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a b s t r a c t

Laser flash photolysis was applied to study the photochemistry of PtBr6
2− complex in aqueous solutions

with the presence of free Br− anions. Laser pulse is followed by the formation of Br2
•− radical anion,

which reacts with the initial complex with the rate constant k = 9 × 108 M−1 s−1 yielding the complex of
Pt(V). Analysis of Br2

•− quantum yield via bromide concentration testifies that a bromine atom is formed
by an electron transfer from a free Br− anion to the light-excited complex. PtBr6

2− photoaquation occurs

eywords:
hotochemistry
aloid complexes of Pt(IV)
queous solutions
V spectra
aser flash photolysis

via heterolytic cleavage of the Pt–Br bond. Addition of free bromide anions sufficiently decreases the
quantum yield of photoaquation.

© 2010 Elsevier B.V. All rights reserved.
rimary photochemical processes
ihaloid radical anions

. Introduction

Photochemistry of PtBr6
2− complex in aqueous solutions was

tudied in [1–8]. Earlier literature data on the photochemistry of
his complex based on the stationary experiments were contra-
ictive. Controversies were touched upon both the interpretation
f the experimental data and the nature of the photochemi-
al processes. Balzani et al. [3–5] believed that the multi-stage
hotoaquation occurs. Quantum yield of the first stage of pho-
oaquation (reaction 1) in the solutions with neutral pH values was
hown to be 0.4 independent on the wavelength of the exciting
ight [4].

tBr2−
6

h�−→
(

PtBr2−
6

)∗ H2O−→PtBr5(H2O)− + Br− (1)

Shagisultanova et al. [6] supposed that the experimental data
n the PtBr6

2− photolysis in strongly acidic solutions indicated the

ne-stage formation of Pt(IV) complex with two molecules of water
n the first coordination sphere

tBr2−
6

h�−→
(

PtBr2−
6

)∗2H2O−→ PtBr4(H2O)2 + 2Br− (2)

∗ Corresponding author at: Institute of Chemical Kinetics and Combustion SB RAS,
ovosibirsk, 630090, Russian Federation. Tel.: +7 383 3332385; fax: +7 383 3307350.

E-mail address: glebov@kinetics.nsc.ru (E.M. Glebov).

010-6030/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2010.06.024
Penkett and Adamson [2] based on the data of PtBr6
2− flash pho-

tolysis postulated the reaction of two-electron reduction of Pt(IV)
with a bromine molecule escape to the solution bulk

PtBr2−
6

h�−→PtBr2−
4 + Br2 (3)

Recently we have studied the primary processes in the pho-
tochemistry of PtBr6

2− by means of stationary and nanosecond
laser flash photolysis [7] and ultrafast kinetic spectroscopy [8].
The data obtained supported the conclusion of Balzani et al. [3–5]
on the multi-stage photoaquation of PtBr6

2−. Quantum yield of
the first stage was re-measured and found to be 0.39 in an
aqueous solution, 0.29 in a buffer solution with pH 6.86 and
0.6 in 1 M HClO4 [7]. The characteristic time of the formation
of aquated complex PtBr5(H2O)− on the first stage of photoly-
sis is less than 100 ns [7]. Experiments on femtosecond kinetic
spectroscopy with the excitation at 420 nm [8] have shown that
photoaquation could occur from either a triplet excited 3T1g state
of PtBr6

2− or from hot, vibrationally excited ground state 1A1g.
The characteristic time of photoaquation does not exceed 15 ps
[8].
This work reports the photochemistry of PtBr6
2− with the pres-

ence of free Br− anions. In this case, an additional channel of
photochemical reaction could appear, namely an electron transfer
from an intersphere bromide anion to the light-excited complex. A
bromine atom occurring in this reaction should rapidly convert to

dx.doi.org/10.1016/j.jphotochem.2010.06.024
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:glebov@kinetics.nsc.ru
dx.doi.org/10.1016/j.jphotochem.2010.06.024
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course of the dark backward reaction the same isosbestic point
ig. 1. UV absorption spectra of Pt(IV) complexes (a) and Br2 radical anion (b) [15]
n aqueous solutions. Spectra of PtBr5(H2O)− and PtBr5(OH)2− complexes are taken
rom [7].

Br2
•− radical anion which possesses an intense absorption band

n a near UV spectral region. It could be proposed that the mea-
urements of Br2

•− absorption in pulsed experiments allow one
o determine the dependence of quantum yield via Br− concen-
ration, which gives information about primary processes in the
hotochemistry of PtBr6

2−. The efficiency of such an approach was
emonstrated in the study of IrCl62− photochemistry in aqueous
9] and alcohol [10] solutions.

. Experimental

Solutions of PtBr6
2− complex were prepared from the

a2PtBr6 × H2O salt synthesized as described in [11]. NaBr
Aldrich) was used as a source of free bromide anions. Deion-
zed water was used to prepare solutions. If necessary, oxygen

as removed from the samples by 20 min bubbling with
rgon.

UV absorption spectra were recorded using Agilent 8453 spec-
rophotometer (Agilent Technologies). Stationary photolysis was
erformed by irradiation of a XeCl laser (308 nm), a YAG laser
355 nm) or a high pressure mercury lamp with a set of glassy fil-
ers to distinguish necessary wavelengths. Laser flash photolysis
xperiments were performed with the use of previously described
12] setup with an excitation by a XeCl excimer laser (308 nm,
5 ns, 20 mJ/pulse) or by a YAG laser (355 nm, 5 ns, 10 mJ). For
he extraction of kinetic (reaction rate constants) and spectral
molar absorption coefficients of intermediates) parameters from

he experimental data, a system of differential equations corre-
ponding to the selected reaction scheme was solved numerically
y a fourth-order Runge-Kutta method, and the results were com-
ared with the experimental kinetic curves.
Fig. 2. Stationary photolysis of PtBr6
2− complex (3.5 × 10−5 M) in aqueous solutions

with addition of 1 M NaBr. Excitation by XeCl laser pulses (308 nm). Curves 1–4
correspond to 0, 3, 9, 20 laser pulses.

3. Results and discussions

3.1. UV spectra of reagents, products and intermediates

UV spectra of complexes related to this work are shown in Fig. 1.
The spectrum of the initial PtBr6

2− complex (Fig. 1a) coincides
with known from the literature [5]. The spectra of PtBr5(H2O)−

and PtBr5(OH)2− complexes were reported in [7]. PtBr5(H2O)− and
PtBr5(OH)2− complexes are the primary products of thermal [13]
and (or) photochemical [7] aquation of PtBr6

2−. Ratio between
PtBr5(H2O)− and PtBr5(OH)2− concentrations is determined by
acidic properties of the PtBr5(H2O)− complex (pKa = 4.4 [14]).

PtBr5(H2O)
pKa=4.4−→ PtBr5(OH)2− + H+ (4)

The UV spectrum of Br2
•− radical anion, which is a probable inter-

mediate of PtBr6
2− photolysis, taken from [15] is shown in Fig. 1b.

3.2. Stationary photolysis of PtBr6
2− in aqueous solutions in the

presence of free Br− anions

Fig. 2 demonstrates the changes in the UV spectrum of PtBr6
2−

in a course of its photolysis in the presence of large (1 M) amounts
of free bromide anions. The initial pH value of the solution was
neutral. Spectral changes practically coincide with that of occurred
when PtBr6

2− is irradiated in the absence of free Br− anions [7]
and correspond to the photoaquation of the initial complex. Con-
servation of an isosbestic point at 291 nm is characteristic for the
formation of PtBr5(OH)2− complex.

The UV spectrum of the initial complex is restored in the dark
after photolysis (Fig. 3a). It proves that the irradiation of PtBr6

2−

in the presence of free Br− anions leads to photoaquation. In the
as in the stage of photolysis (291 nm) is conserved. Fig. 3b shows
the kinetic curves of dark reactions recorded at 313 and 269 nm,
which are satisfactorily fitted by a two-exponential function with
the characteristic times of 36 ± 3 and 350 ± 60 s.
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Fig. 4. Intermediate absorption spectra caused by laser flash photolysis (308 nm)
ig. 3. Thermal reaction after the photolysis of aqueous PtBr6
2− solution

9.3 × 10−5 M) in the presence of 4 M NaBr. (a) curve 5 – spectrum of the initial
omplex; curves 1–4 correspond to 0; 30; 180; 3780 s after irradiation. (b) Kinetic
urves (dots) and two-exponential fits (full lines).

Kinetics of the substitution of a water molecule to Br− anion
the reaction of anation) in the PtBr5(H2O)− complex was stud-
ed by Elding and Gustafson [16,17] in strongly acidic solutions
0.5 M HClO4). The dependence of the observed anation rate con-
tant (kobs) on the concentration of Br− was described in [16] by an
quation:

obs = k1[Br−] + k2[Br−]2

here k1 = 1.8 × 10−3 M−1 s−1 and k2 = 4.5 × 10−2 M−2 s−1.
The presence of a quadratic term was explained by the forma-

ion of an intersphere complex between PtBr5(H2O)− and Br− [16].
hen Br− concentration is about 4 M, the upon mentioned values

f k1 и k2 give the value of the characteristic anation time of about
.5 s.

When photoaquation of PtBr6
2− occurs at pH values close to

eutral, the reaction product is PtBr5(OH)2− complex, which elec-
ric charge is higher than that of PtBr5(H2O)− occurred in acidic
olutions. Therefore, one can expect the rate of anation to decrease.
hat is really so. Fig. 3b shows that the characteristic lifetime of
tBr5(OH)2− is about 35 s, which is ca. 20 times higher than in
cidic solutions. The complexity of the kinetic curves (at least,
wo-exponential approximation is necessary) could be due to the

ulti-stage kinetics of OH− to Br− substitution.

.3. Laser flash photolysis of PtBr6
2− in the presence of free Br−

nions: evidence of Br2
•− radical anions formation

Nanosecond laser flash photolysis of PtBr6
2− in aqueous solu-

ions with no added Br− anions results in an instant decrease in

bsorption of the initial complex without any further changes [7].
he kinetic curves are threshold-like [7]. No detectable intermedi-
tes occur. Therefore, the photoaquation of the PtBr6

2− complex is
fast reaction occurring during the time of a laser pulse (less than
0 ns).
of aqueous PtBr6
2− solution (4.2 × 10−5 M) in the presence of 4 M NaBr (а) curves

1–4 correspond to 0, 10, 50, 175 �s after laser pulse. (b) 1 – difference in spectra 1
and 4 shown in (a), 2 – spectrum of Br2

•− radical anion [15]. (c) 1 – intermediate
absorption after the laser pulse in the red spectral region, 2 – Br2

•− spectrum.

Addition of large amounts of NaBr to the solutions of PtBr6
2−

leads to the occurrence of intermediate absorption and dramatic
changes in the shape of the kinetic curves. Instead of instant
bleaching in the region of 340–500 nm after the laser pulse, an
intermediate absorption appears. Fig. 4a demonstrates the tempo-
ral changes in the intermediate absorption at high concentration of
NaBr (4 M). Fig. 5a shows a typical kinetic curve. All the processes
of changes in the intermediate absorption terminate to 200 �s.
Decrease in the concentration of NaBr leads to the decrease in the
yield of the intermediate absorption, which is evident from the
kinetic curve shown in Fig. 5b corresponding to 1 M NaBr. In the
last case, laser pulse results in an instant increase in absorption fol-
lowed by its additional decrease corresponding to the decay of an
intermediate absorption.

The difference in the intermediate absorption spectra at the
times of t = 0 and t = 200 �s are shown in Fig. 4b. This difference
coincides with the UV spectrum of Br2

•− radical anion having a
strong band with the maximum at 360 nm. The correctness of
the identification of the intermediate absorption is supported by
recording of absorption in the region of 750 nm (Fig. 4c), which
is a characteristic feature of Br2

•− spectrum [15]. The discrep-
ancy between spectrum of Br2

•− and experimental spectrum in the
region of � < 360 nm (Fig. 4b) is explained by the disappearance of
the initial PtBr6

2− complex.
It should be noted that the intermediate absorption spectra do
not demonstrate absorption which could be attributed to Pt(III)
complexes, either PtBr6

3− or to products of its dissociation and (or)
hydrolysis. It means that the complexes of trivalent platinum do
not have appreciable absorption in the experimentally available
spectral region of 300–700 nm.
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ig. 5. Kinetic curves at 370 nm caused by laser flash photolysis (355 nm) of aqueous
tBr6

2− solution (4.2 × 10−5 M) in the presence of 4 M NaBr (a) and 1 M NaBr (b).
xperimental curves and fits (bold lines; see text).

Information concerning the mechanism of Br2
•− formation

ould be obtained from the dependence of its yield via the con-
entration of free bromide anions. The yield of radical anions is
etermined by the amplitudes and shapes of the kinetic curves,
hich could be precisely calculated from the known kinetic mech-

nism of Br2
•− disappearance.

.4. Decay of Br2
•− radical anions

The usual channel of Br2
•− disappearance is its disproportiona-

ion

r•−
2 + Br•−

2 → Br− + Br−
3 (5)

he rate constant of this reaction k5 was repeatedly measured
n the literature [18–21]. Its value at ionic strength of the solu-
ion ≤0.02 M falls within the range (1.9–2.4) × 109 M−1 s−1. Effect
f the ionic strength on the k5 value was studied in [19]. The
ncrease of KBr concentration in solution from 0.01 to 1 M results
n the increase of k5 from 1.9 × 109 to 2.5 × 109 M−1 s−1 [19] due to
hielding of negatively charged particles by an ionic atmosphere.
f initial concentration of radical anions is about (1–10) × 10−6 M
nd k5 ≈ 2.5 × 109 M−1 s−1, one can estimate that the characteristic
ime of Br2

•− disappearance in reaction (5) falls within the range
00–40 �s.

Kinetic curves (Fig. 5) show that in our case the disappearance of

ntermediate absorption is sufficiently faster (ca. 10 �s). Therefore,
n additional channel of Br2

•− decay should exist. This additional
eaction is of a first order via PtBr6

2−, because the effective rate
onstant of Br2

•− disappearance linearly depends on the concen-
ration of the initial complex (Fig. 6). The slope of this straight line
Fig. 6. Dependence of the effective rate constant (kobs) of Br2
•− disappearance

(360 nm) on PtBr6
2− concentration in aqueous solutions with addition of 1 M NaBr.

allows one to determine the rate constant of the reaction between
Br2

•− and PtBr6
2−, k6 = (9.0 ± 0.2) × 108 M−1 s−1.

Br2
•− + PtBr6

2− → PtBr6
− + 2Br− (6)

At high intensity of a laser pulse and large depth of photoaquation,
a sufficient part of the initial PtBr6

2− complex could be transformed
to the PtBr5(OH)2− complex, which could also react with Br2

•−

radical anion.

Br2
•− + PtBr5(OH)2− → PtBr5(OH)− + 2Br− (7)

It is not possible to distinguish the reactions (6) and (7). Therefore,
in further calculations we assume that the rate constants of these
reactions are equal.

As a result, under conditions of this work the main channel of
Br2

•− disappearance is the reaction with PtBr6
2− resulted in the for-

mation of Pt(V) complex. It is worth noting that the similar reaction
occurs when aqueous solutions of PtCl62 complex are irradiated in
the presence of free chloride anions [14]. In the last case, oxidation
of PtCl62 by Cl2•− radical anion leads to the formation of PtCl6−

complex.
The rate constant of a diffusion-controlled reaction between two

charged particles of the same sign of charge could be calculated as
[22]

kdiff = 4�ROD(eRO/R − 1)−1 (8)

where RO is the Onsager radius of the reacting particles (for the
Br2

•−–PtBr6
2− pair RO = 2e2/(εkT) ≈ 13.4 Å); R is the reaction radius,

and D is the mutual diffusion coefficient of the reagents. Assum-
ing that the reaction radius is equal to the sum of the Van der
Waals radii of reagents (R(Br2

•−) = 3.3 Å [23], R(PtBr6
2−) = 4.2 Å,

because the Pt–Br bond length is 2.2 Å [24] and Br− anion radius
is 2 Å [25]), we obtain R = 7.5 Å. Diffusion coefficients for Br2

•−
2−
and PtBr6 could be estimated using Stokes–Einstein equation

D = kT
6�� R , which gives for the mutual diffusion coefficient the value

of D = 1.2 × 10−5 cm2/s.
Inserting the estimated values of RO, R and D to the formula (8),

one can calculate the value of the diffusion-controlled rate constant
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or reactions (6) and (7) as kdiff = 2.3 × 109 M−1 cm−1, which corre-
ponds to zero ionic strength of the solution. When ionic strength
s about 1 M, one can expect a moderate increase of kdiff. Therefore,
he experimental value of the rate constant k6 is about 2.5 times
ess than the diffusion rate constant.

It should be noted that we have not found the spectral man-
festations of Pt(V) complexes. It could be proposed that Pt(V)
omplexes disappear in the reaction with Pt(III) intermediates
ormed by an electron transfer from a free bromide anion to the
ight-excited PtBr6

2− complex.

.5. Quantum yield of PtBr6
2− photolysis in the presence of free

r− anions

Determination of the quantum yield of PtBr6
2− photolysis in

he presence of free bromide anions in stationary experiments is
ampered by the relatively fast reaction of the PtBr5(OH)2− com-
lex anation (Fig. 2). However, pulsed experiments allow one to
etermine both quantum yield of photolysis (using the decrease in
tBr6

2− absorption) and quantum yield of Br2
•− formation (using

ts absorption at 360 nm).
The values of quantum yields at different Br− concentrations

ere obtained by fitting of the experimental kinetic curves at
60 nm by the solutions of a system of differential equations cor-
esponding to the selected reaction mechanism. Fitting of the
inetic curves is necessary to take in account the amount of the
nitial complex disappeared in reaction (6). The simulation of
he kinetic curves was performed on the assumption that both
tBr5(OH)2− complex and Br2

•− radical anion were formed as a
esult of competitive reactions. Disappearance of intermediates in
eactions (5)–(7) was taken into account. The varied parameters
f simulation were rate constants k5 and k6 = k7 and initial yields
f Br2

•− and PtBr5(OH)2−. Molar absorption coefficient of all the
eagents was taken from the literature (see Fig. 1) and was not var-
ed. Examples of the experimental curves with fits are shown in
ig. 5.

Optimal values of the rate constants obtained by simulation
re collected in Table 1. The rate constant of disproportionation k5
easured in this work is characteristic for the diffusion-controlled

eaction between two charged particles of the same sign of charge
nd is in agreement with the values obtained previously [20]. An
ncrease in ionic strength of solutions from 0.5 to 4 M results in
ncrease of k5 by a factor of 1.5. For ionic reactions (6) and (7) the
ate constants obtained by simulation are also close to the rate con-
tant of a diffusion-controlled reaction, which rises with an increase
n the ionic strength.

Spectral and kinetic data treatment shows that the total quan-
um yield of PtBr6

2− photolysis drops in a factor of 5 with an
ncrease in Br− concentration from 0.5 to 4 M (Fig. 7). As this takes
lace, the quantum yield of Br2

•− formation increases, but the dra-
atic decrease in the photoaquation quantum yield leads to the

rop of the total quantum yield. It is important that the dependence
f quantum yield vs. Br− concentration is negligible in the region
f 0–0.5 M, and the changes become observable at [Br−] > 0.5 M.
t higher concentration of bromide ions the reducing channel of
hotolysis is dominant (85% at 4 M NaBr).

It is necessary to stress that in the experiments on the stationary
hotolysis of PtBr6

2− only the process of photoaquation is observed,
ven with 4 M NaBr in solution. The reason probably is that the reac-
ions between Pt(III) and Pt(V) complexes occurs, which results in

he formation of only Pt(IV) complexes. The typical scale of char-
cteristic times of these reactions falls within the time interval
0 ms–10 s.

t(III) + Pt(V) → 2Pt(IV) (9)
Fig. 7. Dependencies of quantum yields of PtBr6
2− photoaquation (1) and Br2

•−

formation (2) on the concentration of free Br− anions. Dots – experimental data.
Solid lines – calculations using Eqs. (20) (curve 3), (22) (curve 4), and (24) (curve 5).
For details of calculations see text.

3.6. Mechanism of bromine atom and Br2
•− radical anion

formation

Photoaquation of PtBr6
2− complex can occur via two different

mechanisms [7]. Firstly, a dissociative mechanism is possible. It
includes a heterolytic cleavage of Pt–Br bond followed by pene-
tration of a water molecule into the coordination sphere of Pt(IV).
In this case platinum cation remains tetravalent in the case of the
whole process.

PtBr2−
6

h�
�

k−10

(
PtBr2−

6

)∗−→
k10

(
PtBr2−

5 ...Br−)
(10)

(
PtBr2−

5 ...Br−) H2O−→[PtBr5(H2O)]− + Br (11)

The second mechanism is determined by an electron trans-
fer form a bromide anion inside the coordination sphere of a
light-excited complex with the formation of an intermediate
[PtBr5(H2O)2−. . .Br] typically called “a radical pair”

PtBr2−
6

h�
�

k−12

(
PtBr2−

5 ...Br•)∗
(12)

(
PtBr2−

5 ...Br•)∗ H2O−→
[
PtBr5(H2O)2−...Br•] (13)

[
PtBr5(H2O)2−...Br•] → [PtBr5(H2O)]− + Br− (14)

In this case platinum cation of the [PtBr5(H2O)2−. . .Br•] radical
pair is in trivalent state till a backward electron transfer occurs.

Formation of a bromine atom and hence Br2
•− radical anion in
the presence of free bromide anions also can follow two different
mechanisms. The first possibility is a capture of a bromine atom of
the [PtBr5(H2O)2−. . .Br•] radical pair by a free Br− anion [26]
[
PtBr5(H2O)2−...Br•] + Br− → PtBr5(H2O)2− + Br•−

2 (15)
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Table 1
Calculation and simulation of the kinetic curves of intermediate absorption at the wavelength of 360 nm in the framework of reaction scheme (5–7). Molar absorption
coefficients: Br2

•− – 9000 M1 cm−1; PtBr6
2− – 6800 M−1 cm−1; PtBr5(OH)2− – 3600 M−1 cm−1; k7 = k6.

[Br−], M k5 × 10−9, M−1 s−1 k7 × 10−9, M−1 s−1
ϕ

PtBr5(OH)2−
ϕ0

ϕ
Br•−

2
ϕ0

ϕ
Br•−

2
ϕ

PtBr5OH2−

0 – – 1 0 0
0.5 2.0 0.9 0.97 0.01 0.010
1 2.2 1.0 0.83 0.04 0.048
1.5 2.5 1.5 0.62 0.09 0.145
2 2.8 1.7 0.48 0.11 0.229

T
f
(

T
b
[

I
a
[

[
b
a
a

B

t
c
e
t
r
m
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o
e
[
i
B
o

y
a
t
m
d
r
e
w
[
n

[
B

ϕ

2.5 3.0 2.0
3 3.1 1.8
3.5 3.0 2.0
4 3.0 1.7

he second possibility is an intersphere electron transfer from a
ree bromide anion to the light-excited complex.

PtBr2−
6

)∗ + Br− →
[
PtBr3−

6 ...Br•] (16)

he radical pair [PtBr6
3−. . .Br•] could disappear as a result of a

ackward electron transfer.

PtBr3−
6 ...Br•] → PtBr2−

6 + Br− (17)

f the concentration of free Br− anions is high enough, a bromine
tom could be captured in the reaction.

PtBr3−
6 ...Br•] + Br− → PtBr3−

6 + Br•−
2 (18)

In both cases the efficiency of a bromine atom escape from
PtBr5(H2O)2−. . .Br•] or [PtBr6

3−. . .Br•] radical pairs to the solution
ulk is low because of the backward electron transfer. If a bromine
tom escapes to the solution bulk, it should react with a free Br−

nion with a diffusion rate constant [27].

r• + Br− → Br•−
2 (19)

Measuring the relative yield of Br2
•− radical anion as a func-

ion of Br− concentration, one could estimate the ratio of the rate
onstants of a bromine atom escape to the bulk and a backward
lectron transfer. Assume that Br atoms escape to the bulk. In
his case, a capture of all the escaped atoms should happen at a
elatively low concentration of bromide anions. Only Pt(III) inter-
ediates could compete with Br− anions for bromine atoms. The

oncentration of Pt(III) is definitely lower than the concentration
f initial PtBr6

2− complex. Therefore, the concentration of Br− nec-
ssary to capture all the bromine atoms could be estimated as
Br−] ≥ [PtBr6

2−] ≈ 10−4 M. However, in the experiments Br2
•− rad-

cal anions become observable only at very high concentration of
r− (>1 M). Hence, a free Br− anion should capture a bromine atom
f the radical pair before the backward electron transfer occurs.

Fig. 7 demonstrates an S-type dependence of the Br2
•− quantum

ield via free Br− anions concentration. At 3.5–4 M Br− it reaches
limiting value of ϕ

(
Br•−

2

)
≈ 0.07, which is sufficiently less that

he quantum yield of photoaquation in the absence of free bro-
ide (ϕ0 = 0.39, Fig. 7). If the mechanism of photoaquation was

etermined only by the formation of the primary and secondary
adical pairs [PtBr5

2−. . .Br•] and [PtBr5(H2O)2−. . .Br•], one should
xpect that the quantum yield of Br2

•− formation is comparable
ith that of photoaquation. Therefore, if the secondary radical pair

PtBr5(H2O)2−. . .Br•] is the source of a bromine atom, it could gain
o more than 20% of photoaquation process.

In the case of a bromide anion attacking the

PtBr5(H2O)2−. . .Br•] radical pair (reaction (15)) the yield of
r2

•− depends on Br− concentration according to the equation:

(
Br•−

2

)
= k13

k13 + k−12
× k15 [Br−]

k14 + k15 [Br−]
(20)
0.32 0.15 0.469
0.14 0.18 1.286
0.10 0.18 1.800
0.05 0.18 3.600

This equation does not describe the S-type dependence of Br2
•−

quantum yield via Br− concentration. Moreover, the S-type depen-
dence could not be described even though to take into account the
dependence of the rate constant k15 on the ionic strength � for
the reaction of two negatively charged ions (z1 × z2 = 2), which is
described by Davies [28–30].

k15 = k15(� = 0) × e2.3×0.51×z1z2

( √
�

1+√
�

−0.3�
)

(21)

Fig. 7 shows the result of such an extrapolation (curve 3, which is
obtained using k15/k14 = 10 and k−12/k13 = 12).

For the mechanism of the intersphere electron transfer includ-
ing the formation of the [PtBr6

3−. . .Br•] radical pair, S-type
dependence could be explained by the participation of the two
free bromide anions in the process of Br2

•− formation. The first
Br− anion attacks the light-excited complex (reaction (16)), and
the second Br− anion accepts a bromine atom from the radical pair
(reaction (18)). In this case, the yield of Br2

•− as a function of Br−

concentration is initially quadratic and flattens out when all the
bromine atoms are captured (Eq. (22)).

ϕ
(

Br•−
2

)
= k16 [Br−]

k−10 + k10 + k16 [Br−]
× k18 [Br−]

k17 + k18 [Br−]
(22)

In Eq. (22), the rate constants k16 and k18 depend on the ionic
strength � via Eq. (21). Fig. 7 (curve 4) shows the result of simula-
tion using Eq. (22), which is satisfactorily coincident with the S-type
curve. This simulation was performed using reduced values of the
electric charges of the excited (PtBr6

2−)* complex (−0.7 instead of
−2) and the [PtBr6

3−. . .Br•] radical pair (−1 instead of −3). The rea-
son of this effect is probably that the electric charge is distributed
over the large surface, and the bromide anion effectively interacts
with a part of the total charge. Another reason to decrease the elec-
tric charge could be the inexactness of the Davies equation (21) at
very high values of ionic strength (4 M).

The best values of the rate constants ratios obtained by calcula-
tions are k16/k−10 ≈ 0.1 and k18/k−10 ≈ 0.1 (at zero ionic strength
of the solution). Therefore, if the lifetime of the excited state
(PtBr6

2−)* is ca. 10 ps (k−10 ≈ 1011 s−1), one can estimate the values
of k16 and k18, which gives k16 ∼ k18 ∼ 2.5 × 109 M−1 s−1. This value
is close to the rate constant of the diffusion-controlled reaction.

The decrease of the quantum yield of PtBr6
2− photoaquation

could be explained in the framework of the dissociative mecha-
nism. After the Br− escape from the coordination sphere of Pt(IV)
and the formation of

(
PtBr2−

5 ...Br−)
pair (reaction (10)) the com-

petition between free bromide anions and water molecules for the
penetration to the “empty” place in the coordination sphere is pos-
sible.
(
PtBr2−

5 ...Br−) Br−
−→PtBr2−

6 + Br− (23)

Taking into account all the possible reactions, one can calculate
the quantum yield of photoaquation in the presence of free Br−



nd Ph

a

ϕ

w

B
s
i
k
v
k
c
D

4

o
e

o
s
t
i
s
b
i
4
t
t
p
w
o
b

A

R
i

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[28] C.W. Davies, Ion Association, Butterworths, London, 1962, pp. 37–53.
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nions as

= ϕ0
1

(1 + ϕ0(k16[Br−]/k10))(1 + (k23/k11)([Br−]/[H2O]))
(24)

here ϕ0 = k10
k−10+k10

= 0.39 is the quantum yield in the absence of

r−. In Eq. (24), the rate constants k16 and k23 depend on the ionic
trength. One can satisfactorily fit the experimental data (curve 5
n Fig. 7) taking the values of k16 and k23 in Debye–Hückel approach
16 = k16 (� = 0) × e2.3

√
� and k23 = k23 (� = 0) × e2.45

√
�. The best

alues of the rate constants ratios at zero ionic strength are
16/k10 ≈ 0.007 and k23/k11 ≈ 5.5. It remains unsolved why in this
ase the Debye–Hückel approximation gives the better result than
avies equation (Eq. (21)).

. Conclusions

This work gives evidence that of the two possible mechanisms
f Br2

•− radical anion formation more reliable is the intersphere
lectron transfer from Br− anion to the light-excited complex.

To study the details of fast processes followed by the excitation
f PtBr6

2− complex, the experiments on the femtosecond kinetic
pectroscopy are essential. The characteristic time of photoaqua-
ion obtained in the experiments on ultrafast kinetic spectroscopy
s ca. 15 ps [8]. It should be noted that the work [8] does not demon-
trate the sufficient changes of the observed kinetic curves caused
y the addition of large (up to 4 M) amounts of free Br− anions. That

s no surprise, because the laser wavelength used for excitation was
20 nm, and available region of registration was 450–800 nm. In
his spectral region the absorption of Br2

•− radical anion is weak,
herefore, it has not been observed in [8]. Of principal interest is to
erform experiments on ultrafast kinetic spectroscopy of PtBr6

2−

ith a shorter excitation (266 nm) and a registration in the region
f maximal absorption of Br2

•− radical anion (366 nm) and (or) a
romine atom.
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