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A B S T R A C T

Photosolvation of hexachloroplatinate(IV) in acetonitrile with the formation of the PtIVCl5(CH3CN)�

complex was studied in the time range from hundreds of femtoseconds to seconds. The primary Pt(III)
intermediate was recorded and interpreted as the primary Adamson radical pair [PtIIICl52-(C4v)� � �Cl�],
which then accepts an electron from a solvent molecule. Two successive Pt(III) intermediates recorded in
time range from microseconds to tens of milliseconds were interpreted as PtIIICl52�(C4V) and PtIIICl4�

complexes. PtIIICl4�was proposed to be a chain carrier in the chain photosolvation process. Dependencies
of quantum yield of photosolvation on the initial complex concentration and excited light intensity were
fitted in the framework of the proposed chain mechanism. Rate constants of the reactions of
intermediates were determined.
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1. Introduction

A fundamental problem in photocatalysis is to expand the
absorption spectra of semiconductors (TiO2, CdS) into the visible
spectral region. One of the useful methods to solve this problem is
the modification of TiO2 [1–5] and CdS [6–8] surfaces by metallic
platinum via photoreduction of hexachloroplatinate. The process
of four-electron photoreduction of PtIV to Pt� in water-alcohol
mixtures discovered by Cameron and Bocarsly [9,10] marked the
beginning of using PtCl62� photolysis as a tool for the fabrication of
platinum nanoparticles [11–18]. For complete description of
photochemical processes in the mentioned systems, the mecha-
nisms of both heterogeneous and homogeneous processes should
be taken into account. This is the main factor defining our
motivation in studying PtIVCl62� photochemistry.
* Corresponding author at: Voevodsky Institute of Chemical Kinetics and
Combustion, Siberian Branch of the Russian Academy of Sciences, 3 Institutskaya
Str., 630090 Novosibirsk, Russian Federation.
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The photochemistry of this complex is solvent-dependent (see
[19] and references there). In aqueous solutions, the integral
photochemical process is photoaquation with the formation of the
PtIVCl5(H2O)� complex as primary photoproduct [20–27]. Mecha-
nism of photoaquation includes redox stages. Starting with [28], in
the most of papers on the photochemistry of aqueous PtIVCl62�

solutions, a homolytic cleavage of Pt-Cl bond with a chlorine atom
escape into the solution bulk (1) was considered as the primary
photochemical process.

PtIVCl2�6 !hn PtIIICl2�5 þ Cl
� ð1Þ

Intermediates interpreted as Pt(III) species were recorded in the
experiments with microsecond [21,25], picosecond [29] and
femtosecond [26,27,30] time resolution. When the primary process
(1) is realized, photoaquation can follow a chain mechanism.
Depending on the experimental parameters, quantum yield could
be both less [20,21,25] and sufficiently higher than unity
[20,22,27].

In alcoholic solutions of PtIVCl62�, the near UV excitation results
in parallel processes of photosolvation and photoreduction [30].
Photoreduction is caused by an electron transfer from a solvent
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molecule to the light-excited complex [31–33] with the formation
of Pt(III) intermediate � PtIIICl63� complex, and a hydroxyalkyl
radical. PtIIICl63� complex rapidly dissociates to PtIIICl52� and Cl�

[33]. In turn, PtIIICl52� intermediate gives rise to the relatively long-
living PtIIICl4� complex. The reaction scheme (for the case or
methanol solutions) is described by Reactions (2)–(6).

PtIVCl2�6 @
hn ðPtIVCl2�6 Þ� ð2Þ

ðPtIVCl2�6 Þ� !CH3OH PtIIICl3�6 þ �CH2OH þ Hþ ð3Þ

PtIIICl3�6 ! PtIIICl2�5 þ Cl� ð4Þ

PtIIICl2�5 ! PtIIICl�4 þ Cl� ð5Þ

PtIIICl�4 þ CH3OH ! PtIICl2�4 þ �CH2OH þ Hþ ð6Þ
This mechanism was supported by the experiments on ultrafast

pump-probe spectroscopy [25,27]. The photochemical kinetics of
PtIVCl62� reduction to Pt� in methanol was recently studied by
Wojnicky and Kwolek [34].

As for other organic solvents, photoreduction via the primary
process (1) was reported to occur in the case of PtIVCl62� irradiation
in chloroform solutions [35,36]. The following scheme including
the reaction of �CCl3 radical with the initial complex was proposed
(in assumption that the relevant species are protonated):

H2PtIVCl6!hn H2PtIIICl5 þ Cl� ð7Þ

Cl� + CHCl3! HCl + �CCl3 (8)

H2PtIIICl5 ! H2PtIICl4 þ Cl� ð10Þ

H2PtIVCl6 þ �CCl3 ! H2PtIIICl5 þ CCl4 ð11Þ

2�CCl3! C2Cl6 (12)

The mechanism (Eqs. (7)–(12)) was put forward based on the
results of steady-state photolysis experiments and was supported
by the proportionality of the initial rate of photolysis to the square
root of intensity, which could be derived from the mechanism (Eqs.
(7)–(12)) in the case of quasy-stationary conditions.

In the only work on the photolysis of PtIVCl62� in acetonitrile
solutions [37] the following conclusions were made:

(i) The integral photochemical reaction is photosolvation (13).
This conclusion was made based on the quantitative release of
free Cl� anions and on the conservation of the isosbestic points
in the course of photolysis.

PtIVCl2�6 !hn
CH3CN

PtIVCl5ðCH3CNÞ� þ Cl� ð13Þ

(ii) The quantum yield is not wavelength-dependent in the region
of 254–436 nm

(iii) The quantum yield linearly depends on the concentration of
the initial complex and on the reciprocal square root of light
intensity, being higher than unity. The reported values of
quantum yield lie in the interval 1.2–5.5, i.e. chain processes
are involved.

(iv) In the lamp flash photolysis experiments (irradiation was
performed by 50 ms pulses) an intermediate absorption with
the maximum in the region of 530 nm was observed and
attributed to Pt(III) intermediate. This intermediate was
proposed to be PtIIICl52� complex with the geometry of a
square pyramid. The attribution was based on the calculations
of Pt(III) intermediates optical spectra performed in [38].

Based on the points (i–iv), the authors [37] proposed the
following mechanism (further called Mechanism A) of the
processes starting from the primary process (1)

Mechanism A

PtIVCl2�6 @
hn

PtIIICl2�5 þ Cl� ð14Þ

PtIIICl2�5 ! PtIIICl�4 þ Cl� ð15Þ

PtIIICl�4 þ PtIVCl2�6 !CH3CN PtIVCl5ðCH3CNÞ� þ PtIIICl2�5 ð16Þ

PtIIICl�4 þ Cl� !CH3CN PtIVCl5ðCH3CNÞ� ð17Þ
In this work, nanosecond laser flash photolysis was applied to

examine the mechanism of photolysis (Eqs. (14)–(17)). The general
idea was to quantify the amount of chlorine atoms formed in the
primary process (1) by means of their scavenging with free Cl� ions
and registration of Cl2

�� radical anions which demonstrate a well-
known characteristic spectrum in the near UV spectral range [39].
In addition, the primary photophysical processes were studied by
means of ultrafast kinetic spectroscopy.

2. Experimental

Solutions of PtIVCl62� complex were prepared from Na2PtCl6
salt (Aldrich). Chemically pure grade LiCl and NEt4Cl were used as
sources of free Cl� anions. Solutions for photochemical experi-
ments were prepared using spectrophotometrically grade aceto-
nitrile (Cryochrom, Russia).

UV absorption spectra were recorded using Agilent 8453
(Agilent Technologies) and Varian Cary 50 (Varian Inc.) spectro-
photometers. Stationary photolysis was performed using the
irradiation of a XeBr (282 nm) barrier discharge exciplex lamp
(excilamp) [40] produced by the Institute of High Current
Electronics, Siberian Branch of the Russian Academy of Sciences,
Tomsk, Russia. The parameters of irradiation were: bandwidth Dl
ca. 5 nm, peak output power Wpeak = 19 mW/cm2, frequency
f = 200 kHz, and pulse duration ca. 1 ms. The incident light intensity
was typically ca. 2.7 � 1016 photons s-1 cm�2. Quantitative meas-
urements of quantum yields of PtIVCl62� photosolvation in the
course of laser photolysis were performed using the irradiation of
an LS-2137U Nd:YAG laser (Lotis TII, Belarus) with excitation
wavelengths of 266 nm and pulse duration of ca. 5 ns.

The laser flash photolysis setup was based on the up-mentioned
Nd:YAG laser. The illumination spot area was ca. 0.1 cm2 and
energy per pulse was up to 20 mJ; the setup was similar to that
described in Ref. [41]. The overall time resolution of the setup was
50 ns. For the time interval 50–800 ms probing was performed by a
xenon lamp operated in the pulsed mode for increasing the light
intensity. In the case of experiments performed in the long time
interval (1–50 ms) the probing was performed by means of
irradiation of light-emitted diodes HPL-H77 (High Power Lighting
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Corp., Taiwan). For the extraction of reaction rate constants from
the experimental data, a system of differential equations
corresponding to the selected reaction scheme was solved
numerically by a fourth-order Runge-Kutta method, and the
results were compared with the experimental kinetic curves.

Pump-probe spectroscopy was used to study transient absorp-
tion of the samples in picosecond time domains. The experimental
setup was described in detail in Ref. [42]. The samples were excited
by �60 fs pulses (energy ca. 1 mJ, pulse repetition rate 1 kHz) at
�400 nm (second harmonic of a Ti:sapphire generator-amplifier
system, CDP Ltd., Moscow, Russia). 200 pulses were used to record
a single time-resolved spectrum. Each kinetic curve contains
110 points (60 points with a 100 fs step, 20 points with a 500 fs
step, and 30 points with a 3 ps step). The investigated solutions
(total volume of 20 ml) were pumped through a 1 mm cell at room
temperature to provide uniform irradiation and avoid possible
degradation due to photochemical reactions. The experimental
data were globally fitted by a three-exponential model. The fitting
program performed corrections of the group velocity dispersion
and calculated the response time of the instrument.

3. Results and discussions

3.1. UV spectra and photochemistry of PtIVCl6
2�complex in CH3CN

Platinum(IV), which has the d6 electronic configuration, forms
stable and kinetically inert complexes with a variety of ligands.
PtIVCl62� is a low-spin complex with octahedral symmetry. The
intense (e = 23700 M�1 cm�1, which corresponds well with the
value 23600 M�1 cm�1 reported for an aqueous solution [20])
charge transfer band with maximum at 270 nm (curve 1 in Fig. 1)
corresponds to the transitions from p-orbitals of ligands to a metal
center [43,44]. It should be noted that this band in CH3CN
demonstrates an 8 nm red shift in comparison with the case of
aqueous solution [43]. A shoulder in the region of 355 nm and a low
intensity broad band with maximum at 455 nm belong to d–d
transitions [43,44].

Changes in the UV spectrum caused by the stationary photolysis
(286 nm) of PtIVCl62�solution in acetonitrile are shown in Fig.1. The
conservation of two isosbestic points (249 and 313 nm) indicates
the appearance of only one photolysis product. Quantitative
release of Cl� anions in the course of photolysis reported in [37]
indicates that photosolvation (13) is the only observed photo-
chemical process. The changes in the UV absorption spectra in the
Fig. 1. Changes in the UV absorption spectrum caused by irradiation (286 nm) of
PtIVCl62� in acetonitrile solution (1 cm cell, initial concentration 7.8 � 10�5M).
Curves 1–7 correspond to 0; 2; 5; 7; 10; 21; 47 s of irradiation.
case of laser photolysis of PtIVCl62� at 266 nm were the same as in
the case of the excilamp irradiation, therefore, the reaction
pathway does not depend on the exciting light intensity. No effect
of the dissolved oxygen on the rate of photolysis was observed.

3.2. Formation and decay of Pt(III) intermediates

The experiments on the laser flash photolysis of PtIVCl62� in
acetonitrile have demonstrated the formation of intermediate
absorption, which kinetic behaviour is rather complicated. The
typical kinetic curves in time range from tens of microseconds to
tens of milliseconds are shown in Fig. 2. For clarity, kinetic curves
at three time domains are presented (Fig. 2a–c). The characteristic
time of the intermediate absorption formation was less that the
time resolution of the experimental setup (50 ns). The kinetic
curves were fitted using a kinetic scheme discussed below (fit
curves are represented by black lines in Fig. 2).

The evolution of the intermediate absorption spectrum is
shown in Fig. 3. Two intermediate absorption bands with the
maxima in the regions of 540 and 410 (curve 1 in Fig. 3) nm were
attributed to the PtIIICl52� complex with the structure of a square
pyramid (C4V) and sufficient elongation or the bond Pt � Clax. This
assignment is based on the relativistic Xa calculations of possible
Pt(III) intermediates performed by Goursot et al. in the 80th years
of XX century [38]. Previously this intermediate was recorded in
the course of PtIVCl62� photolysis in alcohol solutions [31–33], but
not in aqueous solutions [25].
Fig. 2. Laser flash photolysis (266 nm, 6 mJ/pulse) of PtCl62� in CH3CN (1 cm cell,
initial concentration 2.7 � 10�5M, natural content of oxygen) at different time
domains. Experimental curves (noisy lines) and their fits (smooth lines) using
Mechanism B (see Section 3.4. for details) with parameters e540 nm (PtIIICl52�) =
1200 M�1 s�1, e450 nm (PtIIICl4�) = 200 M�1 s�1,k16 = 1.2 � 105M�1 s�1, k24 = 1�106M-

1 s�1, k25 = 6 � 108M�1 s�1, k26 = 5 �103M�1 s�1. (a) Time scale 600 ms; k15 = 1500 s-1;
(b) time scale 5 ms, k15 = 1500 s�1; (c) time scale 50 ms, k15 = 1200 s�1.



Fig. 3. Laser flash photolysis (266 nm, ca. 6 mJ/pulse) of PtCl62� in CH3CN (1 cm cell,
initial concentration 2.7 � 10�5M), 6 ms time scale. Intermediate absorption
spectra. Curves 1–3 correspond to 0; 0.13 and 6 ms after laser pulse.

Fig. 4. Dependence of initial PtIIICl52� absorption (540 nm) in the course of laser
flash photolysis (266 nm) of PtCl62� in CH3CN vs. energy of laser pulses. 1 cm cell,
diameter of irradiated spot of the sample 2 mm (a) initial concentration
2.7 � 10�5M (absorption at 266 nm is 0.61). Experimental points and best fit by
Eq. (18). (b) initial concentration 4.4 �10�6M (absorption at 266 nm is 0.1).
Experimental points and linear fit.
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After decaying of absorption attributed to PtIIICl52�, a noticeable
residual absorption remains in the region of 450 and 620 nm. Its
spectrum is represented by curve 3 in Fig. 3. In turn, this absorption
does not remain constant and slowly decays with the characteristic
time of ca. 0.1 s (Fig. 2c). In spite of a rather low signal, the tendency
of the decay clearly manifests itself. This slowly decaying
absorption was attributed to the second intermediate of Pt(III),
namely, to the flat complex PtIIICl4�. The interpretation, as in the
case of the first intermediate, was based on the calculations
performed by Goursot et al. [45]. As it would be shown later, the
second Pt(III) intermediate plays the role of the chain carrier in the
process of the chain photosolvation of PtIVCl62� (Eq. (16)).

To estimate the molar absorption coefficients and quantum
yields of intermediates formation, the initial absorption of
PtIIICl52� was plotted as a function of the incident laser pulse
energy (Fig. 4a). The corresponding dependence is linear at low
energies with a trend to saturation at higher energies. This type of
dependence is typical for a one-photon process. Following the
work [46], we have fitted the experimental curve by function (18):

DA ¼ að1 � e�bhÞ ð18Þ
where DA is the intermediate absorption at the registration
wavelength and h (in work [46] it was measured in photons/cm2) is
the light flux per unit area.

In principle, saturation of the dependence (Fig. 4a) could be
explained by two factors. First, one could assume that the
intermediate photolysis product absorbs at the wavelength of
excitation (266 nm), and the characteristic time of its formation is
small in comparison with the laser pulse duration (5 ns). In this
case, the new product should compete for the light quanta with the
initial PtIVCl62� complex, which should result in saturation of the
dependence of intermediate absorption vs. laser pulse energy.
Nevertheless, in our case the intermediate does not absorb
significantly in the region of wavelengths shorter that 370 nm,
and the corresponding explanation of saturation could be ruled
out.

Another (and simpler) explanation of saturation is the limited
amount of initial substance in comparison with the amount of the
incident light quanta. If all the irradiated PtIVCl62� complexes are
converted to products, the further increase in light quanta flux
would not result in the intermediate absorption increase.
Therefore, fitting parameter a in Eq. (18) allows one to estimate
molar absorption coefficient of intermediate eint

a ¼ eintc0l ð19Þ
where c0 is the concentration of the initial compound (PtIVCl62� in
our case), l is the optical path length.

The validity of Eq. (19) does not depend on the concentration of
the initial compound. In addition, as it was shown in Ref. [46], if the
absorption of the initial reagent at the excitation wavelengths Aex is
small, one can use the parameter b in Eq. (18) to calculate the
quantum yield of the formation of intermediate (’)

b ¼ fsex ð20Þ
where sex is the absorption cross section (in cm3) of the initial
compound at the excitation wavelengths, which is related to the

molar absorption coefficient as sex ¼ 3:82 � 10�21eex (eex is the
molar absorption coefficient of the initial compound at the
excitation wavelength measured in M�1 cm�1). In the experiment
shown in Fig. 4a the value of Aex was not chosen small in order to
observe the trend to saturation, therefore, the calculation of
quantum yield using Eq. (20) was not perfect enough. To estimate
the quantum yield, the experiments with the small concentration
of the initial complex were performed (Fig. 4b). In this case,
saturation could not be achieved, but the tangent of linear
dependence of intermediate absorption vs. laser pulse energy
allows one to calculate the quantum yield. Combining Eq. (18) at
bh << 1 with Eqs. (19) and (20), we obtain

DA ¼ asexfh ð21Þ
Using Eq. (18) to fit the dependence in Fig. 4a and Eq. (21) to fit

the dependence in Fig. 4b, we have calculated the values of molar



Fig. 5. Concentration of free Cl� anions in solutions of LiCl (1) and Net4Cl (2) in
acetonitrile as a function of the salt concentration. Calculation using the association
constants 2915 [50] and 14 M�1 [51] for LiCl and NEt4Cl correspondingly.
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absorption coefficient of PtIIICl52� at 540 nm and quantum yield of
its formation upon 266 nm excitation. The corresponding values

are e540nmint = 1200 	 200 M-1�cm�1 and f266nm = 0.028 	 0.04. It
should be noted that the molar absorption coefficient of PtIIICl52�

in methanol solutions reported in Ref. [31] was 3000 	 600 M�1

cm�1 at 535 nm. Therefore, the molar absorption coefficient of this
intermediate is solvent-dependent, which is indicative of the
strong interaction between Pt(III) cation and a solvent molecule.

Using Fig. 3, one can estimate the molar absorption coefficient
of the PtIIICl4� intermediate in the region of 440–460 nm as
200 	 50 M�1–cm�1.

3.3. Primary photochemical process: inner-sphere or inter-sphere
electron transfer?

Formation of the primary Pt(III) intermediate could be assumed
as the result of the inner-sphere electron transfer mechanism A.
Another possibility is the inter-sphere electron transfer from the
solvent molecule to the light-excited complex, like in the case of
alcoholic solutions (Reactions (2)–(6)). For acetonitrile solutions,
the total equation of the primary photochemical process could be
written as

PtIVCl2�6 !hn
CH3CN

PtIIICl2�5 ðC4VÞ þ �CH2CN þ HCl ð22Þ

In order to choose one of the primary processes (14) and (22)
the experiments on the laser flash photolysis of PtIVCl62� in the
presence of free Cl� anions were performed. The reaction between
a chlorine atom and Cl� (23) is diffusion-controlled [47].

Cl� þ Cl� ! Cl��2 ð23Þ
Estimating its rate constant as 1010M�1 s�1, we obtain that

when the concentration of free Cl� anions is about 10�3M, the
characteristic time of Cl2�� formation is about 100 ns. Considering
Reaction (14) as the primary photochemical process, one could
expect that in the experiments performed with our laser flash
photolysis setup the formation of the Cl2

�� radical anions
absorption should occur immediately after the laser pulse. This
radical anion exhibits a strong absorption band with the maximum
at 350 nm and molar absorption coefficient 9600 M�1 cm�1 (in
aqueous solutions) [48].

When performing experiments in aprotic solvents like acetoni-
trile, the peculiarities of the solvation of ions should be taken into
account. For example, the alkali halides in acetonitrile demonstrate
rather high association constants [49]. As a result, even at
millimolar concentrations of salts the molecular form could be
predominant in solutions. Let us consider lithium chloride, which
solubility in acetonitrile is 0.0257 g/L at 23 �C [50]. The association
constant for the pair Li+– Cl� is 2915 M�1 [49]. The calculated
concentration of free Cl� ions in CH3CN as a function of LiCl
concentration is shown in Fig. 5 (Curve 1). One can see that at
0.01 M of loaded LiCl the concentration of free chloride ions is
1.7 � 10�3M. For the case of NEt4Cl the association constant in
acetonitrile is 14 M�1 [51]. This value is two orders of magnitude
less that for LiCl. For 0.01 M of loaded NEt4Cl the content of free Cl�

anions in solution is about 88% (Curve 2 in Fig. 5). In our
experiments on PtIVCl62� photolysis both LiCl and NEt4Cl were
used as the sources of free Cl� anions.

If the primary photochemical process is Reaction (14), the
photolysis of PtIVCl62� in the presence of 0.01 M of both NEt4Cl and
LiCl should result in the full conversion of chlorine atoms to Cl2��.
According to the ratio of the maximal absorption coefficients of
Cl2

�� and PtIIICl52�, the initial absorption of Cl2
�� at 350 nm should

be three times higher than the initial absorption of PtIIICl52� at
540 nm. However, no evidence of Cl2

�� absorption was obtained in
our experiments. Therefore, the mechanism of photolysis starting
from the chlorine atom escape to the solution bulk (14) could be
ruled out.

The only possible mechanism explaining Pt(III) formation is the
inter-sphere electron transfer via Reaction (22), as in the case of
alcoholic solutions described in Introduction. It should be noted
that both cyanomethyl radical �CH2CN formed in this reaction and
the corresponding peroxyl radical �OOCH2CN absorb light in the
wavelengths range 220–300 nm [52,53]. The maxima of the
spectra of both radicals lie in the region of 230 nm, and molar
absorption coefficients in the maxima were estimated as 1000 and
2200 M�1cm�1 for �CH2CN and �OOCH2CN correspondingly [53].
These radicals could not be detected in the course of our laser flash
photolysis experiments because their absorption is shielded by
different platinum species. Another possibility is performing
experiments on stationary photolysis in frozen matrices at 77 K
with the ESR detection of radicals, but it is not prospective because
acetonitrile has no glass transition. Therefore, our evidence of the
primary process (22) is indirect, but the proposed reaction
mechanism is supported by all the data set presented in this work.

It should be noted that direct evidence of the proposed reaction
mechanism could probably be obtained from the time-resolved
ESR (TR ESR) detection of the �CH2CN radical (it was observed using
TR ESR upon photolysis of dibenzoyl peroxide in acetonitrile [54]).

3.4. Chain photosolvation of PtCl6
2� in CH3CN

After the formation of initial Pt(III) intermediate in Reaction
(22), the chain photosolvation similar to that presented by
Reactions ((15)–(17)) is expected. To examine the mechanism of
photosolvation, we have measured the quantum yields of PtIVCl62�

disappearance at the same conditions as for the laser flash
photolysis experiments. Quantum yields were calculated assuming
that the PtIVCl5(CH3CN)� complex is the only reaction product. Its
molar absorption coefficient at the wavelength at 270 nm (i.e. in
the maximum of PtCl62� absorption) was taken equal to that of
PtIVCl5(H2O)� complex (12500 M�1cm�1 [20]).



Fig. 6. Dependencies of quantum yield of PtIVCl62� photosolvation (caused by laser
photolysis at 266 nm, frequency of pulses 1 Hz) in CH3CN vs. (a) initial concentration
of PtIVCl62� (laser energy 8 mJ/pulse) and (b) reciprocal square root from the laser
pulse energy (initial concentration of PtIVCl62� 10�5M). 1 cm cell, air saturated
solutions. Points � experimental data, solid curves—a fit of quantum yields in the
framework of Mechanism B with the rate constants k15 = 1300 s�1, k16 = 1.2 � 105

M�1 s�1, k24= 1 �106M�1 s�1, k25 = 6 � 108M�1 s�1, k26= 5 �103M�1 s�1. Quantum
yield of PtIIICl52� formation was taken to 0.028.
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The laser photolysis experiments were performed with excita-
tion at 266 nm (laser pulse duration 5–6 ns and pulse frequency
1 Hz). The dependencies of the quantum yields of photosolvation
vs. initial concentration [PtIVCl62�]0 and reciprocal square root of
the laser pulse energy (E�1/2) are shown in Fig. 6. The dependencies
of photosolvation quantum yield both on [PtIVCl62�]0 (Fig. 6a) and
on E�1/2 (Fig. 6b; note that large experimental errors are essential
for low laser pulse energies) are close to those obtained in the case
of lamp stationary photolysis [37]. The dependencies in Fig. 6
testify in favour of chain mechanism of photosolvation. The
increase of the quantum yield with the increase of [PtIVCl62�]0
reflects the chain character of the process, while the dependence of
quantum yield vs. E�1/2 is caused by the second order decay of a
chain carrier.

To compare the data on laser flash photolysis and stationary
photolysis, the kinetic curves of intermediate absorption (Fig. 2)
and dependencies of quantum yield on [PtIVCl62�]0 and E�1/2

(Fig. 6) were fitted using the same set of parameters. For complete
description of chain reactions Mechanism A proposed in Ref. [37]
was modified to Mechanism B (for convenience, we repeat here
any of the reactions mentioned previously):
Table 1
Molar absorption coefficients of intermediates caused by laser flash photolysis of PtIVC

PtIIICl52�

e540 nm,
M�1cm�1

PtIIICl4�

e450 nm,
M�1 cm�1

k15, s�1 k16, M�1 s�1

1200 	 200 200 	 50 (1.3 	 0.3) � 103 (1.2 	 0.2) � 1
Mechanism B
Chain initiation

PtIVCl2�6 !hn
CH3CN

PtIIICl2�5 ðC4VÞ þ �CH2CN þ HCl ð22Þ

PtIIICl2�5 !k15 PtIIICl�4 þ Cl� ð15Þ
Chain propagation

PtIIICl�4 þ PtIVCl2�6 !k16
CH3CN

PtIVCl5ðCH3CNÞ� þ PtIIICl2�5 ð16Þ

Chain decay

2PtIIICl�4 !k24
CH3CN

PtIVCl5ðCH3CNÞ� þ PtðIIÞ ð24Þ

�CH2CN þ PtIIICl2�5 !k25 PtIICl2�4 þ ClCH2CN ð25Þ

2�CH2CN!k26 products ð26Þ
In this mechanism, the inter-sphere electron transfer (22)

instead of the inner-sphere Reaction (14) is the primary
photochemical process. The PtIIICl4� complex is the chain carrier,
as proposed in [37]. The chain decay occurs in Reactions (24) and
(25) instead of Reaction (17) proposed in [37]. The introduction of
the reactions of the cyanomethyl radical �CH2CN (25) and (26)
were necessary for the quantitative description of kinetic curves of
the intermediate absorption.

All the kinetic curves obtained in the laser flash photolysis
experiments were fitted in the framework of Mechanism B. The
values of molar absorption coefficients for PtIIICl52� and PtIIICl4�

intermediates obtained from dependencies (Fig. 4) were used for
fitting. The examples of kinetic curves and corresponding best fits
are shown in Fig. 2. The rate constants corresponding to the best
fits are collected in Table 1.

To ensure that the results of laser flash photolysis experiments
and quantum yield dependencies on initial complex concentration
and laser pulse energy (Fig. 6) are consistent, we performed
modelling of corresponding dependencies using Mechanism B. The
results are shown in Fig. 6 as solid lines. To mimic the dependence
of quantum yield vs. initial concentration of the initial complex
(Fig. 6a), we calculated the initial concentration of the first
observed intermediate [PtIIICl52�]0 corresponding to the measured
value of quantum yield (f0 = 0.028) and experimental laser energy.
Then the system of differential equations corresponding to
Mechanism B was numerically solved to determine the final
concentration of the solvated complex [PtIVCl5(CH3CN)�]final. The
calculated quantum yield was determined as

fcalc ¼ f0
½PtIIICl5ðCH3CNÞ�
f inal

½PtIIICl2�5 
0
ð27Þ

Using this approach, the best fit curve (solid line in Fig. 6a) was
obtained using the set of rate constants listed in Table 1.
l62� in CH3CN and rate constants of their reactions included to Mechanism B.

k24, M�1 s�1 k25, M�1 s�1 k26, M�1 s�1

05 (1.0 	 0.2) � 106 (6.0 	 1.0) � 108 (5 	 1) � 103



Fig. 7. Results of ultrafast kinetic spectroscopy experiments (lpump = 400 nm) with PtCl62� (1.85 �10�3M) in CH3CN solution. (a) Intermediate absorption spectra at different
times, (b) experimental kinetic curves (dots) and three-exponential fits (solid lines).
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The similar procedure was used to mimic the dependence of
quantum yield vs. reciprocal square root of laser pulse energy (solid
line in Fig. 6b). In this case, satisfactorily agreement between
experimental and calculated dependencies was also achieved.
Therefore, the description of different type experiments by the
same set of kinetic parameters is an argument in favour of the
proposed photolysis mechanism.

4. Ultrafast kinetic spectroscopy of PtIVCl62� in CH3CN

In the course of ultrafast kinetic spectroscopy experiments the
intermediate absorption spectra were recorded in the range 440–
680 nm (Fig. 7a). In the kinetic curves (Fig. 7b) the experimental
points corresponding to time delays falling into the range (�500 fs)
< t > (300 fs) are omitted because they are affected to the coherent
artifact caused by the coherent interactions between pump and
probe pulses [55]. The kinetic curves obtained in the experiments
on the ultrafast pump-probe spectroscopy were globally fitted
using a triexponential function (28).

DAðl; tÞ ¼ A1ðlÞe�k1t þ A2ðlÞe�k2t þ A3ðlÞe�k3t ð28Þ
When the kinetic curves are fitted using the triexponential

function (28), the sequential decay of the transient absorption
A ! B ! C ! (ground state + products) is proposed. The species
associated difference spectra (SADS) of the individual components
were calculated by means of the formulae derived in Ref. [56].

SAðlÞ ¼ A 1ðlÞ þ A 2ðlÞ þ A 3ðlÞ ð29Þ

SBðlÞ ¼ A2ðlÞk1 � k2
k1

þ A3ðlÞk1 � k3
k1

ð30Þ
Table 2
The characteristic lifetimes of the primary processes followed by
PtIVCl62� irradiation (400 nm, 60 fs laser pulses) in CH3CN.

Reaction Characteristic lifetime, ps

33 0.8 	 0.6
34 4.4 	 1.9
35 370 	 160
SCðlÞ ¼ A3ðlÞðk1 � k3Þðk2 � k3Þ
k1k2

ð31Þ

The global fit of experimental kinetic curves gave the
characteristic times (which are the reciprocal constants ki in
Eq. (28)) collected in Table 2. The SADS of the intermediates are
shown in Fig. 8. The spectra and kinetic behavior of the
intermediate absorption bands formed by irradiation of PtIVCl62�

in CH3CN are similar to the case of aqueous and alcoholic solutions
[26,27,30]. Immediately after excitation the transient absorption
spectrum appears as a wide band covering all the region of
observation (440–680 nm, curve 1 in Fig. 8). The first process
Fig. 8. Results of ultrafast kinetic spectroscopy experiments (lpump = 400 nm) with
PtCl62� (1.85 �10�3M) in CH3CN solution. Species associated difference spectra
(SADS) obtained from the three-exponential global fit (Eq. (24)) of kinetic curves
(Fig. 7) and formulae (25–27).
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results in formation of two absorption bands with the maxima at
�450 nm and �660 nm (curve 2 in Fig. 8). The second process
results in the narrowing of these bands without sufficient changes
in their positions and relative intensities. The last process results in
the uniform disappearance of intermediate absorption.

The similar behavior of the two bands at �450 and �660 nm
means that they belong to the same intermediate. This intermedi-
ate was first observed by Goursot et al. [29] in the experiments on
the 30 ps laser flash photolysis of aqueous PtCl62� solutions. In Ref.
[26], this intermediate was attributed (for both aqueous and
alcoholic solutions) to the primary Adamson radical pair
[PtIIICl52-(C4v)� � �Cl�]. Intermediates like this (traditionally called
radical pairs) are typical for Adamson redox mechanism of
photosolvation of transition metal complexes [57]. Based on this
interpretation, we propose that the SADS shown in Fig. 8 belong to
the Franck—Condon excited state of PtIVCl62� (curve 1), vibration-
ally hot (curve 2) and vibrationally cooled (curve 3) radical pair.
The corresponding mechanism of primary processes is represented
by Eqs. (32)–(36).

PtIVCl2�6 !hn ½PtIVCl2�6 
 � ð3T1g1g Þ ð32Þ

½PtIVCl2�6 
 � ð3T1g1g Þ!
k33½PtIIICl2�5 ðC4VÞ:::Cl�
� ð33Þ

½PtIIICl2�5 ðC4VÞ:::Cl�
 � !k34½PtIIICl2�5 ðC4VÞ:::Cl�
 ð34Þ

½PtIIICl2�5 ðC4VÞ:::Cl�
 !k35
CH3CN

PtIIICl6
3� þ �CH2CN þ Hþ ð35Þ

PtIIICl6
3� !<50ns½PtIIICl2�5 ðC4VÞ
 þ Cl� ð36Þ

Generally, primary mechanism (Eqs. (32)–(36)) is the same as
proposed in Ref. [26] for the case of methanol solutions. It contains
an intermediate of Pt(III), namely PtIIICl63� complex, which is not
observed in the available spectral range. The characteristic time of
Reaction (36) is less than 50 ns, therefore, it is not observed in
nanosecond laser flash photolysis experiments. The formation of
the PtIIICl52� complex initiates the chain process of photosolvation
described by Mechanism B.

5. Conclusions

In this work, the chain photosolvation of the PtIVCl62� complex
in acetonitrile is experimentally studied from the absorption of a
light quantum to the formation of the final reaction products. In
contrast to the previous work [37], it is shown that the primary
photochemical process is the inter-sphere electron transfer from a
solvent molecule to the light-excited complex. Experiments on
ultrafast kinetic spectroscopy allowed us to construct the
mechanism of electron transfer with the participation of the key
intermediate interpreted as the primary Adamson radical pair
[PtIIICl52-(C4v)� � �Cl�]. As we mentioned in [19], intermediates
postulated for PtIVCl62� photolysis should be verified against
high-level quantum chemical calculations.
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