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Aqueous solutions of Pb(ClQOy), containing sodium formate were investigated pulse radiolytically. Pb* (absorption maximum
at 320 nm, € = 2.5 X 10° M~' cm™) is formed as the first reduction product via the reactions of e,;” and CO,” with Pb?*.
The bimolecular reaction between two Pb* ions to yield Pb® occurs with 2k = 8.2 X 10 M~ s™'. Pb? has an absorption
maximum at 290 nm (e = 1.2 X 10* M~! cm™) and a weaker one at 660 nm (e = 9.7 X 10> M~' em™). During the second-order
disappearance of the Pb® absorption, stronger absorption bands at shorter wavelengths build up, which are attributed to oligomeric
precursors and finally metallic particles of lead. The metallic particles have an absorption maximum at 220 nm which is
attributed to a plasmon oscillation. The first appearance of this band occurs at a particle agglomeration number slightly
smaller than 10; thus, lead is found to possess a giant dipole oscillation band at rather small particle sizes as was first found
for silver particles in solution and alkali metal particles in molecular beams.

Introduction

Monovalent lead, Pb*, is the first product of the radiolytic
reduction of Pb** ions in aqueous solution as was shown in a pulse
radiolysis study 16 years ago, and the final product is a precipitate
of finely dispersed metal.! The present investigation was un-
dertaken to shed light on some of the details of Pb* formation,
the rate of its disappearance, and the formation of further products
leading to particles of metallic character. Single colloidal particles
of lead have recently been shown to possess a rather narrow
absorption band at 215 nm?,

Small-particle research has attracted a lot of attention in various
laboratories during the past few years. Such particles are in-
vestigated in the gas phase, in frozen solutions, and on various
supports; studies on colloidal metal particles in solution also
contribute to this field. One is interested here in surface reactions
and in the accompanying optical changes® and in the changes of
the physicochemical properties in the transition range between
larger metallic particles and nonmetallic clusters containing a small
number of atoms.* Pulse radiolysis is a method for observing the
temporal development of the formation of colloidal metals. After
such studies on silver, gold, and copper,’ we report here similar
observations on colloidal lead formation.

The radiolytic reduction is brought about by the hydrated
electrons, e,,", and reducing carboxyl radicals, CO,, which are
generated in the irradiation of aqueous solutions containing sodium
formate:

e, + Pb?* — Pb* 1)

CO, + Pb** — Pb* + CO, “@

CO," is formed in the attack of the OH and H radicals which are
the primary products of the radiolysis of water:

OH(H) + HCO,” — H,0(H,) + CO," 3)

The specific rate of reaction 1 is 3.9 X 10'° M~! 5.6 and that of
reaction 2 has been reported as 2.6 X 10 M~! s7.7 The present
reinvestigation of reaction 2 led to a substantially greater value
of the specific rate, which means that Pb* can be formed very
rapidly, i.e., in a time much shorter than its lifetime with respect
to the buildup of daughter products.

Experimental Section

The pulse radiolysis equipment has been described previously;?
3.8-MeV electrons from a Van de Graaff generator and a pulse
duration of 0.5 us were used. Extreme care was taken to prevent
stray light effects in the UV measurements. UV band-pass filters
(Schott) were placed between the analyzing light source and the
cell, and a solar blind photomultiplier (R 166) was placed behind

the monochromator (Bausch and Lomb).

In the spectra, the absorption coefficient ¢, which is obtained
by dividing the measured absorbance change by the concentration
of the species and the thickness of the optical cell (1.5 cm), is
plotted versus the wavelength. For all species containing more
than one lead atom, ¢ is the absorption per Pb atom. The reducing
radicals, e, plus CO;", are generated with a total yicld of 6 per
100 eV absorbed radiation energy.

The Pb** ion has a strong absorption band at 208 nm (¢ = 8
X 10* M~! em™), i.e., in the region where the colloidal metal
absorbs. The absorbance changes in the UV had therefore to be
corrected for the consumption of Pb?*,

The solutions were deaerated by bubbling with argon or nitrous
oxide prior to irradiation. N,O was used if CO,” was to be the
only reducing radical. In a saturated N,O solution, the hydrated
electrons are scavenged before they encounter Pb?* ions,

e, + N,O + H,0 — N, + OH™ + OH (@)

and the OH radicals generated react according to eq 3 to yield
CO,". The pH of the solutions was adjusted by adding HCIO,
or HCOOH.

Results and Discussion

Formation of Pb*. The specific rate of reaction 2 was deter-
mined by pulsing (0.7-2) X 10~* M Pb(ClO,), solutions which
contained 2 X 10> M NaCOOH and were saturated with nitrous
oxide (2.5 X 102 M). Reactions 3 and 4 occurred during the pulse
under these concentration conditions. After the pulse, an ab-
sorption at 320 nm was built up within a few microseconds, which
is attributed to the Pb* ion formed in reaction 2. The buildup
followed pseudo-first-order kinetics, the half-life being reciprocally
proportional to the Pb?* concentration. The rate constant cal-

I'-H _culated from this increase in 320-nm absorption was found to be

| 110 M 57!, which is very much higher than the value of 2.6
"X 10° M5! previously reported by Russian authors.” At a Pb**
concentration of 2 X 10* M, where many of the following ex-
periments were carried out, the formation of Pb* via reactions
1 and 2 was practically finished at 1 us after the pulse.
Figure 1 shows the absorption spectrum of Pb*. The spectrum
was determined at 1 us after the pulse. The same spectrum was
obtained regardless of whether the solution was irradiated under
argon or nitrous oxide. It contains a shallow maximum at 320
nm which has already been reported previously’ (e = 2.5 X 10*
M~ cm™). No absorption due to Pb* was observed at visible
wavelengths.
Appearance of Pb®. After the rapid absorption increase due
to Pb* formation, the absorption continued to increase at prac-
tically all wavelengths, although at a much lower rate. In Figure
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Figure 1. Absorption spectrum of Pb*. A solution containing 2 X 107
M Pb(ClO,),, 2 X 1073 M NaHCO,, and 2.5 X 102 M N,0O was pulsed
and the absorption increase after 1 us determined.
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Figure 2. UV absorption spectrum (a) and spectrum in the visible (b)
at various times after the pulse. Solution: 2 X 107 M Pb(ClO,),; 2 X
10 M NaHCO,: pH = 5.4. Radical (e,;” plus CG,) concentration
produced by the pulse: 1.1 X 10 M. The solution was deaerated by
bubbling with argon.

2a, the absorption spectrum at 60 us after the pulse is shown in
the UV region. One can see that a product was formed which
absorbs at 290 nm. However, an increase in absorption was also
observed in the visible wavelength range as can be seen from Figure
2b: a maximum at 660 nm is present at 60 us, although the
absorption coefficient is much lower than that of the 290-nm
maximum in Figure 2a. Figure 3 shows kinetic curves at 300 and
660 nm. One can see the fast 300-nm increase due to the for-
mation of Pb* (see arrow), which then is followed by a slower
one. This second increase occurred more rapidly with increasing
dose in the pulse. The kinetic curves could be closely fitted with
second-order fits (shown by the dotted curves). As can also be
seen from Figure 3, the first half-life of the 660-nm increase is
a little shorter than that at 300 nm.

We attribute the buildup of the 300- and 660-nm absorptions
at 60 us to the formation of the product of the reaction of two
Pb* ions

2Pb* — Pb° + Pb** (%)

where the question remains open whether one is dealing with naked
Pb,, atoms or with an atom complexed by Pb?*, i.e., Pb,?*; gaseous
leat:‘il does not absorb in the visible.” The Pb° atoms are not long
lived as can be seen from Figure 3 where the absorption decays
at times longer than about 0.05 ms. The buildup curves at shorter
times will therefore be disturbed to a certain degree due to ab-
sorption by the daughter products. This may explain why the
buildup at 300 nm occurs a little more slowly than that at 660
nm. It can also be recognized that the decay was relatively
stronger at 660 than at 300 nm. If the product(s) formed in the
decay of Pb? have strong absorption at 300 nm themselves, but
relatively little absorption at 660 nm, the buildup at 300 nm can
be expected to occur more slowly than at 660 nm. A close in-
spection of the spectra in Figure 2, a and b, at longer times reveals
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Figure 3. Kinetic curves for the build up and beginning of decay of the
absorption at 300 and 660 nm. Conditions as in Figure 2.
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Figure 4. Kinetic curves for the decay of the 300- and 660-nm absorp-
tions.

that the 660-nm band decays indeed more rapidly than the 300-nm
absorption.

From the end value of kinetic fits such as are shown by the
dotted lines in Figure 3, one obtained the following absorption
coefficients of Pb% 1.2 X 10* M~! cm™ at 300 nm, and 9.7 X
102 M em™ at 660 nm. From the first half-life times in Figure
3 and concentration of Pb* (which is equal to the total radical
concentration generated by the pulse, 1.1 X 10~ M) one obtained
the following values of the bimolecular rate constant 2k of reaction
5: 5.7 % 10° and 8.2 X 10° M~ 5! when measured at 300 and
660 nm, respectively. The latter value should be more reliable
because of smaller contributions from daughter products to the
kinetic curve at 660 nm.

The buildup of an absorption in the 600-800-nm range has
already been reported by Russian authors.'® They attributed it
to the formation of Pb,** from the reaction of Pb* with a Pb?*
ion. Our kinetic data are not in agreement with this assignment
as the absorption is clearly built up via a second-order process.
The rate of buildup did not depend on the Pb** concentration (in
the investigated range from 1 X 107 to 0.5 M).

Appearance of Larger Particles. Figure 4 shows the absorptions
at 300 and 660 nm as functions of time at a more compressed
time scale. It can be seen that the absorptions decay within
milliseconds to reach almost constant values. The rates of decay
were proportional to the dose in the pulse, and the curves could
be fitted closely by second-order graphs. The decay is attributed
to the agglomeration of the Pb? atoms: $ o

2Pt P, 267 PR AT (g
The first half-life times at 300 and 660 nm in Figure 4 are
practically equal. From the first half-life of 1.2 10~*s in Figure
4 and the concentration of the atoms (taken as half the concen-
tration of the reducing radicals generated in the pulse, 5.5 X 1076
M), one calculates 2k = 1.5 X 10° M~ s™! for reaction 6.

After 2 ms, the spectrum does not change any more at longer
wavelengths (Figure 2). At this time it contains a UV absorption
band quite similar to that of colloidal lead, although the band (at
210 nm) is at a slightly shorter wavelength than that of the
authentic colloidal metal (at 215 nm).2 At 200 ms, the band has
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shifted to 220 nm, i.e., to a slightly longer wavelength; it is also
not quite as high and is a little broader than the authentic one.
It is concluded that 2 ms after the pulse, metal-like particles are
present. The small differences between the final spectrum (at
200 ms) and the authentic spectrum of colloidal Pb are possibly
due to the fact that no stabilizer was used in the present inves-
tigation; the colloidal lead particles therefore cluster together at
longer times, which leads to a broadening and long-wavelength
shift of the absorption band.

The spectrum at 400 us in Figure 2 shows that the UV band
of metallic lead has already been built to an appreciable degree,
but small absorption bands at 290 and 660 nm of Pb° are still seen.
As an approximation, the specific rate of further aggomeration
processes, which lead to Pb,, Pbg, etc., can be assumed to be the
same as that of reaction 6.!" The formation of Pb, would then
require about 2 X 120 = 240 us, and that of Pbg about 2 X 240
= 480 ps at the dose used. This admittedly rough estimate shows
that, at 400 us after the pulse, large particles with agglomeration
nurmbers greater than 10 are not yet present to a noteworthy
extent. It is concluded that particles with agglomeration numbers
smaller than 10 already possess the strong UV band of lead,
although this band is not yet fully developed and peaks at a slightly
shorter wavelength than that of larger metallic particles.

In the case of the agglomeration of silver atoms, it has also been
observed that the plasmon absorption band starts to develop at
a particle agglomeration number close to 10.°® The particles one
is dealing with belong to the interesting transition range between
nonmetallic clusters and metallic particles. Our observations on
the early formation of giant absorption bands of metal clusters
in solutions are not surprising in view of the recent observations
made on metal clusters in molecular beams, where strong dipole
oscillation bands reflecting the collective excitation of the Fermi

electron gas in alkali metal clusters with agglomeration numbers
smaller than 10 have been detected.'?
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