Radiation-induced and chemical formation of gold clusters
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The kinetics of the y-radiolytical or chemical reduction of Au™ Cl,~, or of the combination of both methods, is
followed as a function of the experimental conditions through the time evolution of the surface plasmon
spectrum of the gold nanoparticles formed or of their sizes as observed by AFM imaging. It appears from the
discussion on the mechanism that even with the strongly reducing radiolytic radicals, the low valency Au'ions

I ;

are somewhat protected by the more concentrated Au™ ions from reduction, up to a ratio of Au'/Au™ = 1, and
are stabilized for hours, unless clusters or 2-propanol (or PVA, but more slowly) catalyze their
disproportionation. The cluster concentration increases correlatively with the dose.

2-Propanol or PVA are mild reducing agents and are unable to reduce Au™ directly except at the surface of
clusters, previously formed, for instance, by partial radiolytic reduction. In this case, the cluster concentration
remains the same but the size obtained after reduction by the alcohol increases slowly with time up to 100-500
nm, as in a development process. In order to avoid the relative extent of this development, associated with

chemical reduction and even with the direct y-reduction of Au

i

,in particular the Au' disproportionation and

reduction steps, high dose rate radiolysis has been used up to total reduction of the same solutions. The

mechanism of reduction and growth, step-by-step, is discussed.

Clusters are known to exhibit a very specific reactivity, which
depends on their nuclearity.! Their catalytic efficiency is also
controlled by their size. However, one of the most important
reactions concerned by metal cluster reactivity is precisely the
nucleation and growth of clusters, for instance when generated
by the reduction of ionic precursors.?2~> It seems that most of
the features presented by the final clusters depend on the syn-
thesis conditions under which clusters formed during the early
steps of the reduction are active in further growth. The ele-
mentary steps of the reduction of lower valency ions to atoms
and clusters are known from pulse techniques, generally pulse
radiolysis by electron accelerator.®:’

The aim of this work is to compare different ways to syn-
thesize metal clusters in solution: by radiolysis in both
regimes (y-radiolysis and electron pulse irradiation), by elec-
tron UV photodetachment and by chemical reduction of
aqueous solutions of ionic precursors. Gold clusters are easily
observed by their surface plasmon spectrum around 520 nm.
We investigated, by optical spectroscopy and by AFM (atomic
force microscopy) imaging, the effect of the y-irradiation dose
and the influence of other solutes on the reduction of trivalent
gold ions, the formation rate of the successive valencies up to
the zerovalent state and the nucleation rate of small clusters.
The results are compared with the growth of gold clusters
formed by mild reducing molecules in order to study the cata-
lytic influence of small clusters acting as reduction nuclei. The
kinetics of the chemical reduction of trivalent gold ions by
methanol® and polyalcohols® have been already studied.
Detailed investigations of the reduction by pulse radiolysis of
metal ions and of metal cluster growth have been
published,?*~71%11 namely in the case of monovalent gold
cyanide.!?

Experimental

The chemicals used are pure grade reagents. The gold salt is
KAuCl, (Degussa). The reduction is achieved in aqueous solu-
tion with added 2-propanol (Prolabo) as an OH" and H' scav-
enger and polyvinyl alcohol (PVA, MW 86000, 98%

hydrolyzed, Aldrich) as a surfactant. Solutions were thor-
oughly deaerated by flushing N, gas. The y-irradiation source
of the laboratory is a ®°Co y-facility of 7000 Ci with a
maximum dose rate of 10 kGy h™!. The electron irradiation is
performed with a 20 kW and 10 MeV electron accelerator
(CARIC Society) delivering trains of 14 ms (10-350 Hz) pulses
with a mean dose rate of 2.2 kGy s~ ! (or 7.9 MGy h™?). The
solutions were stored in the dark as soon as prepared and also
once irradiated. A new sample is used for each irradiation
dose. Then the kinetics after irradiation are followed on the
same sample with increasing time. The surface plasmon
spectra of gold clusters produced by the reduction were
recorded in suprasil optical cells with a Hewlett Packard 8453
spectrophotometer. Some experiments have been carried out
by UV excitation (Hg light).

For AFM imaging, one drop of the solution is deposited on
a HOPG (highly oriented pyrolytic graphite) support and
dried under N, gas, also used to spread out the film as uni-
formly as possible. This technique gives reproducible images
from sample to sample prepared under the same conditions.
Therefore, the images can be considered as reflecting reliably
the relative density of the sol particles. A Nanoscope (III)
(Digital Instruments, Santa Barbara, CA) equipped with an
Extender Electronics Module was used. The images were
acquired in tapping mode, using a silicon cantilever. None of
the images has been filtered.

Results

The solutions are quite stable before irradiation. No band is
detected except that of Au™Cl, ™ around 200-300 nm. Because
the kinetics of thermal reactions after the end of the y-
irradiation are slow, in the range of hundreds of min, the pro-
cesses occurring during the irradiation may be separately
observed provided the dose is absorbed within a few min and
the spectrum is recorded immediately after the end of the irra-
diation. Most of the experiments have been achieved at a dose
rate of 10 kGy h™!. The spectra are recorded under nitrogen
atmosphere. However, they do not change when the sample is
exposed to air.
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Au™ reduction by y-irradiation

A typical spectrum of a colloidal solution of gold just after the
end of the y-irradiation (less than 5 min) of a 10~ 3 mol 17!
auric solution in the presence of 0.1 mol 17! PVA and/or 0.2
mol 17! 2-propanol is shown in Fig. 1. It corresponds to the
surface plasmon spectrum of gold nanoparticles with a band
maximum at 520 nm.

The spectrum shape in the 400-700 nm range does not
change from the lowest doses up to total reduction. When
increasing the dose, the maximum intensity of the surface
plasmon band increases up to a limiting value corresponding
to the total reduction of the solution (Fig. 2). The results
depend drastically on the solutes added to the auric solutions.
In the presence of PVA, the absorbance at the plateau is quite
stable. In the presence of only 2-propanol, the plateau of the
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Fig. 1 Evolution of the optical absorption spectrum with dose in y-
irradiated 1073 mol 17! auric (KAuCl,) solutions. Doses are indicated
on the spectra. Optical path: 2 mm. ( ) 0.1 mol 17! PVA, 0.2
mol 17! 2-propanol; (- - —-) 0.1 mol 17! PVA; (-+—-—-) 0.2 mol 17!
2-propanol

1-5"“\""1""|""I'

P R
15 20 25
Dose / kGy

Fig. 2 Evolution of the absorbance at the wavelength maximum
(Amax = 520 nm) vs. dose at the end of the irradiation. Optical path: 2
mm. Dose rate: 10 kGy h™'.(A) 1073 mol 17! KAuCl,; ()2 x 1073
mol 17! KAuCl,; (@) 1073 mol 17! KAuCl,, 0.1 mol 1" PVA; (A)
1073 mol 17! KAuCl,, 0.2 mol 17! 2-propanol (A,,, = 530 nm); ((J)
1073 mol 17 KAuCl,, 0.1 mol 1! PVA, 0.2 mol 1~ ! 2-propanol
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absorbance and the initial increase are about 50% higher and
the band is narrower than with PVA. At doses larger than 10
kGy the clusters that are not stabilized flocculate partly, and
the absorbance no longer represents the total metal concen-
tration. The position of the maximum with 2-propanol is
slightly shifted to 530 nm, relative to 520 nm with PVA. Also,
the red part of the spectrum with 2-propanol is in fact more
intense than with PVA, a signature of larger particles.
However, in the presence of both PVA and 2-propanol, the
curve is close to the curve at the same initial auric ion concen-
tration with PVA only. Assuming that the plateau corre-
sponds to a total reduction, we find that the extinction
coefficient per atom is &(Au), pys = 3.2 x 10* 1 mol™* cm™*
(in agreement with a previous determination'3) and
&(Au), ;pron = 4.7 x 10> I mol~! cm™! when only 2-propanol
is added.

An important feature of the curves of Fig. 2 is the absorb-
ance variation at low dose. In the presence of 2-propanol only,
the increase is linear up to the almost complete reduction at 5
kGy. In contrast, the absorbance in other solutions, without
additives or with PVA, does not increase linearly but starts to
increase after a short induction dose (<1 kGy for PVA with
or without 2-propanol). The phenomenon is much more pro-
nounced when neither surfactant nor 2-propanol is added to
the 1073 or 2 x 1072 mol 17! auric solutions. The induction
doses are about 5 and 10 kGy, respectively (Fig. 2). However,
the extinction coefficient is the same as with PVA. At
2 x 1073 mol 171, the plateau expected at about OD = 1.3
was not reached due to flocculation. It is obvious from the
curves of Fig. 2 that at any dose the radiolytic yield is much
lower in the absence of an alcohol (2-propanol or PVA) than
in its presence.

The primary species generated by the radiation interaction
with the solvent water are:

HZO - eaq_ H] H3O+’ H" HZ s OH’ HZOZ (1)

At pH 7 the radiolytic yields of the radicals are: G(e,, ) = 2.7,
G(H’) = 0.55, G(OH’) = 2.8 elementary species per 100 eV
absorbed (G = 1 corresponds to 9 x 107°> mol 17! per kGy).

Note that €,,~ may be formed also by photodetachment
from anions in solution when exposed to UV light:

Cl™ > Cl + ¢, ©)

For this reason, the solutions were stored in the dark before
and after y-irradiation. Gold ions Au™Cl,~ are reduced by
€, LE°(H,0/e,,”) = —2.87 Vyug '*'°] into Au", as already
shown by pulse radiolysis studies:!®

Au"'Cl,” +e,,” - Au"Cl,>~ 3)

In certain experiments, we added 2-propanol in order to scav-
enge OH’ radicals whose powerful oxidizing properties would
otherwise cause a reverse oxidation of the gold atoms and
low-valency ions formed by the solvated electrons, as shown
by the lower yields found in the absence of alcohols (Fig. 2).
The H' atoms are scavenged by the alcohol as well:

(CH;),CHOH + OH’ (H') -» (CH,),COH + H,O (H,) (4)
The (CH,),COH alcohol radicals exhibit reducing properties

(E°([(CH,),CO + H*]/(CH,),COH) = —1.8 Vpyz at pH
7317 and they contribute to the reduction yield of gold ions:

Au™Cl, ~ + (CH,),COH - Au"Cl,%~ + (CH,),CO + H*
@)
The following step is the disproportionation of Au" [k, =
(0.48 + 0.12) x 10° 1mol ! s~ 17:1¢
2 AulCl,2~ - Au™Cl,~ + AulCl,” + 2 CI~ 6)

When Au™ ions are partly depleted after a certain dose by
reactions (3) [and (5) if an alcohol is present], then accumulat-
ing aurous ions Au' may also compete for the scavenging of



€, [and (CH,),COH], so that they are reduced during the
latter part of the irradiation into Au® atoms, which are pre-
cursors of clusters:

AU'Cl,” +e,,~ [or (CH,),COH]
— Au°Cl,2~ [or + (CH;),CO + H*] (7)

It is remarkable that the induction dose assigned to the start
of Au' reduction is doubled when the initial Au™Cl, ~ concen-
tration is doubled, which confirms the competition between
reactions (3) [and (5)] and (7). The thermodynamics of this
reaction force us to consider the single atom as being com-
plexed. The monovalent gold ions Au'Cl,~ are known from
electrochemistry to disproportionate in the presence of elec-
trodes. If they are not reduced by the radiolytic species, they
are supposed to disproportionate to give Au and zerovalent
gold,'® but this does not occur if they are formed as isolated
atoms [reaction (7)] since a catalyst is required (see
discussion).

By analogy with the reduction mechanism of monovalent
silver ions2*® and other ions,'® the radiolytic formation of
gold atoms is probably followed by association of atoms with
an excess of ions [reactions (8)], dimerization [reaction (9)]
and finally by aggregation of these species into clusters of
higher nuclearity surrounded by chloride anions [reaction

(101]:

Au°Cl,2~ + AU'ClL, ™ — (Au, F)g- (8)
2(Au, F)e- = (Auy® gy - )
(Auqz - + (Au v Nar- = (Au,* g, (10)

At any stage of the coalescence, the ions adsorbed on the clus-
ters may be reduced as well by the radiolytic species. The role
of added PVA in the system is twofold. Due to its residual
carboxylate groups the surfactant PVA interacts with the
metal atoms of the cluster surface and stabilizes the clusters by
inhibiting their coalescence.!® But the polyalcoholic character
of PVA may also contribute, mostly in the absence of 2-
propanol, to the scavenging of H" and OH" [similar to reac-
tion (4)]. The PVA radical thus formed contributes to the
reduction of gold ions, as shown by the similarity between the
curves in Fig. 2 with PVA alone or associated with 2-
propanol.

When the spectrum intensity is plotted wvs. the dose
absorbed (Fig. 2), for example at the band maximum (A, =
530 nm), a linear relation is observed in the presence of 2-
propanol only. From the extinction coefficient €(Au), ;p.on,
we determine a radiolytic yield of G(Au®) = 2, which corre-
sponds to a total reduction yield G(red) = 3 x G(Au°) = 6,
according to the above mechanism [reactions (1)—(10)].

It is remarkable that in PVA solutions (Fig. 2) the yield at
low dose is almost zero during an induction period (of 1 to 1.5
kGy depending on the conditions). However, the amount of
clusters formed at about 5 kGy, which is close to the plateau
in the presence of PVA (with or without 2-propanol), corre-
sponds again to a mean yield of G(Au®) = 2 = G(red)/3. In the
absence of alcohols, OH" radicals are not scavenged and the
reduction yield must be lower, as observed in Fig. 2 where a
mean value of G(Au®) = 1 only is observed after 10 kGy for
[Au] =1073 mol 17! and even after 20 kGy for
[Au™] =2 x 1073 mol 17!, Correlatively, the absorbance in
the UV region at 293 nm (where the auric ions absorb and the
extinction coefficient does not depend on the Cl- or Au™
concentrations), decays linearly with increasing dose, at least
up to 5 kGy. However, Au! is certainly formed by reaction (6)
after Au™ reduction and its absorption contribution in the
same region is negligible.2°

Comparison of the results on Au™ disappearance and Au,
formation vs. dose up to 5 or 10 kGy within the induction
region raises the serious question of the material balance.
Actually, it is clear that the reduced auric ions are not in the
form of atoms belonging to clusters whose concentration

11

would be measured by the specific surface plasmon spectrum.
However, such a spectrum in a partially reduced solution with
1.5 kGy (in the absence of other additives, therefore of any
reducing agent) develops slowly with time (Fig. 3), and after 5h
corresponds to a yield of G(Au®), = 1, as if some metastable
precursors have been transformed into clusters.

Different assumptions may be made about the gold species
distinct from Au™ or Au,, which are missing in the material
balance at the end of the irradiation.

Before the formation of aggregates, small zerovalent gold
oligomers may be formed. They are known to exhibit a spec-
trum less intense than clusters do and their absorbance
increases to the blue without any maximum, at least in the
visible.!? However, if they were present at low dose and at the
end of irradiation, an absorbance would be observed because
the extinction coefficient in the near UV is rather high. More-
over, no supplementary absorbance is detected if a salt such as
sodium perchlorate (10~2 mol 171) is added after the 1.0 kGy
irradiation, in order to increase the ionic strength of the solu-
tion and to help the possible oligomers flocculate into clusters.
We conclude that the balance of Au™ reduction is not com-
pleted by small zerovalent oligomers.

In contrast, if to the same 1.5 kGy irradiated solution are
added gold clusters (10~2 mol 17 1), prepared in advance by
irradiation at total reduction (10 kGy) of another sample, the
intensity of the specific spectrum of preformed gold clusters
immediately increases as if the addition of nuclei (without
reducing properties per se) had transformed ions of a valency
lower than m into supplementary zerovalent gold, which
would correspond to a cluster yield of 1 or G(red) = 3. More-
over, when irradiated in the presence of preformed clusters,
the auric solution is reduced into Au, from the lowest doses
with a yield of G(red) = 3 and no induction time is observed,
in contrast with the results of Fig. 2. Since Au" ions dispro-
portionate too fast to be metastable [reaction (6)], the sim-
plest explanation is to invoke the presence of Au' species that
could be stabilized (even in the presence of air) as long as
clusters are not yet formed or added. The Au' concentration
represents the number of equivalents of reduced Au™ because
no other stable valency is formed at low dose. Therefore, we
conclude that the post-irradiation increase of the 520 nm
absorbance is due to a very slow disproportionation of Aul,
after adsorption onto native or added clusters:

2 Au', Au, - (Au", Au,)q- + Au, (11)

This reaction is followed by Au" disproportionation [reaction
(6)]. The point of Au' metastability and very slow dispro-
portionation in the absence of clusters will be discussed in the
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Fig. 3 Time evolution of the absorbance at 520 nm after the end of
y-irradiation with a dose of 1.5 kGy in a 10~ 3 mol 1~ KAuCl, solu-
tion. Zero time is the start of irradiation. Optical path: 10 mm
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last section. Recently, a similar process of catalyzed dispro-
portionation of Au' has been evidenced on Au foils or on
early-formed clusters.?! The length of the induction times in
the chemical reduction kinetics of Au™ by basic methanol or
by polyalcohols have been found to depend on the presence of
metal clusters or other colloidal particles.

During the induction period, the reduction yield of Au
into Au' would be, according to this assumption:
G(AU") = G(—Au™) = 3G(Au®), = 3 or 1.5 equiv. per 100 eV,
with or without alcohols, respectively. Under similar con-
ditions in the presence of methanol, previous authors found a
disappearance yield G(—Au™ ) = 3 '8 and 0.7 ions per 100 eV
in aerated solutions.?? Note that the transitory stabilization of
unusual low valency transition metal ions has been already
found in the case of other systems such as iridium,?® plati-
num,?* palladium,?’ copper?%:27 and nickel?® for at least up
to 200 ms. Competition between Au™ [reactions (3) and (5)] and
Au' [reaction (7)] for the scavenging of e,,~ and reducing
radicals depends on the ratio [Au™]/[Au']. When the initial
concentration of Au™ increases, the reduction of Au' requires
a larger accumulation of Au' before being efficient and the
induction time is longer (Fig. 2). When the induction time
ends (at 5 kGy for 1072 mol 17! or at 10 kGy for 2 x 1073
mol 171), the ratio is 1 and the fraction of Au™ reduced is
50%, which means that the rate constants k,, k, and kg are of
the same order of magnitude. As soon as the Au' reduction
begins, the atoms formed coalesce into clusters and, as we
have observed when clusters are added, the clusters catalyze
the disproportionation of Au', thus further increasing cluster
growth. Thus, the product of Au™ reduction is no longer Au'
but Au,°. After the disproportionations of reactions (11) and
(6), G(—Au™); gx6, = G(AU,%); ogy = 1.0 because Au™ is now
in part reversibly formed.

The temporary stabilization of Au' will later cause a cata-
Iytic disproportionation restricted first to the cell walls (and
dusts) and then to the surface of clusters produced early-on in
the bulk.® This process will contribute to the growth of clus-
ters. In order to reduce Au' into Au® earlier than this possible
disproportionation, irradiation experiments have been carried
out through a high dose rate source (electron accelerator). The
reduction by e,,~ and (CH,),COH is thus achieved within
~1 s. Thus, the Au' ions are directly reduced into isolated
Au®, which then coalesce. The surface plasmon spectrum of
this sample is somewhat different from previous ones. The
maximum is shifted to 512 nm and &€ =26 x 10°> 1 mol~?!
cm™ !,

Similar phenomena concerning the induction time before
cluster formation, as observed after y-irradiation, have also
been found when a partial reduction is initiated by electrons
generated through UV exposure with a Hg lamp [reaction
@)1

The set of images in Fig. 4, presents observations by AFM
of samples dried immediately after the end of y-irradiation at
various doses: (i) at 1.5 kGy just at the beginning of the
cluster formation, (ii) then at 2 kGy during the formation, (iii)
and finally at 5 kGy when the reduction is complete. The cor-
responding experiments were performed in the presence of 0.1
mol 17! PVA and 0.2 mol 17! 2-propanol. It is noteworthy
that the images are particularly uniform in aspect throughout
the sample surface. This observation induces us to show rela-
tively large scale images. However, size determinations were
performed on smaller scale images. It must also be pointed
out that, as expected,?® the phase mode display shows sharper
contours than the height mode images. However, the two
modes are presented simultaneously for all images. In the
micrograph of Fig. 4(A), the size of the scarce clusters present
is not larger than 5 nm (n = 155 atoms). At 2 kGy the density
of clusters is much higher and the sizes of the majority of them
are rather monodisperse around the value of 5 nm, even
though a few larger clusters appear [Fig. 4(B)]. At complete

i
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Fig. 4 AFM images showing the effect of y-irradiation dose on the
cluster concentration. Each solution contains 1073 mol 17 Au™, 0.1
mol 17! PVA and 0.2 mol 17! 2-propanol (see Fig. 2 and text for
further details). Left: height mode (z range 25.0 nm). Right: phase
mode (z range 18.0°). (4) 1.5 kGy (9 min), (B) 2 kGy (12 min), (C) 5
kGy (30 min)

reduction, the size of the largest clusters is still the same but
the density is now markedly increased [Fig. 4(C)]. The results
suggest that, after the first step, when zerovalent gold is not
yet much formed because Au' is stabilized, the newly created
atoms contribute partly to letting the few small clusters
already formed grow and partly to coalescing into new clus-
ters with a rather reproducible stabilized upper size limit.
Finally, the probability of the formation of new clusters pre-
dominates.

In a remarkable observation, AFM images reveal that the
upper size limit of coalesced clusters, and hence the aggre-
gation kinetics, depends strongly on the presence or absence
of alcohol. For instance, in the absence of alcohol, with the
other experimental conditions being exactly the same as for
Fig. 4(A), the large clusters are much more abundant, with an
average size of 20 to 50 nm. (This results appears consistent
with the creation of fewer nuclei in the absence of alcohol.)

Time evolution of the spectrum after the end of y-irradiation
(partial reduction)

As shown in Fig. 5-7, when a 1073 mol 17! auric solution
containing PVA (with or without 2-propanol) is only partially
reduced (dose = 1.5 kGy) and the evolution of the spectrum is
recorded again at different delay times after the end of the



irradiation, we observe a supplementary post-irradiation
increase of the spectrum intensity (with no change in shape),
which corresponds to the surface plasmon band of gold clus-
ters. The spectrum develops eventually at quite long time (a
few weeks) to the total reduction of Au™Cl, ™ ions [as seen for
10* min in Fig. 5(c)], at least for the higher concentrations;
and therefore, at a much higher yield than the total radiolytic
reduction G(red) = 6. This increase is much higher than in the
absence of alcohols, where it corresponded just to the dispro-
portionation of metastable Au' [reaction (11)]. The absorb-
ance in the visible region of an unirradiated solution is
negligible even after hours [Fig. 6(a)]. Therefore, the slow gold
ion reduction is due to a spontaneous chemical process indi-
rectly initiated by the irradiation. The slow post-effect
observed cannot be assigned, of course, to surviving primary
radicals because their lifetime is too short.

The influence of the PVA concentration in the absence of
2-propanol is shown in Fig. 5. The kinetics are divided into
two distinct components. The first one (I) lasts for about 50
min, and the absorbance increase is somewhat faster than for
the second component II. At the end of component I, the
quantity of gold atoms corresponds to a reduction yield of
G(Au®) = G(red)/3 = 2. The larger the 520 nm absorbance just
after the end of irradiation, the faster is its further post-
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Fig. 5 Time evolution of the absorbance at 520 nm, after the end of
y-irradiation at a dose of 1.5 kGy, in a 10~3 mol 17! auric (KAuCl,)
solution with various PVA concentrations: (a) 0.05, (b) 0.1, (c) 0.2 mol
171, Optical path: 10 mm. Components I and II are presented on the
same log scale
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Fig. 6 Time evolution at room temperature of the absorbance at 520
nm in a 10”3 mol 17! KAuCl, solution with 0.2 mol 1~* 2-propanol
and 0.1 mol 17! PVA: (a) non-irradiated solution, (b) after the end of
irradiation at a dose of 1 kGy, (c) non-irradiated solution after addi-
tion of preformed germs

irradiation increase. The rate depends on the PVA concentra-
tion, mostly above 0.1 mol 17, The rate of II, much slower,
increases also with the PVA concentration (Fig. 5).

Another set of experiments was made in the presence of 2-
propanol without PVA (Fig. 7). In this case the absorbance at
the end of irradiation is much higher than with PVA and
already corresponds to a yield of total radical scavenging
G(red) = 6. Clearly, Au' is not stabilized and is already dispro-
portionated into Au® so that component I is over within the
irradiation time. However, a post-effect with a supplementary
absorbance increase in II is observed. It is apparently of small
amplitude because the spectrum changes announce a floccu-
lation or at least the growth of the clusters, which are no
longer stabilized by a surfactant.

As different species may be involved in the chemical post-
irradiation reactions, we studied first the effect on the kinetics
of the addition of preformed clusters in an unirradiated Au™
solution [Fig. 6(c)]. It is seen that the reduction occurs indeed
with a rate comparable to the post-effect II observed after
irradiation, as if a reduction by alcohols initiated by the added
clusters acting as catalytic germs would suffice to account for
the slow increase of the second component. We propose a
chemical reaction restricted exclusively to the surface of the
formerly produced clusters:

Au, Au, + ROH — Au, Au, + H* + RO (12)

followed by reactions (6), (7) and (11). The new atoms formed
in reaction (11) increase the nuclearity of the cluster as in a
catalytic development process.3® Likewise, 2-propanol in basic
medium has been found to reduce Ag* at the surface of
(Ag,0), particles.®!

AFM images, scanned on samples deposited at various
times after the end of the irradiation process, confirm the
important variations in aggregation up to crystallization
kinetics in the presence or absence of alcohol. A sample irradi-
ated with 1.5 kGy in the absence of alcohol, was deposited for
observation 30 days after the irradiation. It is illustrated in
Fig. 8(4) and (B), which shows the height mode image (4) and
the corresponding phase image (B). Large crystallites are
observed. Incidentally, we note that the contours of the crys-
tallites are sharper on the phase image as expected.?® Fig. §(C)
and (D) is obtained by zooming in a representative area of Fig.
8(A4) and (B) and rescanning directly. It provides a sharper
view on the morphology of the crystallites. They appear
mostly as large, regularly shaped crystallites of apparent
surface area ranging roughly from 25 x 50 to 140 x 190 nm?
Their morphology would suggest crystallization in a simple
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Fig. 7 Time evolution of the absorbance at 520 nm, after the end of
irradiation, in an auric solution (103 mol 1-! KAuCl,) with various
2-propanol concentrations: (@) 0.02, (b) 0.1 mol 171, Initial dose = 1.5
kGy. Optical path: 10 mm
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Fig. 8 Tapping mode AFM images of the species formed in a solu-
tion irradiated with y rays (1.5 kGy), then deposited on HOPG 30
days after the irradiation and dried under a mild N, stream for visual-
ization. The solution contains 10~2 mol 17! Au™ and PVA but no
alcohol (see Fig. 2). (A) Height mode (z range 80.0 nm) image and (B)
phase (z range 42.2°) image, run simultaneously on the same area of
the sample. (C) and (D) Close-up images showing the same area as in
(A) and (B), respectively

classical system, maybe owing to the specific process of parti-
cle formation by development®*® [reaction (12)] under our
experimental conditions. However, further studies, both with
AFM and various diffraction techniques, will allow complete
characterization of the corresponding crystallographic system.
The same sample, irradiated with 1.5 kGy in the presence of
alcohol [thus corresponding to Fig. 4(A4) for the dose] and
deposited for imaging six weeks later, also shows large crys-
tallites. Roughly the same shapes are obtained in the presence
and absence of alcohol. Here, it can be assumed that total
reduction is finally achieved after this duration. Then, even
with this assumption, it is observed that the number of crys-
tallites is rather comparable to that at low dose [Fig. 4(4)],
except that the sizes are much larger. Note that, for the same
total amount of reduced atoms, the cluster concentration is a
linear function of (n)~ 3 and, thus, the concentration of 100 nm
clusters must be much less than that of nanometric ones. A
striking difference is revealed here between the effect of y-
radiolysis alone or in combination with further chemical
reduction. The chemical reduction, which takes place after the
irradiation, apparently does not create new clusters but con-
tributes to letting the few pre-existing ones, induced during
the 1.5 kGy irradiation, grow.

Another conclusion from the present AFM study is revealed
by the examination at increasing time of the irradiated solu-
tions: whether alcohol is present or not, the aggregation/
crystallization process is quite slow and lasts for weeks.

In order to avoid completely the possible chemical growth
by alcohols or by catalyzed disproportionation even during
the irradiation time, some samples were also irradiated with a
powerful and short pulse delivered by an electron accelerator
that allowed ion reduction within a few seconds. A clear dose
effect has been detected from AFM images. The experiments
start from two identical solutions containing 1073 mol 17?
Au™, PVA and alcohol. After irradiation with 6.5 kGy and 4.5
kGy, respectively, the samples were deposited immediately on
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HOPG and dried under a stream of nitrogen for AFM obser-
vation. Fig. 9(4) and (B) shows the corresponding images. It
must be emphasized that the images have been selected to rep-
resent as closely as possible the observations on the whole
surface of the deposit on the HOPG support. Fig. 9(4) per-
tains to the 6.5 kGy irradiation and corresponds to complete
reduction. It shows a large number of clusters, which are
rather small and uniform in size and distribution. The sample
deposited 4 h after the end of the irradiation shows the same
aspect. From this observation, it must be concluded that little,
if any, evolution of the cluster sizes has occurred and no devel-
opment may be observed. Fig. 9(B) corresponds to 4.5 kGy.
The contrast with Fig. 9(A) is striking. A few but significant
number of large clusters have already appeared at the end of
the irradiation. Here again, the sample deposited after 4 h was
also examined and revealed fewer, but larger clusters com-
pared to those of Fig. 9(B). Clearly, the sample with 4.5 kGy
irradiation is different from that with 6.5 kGy, and also shows
some evolution, which is not seen with the sample of Fig. 9(A).
All these observations support completely the experiments by
spectroscopic techniques and fit in with our assumptions and
reasoning that will be developed in more detail in the follow-
ing.

A

o 1,20 pw 0

1.20 pm

Fig. 9 Dose and temperature effects observed by tapping mode
AFM on samples deposited from solutions irradiated with the CARIC
set-up. Each solution contains 1072 mol 17! Au™, PVA and alcohol
(see Fig. 2; for further details, see text). Each sample was deposited on
HOPG and dried immediately after the irradiation. Left: height mode
[z range 7.00 nm for (A), (B); 25.0 nm for (C)]. Right: phase mode (z
range 20.0°). (4) 6.5 kGy, ~20°C; (B) 4.5 kGy, ~20°C; (C) 4.5 kGy,
~30°C



A complementary experiment with the CARIC apparatus
deserves emphasis, because it shows the influence of tem-
perature. Fig. 9(C) must be compared with Fig. 9(B) and illus-
trates the temperature effect. The samples have been irradiated
with the same dose (4.5 kGy), at T =~ 20°C in Fig. 9(B) and at
T =~ 30°C in Fig. 9(C), and the two samples were deposited
immediately afterwards. Not unexpectedly, the kinetics of for-
mation of very large clusters are favored by a rise in tem-
perature.

Discussion

A general remark on the results obtained is that the features
of the final clusters are strongly influenced in a precise way by
the various conditions of the gold reduction, either via
radiolysis (y-rays or electrons) only or via chemical reduction,
or both. The kinetics study emphasizes also the main factors
that control the successive steps of the growth dynamics.

Au™ reduction

The slowest step II involves clusters, Au™ ions and alcoholic

functions as the reducing agent. As similar kinetics were
obtained even if the solution was not irradiated but exclu-
sively in the presence of added clusters, we conclude that the
slow reduction is initiated by the reduction of adsorbed Au™
on the clusters by an alcohol group (of 2-propanol or of PVA)
[reaction (12)], followed by the successive disproportionations
of Au" [reaction (6)] and of Au' adsorbed on clusters
[reaction (11)]. This implies that the redox potential values of
the couples are in the order:

E°(Au"/Au") < E°[(CH,),COH/(CH,),CHOH]
< E°(Au™, Au,/Au", Au,) (13)

In contrast, the radiolytic reduction process is initiated by any
encounter of free Au™ with solvated electrons or alcohol rad-
icals [reactions (3) and (5)].

E° (ox/red) vs. Vs

au'llei, A, /7 Ad'CI, A,

T

(CH,), COH / (CH;),CHOH - aullciz 7 aulciz

1

H307 / = H 4+ 0

3 2 2
(CH,),C0 / (CH),COH + - 1.8
H,0/ ezq 1 -28

Au! stabilization

Concerning the disproportionation of Aul, the relative order
of the potentials is

E°(AU, Au,/Au,, ) > E°(Au", Au,/AU, Au,) (14
to be compared with
E°(Au"/Au®) < E°(Au'/Au") (15)

The appearance of Au, is therefore critical for the chemical
reduction of Au™ by alcohols, which does not occur unless
Au, are already formed by radiolysis [Fig. 6(a)]. Similar
observations were made for other metals, for example Cu,?%-27
which are stable in the valence 1 in the absence of metal clus-
ters. Note that the disproportionation reaction (11) [with eqn.
(14)] is quite similar, when n — co, to the known Au' dispro-
portionation on a bulk electrode in the presence of Cl™.
However, when we compare the redox potential E°(Au'/Au®)
with the electrode potential E°(Au', Au,/Au, ., ,), the difference
may be indeed quite large because it includes the sublimation
energy from the metal Au, to isolated atoms Au®. For the
silver aquo system the potential of the single atom is —1.8
Vaue 2 and for the cyano complex of Ag it is equal to —2.61
Vyaue 22 The potential of the couple Cu'/Cu® (isolated copper
atoms) was estimated to be —2.7 Vyyg.>3

In Fig. 10 are presented some values from the literature
concerning redox potentials of radicals and gold ions, together
with potentials of other transient gold states tentatively
derived from the reactivities observed in this work. The three-
electron redox potential of Au™Cl, ~ reduction into Au® on a
metal electrode is known to be E°(Au™Cl, /Au,.) = 1.002
According to the spontaneous successive dispro-
portionations of Au" into Au™ and Au', and of Au! into
Au" and Au° the potentials E°(Au™Cl, /Au"Cl,2"),
E°(Au"Cl,>~/Au'Cl,”) and E°(Au'Cl, /Au,,, Cl7) should
increase in this order. We assigned the delay before the obser-
vation of any absorbance at 520 nm at low dose (Fig. 2) to a
stabilization of Au' with respect to the disproportionation
because this process is thermodynamically unfavored when
Au! is free [eqn. (15)]. Actually, the corresponding potential

34
VNHE'

AulCIy, Au, 7 Auy g
AullciZT, Auy, / Au'Cly, Auy,

Aul'ci?™ / au'clz

(AuClz)og /(AuPCI3 )0y

(Aaul'C1Z Yoy /(AUNCIZ)on

(AuPCI1Y pcoo- /AUCI)pe00-

Alety)pegor / (A3 dpcoor

Aulcl; 7 aufciZ-

AuIII / AuH

Au'"/ Ad' Au'/ Ad®

Fig. 10 Scheme of the redox potentials of gold ions of intermediate valencies compared to the potentials of some reducing radicals.!415-17-34
Some potential values are tentatively proposed according to the experimental observations (see text)
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E°(Au'/Au®) is rather low, probably in the same range as for
the cyanide complex (—1.5 Vygg).!? In contrast, the dispro-
portionation [reaction (11)] occurs readily if the solution
already contains clusters (formed during the irradiation or
added) because they behave as small electrodes and the condi-
tion of eqn. (14) is fulfilled. The reaction rate of Au, formation
increases with Au, concentration (or ODs,,) as in a catalytic
process.

The reaction is also favored by the presence of alcohol
groups, and more so by 2-propanol than by PVA. In fact, in
2-propanol solutions the process is achieved within the irra-
diation time and at the end of irradiation the reduction of Au'
and the formation of Au® is complete with a value of
G(red) = 6 (Fig. 5). That means that the overall reduction of
Au™ is at this moment exclusively due to the radiolytic
species.

An important change of the Au' lifetime results from the
presence of PVA, as shown by comparison of the curves of
Fig. 5 and Figs. 6 and 7. However, the induction time, which
depends on the disproportionation of Au', does decrease as
the PVA concentration increases. The PVA alcohol groups
are less active than those of 2-propanol, possibly because of
an inhibiting role of the carboxylate groups coexisting with
the alcohol functions in PVA.

Complexation equilibria control the interactions of the gold
ions or clusters with the main ligand Cl~ and also with the
carboxylate or the alcohol groups of PVA and 2-propanol.
These types of interactions are known to influence the redox
potentials of the couples. Therefore, the fate of Au' is strongly
dependent on the extent of the complexation with alcohol,
which was already invoked:®

Au'Cl,™ + PVA(OH) - (Au'CL, ")pyacom a7
Au'Cl,~ + ROH - (Au'Cl, “)ron (18)

Similarly, Au™ and Au® may also be complexed.

The relative potential values of the couples Au"/Au' and
Au'/Au®, in which Au' is involved, govern the occurrence and
the rate of the disproportionation. In the absence of alcohol
and at low dose, when no cluster is yet formed, the Au'Cl,~
disproportionation is not favored because the redox potential
between Au' ions and single atoms E°(Au'/Au®) is negative so
that E°(Au'/Au®) < E°(Au"/Au") [eqn. (15) Fig. 10]. In the
presence of 2-propanol, on the contrary, it seems that the dis-
proportionation is allowed as if now E°(Aukou/Aulon) >
E°(AuRon/Aukon) > E°(0,/0,7) = —0.33 Vyug. Therefore,
reaction (19) is fast and no induction time is observed:

2(AUIC12 “)ron (Au0C122 “ron Tt (AUHC12)R0H (19)

It is followed by reaction (6), so that the overall reduction
reaction is:

3(Au'Cl, " )ron = 2(Au°Cl,2 " )ron + (AU™Cl, ")ron  (20)

According to these observations, the potentials with ROH
must be in the order E°(Au™/Au") < E°(Au"/Au") < E°(AuY/
Au®), as tentatively proposed in Fig. 10

To a lesser extent, the alcohol groups of PVA may play the
same role but their interaction with gold is partly inhibited by
the carboxylate bonds. The induction time is just shortened by
increasing the PVA concentration (Fig. 5 and 6). At the
highest PVA concentrations, the disproportionation may
occur within the irradiation period and after the end of irra-
diation the kinetics of step I are accelerated by the presence of
PVA (Fig. 5 and 6). The results suggest that complex species
are formed with the carboxylate groups in competition with
reaction (17):

AUCl,™ + PVA(COO ™) > (AUCL, oyacoo) (1)

These Au' ions complexed by PVA(COO™) do not dispro-
portionate, in contrast with reaction (19). Thus, the redox
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potentials are now such that
E°(Au'/ AuO)PVA(COO—) < E°(Au"/ AuI)PVA(COO-) (22)

At long times after the end of irradiation, when clusters
have been slowly formed and the adsorption of Au' on them is
favored, reaction (11) is allowed. As for Au™, the reduction of
adsorbed Au' by an alcohol group becomes also possible.

The scheme in Fig. 10 tentatively summarizes the relative
values of the potentials, accounting for the processes observed.
The order of eqns (13) and (14) explains the catalysis by Au,.
In addition, the potential order of complexed Au' ions
explains how the stability of Au', particularly with respect to
its disproportionation, depends on the complexation condi-
tions. The redox potential of 2-propanol must be higher than
that of the couple of free Au™/Au" but slightly lower than that
of the ions adsorbed on a particle [eqn. (13)].

Cluster growth

As shown by the AFM observations, the final size of the gold
clusters depends markedly on the conditions of the reduction
of the ionic precursors. The detailed study of the process
kinetics allows us to propose a mechanism that explains how
the final size is controlled and which parameters are decisive.
At first, the process in the bulk must be initiated by the
reduction of Au"™, which requires a reducing agent with a
redox potential at least lower than E°(Au™/Au"). Then Au"
disproportionation occurs readily. The next step from Au' to
Au® is crucial for cluster growth. In fact, three scenarios are
possible.

(i) The potential of the reducing agent is quite negative rela-
tive to E°(Au'/Au®). Solvated electrons (or alcohol radicals)
produced by irradiation (ionizing radiation or photons) fulfill
this condition and totally reduce the ions to zerovalent gold.
Moreover, if the amount of reducing equivalents is provided
to the gold solution fast enough, as in the high dose rate
experiments, the intermediate valency Au' is also immediately
reduced, so that the preferential reduction of Au™ and the sta-
bilization of Au' are avoided. Eventually the gold atoms
yielded separately by the reduction coalesce according to a
homogeneous nucleation controlled by the surfactant, explain-
ing that the sizes are the smallest observed.

(i) If Au' is formed by a partial radiolytic reduction but not
reduced by a chemical agent [whose redox potential is too
positive relative to E°(Au'/Au®), which is the most common
situation for molecules in the absence of solid nuclei], Au! dis-
proportionates very slowly (faster if complexed by alcohols,
for example) and as soon as formed the few clusters catalyze
the disproportionation. Then, the surfactant does not inhibit
the adsorption of ions on the same clusters or the electron
transfer from the chemical agent to the ions adsorbed. There-
fore, the growth process depends, as in a photographic devel-
opment, on the concentration of clusters, on the total
concentration of ions to be reduced and on the redox poten-
tial of the reducing agent. The final cluster size is much higher
than in (i).

(iii) Without initial irradiation for even partial reduction,
the Au' ions, formed by chemical reduction of Au™ and dis-
proportionation of Au", accumulate and the Au' dispro-
portionation is greatly delayed because, unless they are
adsorbed on clusters or complexed by special ligands, the
potentials are not suitable. The number of clusters so formed
being quite scarce, the catalysis of the disproportionation is
restricted to extremely diluted nucleation centers and each of
these nuclei develops and grows dramatically.

Conclusions

The radiolytic reduction of auric ions let appear critical condi-
tions to form the zerovalent species: the low valency Au' ions
are somewhat protected by the more concentrated Au™ ions



from reduction. In the presence of alcohol functions, the com-
plexed Au' ions disproportionate while ions interacting with
carboxylate do not. The clusters yielded by the coalescence of
the atoms formed catalyze also the disproportionation reac-
tion. At longer times, Au™ or Au' adsorbed on clusters
resulting from the radiolysis are reduced by alcohol molecules
and contribute to develop the nuclearity of these same clusters
by acting as growth nuclei. As shown by micrographs, under
these conditions the gold atoms are eventually distributed into
particles containing at least 103> more atoms each than when
the reduction is achieved completely by irradiation. The differ-
ence arises from the occurrence in the radiolysis of indepen-
dant Au™ reduction processes by strongly reducing radicals,
which react at each encounter. Provided that the dispro-
portionation of Au' may be accelerated without the need for
catalysis by early clusters, isolated atoms formed by this dis-
proportionation coalesce under control of the surfactant. In
contrast, chemical reduction of Au™, by an alcohol for
example, which is a weak reducing agent and as such consti-
tutes an extreme case, requires preformed clusters as catalysts
and therefore results essentially in their development up to
large clusters.

Note that the adsorption of Au' on various supports or its
complexation could also favor the disproportionation, which
governs the whole reduction process. These steps must cer-
tainly be taken into account in the explanation of geological
processes of speciation and precipitation of gold.

More generally, the analysis of the elementary steps of the
reduction, radiolytic or chemical, of multivalent ions whose
behavior for the last reduction step M' — M? should be com-
parable to Au'— Au® enables us to understand better the
factors governing the final size of the clusters and thus to use
this information in order to control their synthesis.
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