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The translational diffusion of Au (gold) ions and Au particles during the photoreduction process from
AuCl, to metallic Au particles in aqueous ethanol solutions containing poly(N-vinyl-2-pyrrolidone) was
investigated by using UV-vis absorption and the laser-induced transient grating (TG) methods. The TG
signal of AuCl, solution before photoirradiation was composed of three contributions; the thermal
grating, the species grating due to the creation of AuCl;, and that due to the depletion of AuCl,. Upon
photoirradiation, the species grating signal due to AuCl, diminished rapidly and the TG signal due to Au
particles appeared within a few minutes and became stronger at a very short time. The subsequent
reduction of AuCl; was concomitant with the formation of Au metal particles. The rapid growth of
Au® atoms into Au particles took place in the short-duration photoirradiation. With the increase of the
photoirradiation time, the TG signal was composed of two kinds of Au particle fragments possessing
different diffusion coefficients. This is probably due to the pulse-laser induced fragmentation of the larger
Au particles. Effects of the polymer on the particle formation were investigated by the concentration
dependence of the polymer in the solution. The formation of Au particles by the photoreduction was also
compared with that of Pt particles.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Nanoparticles exhibit a variety of size-dependent optical and
electrical properties which could be used in a variety of technolo-
gies, including coating, environmental, chemical processes, medi-
cal, electronic and sensing applications [1-3]. In order to effectively
utilize their size-dependent properties, the size and polydisper-
sity have to be controlled. For this purpose, organic stabilization
ligands are often used such as polymer [4-7], surfactant [8,9], den-
drimer [10], alkanethiol [11], alkylamine [12] and so on.

For the preparation of metal nanoparticles, metal ions have
often been reduced in various solutions of polymers and surfac-
tants. As protective media for metal particles in solutions, water-
soluble polymers such as poly(vinyl alcohol) (PVA) [4], poly(N-vi-
nyl-2-pyrrolidone) (PVP) [5], polyacrylate [6], and polystyrene-
poly-4-vinylpyridine block copolymer (PS-b-P4VP) [7] have often
been used. In particular, optical properties of gold, silver, and cop-
per have been extensively studied since they strongly absorb light
in the visible region due to surface plasma resonance. The re-
duction of gold ions can be achieved chemically, for example, by
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using sodium borohydride [13] and hydrazine [14], sonochemi-
cally [15], electrochemically [16], or radiolytically (by using y -ir-
radiation [4,6,17], UV-irradiation [18], and so on).

Laser-induced transient grating (TG) technique [19] is one of
powerful methods to study photo-induced reactions, such as the
diffusion processes of short-lived radicals [20], intermediates of
protein reactions [21,22], or carrier diffusion in semiconductors
[23,24]. Recently, we investigated the formation of Pt particles dur-
ing the photoirradiation in the PVP solutions by means of the TG
method [25]. It was found that the transformation of PtClé’ to
PtCli_ species completed within a few minutes after photoirradi-
ation. PtCli_ was much more stable than PtClé_ in the aqueous
solutions under the photoirradiation. The created PtCli’ was grad-
ually reduced to Pt® atoms during a long-duration photoirradiation,
and concurrently the increasing number of Pt particles associated
from the Pt atoms was observed during the photoirradiation.

In this paper, we report the process of Au particle formation
from AuCl, solution by the UV-vis absorption and the TG tech-
niques. Recently, one of authors has investigated the photoreduc-
tion of AuCl, to metallic Au particles by means of XAFS mea-
surements [26]. From the XANES analysis, the electronic structure
of the photoirradiated samples was elucidated to be composed of
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three stable electronic states, Au3* (that is a reactant, AuCly), Aut
(that is stable intermediate product, AuCl; ), and Au particle pro-
duced from Au® atoms. In this photoreduction process, the reduc-
tion of AuCl; to Au® atoms is a slower process than that of AuCly
to AuCl;, and the reduction of AuCl; to Au® atoms and the asso-
ciation of Au® atoms to form seed Au particles (particle diameter
between 5.5 and 30 A) concurrently proceeds in the short-duration
photoirradiation. In addition, on the long-duration photoirradia-
tion, the slow progress of Au particle growth occurs with the as-
sociation of Au®~Au® metallic bonds, resulting in the formation of
larger Au particle (particle diameter larger than 500 A) [26].

In order to study the mechanism of reduction of AuCl, to Au®
atoms and association of Au® atoms to create larger Au particles in
more detail, we have carefully compared the previous XAFS results
with the present TG results. Especially, the intermediate chemical
species in the photoreduction process to create larger Au particles
have been examined. We have also compared the present results
with the previous ones of the photoreduction of Pt ions in PVP
solution.

2. Principles

By the spatially modulated light due to the interference be-
tween two light beams, chemical species in a sample are excited to
excited states in which photochemical reductions take place. Since
the created species usually have different optical properties (such
as absorption coefficients and refractive indices), the spatially mod-
ulated photoexcitation induces a spatially modulated absorbance
(amplitude grating) or refractive index (phase grating) at the probe
beam wavelength. The refractive index (n) and absorbance (k) in
the sample solution after the excitation are represented by

n(x, t) =ng + dnp(x, t) — one(x, t) + dnm (x, t), @]
k(x,t) =ko + Skp(x, t) — Ske(x, 1), (2)

where ng and kg are, respectively, the unperturbed refractive in-
dex and absorbance of the solution. The contribution of dn, (x, t)
represents the refractive index change (8n) by the thermal expan-
sion of the solution due to the radiationless transition from the
excited state (thermal grating). The terms of énp(x,t) and én;(x,t)
represent én by the spatially modulated distribution of the prod-
uct and the reactant, respectively. The 8kp(x, t) and 8k;(x,t) terms
in Eq. (2) represent the absorption change (dk) due to the cre-
ation of the product and depletion of the reactant, respectively. By
solving the diffusion rate equations, we can obtain the following
equations, which display the time dependence of the spatial mod-
ulations [19,20,27]:

8nen(q, t) = 8ndy, exp(—Deng?t). 3)
8np(q, t) = Sng exp(—Dpg?t), (4)
sne(q, t) = 8n° EXp(—quzl‘), (5)
Skp(q,t) = Skg exp(—quzt), (6)
8ke(q. t) = 8k exp(—Drg°t), (7)

where q is the grating wavenumber, Dy, is the thermal diffusiv-
ity, Dp and D; are the diffusion coefficients of the product and
the reactant, respectively. Since the refractive index decreases with
increasing temperature, 51131 should be negative. Under the thick
grating and the weak diffraction conditions, the TG signal intensity
I1g(t) at grating wavenumber q is represented by

IrG(0) = A(Snn(q. ) + 6np(q. ) — 8n(q. 1))’
+ B(3kp(q. 1) — 5ke(q. D)’ (8)

where A and B are constants.

3. Experimental
3.1. Materials

Colloidal dispersions of Au particles were synthesized by the
photoreduction of AuCl, with the protective polymer PVP. The
average molecular weight of PVP used here was 40,000. Tetra-
chloroauric(Ill) acid (hydrogen tetrachloroaurate(lll), HAuCls-4H;0;
guaranteed reagent), PVP (K-30), ethanol (guaranteed reagent,
99.5%), and distilled water were purchased from Nacalai Tesque,
and gold(I) chloride (AuCl) was obtained from Aldrich. They were
used without further purification.

3.2. TG measurements

The setup of the TG method has been reported in detail else-
where [19,20,22,24,25]. An excitation beam from an excimer laser
[XeCl (308 nm), Lumonics Hyper-400] was split into two beams
by a beam splitter. The repetition rate of the excitation pulse was
1-3 Hz, and the pulse width was about 20 ns. These beams were
crossed inside a quartz sample cell (10 mm optical path length),
and the interference pattern between these beams (optical grating)
was created. The laser fluence at the crossing point was mea-
sured by a pyroelectric joulemeter (Molectron ]J3-09), and it was
typically ~0.3 mJ/cm?. The thermal energy released by the non-
radiative relaxation raised the temperature of the sample, and it
created the thermal grating. The excited ions partly reacted, and
the concentrations of the reactant and product were modulated
(species grating). A He-Ne laser was used as a probe beam and
brought into the crossing region at the Bragg angle. A diffracted
probe beam (the TG signal) was isolated from the excitation beams
with a pinhole and a red filter (Toshiba R-60) with a cutoff wave-
length of 600 nm. The intensity of the TG signal was detected by
a photomultiplier tube (Hamamatsu R-928) and recorded with a
digital oscilloscope (Tektronix 2430A). The fringe spacing A was
calculated from the decay rate of the thermal grating signal of a
benzene solution [27].

Colloidal dispersions of Au particles (0.66 mM) were pre-
pared from HAuCly-4H;0 by irradiation with a 500 W super-high-
pressure mercury lamp in a solution of water and ethanol (the
volume ratio of water and ethanol is 1/1) containing PVP. The con-
centration of polymer in water/ethanol (1/1) solutions was varied
at [PVP monomeric unit]/[metal] = 4 and 400, which we call di-
lute and concentrated polymer solutions, respectively. Briefly, for
the preparation of the dilute polymer solution, 5 mL of a 1.32 mM
aqueous solution of HAuCl4-4H,0 was added to 5 mL of a 5.28 mM
ethanol solution of PVP. N, gas was bubbled into the solution, and
vigorous stirring with a magnetic stirrer was carried out for 10 min
to remove the dissolved O,. For the preparation of the concen-
trated polymer solution, 5 mL of a 1.32 mM aqueous solution of
HAuCly-4H,0 was added to 5 mL of a 528 mM ethanol solution
of PVP, followed by N, bubbling and vigorous stirring. The ionic
solutions were poured into a quartz sample cell, and were photoir-
radiated by the 500 W super-high-pressure mercury lamp.

Diffusion coefficients (D) of Au ionic species and Au particles of
the photoirradiated samples at the designated duration of reduc-
tion time were measured by the TG method. The direction of the
photoirradiation using a mercury lamp was perpendicular to that
for the TG measurement. The UV-vis absorption spectra of the pre-
reduced (before irradiation) and the reduced (after irradiation for
about 15 min) samples were measured with a Hitachi U-3010 spec-
trophotometer by using quartz cells (1 mm optical path length) to
adjust the metal concentration for the UV measurements.

3.3. Characterization of Au particles

Transmission electron microscopy (TEM) images of the colloidal
dispersions of Au particles were obtained using a JEM-2000FX in-
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strument operated at 200 kV as the acceleration voltage. A high-
resolution carbon-supported copper mesh was used to support the
samples of colloidal dispersions. The diameter of each particle was
determined from enlarged photographs. The particle size distribu-
tion and the average diameter were obtained by measuring about
200 particles in arbitrarily chosen areas in the enlarged photo-
graph.

4. Results and discussion

4.1. Photochemical formation of Au particles from AuCl, in dilute PVP
solution

The absorption spectrum of AuCl, displayed an absorption
band around 320 nm. This is attributed to the ligand-to-metal
charge transfer (LMCT) [28]. Photoirradiation for the LMCT bands
of AuCl, complex in alcohol-water solution resulted in the re-
duction of Au3t to Au® particles with the simultaneous oxida-
tion of the alcohol [4]. This process can be visually monitored by
the color changes in the solution. The precursor solution of the
AuCl, was yellow in color before the photoirradiation. Within a
few minutes after the photoirradiation, the color of the solution
gradually turned purple, implying the formation of the interme-
diate species (AuCl; ) [29]. After the photoirradiation longer than
30 min, the intermediate species were transformed to metallic Au®
particles, resulting in the color change of the solution from purple
to red.

UV-vis measurements confirmed the reduction of Au3* by the
photoirradiation. Figs. 1a and 1b show the UV-vis absorption spec-
tra of the Au-containing solutions with and without the polymer
before and after the photoirradiation in the dilute and concen-
trated PVP solutions, respectively. The photoirradiation was per-
formed for 15 min to check the formation of Au particles in so-
lutions. The LMCT band disappeared immediately after the pho-
toirradiation for 1-2 min, although no significant increase of the
baseline in absorbance was observed at less than 1 min. This spec-
tral change indicated that the reduction of Au?* rapidly occurred
under our conditions. Then, the surface plasmon absorption band
at 550 nm appeared, and its intensity gradually became higher
until the irradiation time of 15 min, indicating the formation of
spherical Au particles in colloidal solution. By increasing the ir-
radiation time beyond 15 min, the peak position of the plasmon
absorption band did not change, and the red shift and broaden-
ing of the plasmon band was not observed. This result showed the
aggregation of Au particles did not noticeably occur. The result-
ing solution was red in color and very dispersive at least several
months. PVP was necessary for the stabilization of the Au colloidal
particles, because the absence of the protective polymer caused the
deposition of Au particles on the quartz cell.

Fig. 2, a to 1, shows the time evolution of typical temporal pro-
files of the TG signals (I1¢) before and after the photoirradiation by
the mercury lamp for the dilute PVP solution of Au*. The signal
obtained from the sample before photoirradiation is composed of
three components, a spike-like signal, a subsequent slow rise, and
a slow decay component, as shown in Fig. 2a. The spike-like signal,
which decays in a few microseconds, originates from the thermal
grating. After the thermal grating signal decays, the rise and slow
decay components appear. Since these slow processes have time
constants almost 2-3 orders of magnitude slower than that of the
thermal grating, the time evolutions of these components must re-
flect the molecular diffusion in solutions.

The absorption of Au3t is nearly zero at the wavelength of
the probe beam (633 nm) as shown in Figs. 1a and 1b. Since the
absorption of Au™ is very weak at the probe wavelength, the am-
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Fig. 1. UV-vis absorption spectra of the Au-containing solution (ethanol-water, 1:1
(v/v)) before and after the photoirradiation: (a) HAuCl4-4H;0 in the dilute PVP so-
lution; (b) HAuCls-4H,0 in the concentrated PVP solution; (c) AuCl solution with
and without PVP. The photoreduction was carried out during 15 min. The spectrum
of HAuCl4-4H,0O-containing solutions without PVP is also indicated.

plitude grating in Eq. (8) can be neglected. Therefore, the TG signal
(Itg(t)) before photoirradiation is predicted to be expressed by

2
Itc(t) = A[6nS, exp(—Dng?t) + a1 exp(—kit) + az exp(—kat)]", (9)

where a; and ay are the pre-exponential factors, and ki and k»
are the decay rate constants of each component (ki > k). As is
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Fig. 2. Time dependence of the TG signals (I1¢) in water/ethanol (1/1) solutions with PVP observed (a) before and (b to 1) after the photoirradiation. The initial sharp spike-
like signal is due to the contribution of the thermal grating. In all the cases, the best-fitted curves are drawn by solid line using by (a, b) Eq. (10) and (c to 1) Eq. (11) after
the decay of the thermal grating signal (dashed line). The concentration of polymer was at [PVP monomeric unit]/[metal] =4 (the dilute PVP solution). Inset figure indicates

that the thermal grating signal do not decay to the baseline before the photoirradiation.
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seen in the inset of Fig. 2a, the thermal grating signal do not de-
cay to the baseline. Since the refractive index change (Sn?h) by the
thermal expansion is negative, we can find out the signs of these
components as a; >0 and a; < 0.

In the early stage of photochemical reduction process, chemi-
cal species such as Au3*, Au?t, Aut, and Au® would be possibly
contributed to the signal. According to the previous studies [4,30],
Au3t and Aut ionic species are more stable than Au?t and Au®.
The very unstable Au?t may undergo intramolecular reduction,
producing one more Cl' radical, or they may undergo dispropor-
tionation to Au* and Aut species. Therefore, it is reasonable to
consider that the slow decay components dominantly reflect the
diffusion of the stable species such as Au3* and Au™.

On the basis of the Kramers-Kronig relation and the absorp-
tion bands in Fig. 1, both of 5”2u+ and (Srlgu3+ should be positive
because these chemical species possess absorption bands (286 nm
and 320 nm, as shown in Figs. 1c and 1a, respectively) in the wave-
length shorter than 633 nm. Hence, considering the signs of a; > 0
and ay < 0 of Eq. (9), we can conclude that the aj exp(—kit) and
a exp(—kyt) terms should correspond to the (Snf\u+ exp(—ka,+t)

and 8n0Au3 + exp(—kg 3+t), respectively. Ignoring the thermal contri-

bution in the long time range, we fitted the time profile of the TG
signal in Fig. 2a by
2

Itc(t) = A[8nS + exp(—kpy+ 1) — anf\u3+ exp(—kp,3+0)] (10)

Both the decay rate constants k,,+ and k, 3+ depend on the grat-
ing wavenumber q. Fig. 3a shows the ¢q? dependence of k,,+ and
k,3+. Both rate constants show a good linear relationship with a
negligibly small intercept with the ordinate axis. This linear re-
lationship indicates that the rise and slower decay component is
governed by the mass diffusion process in solutions. From the
slope of each line and using the relation of k; = D;q?, the diffu-
sion coefficient of Au™ (Du,+) and Audt (Dpy3+) are determined
and shown later.

Interestingly, as shown in Fig. 2, b and c, the above rise and
slow decay components disappeared after the photoirradiation by
the mercury lamp within 1 min, while the thermal grating signal
still remained. After the photoirradiation of 2 min, the TG signal
appeared again, but it has two components, one is the slow decay
with a lifetime of millisecond order and the other is much slower
decay [25]. The signal intensity of this slower decay component
should be due to the diffusion of Au particles, while millisecond-
order decay component should be due to the diffusion of Au ionic
species. Especially, as is shown in Fig. 2d, it was found that the
slower decay signal originated from Au particle began to appear
within 2 min before the slow decay signal originated from Au
ionic species completely disappeared to the baseline level. It was
also apparent that Aut species were consumed and Au™ species
were produced during the short-duration photoirradiation (less
than 3 min) [26]. This behavior may suggest that the reduction of
Au? to Au® atoms and the association of Au® atoms to form seed
Au particle concurrently proceeds after all Au>* are completely re-
duced to Au™, which is consistent with our XAFS results [26].

After the photoirradiation by the mercury lamp for 5 min
(Fig. 2, e and f), the TG signal was composed of three compo-
nents; a slow decay with a decay rate constant less than ca. 1 ms,
a slower rise with a decay rate constant around 40 ms, and a much
slower decay with a decay rate constant longer than 100 ms. This
feature was also observed in the longer reduction time, as shown
in Fig. 2, k and 1. It was obvious from these figures that the slowest
decay signal intensity became stronger in the longer photoirradia-
tion time.

The origins of these components were determined based on
the following grounds. First, it should be noted that the decay
rate constant of the initial decay was similar to that of the decay
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Fig. 3. Plot of the decay rate constants (k;) vs g% of (a) chemical species (0], Au3*
and O, Au™) existing before photoirradiation and (b) smaller and larger Au parti-
cles (A and V) after the photoirradiation of 90 min in the 1:1 mixture solution of
water and ethanol containing PVP. The concentration of polymer was at (a) [PVP
monomeric unit]/[metal] = 4 (the dilute PVP solution) and (b) [PVP monomeric
unit]/[metal] = 400 (the concentrated PVP solution).

component observed for shorter photoirradiation time, e.g., Fig. 2,
d or e, which was attributed to the diffusion of Au*. Hence, it is
reasonable to consider that the initial decay is due to the diffusion
of Au™. Since there is no absorption of Aut at the probe wave-
length (633 nm), as shown in Fig. 1c, this component is due to
the refractive index change. Second, the decay rate constant of the
rise and slowest decay components were much larger than that of
the Au* component. This fact indicates that the chemical species
contributing to these components should be much larger in size.
Furthermore, it is already known that Au particles are formed after
the photoirradiation of the Au3* solutions [26]. Hence we attribute
these rise-decay components to the Au particles. Here we should
note that a tail of the broad plasmon absorption (maximum at the
wavelength of 550 nm) due to the Au particles, produced by the
photoirradiation for 15 min or longer-duration, is observed at the
probe wavelength of 633 nm (Figs. 1a and 1b). The tail of the broad
plasmon absorption is due to the larger contribution of light scat-
tering effect than that of the plasmon absorption [31], since the
present Au colloidal solution has a broad particle size distribution
and contains some particles or aggregates larger than 10 nm (see
TEM image shown in Fig. 7). If there is an absorption (light scatter-
ing) change (dk-term) nearly at the probe wavelength, in general,
the amplitude change contributes to the TG signal more than the
refractive index change [32]. Hence we consider that the dominant
component of the species grating in the longer time range is due
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Fig. 4. Time evolution of D of four components produced during the photoirradia-
tion; () Au>* ionic species, (O) Aut ionic species, and (4, V) Au particles. Two
components of the smaller and the larger Au particles are observed because the
smaller particles were produced by the photofragmentation of the larger particles
by the irradiation of excimer laser in water/ethanol (1/1) solutions in the TG mea-
surements. The concentration of polymer was at [PVP monomeric unit]/[metal] =4
(the dilute PVP solution). The representative values of the hydrodynamic radius r
are also indicated in the Y axis of the right side.

to the amplitude grating due to the Au particles. In this case, why
did we observe rise-decay feature? Only one possible explanation
which we can consider is that there are two types of Au particles
with different diameters (smaller and larger) and the signs of the
absorption changes (amplitude change) of these species are oppo-
site. The larger Au particles should be photofragmentated to some
smaller Au particles by the excitation beam of the excimer laser
which was used for creating TG signal. The origins of the smaller
and larger Au particles will be discussed later.

Considering the photofragmentation of larger Au particles to
smaller ones by the excimer laser as well as the consumption
of Au™ species to proceed the subsequent reduction, the smaller
particles are the product which should have a positive sign of

Skgarticle(s), the larger particles are the reactant with a negative sign
of 5kgamcle(]), and the sign of 811&1+ is negative. Therefore, on the

basis of Eq. (8), the TG signal (It¢(t)) after photoirradiation is pre-
dicted to be expressed by

2
ItG(t) = A[—8n3 . exp(—kp,+1)]

+ B[(Skgarticle(s) eXp(_kpafﬁCIe(S)t)
?, (11)
where Kparticletsy and Kparticleqty 1S the decay rate constant of smaller
and larger Au particles, respectively. The fact that the decay signal
intensity with the decay rate constant longer than 100 ms became
stronger with increasing the photoirradiation time, as shown in
Fig. 2, can be explained in terms of the increase of the number
of the larger Au particles with the photoirradiation time. The ky+,
kparticle(s)» and kparticleqy values were plotted against g in Figs. 3a
and 3b. These plots show a good linear relationship and have near
zero intercepts within the error (10% at most). From the slope of
each line and using the relation of k; = Dig?, Dp,+, a diffusion
coefficient of smaller Au particles (Dparticle(s))» and that of larger
Au particles (Dparticley) are determined. The best-fitted curves by
three components expressed by Eq. (11) are also shown in Fig. 2, f,
h, j, and L.

Fig. 4 shows the time dependence of D plotted against the re-
duction time for the dilute PVP solution. As mentioned above, four
chemical species are observed during the photoirradiation. The D
values of Au™ remain constant (D .+ = 9.0 x 1071% m?/s) within
experimental error even in increasing the reduction time. The sig-
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Fig. 5. Time evolution of D of four components produced during the photoirradia-
tion of the concentrated PVP solution ([PVP monomeric unit]/[metal] = 400); (OJ)
Au3 ionic species, (O) Au™ ionic species, and (A, V) Au particles. As is seen in the
case of the dilute PVP solution (Fig. 4), Au particles have two components due to
the photofragmentation of the larger Au particles by the irradiation of excimer laser
in water/ethanol (1/1) solutions in the TG measurements. The representative values
of the hydrodynamic radius r are also indicated in the Y axis of the right side.
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Fig. 6. Time evolution of D of four components produced during the photoirradia-
tion of water/ethanol (1/1) solutions without PVP; (CJ) Au3* ionic species, (O) Au™
ionic species, and (4, V) Au particles. Au particles have two components due to the
photofragmentation of the larger Au particles by the irradiation of excimer laser.
The representative values of the hydrodynamic radius r are also indicated in the
Y axis of the right side.

nal due to Aut can not be detected after at least 1 min reduc-
tion. The two contributions of the D values of the smaller and
larger Au particles are constant (Dparticie(s) = 2.9 x 10~ m?/s and
Doparticiey = 1.8 x 10711 m?/s, respectively). The details will be dis-
cussed later.

4.2. Size of Au particles during photoreduction of AuCl,

In order to investigate the effect of the protective polymer PVP,
we tested other two different polymer concentrations, one is a
concentrated PVP solution and the other is a solution without PVP.
Figs. 5 and 6 show the time dependence of D plotted against the
reduction time for the concentrated PVP solution and the Au so-
lution without PVP, respectively, to compare with the dilute PVP
solution (Fig. 4). The time evolution of the TG signals of the solu-
tion without PVP (not shown in this manuscript) was very similar
to that with PVP except the intensity and the decay rate of the
species grating.

In the case of the concentrated PVP solution (Fig. 5), Dp,+
is constant (1.3 x10~° m?/s) within experimental error. On the
other hand, Dparticlesy and Dparticleqy are changed from 1.7 x
10719 m?/s to 2.0 x 10~ m?/s and from 9.0 x 10~' m?/s to
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Fig.7. TEM image and distribution of the diameter extracted from the corresponding
image for the Au particles produced in the PVP solution by the photoirradiation for
120 min. 1:1 mixture of water and ethanol was used as a solvent. The concentration
of polymer was at [PVP monomeric unit]/[metal] = 40.

1.2 x 10~ m?2/s, respectively, with the increase of the reduction
time. Comparing the behavior for Dparticleisy and Dparticleqy in Fig. 4
with those in Fig. 5, it is noteworthy that Dparticleisy and Dyparticle())
do not significantly change during the photoirradiation in the di-
lute PVP solution although these values gradually decreases in
the concentrated PVP solution. At the reduction time of 90 min,
Dyparticlesy and Dparticleqy in the concentrated solution is close to
those in the dilute solution. This indicates that the size of smaller
and larger Au particles in the concentrated solution is nearly the
same as in the dilute solution.

On the other hand, for the Au ionic solution without PVP
(Fig. 6), Dpy+ is nearly equal to 9.0 x 1071° m?/s and Dparticie(s)
and Dyparticley become gradually close to the values of 1.0 x
10~ m2/s and 7.0 x 1012 m?/s, respectively, in the reduction
time longer than 40 min. In particular, Dparticles)y decreases in
the reduction time till 40 min. Here we find that Dparticlesy and
Dyparticle(y in solution without PVP is smaller than the correspond-
ing value in other two cases. D+ and D, 3+ are nearly the same
both in the dilute PVP solution and the solution without PVP. In
the solution without PVP, large aggregates dispersed in solutions
were observed during the photoreduction of Au3* ions. However,
TG measurements did not detect the aggregates because the decay
time of these aggregates are not covered in the present experi-
ments. Furthermore, the precipitation of Au particles was observed
when the sample solution was kept under the ambient conditions
for a couple of days. This implies that PVP works as a stabilizer in
the clustering of atoms to produce their particles.

Fig. 7 shows the TEM image and size distribution of Au par-
ticles produced in the PVP solution (1:1 mixed solution of water
and ethanol) by the photoirradiation of 120 min. As is shown in
the image, the size distribution of particle diameter is relatively
broad and has a long tail out to 50 nm, and some particles (or ag-

gregates) larger than 10 nm are observed. The average diameter is
determined as 10.6 nm.

According to the Stokes-Einstein relationship, D of a spherical
molecule having a radius r in a homogeneous nonviscous solvent
with viscosity 7 is given by

D =kT /6 nr. (12)

From D of the Au particles in the dilute PVP solution, r is calcu-
lated from the Eq. (12) to be 7.7 nm (for the smaller Au particle)
and 12.3 nm (for the larger Au particle) on the basis of Stokes-
Einstein relationship, respectively, as shown in Fig. 4. The his-
togram of the diameters of Au particles prepared in the dilute PVP
solution from the TEM image (broader size distribution as shown
in Fig. 7) do not coincide with that expected from Dparticleisy and
Dyparticleqry Of the Au particles (2r = 15.4 nm for the smaller and
2r = 24.6 nm for the larger Au particles, respectively). The radius
from the TEM observation corresponds to the size of the metal-
lic cores, but it does not include a polymer layer adsorbed on the
surface of the particles. On the other hand, in the case of the con-
centrated PVP solution, 2r is calculated to be 13.9 nm (for the
smaller particle) and 23.1 nm (for the larger particle). Addition-
ally, in the case of the solutions without PVP, 2r is calculated to
be 44.4 nm (for the smaller particle) and 63.4 nm (for the larger
particle). The particle sizes of the smaller and larger Au particles
in the dilute solutions are slightly larger than those in the concen-
trated solutions, but the particle sizes in the solutions without PVP
are much larger than those in the dilute solutions. In the solutions
without PVP, the created particles became to form precipitates un-
der the ambient conditions for a couple of days.

4.3. Laser-induced photofragmentation of Au particles in polymer
solutions

According to the investigation of Koda et al. [33], laser-induced
size reduction of Au particles was observed in aqueous solution by
means of the irradiation of a pulsed Nd:YAG laser. They reported
that the Au particles possessing a diameter larger than ca. 20 nm
were transformed to the smaller particles less than ca. 10 nm by
the laser-irradiation. If the size reduction mechanism is applied to
the present Au colloidal solutions, larger Au particles produced by
the photoirradiation of the mercury lamp would be photofragmen-
tated to small Au particles by the excitation beam of the excimer
laser during the TG measurement. In other words, larger Au parti-
cles (20-25 nm in diameter estimated from the present TG mea-
surements), whose diameter must exceed a threshold value (the
expected threshold value of ca. 20 nm as likely as in Ref. [33]),
should be photofragmentated to small Au particles (13-16 nm in
diameter estimated from TG) by the excitation beam of an excimer
laser.

It should be noted that the irradiated volume by the excimer
laser is very little in the sample solution during the TG measure-
ments because of its small beam size, and the irradiation using
the excimer laser is performed just during the TG measurements.
Hence, little amount of the Au particles is photofragmentated to
small Au particles by the excimer laser and, on the contrary, most
of all the Au particles are produced by the photoirradiation using
the mercury lamp. Therefore, the photofragmentated small Au par-
ticles are transient species during the TG measurements, and the
larger Au particles really exist in the particle growth process and
their particle growth is significantly controlled by the photoirradi-
ation using the mercury lamp, not by the excimer laser. Hereafter
we shall focus on the larger Au particles produced from the pho-
toirradiation by the mercury lamp.

First we shall consider the particle growth mechanism in the
PVP solution by the careful observation of the TG signal intensi-
ties since the process of Au particle growth is very complicated.
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Fig. 8. Plot of the species grating intensity of the larger Au particles (8kparticle))
produced by the photoirradiation of the mercury lamp against the reduction time.
The concentration of polymer was as follows, (O) the dilute PVP solution ([PVP
monomeric unit]/[metal] = 4) and (OJ) the concentrated PVP solution ([PVP mono-
meric unit]/[metal] = 400).

Fig. 8 shows the time evolution of the TG signal intensities due to
the larger Au particles (8kparticley) in the fitting with Eq. (11) for
the dilute and the concentrated PVP solutions against reduction
time. In the case of the dilute PVP solution, the TG signal inten-
sity drastically increases after 1 min of the photoirradiation and
is almost saturated within 10 min. On the successive photoirradi-
ation over 10 min, gradual increase of signal intensity is observed
with the increase of the reduction time, indicating that the sam-
ples photoirradiated for longer time show the photofragmentation
of the larger Au particles (with Dparticlery) occurs to the same ex-
tent in the colloidal solution. On the contrary, Aut species still
remain in the solution and they might be continuously reduced
to Au® atoms by the photoirradiation on the existing smaller Au
particles (whose diameters are less than those of the larger Au
particles). This autocatalytic growth process [34-36] occurs during
the photoirradiation and finally their particle size approaches to
the uniform size, which is representative of larger Au particles, in
course of reduction time.

On the other hand, in the case of the concentrated PVP so-
lution, the TG signal intensity increases more slowly during the
first 40 min, and then gradually increases in time till 90 min.
In the short-duration photoirradiation (0-10 min), especially, the
values of 8kparticley are smaller in the concentrated PVP solution
than those in the dilute one. The slower production of larger Au
particles in the concentrated solution than in the dilute solution
indicates that polymer concentration would affect the rate of par-
ticle growth due to the interactions between the polymer chains
and Au particles (or Au ions). These interactions might suppress
the rate of particle growth more noticeably as the size of Au parti-
cles becomes larger and larger.

4.4. Time evolution of Au particle formation and comparison with Pt
particle formation

Fig. 9 illustrates the Au particle formation schemes in PVP so-
lution during the photoreduction using the mercury lamp from
AuCly to Au particles. Fig. 9a presents the ionic precursor of AuCl
in the solution before the photoirradiation. Once the photoirradi-
ation is performed, the rapid reduction of AuCl, to AuCl; occurs
(Figs. 9b and 9c) and chemically-stable AuCl; exists in the solu-
tions (Fig. 9¢). The reduction of AuCl, is concomitant with the
formation of Au particles (as shown in Figs. 9c and 9d). The trans-
formation of AuCl, to AuCl, completes within 1 min, which cor-
responds to the route from the spectrum of Fig. 2, a to c. After
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Fig. 9. Schematic illustration of the photoreduction process of the Au-containing
solution (ethanol-water, 1:1 (v/v)) (a) before and (b-f) after the long-duration pho-
toirradiation. Panels (a) to (d): These illustrations represent the state of the Au ionic
species as well as the Au particles at the photoirradiation process. Panels (e) and (f):
On the irradiation by an excimer laser, the photofragmentation of larger Au particles
(ca. 20-25 nm expected from Dypapticleqry) occurs in the colloidal solutions, resulting
in the formation of the small amount of the photofragmentated Au particles (ca. 13-
16 nm expected from D particle(s) )-

the irradiation of 5 min, only AuCl, exists in the solution con-
taining Au particles shown in Fig. 9d. It is obvious that AuCl, is
much more stable than AuCl, in the aqueous solution under the
long-duration photoirradiation. Figs. 9e and 9f show the schematic
illustration of the small area irradiated by an excimer laser. During
the long-duration photoirradiation using mercury lamp, the stable
AuCl; remains and the number of larger Au particles (ca. 20-
25 nm expected from Dparticleqy) increases in reduction time (the
process from Fig. 9d to 9e) even after the irradiation by the ex-
cimer laser. The photofragmentation of the larger Au particles is
more remarkably induced by the excitation from the excimer laser
because of the increasing number of larger Au particles, resulting
in the number of smaller photofragmentated Au particles (ca. 13-
16 nm expected from Dparticle(s)) increases accordingly, as shown in
Fig. 9f. For the much longer reduction time, increase of the number
of the larger Au particles might be observed owing to the reduc-
tion of the remaining Au™ on the surface of Au particle (with a
diameter less than that of the larger Au particles) via the autocat-
alytic particle growth.
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In our recent study [25,37], we investigated the photoreduction
process of PtClé’ to Pt particles during photoirradiation by means

of the TG measurements. Upon photoirradiation to the PtClé_ SO

lution, the species grating signal due to PtClé’ diminished and
then the TG signal of Pt particles gradually appeared. This result
indicates that the gradual clustering of Pt® atoms into Pt parti-
cles occurs after all PtClé’ ions are photochemically reduced to
PtCli_ and subsequently transformed to Pt° atoms with a short de-
lay. However, in the AuCl, solution, the rapid reduction of AuCl,
to AuCl, occurred, and the subsequent reduction of AuCl; to Au®
atoms is concomitant with the formation and growth of Au metal
particles [26]. The formation of larger Au particles, which are
produced during the short-duration photoirradiation (0-10 min),
might be activated when the reduction of AuCL; to Au® atoms pro-
ceed on the surface of the small Au particles (less than ca. 20 nm)
via the autocatalytic particle growth.

5. Conclusion

The translational diffusion of Au ions and Au particles during
the photoreduction process in aqueous ethanol solution of poly-
(N-vinyl-2-pyrrolidone) (PVP) was investigated by using UV-vis
absorption and the laser induced transient grating (TG) methods.
The diffusion coefficients (D) of the Au ionic species and the Au
particles during the photoreduction of AuCl, were examined. The
TG signal of AuCl, solution before photoirradiation was composed
of three contributions; the thermal grating, the species grating due
to the creation of AuCl;, and that due to the depletion of AuCl,
The TG signal due to the diffusion of Au particles appears just after
the TG signal due to AuCl, disappeared and the transformation of
AuCl, to AuCl; completed within 2 min. The reduction of AuCl;
is concomitant with the formation of Au particles in the short-
duration photoirradiation (for example, 0-10 min in the case of
the dilute PVP solution). When the particle size of the Au particles
exceeds a threshold particle size (expected value of ca. 20 nm in
diameter) in course of the photoirradiation time, two contributions
are observed in TG signal coming from the two different diffusion
coefficients (Dparticle(sy and Dyparticle(1y)- One is the contribution due
to the smaller Au particles (ca. 13-16 nm in diameter) produced
from the photofragmentation of larger Au particles (ca. 20-25 nm
in diameter) by excimer laser, and the other is due to larger Au
particles themselves produced by the photoirradiation using the
mercury lamp.
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