTh MIBHUAKOCTI
nporeciB R1 i R2. Ommak Taki po3paxoBaHi BEIMYMHH 3a3BUYail HE pPO3KPHBAIOTH
MeXaHI3MH OKPEMHUX CTafiifi 1 HE € KOHCTaHTaMH IIBHUAKOCTEH IPOLECIB 3apOPKEHHS 1
pocty HOBOI (ha3u, a JHIe JeIKUMH MapaMeTpamH, sKi XapaKTepu3ylTh KOXKEH OKpEeMHI
EKCIIePUMEHT, TOOTO “ysiBHUMHE KOHCcTaHTamu™ [17].

VY npaui [18] gocmimkeHo kiHeTuky GopmyBaHHs HaHOo4YacTHHOK cpibna (AgNPS) 3a
peakuiero BigHOBIEeHHs AQ” TiIpa3uHOM Yy JTy)KHOMY CEpEIOBHII 3a MPUCYTHOCTI IUTPaTy
HaTpilo SIK cTabinizaTopa. 3 BUKOPUCTAHHSIM METOMIB MOPOLIKOBOT Audpakuii X-npoMeHiB
Ta TPAaHCMICIIIHOT eNeKTPOHHOI MiKpockomii OyJo 3’sCOBaHO, IO PO3MIPH KPHCTAJITIB
cpibma Ta orpumyBaHuXx AgNPs e Omuspkumu Mik coborw (~15 BM Ta 15-30 HM,
BiJITIOBIZTHO), IO CBiTYUTH PO BiJACYTHICTH (200 MIHOpPHUH XapaKTep) MPOIECIB arperamii
i 9ac pocTy HAHOYACTHHOK cpibia. Bymo mokasano, mo po3paxoBadi 3a cxemoro DiHke-
Banki xorcrantu 3apomkeHHs AGNPS 3a10BUIEHO KOpENIOOTH 31 3HAYCHHSAMH KOHCTAHT
MIBUJIKOCTEH BIMHOBICHHS 1OHIB cpidla B TOMOTEeHHOMY cepemoBumli. BopaHougac,
KoHcTaHTH MBUAKOCTI pocty AGNPS, po3paxoBani 3a cxemor Dinke-Bamki, He marOTh
YSIBJICHHSI TIPO JIIMITYrOUl CTaJil pOCTy YacCTHHOK 1 € IapaMeTpoM, SIKHH XapaKTepusye
MIBUAKICTB MPOLIECY B TOYIL IEpPEernHy S-mofioHoi KiHeTHuHOT kpuBoi [19, 20]. Tomy mis
anaiizy pocty AgNPS 6ys10 00paHo Taky cxemy mepediry mporiecy:

Ags + NaHy — [NoH4-Agg] (2.)
2Ag" + 20H + [NoH4-Ags] — 2Ags +2H,0 + [NoH-Agq] (2.2)
2Ag" + 20H + [NoH,-Ags] — 2Ags +2H,0 + N, + Ag; (2.3)

Tyt [Ags] — aTtomu cpibiaa Ha TOBEpXHI YACTHHKH, TOOTO KaTaJiTHYHO-aKTHBHI
HeHTpH; Ags — aroMu cpibia, SKi YTBOPIOIOTHCS 3aBISKM XIMIYHHUM MEPETBOPEHHAM 1,
3aUIIAI0YACh HA MOBEPXHI YACTHHKH, 30UTBIIYIOTH i po3Mip Ta, BIAMOBIAHO, KiJIBKICTH
KaTaJliTHYHO-aKTUBHHUX IIEHTPIB.
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3 BHKOPHCTAHHSAM METOIY MapHIpyTiB OyJo 3allpONOHOBAHO KiHETHYHE PIBHSHHS i
po3paxoBaHo edekTrBHI mapamerpu pocty AgNPs. OmHak Taki mapaMeTpu HE MOXKYTh
BBaXKaTHCS KOHCTAHTaMH IIBHIKOCTEH OKpeMHX CTafiil mpomecy, ockimbku (2.1)—(2.3) He €
eIeMeHTapHUMHU peakmisiMu. JlomaTkoBo, 3rimHo 3 [18], mimiTyrodoro cramiero mporecy
pocty AgNPs e ancopOmis monmexymn N,H, Ha moBepxHi 3pocTarodoi YaCTWHKH, IO
CYIEPEUnTh BiTOMHM eKCIepuMeHTanpHuM fgaHuM [16, 21]. Tomy MeTa Hamoi mpaimi —
JIOJATKOBUH aHaii3 KiHeTuku (opmyBanHs AgNPs /Ui BU3HauUCHHS €lIEMEHTapHHUX CTaii
POCTY HaHOYACTHUHOK cpibina.

2. Metoaunka po3paxyHKiB

Hus anamizy kxinetuku pocty AQGNPS BHKOpHCTaHO OCHOBHI IOJIOKEHHSA Teopil
rpadiB Ta Meromy MmapmpytiB [22, 23]. g po3paxyHKy KiHETHYHHX IapaMeTpPiB POCTY
AgNPs BUKOPUCTaHO eKCIIEpUMEHTalbHI AaHi, HaBenaeHi B [18]. [Tnoury moBepxui AgNPS
PO3paxoByBaIH 32 PIBHIHHAMU:

S = m.dN, (3)
6V N X 1/3
d { RQQ [Ag*1, -[Ag L)} : “)

ne N — xonnerTpamnis AgNPs (M’3); Vag = Mag/pag — MoTsapHUiA 06’°eM cpibia.

3. Pe3yabTaTH A0CTiIKEeHB Ta iX 00r0BOpPEHHSA
Peakmito BiTHOBICHHSA iOHIB cpibia TiApa3sMHOM y TOMOTCHHOMY CEpEIOBHIII €
JTOKIIaTHO BUBYCHO 1 ii elleMeHTapHi cTajii MoXKHa 3amucati sk [21, 24]:

Ag” + NoH, — [Ag(NzH,)]" ®)
[AGIN-H)]" + OH™ — Ag” + NoHy™ + H;0 ()
2N2H3. - N2H4 + N2H2 (7)
2N2H2 - N2H4 + N2 (8)

Bapto 3a3HaunTH, IO TiIpa3WI-paAMKaN Ta [JiiMiA € KOPOTKOXHBYIHMU
IHTepMeIiaTaMH, Ki MOKYTh peKOMOIHYBaTH B po3umHi, a peakii (7) i (8) € Hag3BUUAHHO
mBuAkuMU. ToMy Juis BHBEJCHHs KiHEeTH4HOI Mozedi pocty AgNPs numu peaxiismu
MOJKHA 3HEXTYBaTH 1 OOMEKHUTHCS e nepeTBopenusamu (5) i (6). BinmosigHo, mpoiiec
pocty AgNPs MOXHA MOJaTH K MOCTIIOBHICTh TAKMX CTaIii:

1) npueHaHHs i0Ha cpibia A0 3pOCTa0Y0i HAHOYACTUHKH
Ags + Ag" - Ags-Ag’ (kag); ©)

2) ajgcopOtist MOJIEKYJTH Tiapa3suHy
Ags—Ag" + NoHy — Age—[Ag(NzH,)T" (KnzHa); (10)

3) PO3KJIa/l YTBOPEHOTO IIOBEPXHEBOIO KOMILIEKCY B JIyXKHOMY CEPEIOBMILI
Ags[Ag(N,H4)]" + OH™ — Ag +H,0 + NoH3® + Ags (Kow). (11)
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Tomomnorito cxemu (9)—(11) 306paxeHo rpadom:

Ag,

Ag-[Ag(NH)T Ag-Ag

Puc. 1. I'pad pocty AgNPs
Fig. 1. Graph of the AgNPs growth stage

Bepinnamu rpady e npomixsi pedoBunu cxemu (9)—(11), a pebpamu — uacroru bjj
nepexony i3 omHoi Bepiinnu () B Apyry (i), AKi BU3HAYAIOTH CTEXIOMETPIEIO SIEMEHTAPHUX
peaKIrii.

YactoTu bjj € eneMeHTaMU KiHETHYHOT MATpPHILIi:

b, 0 Dby
B=|b,; by 0] (12)
0 Dby by

JiaroHajbpHi e€JEMEHTH MaTpHili JOpPIBHIOIOTH CyMi €JIEMEHTIB CTOBIIS 3
00epHEHNM 3HAKOM:

bll = *b21; b22 = *b32; b13 = 7b337 (13)

a HEHYJIbOBI €JIEMEHTH KIHETUYHOI MAaTPHIIl 3a[IHCYIOTh SIK:

b1s = kag[AG']; bar = knzra[N2Ha]; bss = kon[OH]. (14)

I'padp wmicTuTh JWIme OOWH MapmIpyT, SKUH peanizye Opyrro-peakudito (15) sx
MOCITIIOBHICTh eneMeHTapHux crafii (9)—(11):

Ag" + NyH, + OH™ — Ag® + N,H3" + H,0. (15)
[IIBuAKicTE CyMapHOI peakilii BU3HAYAIOTh SK:
W A (16)
M; +M, +M,

Tyt A — nenbra-dakrop mapupyty; M; — MiHOpH BepinH rpady:
A = Kagknzra-kon [AGT-[N2H4]- [OH] 7
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by, O + _
M, = =by3bs, =Kagkon -[Ag][OH] (18.1)
b32 b33
_ by by _ _ + 182
M, = =Dy 013 =Kpgknona -[AGT]IN,H,] (18.2)
— b, 0 — —k k - 18.3
M3_ _b21b32_ N2H4"™0OH [N2H4][OH ] ( ) )
bZl b22

BinmoBimHO, MIBUIKICTH BiTHOBICHHS 10HIB cpiOia HAa OAWHUIN ITUIONI MOBEPXHI
OIMUCYIOTh PIBHSHHSM:

o0 = KagKnznaKon -[AG"T[N,H,][OH"] . (19)

B KagKon -[Ag"][OH ]+ KagKnzHa [AGT]IN,H 1+ Ky akon - [N,H,J[OH]

OTxe, 3arampHa mBUAKICTE pocTy AGNPS mopiBHIOBaTHME MOOYTKY Vg 1 3araibHOT
wionli 4yactHHOK S. Ockinbku OyJo TOKa3aHO, LIO arperaiis 4acTMHOK y peakIiifHii
cucteMi He BinOyBaeTbcsi, a IIBUAKICTH 3apojkeHHs AQNPS e Habarato HHXYOIO
MOPIBHSHO 13 IIBUAKICTIO iX pocTy [18], TO MOXKHa BBa)KaTH, IO KUIBKICTh 3pOCTAIOYMX
yacTMHOK N He 3MIHIOEThCS BIPOJOBXK iX pocry. Bimnosimno, mimomnry moBepxui AgNPS
MOYKHa po3paxyBarty 3a piBHsAHHsIMH (3) 1 (4), a mBHAKICTh pocTy AgNPs — sik:

L= KagKnznaKon [AGTIIN,H,J[OH]x S . (20)
Kagkon -[AG TIOH T+ KagKnama - [AG TIN,H, T+ Ky apaKon - [N,H,J[OH]

Jis 3icTaBiieHHS 3 eKCIiepUMeHTaIbHIMU MaHuMH, (20) BapTO 3amucaTy siK:
1 1 1 1
N S, . , @
U Ky -[AG7I1xS  Kyona ([NoH,IXS kg -[OH7]xS

Ha ocHOBi 3icraBieHHs ekcrepuMeHTaNbHUX nanux [18] 3 piBHaamsM (21)

BU3HAYCHO KOHCTAHTH MIBUAKOCTEH enemenTapHux peakiiit (9)—(11), ski cTaHOBISATS:
Kag = 0,06%0,1 M 2c™, Kngra = 0,013+0,002 M >-¢ %, Koy = 0,001+0,0003 m >-c .

Sk 6auMMo 3 pHC. 2, PO3paxoBaHi Ta EKCIICPUMEHTANbHI 3HAYCHHS MaKCHMAaJIbHUX
mBuakocteit pocty AgNPS, a Takox excriepuMeHTalbHI Ta pO3paxoBaHi KIHETHYHI KPHBI
(opMyBaHHS HAHOYACTMHOK cpiOia 100pe Y3rojKylOThCcs MK CO00I0 Yy BChOMY
JIOCJIIJPKEHOMY Jiala3oHi KOHIEHTpALid BUXIJHUX pEareHTiB, IO CBIIYNTH NPO KOPUCTH
3aMPOTIOHOBAHOT MOJIEITI.
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Puc. 2. 3icTaBieHHs eKCIIEPUMEHTAIBHUX JaHUX 3 PO3paxoBaHUMHU 3a piBHsHHsIM (21) (@)
Ta KiHeTHuHi KpHBi (6) BigHOBIEHHS ioHiB cpi6ma rinpasuaoM ([Age = 1x10* Mons/m;
[OH o = 3x10* moms/1; [NoH,]o = 7,5x107° Moms/m).

Touky — eKkcriepuMeHTalIbHI J1aHi, JIiHIi — pO3paxyHKOBI
Fig. 2. Comparison of experimental data with those calculated according to equation (21) (a)
and kinetic curves (b) of reduction of silver ions by hydrazine ([Ag*]o = 1x10* mol/L;
[OH o= 3x10"* mol/L; [NyH4]o = 7,5x10°° mol/L).

Points are experimental data, lines are calculated

Ha ocHOBI po3paxoBaHHX 3Ha4Y€Hb KOHCTAHT HIBUAKOCTEH €JIEMEHTAPHUX peaKilii
pocty AgNPS mokHa 3pOOHMTH BHCHOBOK, IO JIIMITYIOYOKO CTai€l0 POCTY YACTHHOK €
peakuis posknaxy mnosepxHeBoro kommiekcy[Ag(NoH,)]" B sysxHOMY cepemopuimi, a
ajicopOuist ioHIB cpibiia Ha MOBEPXHI € “HIBUAKUM” MPOLIECOM, IO JOOpE y3rOIKYEThCS 3
BIZIOMHMMH 3 JliTepaTypu Janumu [16, 21, 24, 25].

4. BUCHOBKH

3 BUKOPHUCTAaHHSIM METOAY MapHIPYyTiB MPOaHATi30BaHO KiHETHYHI 3aKOHOMIipHOCTI
BinHOBIeHHS Ag' TrimpasMHOM Yy IyXHHX BOJHHX posumHaX. Ha npuxmami AgNPs
NOKa3aHO, [0 BHUKOPUCTAHHS TAaKOro0 IIAXOAY [JONOMAara€ BH3HAYHTH MeEXaHi3M
OaraTocTaJiifHOr0 TeTepOreHHOro MPOLECY POCTY METaJeBUX HAHOYACTHHOK, a came
XiMi3M, 1 po3paxyBaTH KOHCTaHTH LIBHIKOCTEH €JIEMEHTAPHUX peakiii Ta, BIAMOBIIHO,
BU3HAYMTH JIIMITYyIO4i cramii mpouecy. 3’sCOBaHO, 1IN0 JIIMITYIOUOK  CTa/Ii€l0
aBTOKaTajiThuHOro pocty AgNPs e BigHosnenus kommiekcy [Ag(N;H4)]" Ha nosepxni
YaCTHUHKH 32 HASIBHOCTI TiIPOKCHI-10HIB.
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Among the large references of literature, which considers the methods of synthesis, properties
and applications of metal nanoparticles, it is necessary to separately note the works devoted to the
study of the mechanisms of formation of nanosystems, in particular under the conditions of their
homogeneous nucleation. Mostly, the mechanisms of the formation of metal nanoparticles are studied
using the example of noble metals, in particular gold, silver, platinum, palladium or iridium. This is
due to the high values of the redox potential of noble metals, which allows the use of a wide range of
reducing agents to obtain the corresponding nanoparticles, as well as to the high stability of the
obtained noble metal nanoparticles. At the same time, despite the fact that the processes of formation
of colloidal (or nano) metal particles have been studied for a long time, at present there is no
unanimous opinion among researchers regarding the mechanisms of formation of such nanosystems
in general, as well as the mechanisms of individual stages of the process.

Based on the analysis of the kinetics of the formation of silver nanoparticles (AgNPs) by the
reduction reaction of Ag+ with hydrazine in alkaline solutions, a particle growth scheme is proposed,
which includes the stages of adsorption of the silver ion on the surface of growing nanoparticle;
adsorption of a molecule of hydrazine and the formation of a surface complex [Ag(N,H)I";
decomposition of the formed complex in an alkaline medium. Using the basic principles of the theory
of graphs and the method of routes, a kinetic equation to describe the growth of AgNPs has been
proposed and the rate constants of the elementary stages have been calculated. It is shown that the
limiting stage of the autocatalytic growth of AgNPs is the reduction of the [Ag(N,H,)]" complex on
the surface of the particle in the presence of hydroxide ions.

Using the example of AgNPs, it is shown that the use of such an approach allows us to
establish the mechanism of the multi-stage heterogeneous growth process of metal nanoparticles,
namely: to determine the chemistry and calculate the rate constants of elementary reactions, and,
accordingly, to establish the limiting stages of the process.

Keywords: method of routes, theory of graphs, kinetics, silver nanoparticles.
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