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銀ナノ粒子形成過程における素クラスターサイズを明らかにするために、高輝度放射光を用いた小角
X線散乱測定を行った。既往の研究より3オ ーダー高精度な018ミ リ秒の時間分解能で測定可能な専用
の反応器を設計し、クラスターサイズの変化をその場観察で追跡した。その結果、銀ナノll子は AgBク
ラスターに相当する0 7nmサ イズのクラスターを介して形成されていることがわかった。

1  1ntroduction

Silvcr and gOltl mctal nanoPa[tiClcs can bc sintcrcd on

pOlymcr Fllm、 11-4]and cVCn papcr[51 duc tO llnclting pOint

dcprcssion and sizc e■ccts[1.2.4,6〕 ,and thus havc att]actcd

much attcntion in clcctrO_cOnductivc mctanic inks ffr

pri[ltcd clcctronics[2,4、 7 81 PractiCal applications 、vould

rcquirc spccinc particlc sizc distributions to cnablc rabrica_

tion or closcly― packcd laycrs of nanOparticlc、  rathcr than

monodispcrscd nanOpar● clcs[1.4]Thcrclorc a bcttcr un―

dcrstanding or t:lc formation lncchal]isil1 0r nOblc ].ctal

llanopalliclcs is nccdcd to prcparc dcsircd diamctcr and、 izc

distribution fOrmulations Classical gro、 vth modcls statc that

palticlcs alc ftDrincd by mca:ls or monOincr addition altcr a

discrctc nuclcation pcriOd[9]、 Whilc rcccnt studics shOw

that silvcr and g01d nanOparticlcs arc fornlcd via a co「 nplcx

path、vay including a broad nuclcatiOn pcriod 、vith simulta_

ncous P.lrtiCIC gro、vth pcriod 110-14] Gcncra‖ y it can bc

considcrcd that a cltlstcr consisting Or scvcral atoms rathcr

than a singlc ato]n acts as an clc:ncntary spccics that dctcr―

minc inonolnc[ addition and particle gl。 、vth Silver and

gOld mctal clustcrs along with thc ftlH_shcn clustcrs in

、vhich a ccntral atom is surrotlndcd by shcns or atonls to

r。!m an icOsahcdlon.a]c thought to bc thcr]nOdynamica‖ y

stablc l1 5J,and thC Clustcr sizes of thc flrst and sccOnd lt H

―shcll clustcrs Agぃ and Agis arc cstimatcd to bc 0 7 and 1 2

nin i16.17]rcspCCtiVcly Thc cxistcncc of thc Agぃ clustcら
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ho、vcvcヽ has not bcc:l clarillcd in prcviOus litcraturc unlikc

Au i clustcrs[15,18]althOugh ls attraclvc magnclc prop―

crtics havc bccn、 vidcly discusscd、vith thc hclp OF cOmputa―

tional scicncc[191

SIn〔 lH anglc X ray scattcring(SAXS)could bC an c■ cc_

tivc tcc1lniquc to cvaluatc ′″ 、′′ιr sizc distribtltion of nano―

particlcs,bccau、 c it has thc potcntial to statisticaHy proccss

a vcry lattc nu]nbcr of Paniclc、 11220_221 PrcviOus stud―

ics, hOwcvc= haVC not clcarly cstablishcd thc sizc or clc_

incntary silvcr clustcrs、 bccausc thc dctcrmination of this

sizc、 vould rcquirc′″ ,′″r obscrvation at an cxtrcmcly high

timc rcsoluti(〕 n(ご′ a tcW Ins)Dctailcd discussion or thc

rormation mcchanisln with SAXS wOuld also rcquirc a spc

ciaHzcd apparattls rathcr tha1l tt:ldcr batch― typc cOnditions

to cornplctcly llx thc onsct ol'thc lclrmation or all particlcs

ln this 、vOl k、  VヽC havc t:scd a cttslo]11-fablicatcd onc―

dircction― o,■ o、v rcactor cc‖ lo obtainル?s′′ι′ SAXS curvcs

at high timc lcsolution、 Of0 18 ms、 which is thlcc ordcrs of

inagnitudc highcr than thosc uscd in prcv10us studics(c`′

100 1ns)[12.20] By analyzing thc tilnc dcpcndcncc or

SAXS curves ′″
`′

′″ foi silvcr nitmtc solutions that arc rc―

actcd with rcducing sOlutiOns containing trisodium citratc

[23,24]as a wCak disPcrsant wc discuss inc dctails of thc

sizcs or thc clcmcnta,cltlstcrs lor]ni1lg and t1lc]]lcchanisln

or s‖ vcr nanoparticlcs formation in aqllcolls Systcin

2 Exper mental

Convcntional chc]nical icdtlctiOn in an aqucotls systclll

、vas uscd for thc cxa]lnination of thc fOrmation or silvcr
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nanopalliclcs A onc― dircctio:1‐ o「■o、v lcactor ccH mttc Of

p01y(mcthyl[ncthacrylatc)resin cquippcd 、vith thin poly‐

ilnidc nlm windOws and w"h two illJcction tlow channcl、

cnablcd mixing Of t、 vo inΠucnt solutions and a singlc cfn―

cicnt flo、 v channcl Silvcr ion solution、 vas mixed、 vith a rc_

ducing sOlutiOn and fcd at cqual 綱o、v ratcs. 120 mL min~1,

into a mixing point to aHo、 v mixing undcr ttllbulcnt flo、v

conditions Thc SAXS mcasurcmcnts wcrc carlcd out at

thc BL08B2 bcamlinc in SPring-8 synchrOtron rtldiation fa―

cility in Japan Thc rcactor ccH、vas sct on a vcrticany mov_

ablc stagc to control thc X― ray irradiation pOsition axiaHy

llom thc mixing pOint For thc mixing point dcFlncd as thc

point of origin O ms rcaction timc a distancc ori mm along

thc rcactor ccH corcspOndcd to a rcaction timc of 0 393 ms

bascd on thc givcn flow ratc A[naximum timc[ゃ 、olution of

0 18 ms was possiblc tor a vertical bcam size or o 23 mm

Thc two― dimensional scattering imagcs dctcctcd on thc X_

my irnaging platc wcrc convcllcd to onc― dimcnsional scat―

tcring curvcs giving thc scattcring vcctOr(7)dCpcndcncc of

scattcring intensitics by azi[lnuthal integration and subtrac―

tion of cach 、cattcring curvc or thc solution including aH

chcmicals cxccpt tor thc silvcr ions Thc sizc distribution OF

thc silvcr nanopalliclcs and clustcrs 、vas dctcrmincd by

curvc nt“ ng wtth a gamma distlbulon ftlnclon 125]

3 Results and discusslon

Thc timc dcpcndcncc or the scattcring intcnsitics of thc

SAXS cun/es that of thc palliclc sizc distributions flttcd

、vith thc intcnsitics and analysis of thc timc dcpcndcncc of

thc nanoparticlcs and clu、 tcrs arc sho、vn in Figurc l Thc

drop in thc scattcring intcnsitics at ク lo、 vcr tllan around

0025Å J in an curvcs(Figure la)waS duc to shiclding of

thc bcam stoppcr.so thcsc alcas can bc cxcluded tlom dis―

cusslon

Thc scattcring curvcs、 vcrc alinost flat and constant at rc_

action timcs of O and 0 39 ms This mcansthatthc 9 rangcs

may not rcach thc Polod rcg10n bccausc palliclcs arc toO

smaH or abscnt at thc givcn reaction timcs Curvc llttings at

shorl rcaction timcs of O and 0 39 1ns had high unccrlaintics

and arc not displaycd ln thc indtlction pcriOd,thc rcduction

prOccss trom Ag'10ns to Ag° atoms arc lnOst likcly taking

placc,but thc nuclcation has not bccn initiatcd Still cvcn at

this high timc rcsolution,it、 vas not pOssiblc to dcscHbc thc

prOgrcss Or the rcduction p:occss cOmplctcly 、vith thc

SAXS mcasurclncnts

Thc scattcring curvcs appcarcd distinct rising in thc

slopcovcr 0 59 ms Curvcs at rcaction timc、  grcatcr than

0 59 ms cOuld bc wcll llttcd throughout thc wholc″ mngc

lt is probable that thcrc is a triggcr for thc Onsct or nuclca_

05     1               5      10
T me(mS'

F7gυ θ́ ア  Time dependence of siver clusters and

nanoparticles formalon a)Sma‖ angle X― ray scatter‐

ing(SAXS)curVes measured in the custom fabttcated

one‐ d rect on― of― flow reactor ce‖  b)ParllCle size distr‐

buJon ntted with the SAXS curves c)Time depend‐

ence of peak diameter(sO‖d Circ es)and the parlicle

diameters at volume fractions of 1 0%and 90%(errOr

barS) PrOposed periods oi s‖ ver nanoparlicle forma‐

lon process are overald Dashed lnes show power

approximation fts lo help distinguish growth rale peri―

ods

tion of silvcr clustcrs and nanoparticlcs bct、vccn thc 0 39

and 0 59 ms and the onsct bccomcs clcar at 0 59 ms

At 0 59 and 0 79 ms rcaction timcs,、 vhcn nuclcation had

staltcd accolcling tO thc incrcasc in the palliclc sizcs thc

pcak dialllctcrs、 vcrc 0 58 and 0 71 nm lespcctivcly. indi―

cating that thc nuclcation of Agぃ clustcrs cotrcspOnding tO

0 7nm in diamctcr prcdolllinatcd atthc 0 59 and 0 79 msに ‐

action timcs On thc othcr hand,thc obscrved lattcr diamc―

tcrs in the sizc distributions at 0 59 and 0 79 ms, namcly

over 1 0ntll,arc cvidcncc that thc gro、 vth or silvcr nanopani‐

clcs had、 tartcd along、 vith thc nuclcation This nuclcation―

dominant lormation pcriod,in which Ag i clustcrs wcrc nu

clcatcd and consumcd in thc simultaneous lormation and

grOwth Or silvcr nanoparticlcs, 、vaS almost ccrtainly not

continuilig at 0 98 ms, as sho、vn by vol11[nc flactions that

wcrc approximatc 0 7 nm in sizc and considcrably dccrcas‐

ing with rcaclon timc Although thc linlitcd cxpcrimcnts

pclfOnlncd in this study prevcnt quantitativc discussion on

whcthcr a‖ s‖vcr atoms wclltthrough Ag i clustcrs,the par‐

ticlc sizc di、 tribt[tions sho、v that Agl,clusters arc thc domi―

alos
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nant spccics during thc nuclcation― dominant rOrmation Pc_

riod

Thc distinct changc in thc particlc sizc distributions ap_

pcarcd as abruptincrcascs orthc pcak diamctcrs at and latcr

than thc reactiOn timc of 0 98 ms Thc pcak diametcrs Ofthc

silvcr nanoparticlcs incrcascd tlom 0 71 to 3 36 nm atlcac―

tion timcs bct、 vccn 0 79 and 0 98 ms, and thc 10%volumc

flactiOn Or particlcs was 1 82 nm at 0 98 ms,suggcsting that

Ag,clustcrs 、vere dcplctcd at 0 98 ms Thc nuclcation of

Ag i clustcrs sccmcd to bc colnplctc tcrminatcd at 0 98 ms,

and thc gro、 vth Or silvcr nanopalticlcs prcdOminatcd aFlcr

0 98 ms Thc main proccss in this giЮ wth pcriod is most

likcly cOalcsccncc among smallcr silvcr nanoparticlcs,

which wcrc fOrmcd mainly by agg10mcration Of Agぃ  clus_

tcrs during thc prcv10us nuclcation― dominant lor[nation pc―

riod Altcrnativcly,thcrc is thc possibility that silvcr nano―

particlcs grc、 v continuOusly by thc addition of silvcr ato]ns

rcduccd in thc carly pcriod on Ag i clustcrs ln that casc,sil―

vcr nanoPaitiCIC fOrmation 、vould grow via Agii clustcrs,

which alc thc ncxt Fll11_shcn clustcrs and 1 2 nm in diamc―

tcn Howcvcli thC llaction of particlcs having diamctcrs Of

arot〔 nd 1 2 nm 、vas not dominant during a pcriod bct、 vccn

0 79 and 0 98[ns Although it is not possiblc tO cOmplctcly

ignorc thc possiblc prcscncc and contribution of Agi,clus_

ters in thc particlc formation prOccss sincc a small vO]umc

flactiOn Or palliclcs around 1 2 nm in diamctcr docs cxist,

thc silvcr atOins rcduccd can bc as、 t[mcd to prcrcrcntially

takc part in thc imlllcdiatc nuclcation of Ag,clustcrs rathcl

than rcmaining as is fOr an cxtcndcd pcriOd a、 vaiting con―

su]llptiOn in thc formatiOn Of Ag“ clustcrs ThclcfOrc,it can

bc hypothcsizcd that silvcr nanOparticlcs gro、 v mainly via

Ag; clustcrs mthcr than cllド tcrs in othcr sizcs Namcly.

AgB clustcrs play an inlpollant rolc as an clcmcntary clustcr

in thc rorilnatiOn of thc silvcr nanoparticlcs

Thc pcak diamctcrs gradua‖ y incrcascd floln 3 36 nm at

0 98 mst0 6 95 nm at 3 931ns,whcrc lattcr palticlcs wcrc

ovcr 20 nm in diamctct and atthc rcaction timc of 5 89 ms,

thc pcak diamctcrs sho、 vcd only a slight incrcasc(Figurc l

C)ThiS mcans that thc glowth proccss was substantially

complctc at 3 93 ms At3 93 and 5 89 ms,90%of thc vol―

umc flaction was ovcr 3 nm Palliclc growth is tcrminatcd

by thc consumptiOn Or silvcr nanoparticlcs sinancr than

around 3 nrn in diamctc二 、vhich havc rclativcly high surracc

activity Thc particlc sizc distribution narclwcd slightly at

589 ms.comparcd with that at 3 93 ms,which may bc at―

tributcd to a rclaxation or rcallangcincnt Of transicnt aggrc―

gatcd lattcr particlcs during this iclaxation pcriod atcr 3 93

llns, and nOt to a rccrysta1lization of smancr particlcs by

“sizc distribution focusing''〔 11]or ostwald ripening

[13,14〕 ,bccausc thc proccss OCCulTcd during a shOrt dura_

tiOn Of around 2 ms Fullhcr clucidation of thc rclaxation

prOccss lcquircs additional cxpcrimcnts and a grcatcr num―

bcr of data

Thc formation of silvcr nanoparticlcs, 、vhich 、vcrc

rOrmcd in an aqucous systcm,prOceeded during a vcry sholt

rcaction timc or around 6 ms and seelncd to consist of fotlr

distinct PcriOdS as proposcd in Figurc lc and sho、 vn schc―

inaticaHy as a lormation mcchanism in Figurc 2 Aftcr a

short induction pcriod, in 、vhich silvcr ions arc Кduccd.

AgB clustcrs arc activcly formcd, and subscqucntly smaH

silvcr nanoparticlcs arc rormcd mainly by agg10mcration

among Agぃ  clustcrs(nuclCation― dominant lormation pc

riOd)ThC fOrmation or silvcr nanOparticlcs、 ccmcd to h.lvc

no discrctc nuclcation pcriod according to thc timc― scalcs

and mcthods uscd in this、 vork Thc Ag,clustcrs、 vclc praC―

ticaHy cOnsumcd during thc nuclcation― dominant rOrmatiOn

pcriOd Particlc gro、 vth occuls by coalcsccncc and aggrcga―

tion among the smaH silvcr nanopalliclcs rcstliting in lattcr

silvcr nanoparticlcs (grO、 vth pcriod) FinaHy, thc gro、 vth

stagc is cornplctc 、vith thc consumption Of all small silvcr

nanoparticlcs, and as a inal proccss. thc transicnt aggrc―

gatcd Palliclcs rclax to incrcasc thc particlc sizc slightly ln

this stagc,thc palticlc sizc distribution narro、 vs(rclaXatiOn

pcriOd)

T,ansient a09,wated
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"■σ″。2 PrOposed formalon mechan sm Of s‖vernanoparticles via A913 CluSters S‖ ver nanoparlicles

are formed throughiり lnduc10n pettod,in whch Ag・

ions were reduced to AgO atoms: |り  Nucleat on
dominant formation per od,in vvhich Ag13 CluSters are

nucleated and simu taneously consumed for Ag nano―

particle forma‖ oni‖りGrowth pettod, n which larger
Ag nanoparticles are formed by coalescence and ag―

gregalon amOng sma‖ er Ag nanoparucles; IV)Re―

laxaton perOd, in which particle size distr buton

s‖ghty narrovvs by relaxat on or rearrangement of

transient aggregaled parlicles
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4 Conclusion                [7]ShimOda T:Matsukl Y:Furusawa M I Aoki.T:Yl d―
asaka I:Tanaka H: Iwasawa Ht W、 ng D: Miy_

Thc formati()n or silvcr nanopalticlcs has no di、 crctc nu―             asaka NI:Takcuchi Y N(′ ′:llで 2006 イイ0.783-786

clcalon pcriod accolding to thc tilnnc scalc and]lncthods     t8]R()gcrs,J A:So[ncya,T:Huang、 Y Sc′ ′́にで 2010,

uscd in this work Thc SAXS rcstllts hcrc sho、 v that silvcr           '27 1603-1607

nanopalliclcs arc Formcd vhお ur distlnct pcnod、 within 6     [9]LaMcn V K:Dincsan R H ′ス″たCll″′″ Sr2(1950

111、  and that thc diamctcr or thc silvcr nan()palliclcs in-            72 4847-4854

crc:、、cs mainly via an approximtttcly 0 7 nnl ch卜 tcr corre_     110]BiSWtt、 ,K:Vatthcsc,N:Rao C N R,77α″2008,

、pOnding tO thc sizc of a Ag i clustcn Agぃ cltl、tcrs play an             ″ 649-655
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1309-1312
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