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Abstract

The method of laser ¯ash photolysis (308 nm) is used to study the photochemistry of IrCl2ÿ
6 complex in aqueous

solutions with and without free Clÿ ions. Photolysis in aqueous solutions lead to photoaquation of initial complex

within less than 20 ns with a quantum yield of 0.01. In aqueous solutions containing free Clÿ ions, the photoreduction

of IrCl2ÿ
6 and the appearance of an absorption band of Cl�ÿ2 radical ion with a maximum at 350 nm are observed. An

increase in the Clÿ ion concentration causes an increase in both the quantum yield of photoreduction and Cl�ÿ2 yield.

These results allow one to conclude that a chlorine atom, precursor of Cl�ÿ2 radical ion, arises due to the electron

transfer from an outerspheric Clÿ ion to the excited complex. The obtained experimental data have made it possible to

estimate the rate constants of direct and back electron transfer in the (IrCl2ÿ
6 )�±Clÿ pair. Ó 2000 Published by Elsevier

Science B.V. All rights reserved.
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1. Introduction

Study of IrCl2ÿ
6 phototransformations is highly

important for determining primary processes in
the photochemistry of the halide complexes of
transition metals. The IrCl2ÿ

6 complex has an ex-
tremely consistent coordination sphere and is sta-
ble in aqueous and organic solutions in the
absence of free Clÿ ions. Stability and spectral
peculiarities make it convenient to study photo-
processes in various solvents with and without free
halide ions [1±7]. Determination of the primary

processes for halide complexes of transition metals
in aqueous solutions is hampered by the small
quantum yields of phototransformations. There-
fore, for many complexes, these processes remain
unknown. Note, however, that a study of the
photochemistry of complexes in aqueous solutions
is highly signi®cant for investigating the transfor-
mations and balance of organic impurities in large
volumes of natural water, in which the complexes
of many metals are dissolved.

The photochemistry of IrCl2ÿ
6 in aqueous solu-

tions and aqueous solutions containing free chlo-
ride ions has been studied in Refs. [5±7]. These
papers give rather contradictory data. Thus, in
Ref. [5], it is claimed that the only photochemical
process for IrCl2ÿ

6 is photoaquation which results
in the IrCl5(H2O)ÿ complex. This viewpoint was
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criticised in Ref. [6]. The authors indicate the
competition between photoaquation and photo-
reduction of Ir(IV) to Ir(III). They also demon-
strate that the origin of products and quantum
yield depend on the wavelength of exciting light
and the concentration of free chloride ions in
aqueous solution. Excitation in the region of a
short-wave charge transfer band (254 nm) leads
to the formation of complexes IrCl5(H2O)ÿ

(photoaquation product) and IrCl5(H2O)2ÿ

(photoreduction product) with a total quantum
yield of 0.029 independent of the concentration of
free Clÿ ions in solution. However, the contribu-
tion of photoreduction to quantum yield linearly
increases with the concentration of chloride
ions. The mechanism of photolysis proposed in
Ref. [6] explains the dependence of the photo-
reduction quantum yield on Clÿ concentration. It
includes a successive formation of two inter-
mediates, �IrCl2ÿ

5 � � �Cl�� (primary radical pair) and
�IrCl5�H2O�2ÿ � � �Cl�� (secondary radical pair).
The latter transforms into the ®nal reaction
products

IrCl2ÿ
6 ¢

hm

kÿ1

�IrCl2ÿ
5 � � �Cl�� �1�

�IrCl2ÿ
5 � � �Cl��!H2O�IrCl5�H2O�2ÿ � � �Cl�� �2�

�IrCl5�H2O�2ÿ � � �Cl�� ! IrCl5�H2O�ÿ � Clÿ �3�

�IrCl5�H2O�2ÿ � � �Cl�� ! IrCl5�H2O�2ÿ � Cl� �4�

�IrCl5�H2O�2ÿ � � �Cl��!Clÿ
IrCl5�H2O�2ÿ � Cl�ÿ2 �5�

On photolysis of IrCl2ÿ
6 in aqueous solutions in

the region of d±d bands (313 nm), only the
photoaquation with a quantum yield of 0.01 was
observed [6]. The irradiation at this wavelength in
the solution containing chloride ions (1.2 M) leads
to photoreduction of IrCl2ÿ

6 resulting in IrCl3ÿ
6

(quantum yield is about 2� 10ÿ2). The transfor-
mation of the mechanism (appearance of IrCl3ÿ

6 ) is
not discussed in Ref. [6]. The electron transfer
from a free outerspheric Clÿ ion to the excited
complex is assumed [7] to be the primary process

IrCl2ÿ
6 !

hm �IrCl2ÿ
6 �� !

Clÿ
IrCl3ÿ

6 � Cl� �6�

The IrCl2ÿ
6 charge transfer bands in the visible part

of the spectrum (k > 420 nm) are actually non-
photoactive (quantum yield being smaller than
10ÿ4 [6]).

Earlier, using the methods of laser ¯ash pho-
tolysis, low-temperature spectrophotometry, and
ESR, we have established the primary photopro-
cesses for IrCl2ÿ

6 in alcohols and acetonitrile [1±3].
Under irradiation in alcohols in the region of the
overlapping of d±d band with that of charge
transfer (308 nm), the only primary process is the
electron transfer from a solvent molecule to the
light-excited complex [1,2]

IrCl2ÿ
6 !

hm �IrCl2ÿ
6 �� !

RH
IrCl3ÿ

6 �R� �H� �7�
Irradiation at 248 nm (short-wave charge

transfer band) also causes the photoreduction of
the central ion. However, the electron transfer Eq.
(7) in this case is accompanied by the action of an
additional channel with the elimination of a chlo-
rine atom from the coordination sphere of the
excited complex (reaction similar to reaction (4))
giving rise to the IrCl5(CH3OH)2ÿ complex. A
share of this channel in the total process of Ir(IV)
photoreduction is about 30% [1]. Finally, in
acetonitrile solutions of IrCl2ÿ

6 , a step-by-step
photosolvation of the initial complex is observed
[3].

The aim of this paper is to establish the primary
processes of IrCl2ÿ

6 photochemistry in aqueous
solutions by the method of laser ¯ash photolysis.
Nanosecond time resolution allows one to record
reaction intermediates, and determine the mecha-
nism of phototransformations at a qualitatively
higher level as compared to stationary techniques.

2. Experimental

Solutions of the IrCl2ÿ
6 complex were prepared

using Na2IrCl6 � 6H2O (Aldrich). LiCl (Aldrich)
was employed as a source of chloride ions. Water
was puri®ed by double distillation. The optical
absorption spectra were recorded on UNICAM
8735/50 or Specord UV±VIS (Carl Zeiss) spectro-
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photometers. The steady-state photolysis was
performed using radiation of a high-pressure
mercury lamp with glass ®lters for separating the
necessary wavelengths. Sometimes, a pulsed XeCl
laser (308 nm) was used as a light source. In this
case, the identity of changes in the absorption
spectra powdered by lamp and laser irradiation
was controlled.

A set-up for laser ¯ash photolysis [8] consisted
of an excimer laser (308 nm, 20 ns) for excitation,
pulse xenon arc lamp with a monochromator as a
source of probing light and a monochromator with
photomultiplier in a measuring channel. The sig-
nal, produced by photomultiplier, was recorded
using a digital Tektronix 7912AD oscillograph
connected to an IBM computer.

3. Results and discussion

3.1. Photolysis of IrCl2ÿ
6 in aqueous solutions

The electronic absorption spectrum of IrCl2ÿ
6

complex contains strong absorption bands both in
visible and UV regions. Absorption bands in the
region of 400±500 nm with an extinction coe�cient
of about 4000 Mÿ1 cmÿ1 (curve 1 in Fig. 1) are the
bands of ligand-to-metal charge transfer (LMCT)
[9]. A stronger band of charge transfer has a
maximum at 232 nm, weak bands at 306 and 360
nm belong to d±d ligand-®eld (LF) transitions.

Fig. 1 shows a change in the absorption spec-
trum of IrCl2ÿ

6 in aqueous solution without addi-
tion of a free Clÿ ion under stationary irradiation
at 308 nm in the region of d±d transition. In the
course of photolysis, seven isosbestic points are
preserved (at 289, 316, 397, 440, 526, and 569 nm).
The resulting absorption band with a maximum at
443 nm belongs to a photosolvation product-
IrCl5(H2O)ÿ complex (curve 5 in Fig. 1). The
quantum yield of photolysis is 10ÿ2 [6].

Experiments on the IrCl2ÿ
6 ¯ash photolysis (308

nm) revealed no time-dependent intermediate ab-
sorption in the wavelength range of 340±700 nm.
Only the instant change in optical density is ob-
served after a laser pulse (Fig. 2a). The spectrum of
this instant change depends on both a decrease in
optical density in the bands of initial complex and

an appearance of absorption of the aquated
IrCl5(H2O)ÿ complex. Solid line in Fig. 2b shows
the di�erence in spectra 1 and 5 (Fig. 1) under
stationary irradiation (di�erence in the spectra of
IrCl5(H2O)ÿ and IrCl2ÿ

6 ). Dots mark a change in
the optical density in pulsed experiments (steady
state and pulsed measurements are normalised at
490 nm). Coincidence of the curves in Fig. 2b
shows that a laser pulse (20 ns) is followed by the
appearance of the aquated IrCl5(H2O)ÿ complex
without intermediate kinetic processes in the range
of 20 ns to seconds.

Thus, the main process of IrCl2ÿ
6 photochemis-

try in aqueous solutions under irradiation at

Fig. 1. Change in the optical spectrum of IrCl2ÿ6 complex

(4� 10ÿ3 M) in aqueous solution under stationary irradiation

by an XeCl laser (308 nm, 10 mJ, 10 Hz). Temperature: 295 K;

cuvette thickness: 0.1 cm; curves 1±5 denote 0, 60, 180, 360,

960 s of irradiation, respectively.
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308 nm is photoaquation. Some distortion of
isosbestic points at large phototransformation
depths can be assigned to further photoaquation
of the resulting complex IrCl5(H2O)ÿ. The mech-
anism of the photolysis is discussed in Section 3.3.

3.2. Primary processes and formation of Cl�ÿ2
radical ion from IrCl2ÿ

6 photolysis in the presence
of free chloride ions

Steady-state photolysis of the aqueous solutions
of the IrCl2ÿ

6 complex in the presence of free Clÿ

ions leads to a decrease in the relative yield of the
aquated complex IrCl5(H2O)ÿ. Thus, some com-
plexes are subjected to photoreduction which is
con®rmed by the results of laser ¯ash photolysis.
In the presence of even small amount (>0.01 M) of
free Clÿ ions, the laser pulse is followed by inter-
mediate absorption with a maximum at 350 nm
(Fig. 3) belonging to the Cl�ÿ2 ion radical (e � 9600
Mÿ1 cmÿ1 [10]). The chlorine atom is a precursor
of this species

Cl� � Clÿ ! Cl�ÿ2 �8�
The rate constant of this reaction is close to

the di�usion one and depends on the medium pH
(2:1� 1010 Mÿ1 sÿ1 (pH 2) [11], 8� 109 Mÿ1 sÿ1

Fig. 2. Kinetic curves (a) and spectrum of the change in optical

density (b) during laser ¯ash photolysis (XeCl laser, 308 nm) of

aqueous solution of IrCl2ÿ
6 (4:7� 10ÿ3 M). (temperature: 295

K; cuvette thickness: 1 cm). For (b), solid line represents change

in optical density during stationary photolysis (di�erence in

curves 5 and 1, presented in Fig. 1, represent di�erence

in spectra of IrCl5(H2O)ÿ and IrCl2ÿ
6 ), dots represent change in

optical density after a laser pulse. Both the curves are norma-

lised by the value at 490 nm.

Fig. 3. Flash photolysis of IrCl2ÿ
6 in aqueous solution with 1 M

LiCl. Cuvette thickness: 1 cm; initial IrCl2ÿ
6 concentration,

4:7� 10ÿ4 M. (a) Kinetic curves of a change in intermediate

absorption at 350 nm (1) and 490 nm (2). (b) Spectra of inter-

mediate absorption just after laser pulse (1) and after 90 ls (2).
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(pH 3.5) [12], 6:5� 109 Mÿ1 sÿ1 (pH is omitted)
[13]. Reaction (8) is actually the only channel of
chlorine atom disappearance in aqueous solutions.
Indeed, the reactions involving water and hy-
droxide ion (k9 � 1:6� 105 sÿ1, k10 � 1:8� 1010

Mÿ1 sÿ1 [13]) or the recombination of chlorine at-
oms (k11 � 8:8� 107 Mÿ1 sÿ1 [14]) at chloride ion
concentration of about 10ÿ2 M cannot compete
with the reaction of Cl�ÿ2 formation:

Cl� �H2O! ClOHÿ �H� �9�

Cl� �OHÿ ! ClOHÿ �10�

Cl� � Cl� ! Cl2 �11�

The IrCl2ÿ
6 complex is a convenient object of

pulsed experiments and the study of the processes
of Cl�ÿ2 radical ion formation. In the absorption
band of radical ion at 350 nm, the absorption of
the initial and aquated complexes is much weaker
(e350�Clÿ2 � � 9600 Mÿ1cmÿ1 [10], e350�IrCl2ÿ

6 � � 235
Mÿ1cmÿ1, e350�IrCl5�H2O�ÿ� � 720 Mÿ1cmÿ1). In
the region of the long-wave absorption band of
IrCl2ÿ

6 at 490 nm, the radical ion does not absorb.
Therefore, the amounts of initial IrCl2ÿ

6 and re-
sulting Cl�ÿ2 radical ion (quantum yield of IrCl2ÿ

6

disappearance and relative Cl�ÿ2 yield) can be de-
termined just after the laser pulse.

Fig. 4 shows the dependencies of relative
quantum yield and Cl�ÿ2 yield on the concentration
of Clÿ ion. Let us consider the feasible processes of
chlorine atom formation (and then of Cl�ÿ2 radical
ion) and determine their agreement with experi-
mental data. The ®rst possible process of chlorine
atom appearance is related to its formation in the
®rst coordination sphere upon excitation of IrCl2ÿ

6

with the appearance of primary �IrCl2ÿ
5 � � �Cl�� and

then secondary �IrCl5�H2O�2ÿ � � �Cl�� radical pairs.
A free Clÿ ion can accept the chlorine atom of the
secondary pair giving rise to the Cl�ÿ2 radical ion
(reaction (5)). The reaction of photoreduction re-
sulting from the excitation of d±d transition can be
assigned to the relaxation into the underlying
charge transfer states [15], corresponding to the
absorption bands of IrCl2ÿ

6 in the region of 410±
500 nm. As these excited states show no photo-

chemical activity, there is relaxation into the
charge transfer states of another multiplicity.

The quantum yield of the disappearance of the
initial IrCl2ÿ

6 complex in this case should be inde-
pendent of the concentration of free chloride ions
(equal to the quantum yield of secondary radical
pair formation) and obeys the equation

u0 �
k2

kÿ1 � k2

: �12�

As the concentration of Clÿ increases, a larger
part of �IrCl5�H2O�2ÿ � � �Cl�� pairs avoids the back

Fig. 4. A relative change in optical density at 490 nm

(DD490=DD490
0 ) (bleaching in the IrCl2ÿ

6 absorption band) (�) and

at 350 nm ((DD350=e350
Clÿ2

)=(DD490=e490
IrCl2ÿ6

)) (appearance of Cl�ÿ2
absorption) (�) just after a laser pulse vs LiCl concentration.

DD490
0 represents a decrease in optical density for solutions

without LiCl. Solid lines 1, 2 represent approximation with

respect to Eqs. (13) and (15) with parameter a � 0:33 Mÿ1.

Dotted line 3 represents approximation with respect to Eq. (23)

with parameters a � 0:36 Mÿ1, b � 1:4 Mÿ1. Dotted line 4

represents approximation with respect to Eq. (24) with pa-

rameters a � 0:41 Mÿ1, b � 2:6 Mÿ1.
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electron transfer and gives rise to Cl�ÿ2 radical ions.
Even at constant quantum yield, the bleaching at
490 nm after a laser pulse will increase with Clÿ

concentration due to a decrease in the yield of the
aquated IrCl5�H2O�ÿ complex which also has ab-
sorption at 490 nm

DD490

DD490
0

�
e490

IrCl2ÿ
6

e490
IrCl2ÿ6

ÿ e490
aq

� � 1

 
ÿ e490

aq

e490
IrCl2ÿ6

k3

k3 � k5�Clÿ�

!

� 1

1ÿ ~e
1

�
ÿ ~e

1

1� a�Clÿ�
�
; �13�

where DD490 and DD490
0 are the changes in optical

density at 490 nm with and without free Clÿ ions,
e490

IrCl2ÿ6
and e490

aq are the extinction coe�cients of

IrCl2ÿ
6 and IrCl5�H2O�ÿ (e490

IrCl2ÿ
6

� 4000 Mÿ1 cmÿ1,

e490
aq � 2000 Mÿ1 cmÿ1 (Fig. 1)), ~e � e490

aq =e
490
IrCl2ÿ6

�
1=2 and a � k5=k3. Note that Eq. (13) contains no
rate constant of reaction (4), because the irradia-
tion at 308 nm in solution without free Clÿ ions
leads only to photoaquation. When a chlorine at-
om escapes into the solvent bulk, reactions (9)±
(11) should follow the photoreduction of IrCl2ÿ

6

complex. A relative yield of Cl�ÿ2 radical ions in
this mechanism obeys the equation

D�Cl�ÿ2 �
D�IrCl2ÿ

6 �
� k5�Clÿ�

k3 � k5�Clÿ� �
a�Clÿ�

1� a�Clÿ� : �14�

Transition to a change in optical densities in
pulsed experiments transforms this equation as
follows:

DD350

e350
Clÿ

2

,
DD490

e490
IrCl2ÿ6

� DDrel � a�Clÿ�
�1ÿ ~e� � a�Clÿ� : �15�

Fig. 4 shows that the experimental dependence of
DDrel on [Clÿ] (solid circles) can be approximated
by Eq. (15) with parameter a � 0:33� 0:02 Mÿ1

(solid line 1). Thus, the relative yield of Cl�ÿ2 is
described in this model. Owing to the relation
between extinction coe�cients (e490

IrCl2ÿ6
� 2e490

aq ), the
value of DD490=DD490

0 must nonlinearly vary from 1
to 2 with increasing a Clÿ ion concentration.
However, Fig. 4 shows (open circles) that this
parameter increases from 1 to 4 with a change in
the concentration of Clÿ ions from 0 to 5 M. Solid
line 2 demonstrates the calculation of DD490=DD490

0

with a � 0:33 Mÿ1. So, a relative quantum yield
does not correspond to Eq. (13).

Another possible reaction of chlorine atom
formation is the electron transfer from a free
outerspheric chloride ion to the excited complex.
To calculate the relative quantum and radical ions
yields, we reduce the scheme of reactions

IrCl2ÿ
6 ¢

hm

kÿ16

�IrCl2ÿ
6 �� �16�

�IrCl2ÿ
6 �� !

H2O
IrCl5�H2O�ÿ � Clÿ �17�

�IrCl2ÿ
6 �� !

Clÿ �IrCl3ÿ
6 � � �Cl�� �18�

�IrCl3ÿ
6 � � �Cl�� ! IrCl2ÿ

6 � Clÿ �19�

�IrCl3ÿ
6 � � �Cl�� !Clÿ

IrCl3ÿ
6 � Cl�ÿ2 �20�

Reaction (19) of the back electron transfer is
similar to reaction (3). The quantum yield of
IrCl2ÿ

6 disappearance is determined, in this case, by
the competition between the di�erent relaxation
channels of electron excitation and with regard to
reaction (19) is equal to

u � k17 � k18�Clÿ�
kÿ16 � k17 � k18�Clÿ�
� 1

�
ÿ k18�Clÿ�
�k17 � k18�Clÿ��

k19

�k19 � k20�Clÿ��
�

� u0

1

1� u0a�Clÿ� 1

"
� ab�Clÿ�2

1� b�Clÿ�

#
; �21�

where kÿ16, k17 and k18 are the rate constants of
radiationless transition to the ground state, aqua-
tion, and electron transfer, respectively, from Clÿ

ion, u0 � k17=�kÿ16 � k17� � 0:01 is the quantum
yield in the absence of a free Clÿ ion, a � k18=k17,
b � k20=k19. A relative yield of Cl�ÿ2 radical ions in
the model of outerspheric electron transfer is de-
termined by the equation

D�Cl�ÿ2 �
D�IrCl2ÿ

6 �
� ab�Clÿ�2

1� b�Clÿ� � ab�Clÿ�2 : �22�

For experiments on laser ¯ash photolysis, Eqs.
(21) and (22) can be rewritten by substituting the
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quantum yield and relative yield of Cl�ÿ2 by a
change in optical density after a laser pulse

DD490

�DD�490
0

� 1

1� u0a�Clÿ� 1

"
� ab�Clÿ�2
�1ÿ ~e��1� b�Clÿ��

#
;

�23�

DD350

e350
Clÿ

2

,
DD490

e490
IrCl2ÿ

6

� DDrel � 1

1� �1ÿ ~e� �1�b�Clÿ��
ab�Clÿ�2

:

�24�
Fig. 4 shows that in this model of chlorine atom
appearance both of the dependencies (DD490=
(DD)490

0 ) and DDrel on Clÿ concentration are well
approximated by Eqs. (23) and (24) (dotted lines 3
and 4). In this case, the optimal values of param-
eters for Eq. (23) are a � 0:36� 0:02 Mÿ1,
b � 1:4� 0:5 Mÿ1, and for Eq. (24), they are
a � 0:41� 0:05 Mÿ1, b � 2:6� 1:5 Mÿ1. These
values are clearly enough within the experimental
accuracy. Thus, the dependencies of both the
quantum yield and relative yield of Cl�ÿ2 radical
ions on the concentration of free Clÿ ions in
aqueous solution with the close parameters a and b
indicate that the photoreduction of IrCl2ÿ

6 in the
presence of free chloride ions occurs due to the
electron transfer from the outerspheric Clÿ ion to
the excited complex.

The Onsager radius (Ro � 2e2=ekT) for the
IrCl2ÿ

6 ±Clÿ pair in water at room temperature
(20°C) is 13.5 �A which is comparable with the total
radius of partners (6.5 �A). Therefore, the Coulomb
repulsion of the similarly charged ions cannot
much hamper particle approach and electron
transfer. Besides, the electron transfer can occur
through the orbitals of a water molecule serving as
an interlayer between the partners.

3.3. Mechanism of photolysis in ligand-to-metal
charge transfer and d±d bands

In this section, we discuss the dependence of the
mechanism of IrCl2ÿ

6 photolysis on the nature of
the excited states. The approximate structure of
electronic levels of the IrCl2ÿ

6 complex made ac-
cording to Ref. [16] is shown in Fig. 5. The irra-
diation of IrCl2ÿ

6 in the region of 254 nm causes the

ligand-to-metal electronic transition t1u±e�g. The
corresponding excited term is 2A1g [9]. The exper-
imental facts concerning photochemistry in this
state were explained in Ref. [6]. Conservation of
the total quantum yield of IrCl2ÿ

6 disappearance
with decreasing photoaquation quantum yield
(formation of IrCl5(H2O)ÿ) and increasing
photoreduction quantum yield (appearance of
IrCl5(H2O)2ÿ) with a rise in the concentration of a
free Clÿ ion allowed the authors of Ref. [6] to
assume that both the processes follow from the
same LMCT state via the formation of radical
pairs (reactions (1)±(5)). With LMCT excitation,
the electron density moves from halide ions to the
central ion which gives rise to a halogen atom in
the coordination sphere. The bond between the
halogen atom and metal ion substantially weak-
ens, which makes the halogen atom move. This
results in the formation of primary (reaction (1))
and secondary (reaction (2)) radical pairs.

Fig. 5. The approximate structure of molecular orbitals of the

IrCl2ÿ6 complex according to Ref. [16].
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The total lifetime of the secondary radical pair
is s � R2=D [17], where R � 6:5 �A is the total ra-
dius of the partners (IrCl5H2O2ÿ complex and Cl�

atom), D � 10ÿ5 cm2 sÿ1 is the overall di�usion
coe�cient. So, s falls in the range 0.4±1 ns. As a
®rst approximation, it is possible to consider the
chlorine atom escape into the solvent bulk (reac-
tion (4)) as the monomolecular decay of radical
pair with the rate constant k4 � 1=s falling in the
range 1� 109±2:5� 109 sÿ1. Another way of rad-
ical pair disappearance is the back electron trans-
fer from the IrCl5H2O2ÿ complex to chlorine atom
(reaction (3)).

The main process of Cl� atom disappearance in
the solvent bulk is its reaction with water mole-
cules (k9 � 1:6� 105 sÿ1 [13]). In conditions of
steady state lamp photolysis (254 nm), the con-
centration of the IrCl5(H2O)2ÿ complex is very
low. Therefore, its reaction with a chlorine atom is
unlikely, and the ratio between the quantum yields
of photoaquation and photoreduction is equal to

uaq

ured

� k3

k4

: �25�

The experimental ratio between the quantum
yields on irradiation at 254 nm is equal to
uaq=ured � 5 [6], and k3=k4 � 5. Thus, the e�ective
rate constant of the electron transfer in the
�IrCl2ÿ

5 � � �Cl�� radical pair (k3) can fall within the
range between 0:5� 1010 and 1:25� 1010 sÿ1. Be-
fore the escape of chlorine atom into the bulk, the
partners undergo N � R=D repeated collisions in
the cage. The time of a collision is about
scoll � RD=D [17], where D is the thickness of the
reactionary layer in which the electron transfer
takes place. If D � 0:1 �A and R � 6:5 �A, N � 65,
scoll � 6:5 ps and the real time of electron transfer
can be much shorter than the value s � 1=k3 �
100 ps.

In the presence of free Clÿ ions in solution, the
photolysis products are the same (IrCl5(H2O)ÿ and
IrCl5(H2O)2ÿ complexes). The total quantum yield
of the IrCl2ÿ

6 disappearance remains invariable
while the quantum yield of photoreduction in-
creases and the quantum yield of photoaquation
decreases. It can be explained by the fact that a
Clÿ ion is a good acceptor of chlorine atoms. The

reaction between these species has the rate con-
stant close to the di�usion limit and leads to the
formation of the Cl�ÿ2 radical ion. Thus, the Clÿ

ion accepts the chlorine atom out of the radical
pair and prevents its collisions with the
IrCl5(H2O)2ÿ complex in the bulk (reaction (5)).
In the case of large Clÿ concentrations
(�Clÿ� � �IrCl2ÿ

5 � � �Cl��), this reaction is the pro-
cess of pseudo-®rst order (k5 � kbim[Clÿ]). The ra-
tio between the quantum yields of photoaquation
and photoreduction in these conditions is

uaq

ured

� k3

k4 � k5

: �26�

At �Clÿ� � 1:2 M uaq=ured � 0:37 [6], which
yields the values k5 lies in the range 1:2� 1010 ±
3:1� 1010 sÿ1 and kbim lies in the range 1� 1010±
2:6� 1010 Mÿ1 sÿ1. The latter value is about two to
four times higher than the normal di�usion rate
constant for water solutions (kdiff � 0:57� 1010

Mÿ1 sÿ1). It can be attributed to the considerable
size of the secondary radical pair (kdiff � 4pRD),
the certain simpli®cation reducing the complex
dynamics of radical pair to monomolecular reac-
tions, and the existence of additional ways of the
reaction between Clÿ and Cl� (for example, tunnel
electron transfer at a distance considerably ex-
ceeding the total radius of partners). Thus, both
the nature of products and the behaviour of
quantum yields on irradiation of IrCl2ÿ

6 at 254 nm
satisfactorily agree with the existence of reactions
(3)±(5).

The irradiation of IrCl2ÿ
6 at 308 nm demon-

strates the essentially di�erent results as compared
with the 254 nm wavelength. The quantum yield of
IrCl2ÿ

6 disappearance is less, and the only product
is the aquated Ir(IV) complex IrCl5(H2O)ÿ [6].
Irradiation in this region causes d±d transitions
(t2g±e�g) to the excited 2T1g, 2T2g and 2Eg terms [9].
It is well known that the photoaquation is the
usual process for many coordination compounds
on irradiation at d±d absorption bands [15,18].

The addition of free Clÿ ions into solution re-
sults in an increase of both the quantum yield and
the appearance of the IrCl3ÿ

6 complex as a ®nal
product [6]. As shown above, the formation of
Cl�ÿ2 radical ions con®rms the photoreduction of
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iridium ion. Parameters a and b obtained in Sec-
tion 3.2 allow one to estimate the rate constants of
reactions (17)±(20). Assuming that kÿ16 � 1010 sÿ1,
according to the value of quantum yield u0 � 0:01,
we get the value k17 � 108 sÿ1. Then, using the
value a � 0:4 Mÿ1, we obtain k18 � 4� 107

Mÿ1 sÿ1. The reaction of a chloride ion with the
chlorine atom of the [IrCl3ÿ

6 � � �Cl�] radical pair
should have the di�usion rate constant k20 � 1010

Mÿ1 sÿ1, as well as the reaction between these
species in the free state [11±13]. In this case, the
parameter b � 2 Mÿ1 results in the value
k19 � 5� 109 sÿ1. Certainly, the k17 and k18 values
depend on a selection of the rate constant kÿ16.
However, the k19 and k20 rate constants are
determined only by the properties of the
[IrCl3ÿ

6 � � �Cl�] radical pair and do not depend on
the rate of non-radiative relaxation of the excited
state of IrCl2ÿ

6 complex.
Estimation of the bimolecular rate constant k18

allows one to evaluate the rate constants of the
electron transfer between the partners at the mo-
ment of collision (monomolecular constant). The
electron transfer from an outersphere Clÿ ion to
the excited complex needs the overlapping of
partners orbitals, therefore, the dependence of the
transfer rate constant on the distance between
species is determined by an exponential law [19]

k�r� � k0eÿ�rÿR�=L; �27�

where k0 is the rate constant at contact, R is the
total radius of species and L is the parameter de-
termined by the orbitals overlapping. For many
reactions of tunnel electron transfer, the L pa-
rameter lies in the range of 0.1±1 �A. The expo-
nential dependence of rate constant on distance
predetermines the possibility of transfer in the
narrow reactionary layer, whose width is about L.
The monomolecular rate constant of reaction at
collision is determined by the bimolecular rate
constant and the reaction volume

kmono � kbim=V ; �28�

where V � 4pR2L, and R is the total radius of the
partners ((IrCl2ÿ

6 )� complex and Clÿ ion). For
R � 6:5 �A and L � 0:1±1 �A, the reactionary vol-
ume is V � 0:04±0:4 Mÿ1. If the bimolecular rate

constant k18 lies in the range 4� 107±4� 108

Mÿ1 sÿ1 (at kÿ16 � 1010±1011 sÿ1), the rate constant
of electron transfer at the moment of collision
k18 mono varies from 108 to 1010 sÿ1. Thus, direct
electron transfer rate constant (k18 mono) is close or
somewhat less than that of the inverse process in
the [IrCl3ÿ

6 � � � Cl�] radical pair (k19 � 5� 109 sÿ1).
The assumed picture of potential surfaces cor-

responding to d±d excitation (308 nm) is shown in
Fig. 6. In the absence of free Clÿ ions, the d±d
excited state may either undergo the non-radiative
relaxation into the ground state or fall into a state

Fig. 6. The assumed picture of potential surfaces for the case of

IrCl2ÿ6 photolysis at 308 nm.
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corresponding to an aquated complex. In the
presence of a free Clÿ ion, there is an additional
potential surface corresponding to the outersphere
electron transfer. Hypothesis for the outersphere
electron transfer from a free Clÿ ion to the excited
complex is in fair agreement with the processes of
outersphere electron transfer in the photochemis-
try of IrCl2ÿ

6 in organic solvents on irradiation at
308 nm [1,2].

3.4. Process of Cl�ÿ2 radical ion disappearance

The Cl�ÿ2 radical ions are often the intermedi-
ates in radiation-chemical and photochemical
processes. Therefore, the processes of their disap-
pearance are well studied. The main process of
Cl�ÿ2 radical ion disappearance in many systems is
the reaction of disproportionation [20±23]

Cl�ÿ2 � Cl�ÿ2 ! Clÿ3 � Clÿ �29�

whose rate constant is close to the di�usion one
(with respect to the charges of reacting particles).
This species react with a fairly large rate constant
with the ions of transition metals in the low de-
grees of oxidation (for Fe(II) and Cu(I) ions the
rate constant is 1:5� 107 and 1:5� 108 Mÿ1 sÿ1

[24], respectively). This reaction is usually limited
by the entrance of a chlorine atom of the radical
ion into the ®rst coordination sphere of a metal
ion, i.e., is determined by the ligand exchange rate.
Reaction between the Cl�ÿ2 radical ion and organic
molecules is substantially slower (the rate constant
of its reaction with methanol is 3:5� 103 Mÿ1 sÿ1,
ethanol ÿ4:5� 104 Mÿ1 sÿ1, acetone ÿ1:4� 103

Mÿ1 sÿ1 [25]).
Analysis of the kinetic curves of Cl�ÿ2 radical

ions disappearance (Fig. 3a) arising from pho-
toexcitation of the IrCl2ÿ

6 complex in aqueous so-
lutions with di�erent LiCl concentrations shows
that in this case, the main reaction is also the re-
action of disproportionation (reaction (29)). Tak-
ing into account the in¯uence of the ionic strength
of solution on the reaction between two charged
particles, we have provided (at zero ionic strength)
the value 2k29 � �2:1� 0:3� � 109 Mÿ1 sÿ1, which
is in fair agreement with the published data [20±
23]. We have found no evidence for the reaction

between IrCl3ÿ
6 and Cl�ÿ2 , so, its rate constant is

slow in comparison with reaction (29).

4. Conclusions

When using laser ¯ash photolysis (308 nm), it
has been demonstrated that in aqueous solutions,
the photoaquation of IrCl2ÿ

6 complex occurs at
timescale shorter than 20 ns. In aqueous solutions
containing free Clÿ ions, the photoreduction of
IrCl2ÿ

6 and the formation of Cl�ÿ2 radical ion have
been observed. The analysis of the dependencies of
relative quantum yield and relative Cl�ÿ2 yield on
Clÿ concentration indicates that a chlorine atom
(radical ion precursor) results from the electron
transfer from the ourterspheric Clÿ ion to the ex-
cited complex. The same mechanism of photore-
duction (electron transfer from particles located in
the second coordination sphere to the excited
complex) is realised for IrCl2ÿ

6 in many polar
organic solvents.

Acknowledgements

The ®nancial support of the Russian Founda-
tion for Basic Research (grants no. 99-03-32272
and 99-03-32787) and Russian Federal Scienti®c
Program ``Integration'' (grant no. 274) is grate-
fully acknowledged.

References

[1] E.M. Glebov, V.F. Plyusnin, N.I. Sorokin, V.P. Grivin,

A.B. Venediktov, H. Lemmetyinen, J. Photochem. Photo-

biol. A: Chem. 90 (1995) 31.

[2] E.M. Glebov, V.F. Plyusnin, V.L. Vyazovkin, A.B. Vene-

diktov, J. Photochem. Photobiol. A: Chem. 107 (1997) 93.

[3] E.M. Glebov, V.F. Plyusnin, Koord. Khim. 24 (1998) 542

(in Russian).

[4] E.M. Glebov, V.F. Plyusnin, V.P. Grivin, Yu.V. Ivanov,

N.V. Tkachenko, H. Lemmetyinen, J. Photochem. Photo-

biolog. A: Chem. 113 (1998) 103.

[5] T.P. Sleight, C.R. Hare, Inorg. Nucl. Chem. Lett. 4 (1968)

165.

[6] L. Moggi, G. Varani, M.F. Manfrin, V. Balzani, Inorg.

Chim. Acta 4 (1970) 335.

88 E.M. Glebov et al. / Chemical Physics 257 (2000) 79±89



[7] P.K. Eidem, A.W. Mawerick, H.B. Gray, Inorg. Chim.

Acta 50 (1981) 59.

[8] H. Lemmetyinen, R. Ovaskanien, K. Nieminen, K. Va-

skonen, I. Sychtchikova, J. Chem. Soc. Perkin Trans. 2

(1992) 113.

[9] C.K. Jorgensen, Mol. Phys. 2 (1959) 309.

[10] D.J. Adams, S. Barlow, G.V. Buxton, T.M. Malone,

G.A. Salmon, J. Chem. Soc. Faraday Trans. 91 (1995)

3303.

[11] G.G. Jayson, B.J. Parsons, A.J. Swallow, J. Chem. Soc

Faraday Trans. 1 (1973) 1597.

[12] V. Nagarajan, R.W. Fessenden, J. Phys. Chem. 89 (1985)

2330.

[13] U.K. Klainig, T. Wolf, Ber. Bunsenges. Phys. Chem. 89

(1985) 243.

[14] D. Wu, D. Wong, B. DiBartolo, J. Photochem. 14 (1980)

303.

[15] V. Balzani, V. Carassiti, Photochemistry of Coordination

Compounds, Academic Press, London, 1970. p. 432.

[16] C.K. Jorgensen, W. Pretz, Z. Naturforsch. 22a (1967) 945.

[17] R.M. Noyes, Progress in Reaction Kinetics, vol. 1,

Pergamon, New York, 1961 (Chapter 5).

[18] J. Sykora, J. Sima, Coord. Chem. Rev. 107 (1990) 1.

[19] M.R. Wasielewski, Distance Dependence of Electron

Transfer Reactions, in: M.A. Fox, M. Canon (Eds.),

Photoinduced Electron Transfer, Part A, Elsevier, Am-

sterdam, 1988, p. 161.

[20] G. Ferraudi, J. Phys. Chem. 97 (1993) 2793.

[21] W.J. McElroy, J. Phys. Chem. 94 (1990) 2435.

[22] R.E. Huie, C.L. Clifton, J. Phys. Chem. 94 (1990) 8561.

[23] A.J. Hynes, P.H. Wine, J. Chem. Phys. 89 (1988) 3565.

[24] P. Neta, R.E. Huie, A.B. Ross, J. Phys. Chem. Ref. Data

17 (1988) 1027.

[25] K. Hasegava, P. Neta, J. Phys. Chem. 82 (1978) 854.

E.M. Glebov et al. / Chemical Physics 257 (2000) 79±89 89


