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ABSTRACT: Silver clusters too small to support a plasmon
band possess interesting fluorescence properties as well as being
a convenient route to studying the early stages of nanoparticle
formation. Fluorescent silver clusters are synthesized in toluene
solution, and the formation is monitored herein by laser flash
photolysis (LEP). Kinetic analysis of the formation of the Ag H
clusters is consistent with the formation of the smallest possible
clusters, silver dimers (Ag,), whereby a mechanism for the
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formation of these clusters is provided as well as the first reported extinction coefficient and association constant for Ag” to form Ag,.
The formation of Ag, clusters is contrasted with the formation of Ag nanoparticles in aqueous media, and the particular stability and

selectivity toward Ag, in this system is also studied using LFP.

B INTRODUCTION

Small agglomerates of metal atoms containing from 2 to ~100
atoms are often referred to as clusters, and they provide an
important link between metal atoms and nanoparticles." Small
metal clusters, on the order of the de Broglie wavelength of the
Fermi level (which is ~0.5 nm for Ag and Au), are known to
exhibit strong fluorescence that can be tuned across the visible
spectrum by controlling the size of the metal clusters."”* Fluor-
escent metal clusters (e.g,, Ag,) may provide a less toxic alter-
native to semiconductor quantum dots as bright emissive labels
in biology and medicine, as well as being used in chemical sensing
and single-molecule studies.>* We recently synthesized solutions
containing silver nanoparticles (AgNP) that exhibit strong
absorption centered at 450 nm and can be excited to produce
intense emission centered at 540 nm.> The lifetime of AgNP
plasmons is very short, on the femtosecond time scale,® whereas
the 540 nm emission in the AgNP solution described here was
determined to have more molecular-type properties, fitting a
monoexponential function with a lifetime of 2.6 + 0.1 ns.
Therefore, the emission at 540 nm has been attributed to silver
dimer (Ag,) clusters in the AgNP solution and not the AgNP
themselves. In fact, other reports have detected Ag cluster
emission,’ >’ which is known to be enhanced when the clusters
are bound to AgNP.*

As mentioned above, metal clusters are an important bridge
between atomic metals and nanoparticles, and as such clusters
provide a route to understanding the mechanism of nucleation
and growth of metal nanoparticles. Also, in order to use
fluorescent Ag, clusters in many applications like imaging and
biology, it is of particular interest to understand the mechanism
of formation of Ag, clusters and the particular stability of these
clusters in fluorescent silver nanoparticle (AgFNP) solution. The
kinetics of the formation of the 450 nm absorption signal,
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attributed to Ag, clusters, was studied using laser flash photolysis
(LFP) techniques. Briefly, the photochemical reaction for the
formation of Ag clusters is initiated with a laser pulse, and the
transient absorbance change (AOD) at 450 nm is monitored on
short time scales (microseconds) after the laser pulse. The kinetic
analysis of the transient signal is consistent with the formation of
Ag, clusters as the fluorescent species, and a possible mechanism
of formation is provided. The first reported formation constant
for Ag dimers as well as an extinction coefficient for Ag, is also
reported here.

B RESULTS

Scheme 1 depicts the expected reactions that occur in a typical
LFP experiment when I-2959, a commercial photochemical
reducing agent, is excited by a 355 nm laser pulse, eventually
leading to the formation of Ag, clusters.

Transient spectra for the change in absorbance of LFP
solutions (see Experimental Section) after a 355 nm, 6 ns laser
pulse are shown in Figure 1. Also shown in Figure 1 is an
absorption spectrum for the AgFNP solution taken after it was
completely photolyzed with UVA irradiation in a Luzchem
photoreactor, and the spectrum shows an absorption maximum
at 450 nm similar to that obtained in the LFP experiments at
short time scales. Larger Ag clusters show longer wavelength
absorption maxima as the cluster size increases.” Therefore, the
fact that the 450 nm absorption maximum never shifts suggests
that the immediately formed Ag, clusters not only are stable but
also are the major absorbing chromophore in solution. The
change in absorbance at 450 nm in an LFP experiment is
plotted in Figure 1 (inset); kinetic analysis gives a good fit to a
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Figure 1. LFP experimental data: transient spectra (left axis) recorded
200 (black), 500 (red), and 750 us (blue) after the 355 nm laser pulse,
overlaid with the spectrum (right axis) from a stable AgFNP solution in
toluene long after irradiation. Also shown in the inset is the change in
absorbance at 450 nm of an LFP solution after a 355 nm laser pulse (red)
fit to a second-order rate law (blue).

Scheme 1. Key Reactions Leading to Ag, Formation
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second-order rate law (correlation factor = 0.995) with a value of
2ky/€ng, = 1.9 X 10° cm s~ '. The second-order behavior for the
formation of the optical signal at 450 nm is consistent with two
reduced silver atoms associating as shown in Scheme 1. However,
in order to obtain an absolute rate constant, it is necessary to
determine the extinction coefficient for Ag,. It is also interesting
to note that, if one turns off the monitoring beam in LFP and
records the emission intensity after exciting the species that
forms and absorbs at 450 nm (experimental details and data in
the Supporting Information), the intensity of the fluorescent
emission from the Ag, clusters also increases at the same rate and
overlaps with the increase in absorption at 450 nm (Figure S2a in
the Supporting Information).

To better understand the kinetics of Ag, formation, the
intensity of the excitation laser was varied, which is equivalent
to changing the initial ketyl radical concentration (reaction 1 in
Scheme 1). The maximum absorbance at long times after a laser
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Figure 2. Growth in 450 nm absorbance with different 355 nm laser
doses and (inset) plot of the plateau AOD (determined from the kinetic
fit) versus the square root of the laser dose for a typical LFP solution in
toluene.

pulse, and thus the final concentration of Ag,, followed a square
root law with the laser dose, as shown in Figure 2. The square
root dependence was initially intriguing, as one could expect the
total formation of Ag, to depend linearly on the laser power (i.e.,
the initial ketyl radical concentration). However, the square root
dependence is a common result for photochemically generated
radicals with competing terminating and product-forming reac-
tions where the terminating reactions are fast (reactions 2 and 3
in Scheme 1 are known to be diffusion-controlled).”

The above result suggests that the rate constant for the
electron transfer from the ketyl radical to Ag™ (reaction 4 in
scheme 1) is slower than the diffusion-controlled termination
reactions (reactions 2 and 3 in Schemel) but does not give an
estimate of the actual value of the rate constant. The ketyl radical
generated from photolysis of a-phenylbenzoin (Scheme 2) is a
weaker reducing agent than the isopropyl radical used here. This
is known from the fact that radiolysis of isopropanol solutions of
benzophenone §ive benzopinacol as the only product, as shown
in Scheme 2B."° However, the advantage here is that the ketyl
radical generated from photolysis of 0.-phenylbenzoin is easily
observable in LFP, with an absorption maximum at 545 nm.
Scheme 2A depicts how 0-phenylbenzoin is used to generate a
reducing radical and shows the proposed subsequent quenching
by AgCF;COO.

A nitrogen-purged S mM solution of @t-phenylbenzoin in
toluene was excited by a 355 nm laser, and the transient spectrum
in Figure 3a and the change in AOD at 545 nm due to the
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Scheme 2. Quenching of the Benzophenone Ketyl Radical Derived from o.-Phenylbenzoin by Ag™
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benzophenone ketyl radical transient decay, as shown in
Figure 3b, were recorded. The transient absorption spectrum
has an absorption maximum at ~540 nm that corresponds well
with that of the benzophenone ketyl radical.'' Also shown in
Figure 3D is the transient decay in the presence of 0—500 mM
AgCF5;COO, which shows no significant quenching of the ketyl
radicals. This implies that the transfer of an electron from an a.-
hydroxyl radical to Ag™ in toluene is much slower than diffusion
control.

Until this point, what has been shown is that reaction 1 in
Scheme 1 is considered instantaneous (during the laser pulse)
and reactions 2 and 3 are known to be diffusion controlled, while
reaction 4 is comparatively very slow (k.. << k; + k;). Also, we
observe clean second-order kinetics for the formation of Ag,, but
without an extinction coefficient for Ag, the rate constant for Ago
dimerization (k4) cannot be determined. In order to obtain Eagy
bromothymol blue (BTB-H) was used as an indicator to measure
the amount of the base form of CHA remaining in AgFNP
solutions. Scheme 3 shows how CHA acts as a proton sink when
Ag" is reduced by the ketyl radical. Also shown in Scheme 3
(reaction 7) is how BTB-H can be used as an indicator of the
amount of CHA in the base form, and thus to quantify the
amount of reduced Ag in solution.

Using BTB-H as an indicator of CHA, the change in absorp-
tion spectrum recorded after the addition of aliquots of an
AgFNP solution (that was never photolyzed and so had no
reduced AgCF;COOQ)) is shown in Figure 4a. Further details are
given in the Experimental Section. The change in absorption
indicates the amount of CHA in the basic form in solution (since
CHA has a pK, of 10.6 and bromothymol blue has a pK, of 7.0)'*
by deprotonating the BTB-H (to BTB) indicator and causing the
observed color change. However, after reaction 6 in Scheme 3,

CHA is protonated and is no longer available to deprotonate
BTB-H. Overall, by comparing an LFP solution that has been
photolyzed with one that has not, the change in CHA can be
correlated with a concentration of H' produced as in Scheme 3.
Since H" and Ag0 are produced in equimolar quantities, the
measure of H' is also a measure of Ag’ produced. Repeating this
experiment several times and plotting the absorbance at 450 nm
of the AgFNP solutions (Figure 4b) versus the determined
concentration of Ag, (from Figure 4a), the extinction coefficient
for Ag, is then taken as the slope of the linear best fit, as shown in
Figure 4b (inset), which is £xg, = 25400 & 2600 M 'em ™ .

With the extinction coefficient it was determined that the rate
constant for the formation of Ag, is then kg ~ (2.4 & 0.24) x
10" M~ ' s, Using the Debye equation, diffusion-controlled
reactions in toluene are found to have a rate constant of 1.1 X
10" M ' s, and so the rate constant determined here can be
approximated as a diffusion-controlled association of Ag’ into
dimers."?

In further exploration of the stability/reactivity of the Ag,
clusters at short time scales, two types of experiments were
performed: no-flow experiments and two-laser experiments.

In the no-flow experiments, a typical LFP experiment was
performed, with the only modification being that the solution
was static rather than flowing through the cuvette, thus forcing
the accumulation of Ag,. The sample was exposed to 10 laser
shots, and the data were averaged. The recorded data are shown
in Figure S, leading to observable bleaching of the sample,
following by recovery; the bleaching signals are largely acquired
in the later shots, as Ag, accumulates. Bleaching refers to the
reduction in sample absorbance upon laser excitation and is
common in LFP. In this case, the transient AOD at 450 nm was
monitored (Figure $), revealing bleaching of the 450 nm signal
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followed by recovery and growth of the signal that again followed
a second-order growth with the same rate as for the flow
solutions.

In the two-laser experiments, two separate 355 nm laser
pulses, separated in time by 200 us, were used to photolyze a
flowing LFP solution, with the resultant change in AOD at
450 nm shown in Figure 6a; note that no significant flow takes
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Figure 3. (a) Transient absorption spectrum for the benzophenone a-
hydroxyl radical at 5.6 (black), 28 (red), 102 (blue), and 366 us (green)
after the laser pulse, and (b) corresponding decay traces of the 545 nm
absorption upon quenching with various concentrations of AgCF;COO.

place in 200 us, so that for practical purposes the solution is static
in this time scale. In this experiment, the Ag, generated from the
first laser pulse will be present during the second laser Opulse,
which generates additional ketyl radicals and thus Ag". We
observed that the growth in AOD after each laser pulse (fresh
solution or after one laser pulse) occurs at the same rate, with
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Figure 4. (a) Absorbance spectra of BTB-H/BTB upon addition of
AgFNP solution, starting with no AgFNP added (yellow) and ending
when the BTB-H/BTB is completely deprotonated by CHA (blue), as
well as (inset) a plot of the change in absorbance at 400 nm due to BTB
plotted versus the concentration of CHA added from an AgFNP
solution that was never irradiated (gray) and from one that was
irradiated for 30 s with UVA (black). (b) Absorbance of the AgFNP
solution before (black) and after irradiation (blue) with UVA. Inset:

absorbance for AgFNP solutions plotted against calculated Ag,
concentrations.

Scheme 3. Photochemical Formation of Ag,: CHA as a Base
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Figure 5. Transient absorption of 450 nm light for an AgFNP solution
without flow, showing the bleach and recovery of the 450 nm signal and
formation of more Ag,. The solution contained S mM I-2959 and CHA,
and 10 mM AgCF;COO in toluene. The laser was pulsed at 1 Hz, and
the signal was obtained as an average of 10 consecutive pulses without
flowing fresh solution between pulses. Bleaching signals may be slightly
enhanced by emission from accumulated photoproducts.
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Figure 6. (a) Transient absorption for a flowing AgFNP solution in
toluene irradiated with two 355 nm laser pulses separated in time by 200
us, and (b) transient absorption spectrum of the same two-laser LFP
experiment at the times labeled in (a). A slight bleaching occurs with the
second laser (beginning of red trace).

both growth curves fitting a second-order rate law. The differ-
ences observed in total AOD are the result of a lower intensity
second laser pulse, which generates fewer ketyl radicals, and thus
less Ag,. The normalized absorbance spectrum at the times
indicated by the numbers 1 (172 us), 2 (222 us), and 3 (374 us)
in Figure 6a are plotted in Figure 6b, showing that there is also no
difference in absorbance spectra between laser pulses as well.
In order to rule out the possibility that the signal at 450 nm in
AgFNP solutions is from a plasmon absorption, silver

nanoparticles were formed in a typical LFP setup using a
266 nm laser. In this case the growth of the plasmon absorption,
and therefore the nanoparticles, is followed by an increase in
absorption at 420 nm. It should be noted that flow solutions
containing AgNOj; and 1-2959 showed no change in absorbance
on the time scales monitored by LFP (up to ~S ms after the laser
pulse). This result indicates that AgNP cannot form large enough
particles to support a plasmon absorption within the time scale of
these experiments. However, when the solution was not flowed,
the black trace shown in Figure 7c was obtained. This is likely due
to the fact that nanoparticles large enough to support a plasmon
absorption require slow nucleation steps that are too long to be
monitored on short time scales after a single laser pulse. How-
ever, when the solution is not flowed, what is monitored is
actually the addition of Ag” to AgNP seeds already formed in
earlier laser pulses. A typical transient absorption spectrum for
both fluorescent and nonfluorescent AgNP solutions is shown in
Figure 7a, and a steady-state UV—vis absorption spectrum of
each is given in Figure 7b for comparison. It is clear in Figure 7a,b
that the absorption spectrum for the silver plasmon not only
appears at shorter wavelengths but also has to be monitored at
much longer times than the AgFNP signal due to the slower
growth. The red shift in the absorption maximum when AgNP
are formed is indicative of the formation of larger AGNP as Ag’

adds, which is again not observed for the signal attributed to Ag,
in the AgFNP solutions.'* It is also interesting to note that the
spectra in Figure 7b for both AgFNP and nonfluorescent AgNP,

after UV irradiation, show in both cases that the transient signal
corresponds well with the long-term spectrum of each. Finally,
shown in Figure 7c is a comparison between the transient signals
for an AgFNP solution (monitored at 450 nm) and a nonfluor-
escent AgNP solution (monitored at 420 nm). It is clear from the
comparison of the two traces that the appearance of the plasmon
occurs on a drastically different time scale and with a much lower
final intensity than the formation of the 450 nm signal for Ag,. In
fact, in the case of AgFNP in toluene or THF, our earlier work
showed that, on long time scales, small nanoparticles are formed
(~3.4 nm), surrounded by highly fluorescent clusters.®

l DISCUSSION

Small silver clusters provide a valuable link between atomic
metals and nanoparticles. Thus, studying the mechanism of
formation of these clusters can be a convenient way of determin-
ing the initial stages of nanoparticle formation in systems such as
the one here (organic solvent with amine stabilizing agent). The
first step in determining the mechanism of the formation of Ag, is
therefore to determine the kinetic parameters given in Scheme 1.
The termination reactions (2 and 3) of Scheme 1 are known to be
limited by diffusion and spin statistics."> However, none of the
compounds in reaction 4 are expected to give an absorption that
can be easily monitored in toluene by LFP. Further, the extinc-
tion coeflicient for Ag, was previously unknown, yet Ag, is the
only species readily detectable in Scheme 1. While we were able
to measure 2kgq/€x,, the determination of an absolute rate
constant required a procedure to evaluate €, .

Figure 1 (inset) shows that the increase in absorption at
450 nm attributed to Ag, formation fits extremely well to a
second-order rate law. Small silver clusters have been previously
reported to have lower energy absorption maxima than the
plasmon of AgNP and extinction coefficients similar to the values
determined here. Specifically, Vosch and Xu have observed larger
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Figure 7. (a) Comparison of the transient absorption spectra re-
corded by LFP in the formation of nonfluorescent AgNP in water
with those of AgFNP in toluene. (b) Comparison of the absorption
spectra after long irradiation times of an AgFNP solution in toluene
with those of ~3.3 nm nonfluorescent citrate-stabilized AgNP in
water (normalized wiht respect to each maximum). (c) Comparison
of the transient absorption obtained upon photolysis, forming AgNP
in water, monitored at 410 nm with that of the AgFNP solutions in
toluene monitored at 450 nm.

Ag clusters, with an extinction coefficient of 32000 M~ " cm™ !,

that absorb in the visible reglon at energies lower than spherical
AgNP plasmon absorptions.>'® Using the extinction coefficient
for Ag,, estimated from titration of a solution of BTB-H, glves a
rate constant for the formation of Ag—Ag dimers of 2.4 x 10"
M~ 's7!, which is on the order of diffusion-controlled reactions
in toluene.

These experiments to determine the extinction coeflicient

involve four approximations:

1 That at low conversion and at 450 nm, the absorbance at
450 nm is directly proportional to the concentration of Ag,
formed and the amount of Ag™ reduced.

2 That the absorbance of Ag, follows Beer’s law.

3 That no protons are lost to chemistry other than the
protonation of CHA (see Scheme S1).

4 That any plasmonic enhancements to the extinction coefficient
for Ag, can be neglected under our experimental conditions.

Errors introduced by (1) and (4) would cause the value of &5,
to be too high, while errors in (3) would cause it to be too low.
The extinction coefficient obtained here would be a lower limit if
H" is lost to other reactions (unlikely), but any increase in the
extinction coeflicient would give a rate constant for the formation
of Ag, that is higher than diffusion controlled (and thus not
possible), which supports assumption (3). Assumption (2) is
impossible to test, given that we do not have a “standard”
solution of Ag,. We believe that the errors are small and
not enough to change the key conclusion that the reaction
Agy + Ago — Ag, is diffusion controlled. The long times for
the formation of Ag, in the LFP traces are due to the low
initial concentration of Ag’ (<1 uM) generated in the
reduction of Ag™ after the laser pulse.

Scheme 4 depicts the two pos51ble mechanisms by which Ag,
clusters can form from reduced Ag’. Reaction 8 in Scheme 4
would requlre that ketyl radicals persist in solution long enough
for Ag™ to react with Ag’, hypothetically leading to Ag, ", and still
be present at significantly high concentrations to react with Ag, "
to form Ag,. This is very unlikely since the termination reactions
are diffusion controlled and since the formation of Ag, fits to a
second-order growth equation with a correlation of R = 0.9945,
which is not necessarily expected for reaction 8. Therefore,
reaction S in Scheme 4 better represents the mechanism.

Scheme 4. Possible Ag, Formation Reactions

k
Ag® + Ag° 4 Ags (5)

k
Agg++}0H —5  Agy }o £ HY (8

In an attempt to determine k. in reaction 4 (Scheme 1), o.-
phenylbenzoin in toluene was used to determine the rate at
which AgCF3;COO quenches ketyl radicals. It was found that the
quenching of the ketyl radical by Ag™ was barely competitive
with other radical decay processes. In radical polymerization
processes where the termination reactions are much faster than
the polymerization, the rate of polymerization i is known to follow
a square root dependence on the light intensity.” This is reflected
here as well in that reactions 2 and 3 approach diftusion control,
and the competing reaction is not the formation of Ag, (reaction
3), which is fast, but rather the quenching of ketyl radicals by Ag™*
(reaction 4), which is relatively slow in toluene. Therefore, the
square root dependence on the laser power shown in Figure 2 can
be explained if k; < ky + k.

The low quenching rate of at-phenylbenzoin with AgCF;COO
and the square root of the laser power dependence on the plateau
of the AOD imply that reaction 4 (Scheme 1) is slower than
reactions 2 and 3 in toluene, and much slower than quenching
of ketyl radicals in aqueous solutions. Ketyl radicals are expected
to react wnh qlueous systems at a diffusion-controlled rate,
just as Au’t The results here, on the other hand,
suggest that ketyl radicals react with Ag" more slowly in
nonpolar solvents. This may be related to the production of
H" in reaction 4 that is easily stabilized in water, but not in
nonpolar solvents like toluene. One of the roles of the amine in
this work is to serve as a proton “sink” by acting as a base, as
shown in Scheme 2. This does not require reaction 4 to be
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reversible, but rather the presence of a kinetic barrier to H"
release in nonpolar solvents.

Amines are also known to be NP stabilizing agents, as well as
affecting the reduction ?otential of AgJr / Ago; however, their role
can be quite complex.”” Equimolar amine is necessary for the
long-term stability of fluorescent AgNP solutions,” but it is not
essential to form an unstable Ag, signal at 450 nm in the LFP
experiments (Supporting Information). While the overall yield of
Ag, in an LFP experiment is strongly dependent on the
concentration of CHA used, the rate of formation of Ag, is
unaffected by the amine, as expected, since the observed kinetics
are dominated by the major process (reactions 2 and 3). Thus, it
would appear that proton capture by a base plays a key role as an
enabling factor for reaction 4 to occur efficiently and irreversibly.

In the 1970s and 80s, several studies by Henglein examined
the mechanism of formation of small Ag clusters by LFP of
aqueous solutions of Ag".***" These studies account for the
short-term stability of small silver clusters by charge stabilization
of Ag," clusters with n > 2. These small clusters had absorption
maxima around 260 nm (dependent upon the size and charge of
the clusters) that could be followed by transient spectroscopic
techniques. The transient absorption of these charged clusters
also decays on the time scale of milliseconds, and the decay
corresponds well with the increase in absorption near 400 nm
due to the formation of large clusters that support a surface
plasmon.”" On the other hand, the absorption of Ag, clusters that
we observe has a maximum at 450 nm, approximately 200 nm
red-shifted from that of the charged clusters observed by
Henglein; their spectrum does not resemble that of positively
charged silver clusters. Since most of our work is carried out in
toluene, we expect that charged clusters would not be stabilized
by the solvent, but the absorption at 450 nm also shows a long-
term stability not seen for the charged clusters even in aqueous
environments. Clearly the absorption at 450 nm cannot be due to
charged metal clusters, but the increase in absorption shows no
induction and plateaus in approximately 100 us, which is 200
times faster than that observed for AgNP formation by Henglein
as well. Figure 7 also exemplifies the differences in the absorbance
observed by LFP for solutions that generate AgNP, showing that
the intensity, rates, and absorption maxima for Ag, are all
significantly different from those of AgNP by LFP; the latter is
due to plasmon transitions. In flowing a solution to make
nonfluorescent AgNP, the growth is presumably so slow
(>milliseconds, reported by Henglein) that a change in absor-
bance at wavelengths from 400 to 500 nm could not be detected,
but when the solution is not flowed, the change in AOD can be
attributed to growth of existing AgNP. This growth happens by
addition of Ag® to AgNP that were formed on previous laser
pulses. Even in this case, the rate of growth is significantly slower
than the rate of formation of Ag,. Overall, the major conclusion
to be taken from analysis of Figures 6 and 7 is that the absorption
at 450 nm observed in AgFNP solutions cannot be attributed to
the plasmon absorption for AgNP, which occurs at a different
wavelength maximum and on a much slower time scale. This is
consistent with the fact that the 450 nm signal could not be due to
AgNP since the emission upon 450 nm excitation is quite intense,
with a 2.6 ns lifetime, while the plasmon signal is extremely weak
and has a femtosecond lifetime.

Overall, the second-order growth as 2Ag0 — Ag,, the intense
emission of the silver clusters, and the position of the absorption
maximum support the conclusions that the absorption at 450 nm
is in fact due to Ag, clusters and that their rate of formation is

diffusion controlled. The difference in reactivity in nonpolar
solvents also suggests that the eventual formation of nanoparti-
cles does not go through charged Ag, ™ species, as was the result
found by Henglein in aqueous systems, but rather via neutral Ag,
cluster intermediates.”®

The particular selectivity for forming Ag, that is seen in the
bleach and recovery experiment (Figure S) and the two laser
experiments (Figure 6) has some interesting possible implica-
tions. Due to the particular stability of Ag,, it is difficult to
imagine a route to the formation of AgNP (generated in AgFNP
solutions as well) that involves Ags, because that would imply the
addition of Ag0 to an Ag, cluster, but Ag0 seems to have a
preference for dimerization. In fact, this implies that the early
stages in the formation of AgNP in nonpolar solvents may in fact
go through even-number atomic clusters as these Ag—Ag dimers
aggregate.

B CONCLUSION

In summary, we explored the formation of Ag, clusters
through various LFP experiments where we determined that
the rate constant for the formation of Ag, clusters is diffusion
controlled. In a flow system (as used here) where no AgNP seeds
are present, this must be the first step in the conception of the
nascent AgNP. To the best of our knowledge, this is the first
reported value for the rate constant for Ag’—Ag” bond formation.
This result is based on our estimation of €55, A 25400 M 'em™
for Ag,. A mechanism for the formation of Ag, is also proposed,
including a low rate constant for ketyl radical quenching by Ag(I) in
toluene, something that most likely applies to other nonpolar media
as well.

B EXPERIMENTAL SECTION

To understand the formation and stability of Ag, in colloidal solutions
leading to AgNP, the kinetics of the formation of Ag, were monitored
using laser flash photolysis (LFP). Unless otherwise stated, typically
toluene solutions for LFP experiments contained 10 mM AgCF;COO as
Ag precursor, 5 mM Irgacure-2959 (I-2959) as a photochemical redu-
cing agent, and S mM cyclohexylamine (CHA) as a NP stabilizing agent.
1-2959 undergoes Norrish type I photocleavage, with a quantum yield of
0.29.> The ketyl radicals produced are strong reducing agents,"” which
reduce Ag" to Ag®** The absorption change at 450 nm due to Ag,
formation was monitored over time.

The LFP setup is described in detail in the Supporting Information.
Briefly, the LEP solutions were irradiated with a 355 nm, ~20 ns pulse
width Nd:YAG laser to initiate the photocleavage of I-2959. The change
in absorbance after each laser pulse is monitored with a customized
Luzchem LFP system, and the transient data are recorded and averaged
using Luzchem LFP software. It is important to note that the LFP
solutions were normally flowed rapidly through a quartz cuvette to avoid
bleaching of Ag, (evident when solutions are not flowed or are flowed
slowly, see Figure S) by subsequent laser pulses irradiating already
reduced silver.

The AgNP that result after irradiation were deposited onto carbon-
coated copper grids, and a JEOL JSM-7500F field emission scanning
electron microscope equipped with a STEM detector was used to obtain
low-resolution transmission SEM images of the AgNP (see Figure S3).

To obtain an extinction coefficient for Ag, (& Agz)’ bromothymol blue
(BTB-H) was used as an indicator to quantify the remaining CHA in the
basic form after some CHA was protonated by the H' (produced when
Ag" quenches ketyl radicals to give Ag’, as shown in Scheme 1, reaction 4).
In this experiment, a typical LEP precursor solution (described above) is
photolyzed with UVA irradiation in a Luzchem photoreactor, and the
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absorption spectrum of the resultant AgFNP is recorded using a Cary
100 UV—vis spectrometer. The photolyzed LFP solution is then added
in small aliquots to a solution of BTB-H, and the absorption spectrum of
the BTB-H solutions is recorded. The basic form of BTB has a strong
absorption at 400 nm that was also monitored using a Cary 100 UV—vis
spectrometer. The increase in absorbance at 400 nm in a BTB-H/BTB
solution was monitored in two separate experiments where (1) a
nonphotolyzed LFP solution and (2) a photolyzed AgENP solution
were added. The change in absorbance at 400 nm for BTB-H/BTB for
the two parallel experiments was compared and used as a measure of the
difference in CHA concentration and therefore a measure of the H', or
in other words as a measure of Ag” that was reduced and eventually
forms the Ag, clusters as described by reaction 4 in Scheme 1. It is
important to note that small aliquots of the toluene solutions were added
to much larger volumes of aqueous indicator solutions, in which case the
CHA/CHA-H" were soluble and detected in the aqueous phase
containing the indicator.

Nonfluorescent silver nanoparticles (AgNP) were also prepared using
LFP, and the formation of particles that support a surface plasmon
absorption was followed spectroscopically in order to rule out the
possibility that the signal at 450 nm was a plasmon absorption of AgNP.
For nonfluorescent AgNP, it has become common practice in our group
to use varying concentrations of AgNOs3, I-2959, and trisodium citrate
([trisodium citrate] = AgNO3), as was the case here."* These aqueous
solutions were purged with nitrogen and photolyzed in 7 x 7 mm®
cuvettes with the same LFP setup described above, but with a 266 nm
laser in order to generate high concentrations of ketyl radicals that
subsequently reduce Ag" to Ag’.

B ASSOCIATED CONTENT

© Ssupporting Information. Detailed description of the
LFP experimental setup; calculations and table of values used
in determining the extinction coefficient for Ag,; and data
pertaining to the effect of the CHA concentration on the
observed transient optical density for Ag,. This material is
available free of charge via the Internet at http://pubs.acs.org.
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