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Radiolytic reduction of BIOCIQin aqueous solutions leads to the formation of bismuth clusters and larger
nanoparticles. The mechanisms of redox reactions of the polycationic Bi(lll) species that exist in the solution
were investigated with pulse radiolysis. The kinetic and spectral properties of the transients formed by the
reaction of these species with the primary radicals from water radiolysis are reported. The single-electron
reduction product, B{(OH),;*", absorbs afmax = 273 nm, while the OH adduct, &OH),s>", has a broad
absorption spectrum with a maximum at 280 nm and a shoulder at 420 nm. Several rate constants were
measured:k (€ aq + Big(OH)>") = 1.2 x 10° Mt st andk (OH + Big(OH),*") = 1.5 x 1 Mt sL

The reduced species,JBDH),;*" further reacts with (CkJ,COH radicals, but not with CK¥C(CHs),OH radicals

from t-butanol, to produce a doubly reduced polynuclear species. A few reactions of the reduction of the Bi
salt in the presence of poly(acrylic acid) are also described. In the presence of the polymer;-poigtabr
complex is formed prior to the irradiation, and the reduction reactions are significantly slowed down.

Introduction theoretical standpoint, elemental Bi appears to be one of the
. - i ... best thermoelectric materials, it is still challenging if not
In the searc_h for highly efficient then_‘noelectr_m materials, it impossible to control the synthesis and to stabilize Bi quantum
was recently discovered that nanomaterials, particularly quantumy i solution at dimensions below 10 Af1 The best results
cio;sz, f?.;fer ohpportunlt_lres f%r enhat?]cmsg thbe fllgure foff T”@ﬁh so far have been obtained by capping the nanoparticles with
;ectaricalfl,c\:lt\;ngzec?i’vcirt’y ihaenwltc)rzli(riﬁg t:m[?:ra?ucrecgﬁ dltcrizr:r;errrelal polymers, but this modifies the surface of the material and
conductivity respecti\}eli»ﬁ2 Bismuth is a very attr:'slctive material prevents carrier filtering by elect_r '.C?l cor_1duct|V|ty. _Here_, we
for thermoelyectric i " . e : _propose a new approach to stabilizing Bi nanoparticles inside
pplications since it is a semimetal character mesoporous silica based gnradiation of Bi salt solutions
ized by high elzgtron mobility, long mean free paths, and heavy Quantum dots embedded in a host material introduce rﬁany
effective masseslt has been also associated with the discovery . -
of several transport phenomena, including the Hall, Seebeck,'merf""ceS that can r(_adupe the therme_tl cc_)nduc_tlw_ty and enhance
the carrier energy filtering by thermionic emissi&nTo that

Nernst, and Ettinghausen effects. Before the advent of silicon d initiated a study of th hani d kineti fth
and germanium semiconductors, bismuth was used to investigateen » We iniiated a study ot the mechanisms and Kinetics ot the

the effects of doping. Its electronic and transport properties are re_ductlon O_f Bi salts in agueous s_o_lutlon by pulse radiolysis
extremely sensitive to magnetic fields, and its very large with and without a polymeric stabilizer. It has already been

magnetoresistance was discovered by Kapitarly in the dempnstrated tha’g par.tially hyqlrolyzed Bi(llT) forms. Bi nano-
1920s. Since these electronic properties depend on the degre@rticles upon radiolytic reduction in aqueous solutitiishe
of overlap of the valence and conduction bands, which respond PUISe radiolysis technique enables one to obtain insight into the
in different ways to the effects of confinement, there has been €arly reduction stages of the ionic Bi precursor and the stability
considerable interest in the effects of reduced dimension on these?f the unusual valence oxidation states of the Bi intermediates.
phenomena. A semimetal-to-semiconductor transition has beenn particular, we focus on Bi(lll) polynuclear oxy/hydroxide
reported in Bi thin films> and Dresselhaus, Heremans, and complexes, since they contain several Bi centers, which, upon
collaborators have studied arrays of Bi nanowires and found reduction, might act as nucleation centers for growth of the
dramatic changes in the thermoeledfiand electronittrans-  particles. Very little is presently known about these processes.
port properties. Recent studies have shown that Bi quantum dotsPulse radiolysis studies have been performed on aqueous Bi(lll)
embedded in a superlattice structure can achieve a large effectivesolutions in highly concentrated hydrochloric and perchloric
thermoelectric figure of meritZT > 5)° While, from a acids!*15The oxidation of B* by OH radicals and its reduction
by H atoms and alcohol radicals were measured in these
* Corresponding author. E-mail: mis@cnrs-orleans.fr (M.-L.S.); dani@ concentrated acidic media. Similar studies on the oxidation of
nd.edu (D.M.). aqueous polyselenide solutions by pulse radiolysis eventually
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led to the radiolytic production of selenium nanopatrticles, a very
difficult synthesis by any other metha#l.

In the present work we have studied the time evolution of
the radiolytically induced reduction of hydrolyzed Bi(lll) in
aqueous solution and its parallel reactions with OH radicals.
We also performed experiments in which the reduction was
carried out in the presence of the commonly used poly(acrylic
acid) (PAA) stabilizer. The selected starting salt was bismuthyl
perchlorate (BIOCIG) in water near its natural pH. Under these
conditions, BiOCIQ is known to hydrolyze to a large extent
into aquated complexes within a few minutes at ambient
temperature. The hydrolysis leads to the formation of mono-

and polynuclear species in rather complex processes that have

been thoroughly studied1° The degree of hydrolysis of the

ionic precursor and the species formed are strongly dependent

on the pH of the solution and on the BiGoncentration. At
medium to high concentrations of Bi (16-0.5 M) and in
strongly acidic media (pH< 1), the BP" ions have been
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Figure 1. Difference-absorption spectra of the Bi(lll) species obtained
4 us after pulse-irradiation of 0.2 10-2 M BiOCIO, solutions at pH
= 3.4 saturated with N(circles), NO (squares), and Ncontaining

identified as the major species. When the pH increases beyond.1 M t-BuOH (triangles).

1, mononuclear BiOA and Bi(OH) " species form and rapidly
polymerize into polynuclear species with the general formula
(BiO)," or Bin(OH))"*. The most commonly observed com-
plex is the hexanuclear ion gOH);.**, which exists over a
wide range of solution compositiod$Upon further increase

formed from reactions with these three radicals. By scavenging
the OH radicals with 0.1 M-butanol, the absorption around
420 nm is significantly diminished, while that at 280 nm
diminishes less. The transient absorption is due solely to the

of the pH, products of a higher degree of condensation, such asreduced products, primarily from the reaction with,gwith a

Big(OH)2:5" and Bb(OH),2°", have been identified. For a ratio
of [OH)/[BIi(lll)] > 2.44, the complexes become insoluble and
precipitate? Most of the experiments in the present study were
performed in an acidic range (pH-3) and [BiOCIQ] = (0.3~
3.8) x 1073 M. As a result, complexes with a high positive
charge, primarily Bj(OH),,°*, are the dominant species present
in the solution prior to the irradiation.

Experimental Section

All the chemicals used (BiOCI§2-propanoli-butanol, PAA

of an average molecular weight of 2 400 000) were of the
highest purity commercially available from Aldrich or Acros.
All measurements were conducted with fresh solutions prepared
immediately prior to irradiation. The solutions were continuously
deaerated by bubbling nitrogen or nitrous oxide through them
for at least 30 min before irradiation until the end of experiment.
The radiation cell was connected to an apparatus that renewe
the irradiated solution after each pulse in order to prevent stable
radiolysis products from accumulating in the cell. When
necessary, their pH was adjusted with potassium hydroxide.
Pulse radiolysis experiments were performed using 2-ns pulse
of 8 MeV electrons from the Notre Dame Radiation Laboratory
linear accelerator (TB-8/16-1S linac). Details of the linac, the

spectrophotometric detection setup, and the computer-controlled

data acquisition are described elsewh&rAll measurements
were performed in a 1-cm optical path high-purity quartz cell.
The concentration of radicals generated by the pulse was
approximately 2x 107° M per pulse as determined by a
thiocyanate dosimeter.

Results

Aqueous Solutions without Stabilizers.The difference-
absorption spectra of the transients observed following pulse
irradiation of a 0.9x 103 M BiOCIO, solution at pH= 3.4
are shown in Figure 1. In thef$aturated solution, the spectrum
exhibits a maximum at~280 nm and a shoulder around 420
nm; all the radicals from water radiolysis,&g OH, and H react
with the Bi(lll) species. In M-saturated solutions, the observed

S

small contribution from the H atom reaction. On the other hand,
in N2O-saturated solutions, where g is converted to OH
radicals, the intensity of the peak at 280 nm increases, and the
one of the shoulders around 420 nm almost doubles. These
observations indicate that the reaction of the initial polynuclear
species, B{OH),2°", with OH radicals produces an intermediate
that has an absorption band around 280 nm and a shoulder at
420 nm. On the other hand, the reduced species formed by the
reaction of €,qand H atoms absorbs primarily in the 273 nm
region. Because of the contribution from both the reduced and
oxidized products to the absorption in the 27280 region, the
increase in the absorption upon conversionaf& OH (N.O
saturation) in that range is not as pronounced as it is in the 420
nm range.

Under the experimental conditions of Figure 1, all the
reactions discussed above are over withings3ollowing the

ulse. In order to verify the possible role of H atoms in the
eduction of Bi(OH)2>", e 4 radicals were scavenged by
adding NO in solutions containing 0.1 M-BuOH, so that H
atoms remain the only radicals available for reduction (not
shown in Figure 1). A weak absorption band peaking at 275
nm was observed, in agreement with the suggestion that H atoms
are able to reduce RiOH)>" to produce a product absorbing
in this region. The similarity in the absorption spectra of the
products from the H atoms and the hydrated electrons suggest
that both generate the same intermediate. Thus the absorption
band with a maximum at 275 nm is attributed to the reduced,
mixed-valence species OH),,*". The molar extinction coef-
ficient of this product, calculated assuming tifeaq + H) =
3.2 radicals/100 eV, is = 4000 Mt cm™.

In contrast to the spectrum of the reduced form, the spectrum
of the OH reaction product exhibits a maximum at 280 nm and
a shoulder at 420 nm. A Bi(lV) oxidation product is expected
to be further hydrolyzed than the lll-valence precursor. We
therefore assign the product of the reaction with OH radicals
formally to a Bi(lll)/Bi(IV) mixed-valence OH adduct, rather
than to a direct electron-transfer oxidation product. The absorp-
tion spectrum of this B{OH),z°" adduct was deduced from
the spectrum collected inJ®-saturated solutions by subtracting

spectrum is thus a superposition of the spectra of the productsthe small contribution of B{OH)x;*" produced by reduction
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Figure 2. Corrected absorption spectrum ofo@H)3>". o

(=]
by H atoms (determined in solutions containing éXutanol *
and saturated with D, and thus only H atoms). The spectrum 8
of the OH reaction product, corrected for the small contribution p
from H atoms (but not for the spectrum of the depleted parent
complex), is shown in Figure 2, where the extinction coefficients ]
have been computed using the commonly accepted y&{0s1) T T T T
= 2.7,G(e a9 = 2.7, andG(H) = 0.5 molecules/100 eV of 0 50 100 150
absorbed energy. At the wavelength of maximum absorption Time, us
(280 nm), the extinction coefficient of the adductis= 2040 Figure 3. Formation (A) and decay (B) of absorption at 290 nm by
M~1cm! (see Figure 2). Big(OH).2°" following a 2-ns pulse in BO (circles) or/and K(triangles)

saturated solutions containing®10~4 M Bi(lll) at pH 3.4. The initial

The rate constants of the reactions ofgand H atoms with absorption in panel A is due to residuabg

Big(OH),2>" were determined from the rate of the disappearance
of €7aq at 700 nm and the rate of formation of the reduced 273 nm, and the rate constant for reaction 4 was determined to
species Bj(OH),*" at 290 nm. In all cases, the observed rates pek (Big(OH)25t + H) = 0.9 x 101°M~1s71 This is a high
followed a pseudo-first-order rate law. The corresponding rate constant for reduction by H atoms: we speculate that it
second-order rate constants were calculated from the dependencgdicates that the reaction involves neutralization of one of the
of the pseudo-first-order rates on Bi(lll) concentration. In this Bj-bound hydroxide ions and thus requires only minimal
system, reactions-14 dominate the kinetics of the intermediates: reorga_nization energy. The h|gh reorganization energy involved
in reduction by the small H atom is commonly believed to be

H,0 — e 44 OH, H (H,, H,0,) (1) responsible for the sluggish reduction by this species. However,
this determination is subject to a large experimental error
€ qt H,0" —H + H,0 (2) because of the poor signal/noise ratio involved.
The rate constant of the reaction of OH radicals with
Bi(Ill) (from Bi Q(OH)216+ to Big(OH)225+) + e g Bi(Il) Big(OH)22>" was detgrmlneq in E(D-sa;urated sqlutlons at pH
3 = 3.4—3.8 by following the increase in absorption at 290 nm.
Under these conditions, essentially all the,eradicals are
Bi(ll) + H— Bi(Il) + HT™ 4) converted to OH, producing the OH adduct discussed above:
Under the experimental conditions of this study (pH3—5), Big(OH),,” " + OH — Big(OH),, ™" (5)

reactions 2 and 3 compete for the hydrated electrons. The
contribution of reaction 2 was subtracted from the decay rate  Figure 3A shows the increase in absorption at 290 nm as the

of € 4q Using the well-established valle = 2.3 x 101° M1 OH adduct is formed in pD- and N-saturated solutions. The

s 1.23 At pH 3.4, we obtairk; = 1.1 x 10*°M~1s 1 for reaction ratio of absorption at the end of the reaction in the two solutions
3, close to the value reported in the literatifi@he rate constant  quantitatively reflects the increase in OH concentration in the
depends weakly on pH, decreasing from £.20'°to 0.85x N,O-saturated solution. The growth follows a pseudo first-order

101 M~1 s71 as the pH increases from 3 to 5. This decrease law, and the rate is proportional to the concentration af Bi
in rate constant is attributed to the shift in the hydrolysis (OH),,°", leading to the second-order rate constan{Big-
products. The dominant parent polynuclear species present in(OH),2>" + OH) = (1.5 £ 0.3) x 10° M~! s The large
solution become less positively charged as the pH increasesuncertainty indicated for this rate constant is not due to
from Big(OH),,6" at pH 3.4 to Bi(OH)>t at pH 5. Considering experimental error but reflects changes in the hydrolyzed Bi
the high positive charge on the complexes, these rate constantglll) species as the concentration increases in the range of (0.3
are believed to be slower than the diffusion-controlled limit. 1) x 10~3 M and the pH decreases from 3.8 to 3.4.

The rate constant of the reaction of H atoms witf(@H),,°" The OH adduct decays over a few hundred microseconds
was obtained from experiments performed in the presence of (Figure 3B) withk = (3.0 & 0.3) x 10* s The rate of
t-butanol and MO, which scavenge OH radicals and.g disappearance of gOH),z>" is described by a first-order kinetic

respectively. Thus H atoms, either directly from water radiolysis rate law, independent of concentration in the range from 4
or from the faster reaction 2, contribute to reaction 4. The growth 1074 to 9 x 1074 M as well as dose in the range from 0.7 to
of Big(OH)x;*" was followed near its absorption maximum at 2.5 krad. This independence of dose and concentration is
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Figure 4. Difference absorption spectra of the product of the reaction
of Bi(lll) at pH 3.4 with OH (N;O-saturated, circles) and g + H

(N2-saturated containing 0.1 Mbutanol, triangles), recorded 203
after the pulse.
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water or with H". The release of hydroxide ions,
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Figure 5. Difference absorption spectrum of the product of the reaction

of Bi(lll) with the (CH3),COH radicals from 2-propanol (circles). The
. . o . . o solutions were Msaturated containing 0.1 M 2-propanol at pH 5 and
is less likely considering the increase in the formal oxidation recorded 15@s after the pulse. For comparison, triangles show results

Big(OH),s" " + H,0 < Big(OH),,"" + H' (6)

state of Bi. As can be seen in Figure 3B, the product of this of the equivalent-butanol solutions from Figure 4.
decay reaction is a long-lived intermediate that remains in the

solution beyond the time scale studied here, well into the i
millisecond time regime.

Figure 4 shows the spectra of the transients produced in both .
oxidizing and reducing environments 2086 after the pulse. In .
N.O-saturated solutions, the decay of the addugf@),s®" B
is essentially complete at this time, and the product, for example, .
of reaction 6 dominates. Its overall absorption in the whole-UV
vis range has significantly decreased (compare with Figure 1

at 4 us), but the shape of the spectrum did not change much.
This can be attributed to the pH-dependent equilibrium state of
the adduct hydrolysis (reaction 6), and the observed spectrum .
is then essentially that of an equilibrium concentration of the 5
adduct and the hydrolyzed form. .
In contrast to the product from the reaction with OH, the
reduced transient §iOH),;*" produced in the reducing environ- 1
ment from € qand H atoms in the presencetdiutanol remains
stable for several hundred microseconds after the pulse. The
amount of By(OH),* hardly changes for at least 208 after

the pulse in the presence of 0.1 tbutanol in N-saturated

solutions. However, wheributanol is replaced by 2-propanal,

which scavenges both OH radicals and H atoms, leading to the 0

formation to the strongly reducing 1-hydroxy-1-methylethyl 200

radical, the fate of the B{OH)*" changes. Under these

Absorbance

m 20 mM PAA
e 0.3mM Bi(lll)

m 0.3 mM Bi(lll)+20 mM PAA

250 300 350

400
Wavelength, nm
conditions, the lifetime of the latter decreases considerably, its Figure 6. Effect of PAA on the absorption spectrum ofofDH),5*

absorption decays rapidly, and a new absorption band developsat pH 3.2 for different concentrations.
around 380 nm (Figure 5). The rate of formation of this band

follows a second-order rate law, increases with dose, and isindependent of its redox potential and thus would have been

essentially the same as the rate of the decay of the absorptiorPbserved with the-butanol radicals as well:
at 273 nm. At an initial concentration of reducing radical

[(CH3),COH] = 2 x 1076 M and an equal concentration of the (CH3),CHOH + OH (H) — (CH,),COH +
reduced Bj(OH),;*", the half-life of the radicals is 3%s,
corresponding to a rate constant of x30*°M~-1s"1. Among

H,O (+Hy) (7)
the two possibilities, reduction by the radical or addition to the g; (OH). 4" + (CH.).COH— Bi.(OH)..3" +

complex, we propose that this reaction is a further reduction of o(OH), ™ + (CHy), o(OH)z2

Big(OH),2*" by the organic radicals. The radical for 2-propanol

(CH,),CO+ H" (8)
appears to be sufficiently efficient as a reducing agéfit=
—1.8 V)?** to react with Bi{(OH),;*" (reactions 7 and 8) at a

Effect of a Polymeric Stabilizer. The addition of PAA to
diffusion-controlled rate. On the other hand, the addition reaction the aqueous solution of Bi(lll) increases the absorption by the
of the radical to form a B{OH),*" complex is expected to be

polynuclear species ROH).>" and shifts it to longer wave-
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Figure 7. Rate of absorption increase due to reduction of a PAA
Bi(ll1) solution at 320 nm (circles) and due to its bleaching at 270 nm
(triangles). Solid curves are fits giving the first-order rate constant.
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Figure 8. Difference absorption spectra following irradiation of the
solutions of Figure 7 taken at= 15 and 150 ms after the pulse.

250 300

lengths. A strong band can then be observed in the range 250 solution and ions complexed to polyacrylate ions were included
270 nm (Figure 6). These new features can be ascribed to thein the investigation. This technique makes it possible to observe
polyacrylate polymer interaction with the polynuclear Bi species. the reactivity of polynuclear ions and determine their nuclearity-

The extinction coefficient at 260 nm, the wavelength of dependent properties during growth. These are important for
maximum absorption under the conditions of Figure 6, is 5000 understanding the growth mechanisms of the ions in both the

M~1cm™L The spectra are highly sensitive to the pH: in acidic
media (pH < 3), the 270 nm band is hardly observable,
presumably because of protonation of the PAA, which shifts
the equilibrium away from the PAA complex, while, in basic
solutions, the formation of the Bi(lll)-PAA complex is hindered
by the formation of long polynuclear chains of the hydrolyzed
Bi(lll), which eventually precipitate out of solution. Similar
complexation has been observed for other metal #ns.
When a 0.4x 10-3 M BiOCIO4 solution containing 2.0«

1072 M PAA and 0.1 Mt-butanol at pH 3.2 was pulse-irradiated,
a rapidly increasing absorption at 320 nm concomitant with

radiation-induced and chemical reduction processes. The hy-
drolyzed Bi polynuclear ions are reduced by both hydrated
electrons and H atoms, while OH addition dominates in the pH
range 3.2-5. The reduced species, in which Bi is in an unusual
and unstable oxidation stat¢|(), is long-lived (more than tens

of microseconds, depending on the composition of the solution)
within the framework of a mixed valence system. With the
addition of alcohol, further reduction occurs because of the
secondary-alcohol radicals. The species formed by the OH
radical decays via unimolecular reaction with water. A PAA
polymer environment slows down the kinetics of the reduction

bleaching at the same rate at 270 nm was observed (Figure 7)process but increases the stability of the transients against

The PAA polymer is mostly protonated to PAAHand a large
fraction of the hydrated electrons(g) then reacts with H or
PAAHT to produce H atoms:

PAAH" or H" + e ,,— PAA + H 9)

oxidation.

The motivation for this study stemmed from the ability to
radiolytically reduce Bi(lll) all the way to the elemental
oxidation state and produce Bi nanopartiddé$he preexisting
polynuclear complexes provide nucleation centers around which
further clustering can occur. At the lowest concentrations of

The second-order rate constant of the latter in reaction with the Bi(lll) used, a significant reduction in the initial concentration

Bi(lll) —PAA complex was calculated from the results of Figure
7tobe (6.7 0.7) x 1EM-1sL,

of complexes must occur, especially after repetitive pulsing. Yet
no effect on the kinetics of the initial redox reactions could be

The rate constant of the reaction between OH radicals andobserved. Apparently, the initial high positive charge on the

the polymer at pH= 3 was previously determined to be>9
10" M~1 571 26 while that witht-butanol is 6x 10 M~1s71, so
the reaction with-butanol dominates. Accordingly, the 320 nm

Bi(lll) complexes and the electrostatic screening induced by
the relatively ionic strength minimize these effects and allow
the reduction (oxidation) reaction to proceed at essentially the

absorption band appearing in the microsecond range is assignedame rate.

to reduced Bj(OH)2*" complexed with PAA, produced in the

H atom reaction. The spectrum of this species is shown in Figure  Acknowledgment. Support by the Centre National de la
8. The decrease in the rate of the reduction of the complex by Recherche Scientifique (France) and the Office of Basic Energy
H atoms caused by the stabilizer is probably due to the slower Sciences, U.S. Department of Energy, is gratefully acknowl-
diffusion of the complex relative to the free Bi(lll) ion and by edged. We thank Jean Etourneau (ICMCB) for many discus-
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