
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Photophysics of IrCl2�
6 complex in aqueous solutions studied by femtosecond

pump–probe spectroscopy

Anton V. Litke a,b, Ivan P. Pozdnyakov a,b, Evgeni M. Glebov a,b,*, Victor F. Plyusnin a,b,
Nikolai V. Tkachenko c, Helge Lemmetyinen c

a Institute of Chemical Kinetics and Combustion, 630090 Novosibirsk, Russia
b Novosibirsk State University, 630090 Novosibirsk, Russia
c Institute of Materials Chemistry, Tampere University of Technology, P.O. Box 589, 33101 Tampere, Finland

a r t i c l e i n f o

Article history:
Received 29 May 2009
In final form 3 July 2009
Available online 8 July 2009

a b s t r a c t

Ultrafast pump–probe spectroscopy (kpump = 420 nm) was applied to study the primary photochemical
processes for IrCl2�

6 complex in aqueous solutions. The excitation to LMCT 2T2u state was followed by for-
mation of an intermediate absorption completely decaying with two characteristic times of 0.5 and 18 ps.
Complete recovery of the ground state is consistent with the absence of photochemical activity of visible
LMCT bands of IrCl2�

6 . Possible interpretations of the observed two times are presented.
� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast dynamics in transition metal complexes represent an
active area of research in chemical physics [1–4]. These studies
provide a direct insight into various aspects of electronic structure.
In addition, photoinduced properties represent the basis upon
which light-dependent molecular devices can be developed [5].

Transition metal complexes possess various types of excited
states, which differ in their physical properties and reactivity.
The excited state density is typically much higher than in organic
molecules, and several different excited states can occur in a nar-
row energy range [1]. As a result, ‘ladder’ hierarchy of characteris-
tic times typical for organic substances ((1) vibrational relaxation;
(2) internal conversion; (3) intersystem crossing) is usually not
applicable for coordination compounds [3].

Primary photophysical processes are known in details only for a
few types of transition metal complexes. First of all, one can men-
tion chromine(III) complexes [4], polypyrydil complexes of Ru(II)
[1,2] and metal carbonyls [1]. Describing the situation in the field
in general, one must conclude that photochemistry of coordination
compounds is studied much better than their photophysics. For
many compounds, mechanisms of photochemical reactions put
forward in last century are based on stationary and (or) microsec-
ond flash photolysis experiments [6–8]. In each case, it is an attrac-
tive problem to follow all the chain of transformations from an
absorption of a light quantum to the final reaction products. In par-
ticular, hexahaloid complexes of noble metals, including IrCl2�

6 ,

represent an example of simple systems, for which empirical
photochemistry is developed well enough, but nothing is known
about primary photophysical processes.

IrCl2�
6 complex is stable in aqueous and organic solutions in the

absence of free Cl� ions. Stability and spectral peculiarities make it
convenient to study primary photochemical processes in various
solvents with and without free halide ions [9–17].

The UV absorption spectrum of IrCl2�
6 is shown in Fig. 1. It coin-

cides with known from literature [18]. The spectrum contains
strong absorption bands both in visible and UV regions. Absorption
bands in the region of 400–500 nm with an extinction coefficient of
ca. 4000 M�1 cm�1 are the bands of ligand-to-metal charge transfer
(LMCT) [18]. A stronger charge transfer band has a maximum at
232 nm. Relatively weak (e – 1000 M�1 cm�1) bands at 306 and
360 nm belong to d–d ligand-field (LF) transitions.

Photochemistry of IrCl2�
6 in water and polar organic solvents is

quite different. The nature of the photolysis is wavelength-
dependent.

In aqueous solutions, the competition between photoaquation
and photoreduction of Ir(IV) to Ir(III) was reported [10]. The origin
of products and quantum yield depend on the wavelength of excit-
ing light and the concentration of free chloride ions in solution.
Excitation in the region of a short-wave charge transfer band
(254 nm, Fig. 1) leads to the formation of complexes IrCl5(H2O)�

(photoaquation product) and IrCl5(H2O)2� (photoreduction
product) with a total quantum yield of 0.029 independent of the
concentration of free Cl� ions in solution [2]. However, the
contribution of photoreduction to quantum yield linearly increases
with the concentration of chloride ions. The mechanism of photol-
ysis in the region of 254 nm proposed in [10] (based on Adamson
mechanism of radical pairs [19]) explains the dependence of
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the photoreduction quantum yield on Cl� concentration. It
includes a successive formation of two intermediates, [IrCl2�

5 . . .Cl�]
(primary radical pair) and [IrCl5(H2O)2�. . .Cl�] (secondary radical
pair).

IrCl2�
6 � hmð254 nmÞ ! ½IrCl2�

5 . . . Cl�� ð1Þ

½IrCl2�
5 . . . Cl�� þH2O! ½IrCl5ðH2OÞ2� . . . Cl�� ð2Þ

½IrCl5ðH2OÞ2� . . . Cl�� ! IrCl5ðH2OÞ� þ Cl� ð3Þ

½IrCl5ðH2OÞ2� . . . Cl�� ! IrCl5ðH2OÞ2� þ Cl� ð4Þ

½IrCl5ðH2OÞ2� . . . Cl�� þ Cl� ! IrCl5ðH2OÞ2� þ Cl��2 ð5Þ

When the IrCl2�
6 complex is excited in the region of d–d bands

(313 nm, Fig. 1), only photoaquation with a quantum yield of
0.01 was observed by means of stationary photolysis [10]. The
mechanism of photolysis in this region was studied in [17] using
nanosecond laser flash photolysis (308 nm). Photolysis in the ab-
sence of free chloride ions was shown to result in photoaquation
of initial complex within less than 20 ns [17]. In solutions contain-
ing free Cl� ions, the photoreduction of IrCl2�

6 and the formation of
Cl2
�� radical ion were observed. The analysis of the dependencies of

relative quantum yield and relative Cl��2 yield on Cl� concentration
indicated that a chlorine atom (radical ion precursor) results from
the electron transfer from the outerspheric Cl� ion to the excited
complex. The resulted reaction pathway [17] is shown below

IrCl2�
6 � hmð308 nmÞ ! ðIrCl2�

6 Þ
� ð6Þ

ðIrCl2�
6 Þ

� þH2O! IrCl5ðH2OÞ� þ Cl� ð7Þ

ðIrCl2�
6 Þ

� þ Cl� ! ½IrCl3�
6 . . . Cl�� ð8Þ

½IrCl3�
6 . . . Cl�� ! IrCl2�

6 þ Cl� ð9Þ

½IrCl3�
6 . . . Cl�� þ Cl� ! IrCl3�

6 þ Cl��2 ð10Þ

The excitation of IrCl2�
6 in aqueous solutions in the region of

low-energy charge transfer bands (400–520 nm, Fig. 1) was re-
ported not to cause any photochemical reaction [10].

Photochemical properties of IrCl2�
6 in polar organic solvents and

in water are different. In alcohols, photoreduction of Ir(IV) to Ir(III) is
followed by excitation both at 254 and 308 nm [13]. Excitation to
the region of d–d bands (308 nm) was found to result in the forma-
tion of IrCl3�

6 complex due to the electron transfer from the solvent
molecule to the excited complex [13,16]. Irradiation of IrCl2�

6 in
methanol solutions in the region of UV charge transfer bands
(248 nm) results in the formation of two Ir(III) complexes, IrCl3�

6

and IrCl5(CH3OH)2� [13]. When photolysis is performed at
248 nm, the electron transfer from the solvent molecule is accom-
panied by photodissociation of excited complex with the elimina-
tion of a chlorine atom from the first coordination sphere of iridium.

Primary photophysical processes for IrCl2�
6 have never been

studied by the direct experimental methods. The objective of the
current work was to study the photophysics of IrCl2�

6 in femto-
and picosecond time domains. The simplest case of excitation to
the ligand-to-metal charge – transfer bands in the visible spectral
region was examined.

Recently we have applied the femtosecond pump–probe spec-
troscopy to examine the primary processes in photochemistry of
PtBr2�

6 complex in aqueous solutions [20]. The literature mecha-
nism of photolysis [21,7] based on stationary experiments was
directly supported.

2. Experimental

A pump–probe spectroscopy was used to study transient absorp-
tion in femto- and picosecond time domains. The experimental
setup was described in details elsewhere [22]. The samples were ex-
cited by�60 fs pulses at�420 nm (second harmonic of a Ti:sapphire
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Fig. 1. UV absorption spectrum of IrCl2�
6 in aqueous solution.
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Fig. 2. Change in the UV spectrum of IrCl2�
6 complex in aqueous solution under

irradiation at 308 nm (XeCl laser, 10 Hz, 10 mJ/pulse). Temperature, 295 K; initial
concentration, 4 � 10�3 M; cuvette thickness, 0.086 cm; curves 1–5 denote 0, 60,
180, 360, 960 s of irradiation, respectively.
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generator – amplifier system, CDP Ltd., Moscow, Russia). The excita-
tion pulse repetition rate was 10 Hz, and 200 pulses were used to re-
cord a single time-resolved spectrum. The samples were placed in
1 mm rotating cuvette to provide a uniform irradiation of the
sample and to avoid unwanted thermal effects from heating of the
sample by the pump pulse. Typically time-resolved spectra were
collected with delay displacement of 100 fs in first 3 ps after excita-
tion and with exponentially increasing delay times at longer delays.
Usually 60–70 spectra were collected for each sample with longest
delay of �100 ps. The experimental data were globally fitted by a
two-exponential model. The fitting program performed corrections
of the group velocity dispersion and calculated the response time of
the instrument. The overall time resolution was 150–200 fs. All
pump–probe measurements were carried out at room temperature.

Steady-state photolysis was performed using the irradiation of an
excimer XeCl laser (308 nm). The absorption spectra were recorded
using an Agilent 8453 spectrophotometer (Agilent Technologies).

Solutions of IrCl2�
6 complex were prepared from Na2IrCl6 �

6H2O synthesized as described in [23]. The solutions were
prepared using deionized water. When necessary, the samples
were deaerated by saturation with argon.

3. Results and discussion

3.1. UV spectrum and photochemistry of IrCl2�
6

The mechanism of IrCl2�
6 photolysis in aqueous solutions, as it

was mentioned in Introduction, is wavelength-dependent. For

example, excitation to the region of d–d bands (308 nm) results
in the photoaquation of the initial complex [17]. Fig. 2 shows the
characteristic changes in the UV spectrum due to photoaquation.
Conservation of seven isosbestic points (at 289, 316, 397, 440,
526, and 569 nm) relies to IrCl2�

6 ? IrCl5(H2O)� transition. The final
absorption band with the maximum at 443 nm belongs to the
IrCl5(H2O)� complex [17]. The quantum yield of the photolysis is
10�2 [10], and the final product of photoreaction is formed within
less than 20 ns [17].

The excitation to the region of the visible LMCT bands, as men-
tioned in Introduction, does not result in any changes of the UV
spectra of the initial complex.

3.2. Femtosecond laser flash photolysis of IrCl2�
6

Ultrafast pump–probe experiments were performed with the
excitation of IrCl2�

6 to the region of low-energy LMCT charge trans-
fer band (420 nm). The absorption of light quantum by the com-
plex leads to the formation of transient absorption which was
completely decayed in 100 ps. Kinetic curves at several selected
wavelengths are presented in Fig. 3. The global analysis of the time
profiles in the wavelength range 440–780 nm by iterative reconvo-
lution shows that the use of a two-exponential function (11) with
the instrument response function gives a good fitting with the time
constants s1 = 0.5 ps and s2 = 18 ps.

DDðk; tÞ ¼ A1ðkÞe�
t

s1 þ A2ðkÞe�
t

s2 ð11Þ
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Fig. 3. (kpump = 420 nm) photolysis of IrCl2�
6 (3 � 10�3 M) in aqueous solutions. Kinetics of transient absorption at different wavelengths and time domains. Solid lines are the

best two-exponential fits (Eq. (1)) after reconvolution with the instrument response function.
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Intermediate absorption spectra corresponding to different
times are shown in Fig. 4. Curve 1 is the total sum of amplitudes
in Eq. (11) corresponding to the spectrum at zero time. Curve 2 is
the A2(k) corresponding to the spectra at the end of first process
(s1 = 0.5 ps). Immediately after excitation the transient absorption
spectrum has a very wide band in the region of 530–760 nm. After
finishing of the first process (s1 = 0.5 ps) the band is narrowed and a
pronounced maximum at 640 nm is formed, which is accompanied
by a small (ca. 10 nm) blue-side shift of the spectrum. No residual
absorption is observed in the time domain > 100 ps. The disappear-
ance of the initial IrCl2�

6 absorption in the region 440–500 nm
(Fig. 4) is completely recovered (Fig. 3). The absence of residual
absorption at t > 100 ps correlates with the low quantum yield of
IrCl2�

6 photolysis in aqueous solutions and with the absence of
intermediate absorption in the microsecond time domain [17].

3.3. Possible processes followed by the excitation (420 nm) of IrCl2�
6

The approximate structure of electronic levels of the IrCl2�
6 com-

plex according to [18,24,25] is shown in Fig. 5. IrCl2�
6 is a 5d5 octa-

hedral complex. Five degenerate d-orbitals of Ir(IV) in octahedral
complexes form two equivalent eg orbitals and three equivalent
t2g orbitals. The set of r-orbitals of six ligands in the crystal field
form a1g, eg and t1u group orbitals, and the set of p-orbitals of
ligands form t1u, t2u, t1g and t2g group orbitals. The interaction of
group orbitals of ligands with 5d-, 6s- and 6p-orbitals of Ir(IV)
results in the structure shown in Fig. 5. The tg-sub-shell of the
complex has one hole, therefore d(t2g)5 configuration of the ground

state forms an only doublet term 2T2g, which corresponds to the
ground state of IrCl2�

6 .
The excitation of IrCl2�

6 in the region of 420 nm (Fig. 1, Fig. 5)
corresponds to the first Laporte-allowed LMCT band p(t2u) ? d(t2g)
[25]. As a result of an electron transfer, the hole moves from the
lower 5d-sub-shell to the filled p(t2u) molecular orbital of ligands,
forming an only excited term 2T2u. According to this, one can ex-
plain the results on the femtosecond pump–probe experiments.

The observed two-exponential dynamics of the excited IrCl2�
6

complex (Fig. 3, Fig. 4) could be described in two different ways,
depending on the reactions followed by the formation of the hot
Frank–Condon 2T�2u state just after the excitation at 420 nm. The
distribution of 2T2u state vibrational levels leads to a wide absorp-
tion band (curve 1 in Fig. 4). The first possibility is that the fast
process (s1 = 500 fs) is vibrational cooling of hot 2T�2u state. This
suggestion is supported by the fact that the initial band (curve 1
in Fig. 4) is narrowed (Curve 4 in Fig. 4), which is characteristic
for vibrational cooling of Frank–Condon excited state [3].
According to this interpretation, curve 2 in Fig. 4 represents the
absorption of the thermalized excited 2T2u state of IrCl2�

6 . In this
scheme, the second process with the characteristic time s2 =
18 ps is the relaxation of the excited 2T2u state to the ground 2T2g

state. Thermalization is probably accompanied by solvent relaxa-
tion. The time scale for nondiffusive solvent dynamics falls in the
range of 50–500 fs; diffusive processes are generally on the order
of picoseconds [2].

It should be noted that the characteristic times of vibrational
relaxation could differ dramatically. Typically these times lie in a
picosecond time domain (1–10 ps) [3,26]. Moreover, as long times
of thermalization as 10–40 ps were reported for metal carbonyls
[27,28]. In our case, the first time is 0.5 ps. The characteristic time
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of vibrational cooling is less than 1 ps, when it occurs as a single
step process with the electronic relaxation [29,30]. Therefore, it
is essential to consider another possibility of interpretation.

Assume that the first time corresponds to the internal conver-
sion of Frank–Condon 2T�2u state to the lowest excited state 2T1g.
This state is formed by the electronic configuration with a hole
in ligands p(t1g) orbital (Fig. 5). The electronic transition could be
accompanied by vibrational cooling, like described in [29,30]. In
this interpretation, curve 2 in Fig. 4 represents the spectrum of
lowest excited 2T1g state of IrCl2�

6 , and the time s2 corresponds to
the transition from 2T1g to the ground state 2T2g.

It should be noted that both interpretations do not seem to be
contradictive. It is possible that both pathways can realize, and
the two-exponential fitting curve represents a set of several expo-
nential functions with close characteristic times. Vibrational cool-
ing and electronic relaxation can occur in coordination compounds
as a single, convoluted process [1]. Solvent relaxation time could be
included to this set.

The recovery of the initial state is complete, that corresponds to
the absence of photochemical processes followed by the excitation
to the visible LMCT bands of IrCl2�

6 .

4. Conclusion

In this Letter, the simplest case of LMCT excitation of IrCl2�
6 was

examined. Only one excited term 2T2u is populated due to
p(t2u) ? d(t2g) excitation. In fact, the fast recovery of the initial
state (independent on its mechanism) is the only photophysical
process. When other transitions of IrCl2�

6 are excited, one can
assume more rich photophysics and photochemistry. For example,
excitation to the region of d–d band d(t2g) ? d(e�g) at 310 nm
results in the formation of d(t2g)4e�g electronic configuration, which
forms a number of excited doublet terms (four 2A1g, three 2A2g,
seven 2Eg, eight 2T1g and ten 2T2g energy levels [31]). The lowest
of these terms could be resonant with the energy levels of an
aquated complex IrCl5(H2O)�. Therefore, in this case photoaqua-
tion is possible (Eqs. (6) and (7)).

In the case of the excitation to the UV LMCT band (232 nm) the
electronic configuration (p + r)t1u

�1 d(t2g)5e�g occurs. In fact, this
excited configuration with a hole in the t1u p-orbital of ligands is
represented in Eqs. (1) and (2) by the primary radical pair
[IrCl3�

6 . . .Cl�]. In addition to the relaxation of the primary radical
pair to the initial state, the formation of the secondary radical pair
[IrCl5(H2O)2�. . .Cl�] is possible. The reactions of the secondary rad-
ical pair (3–5) are responsible for the content of the photolysis
products.

It is necessary to stress that the existence of irreversible photo-
chemistry of IrCl2�

6 implies its ultrafast character. The formation of
reactive intermediates like Adamson’s radical pairs should be fast

enough to be kinetically competitive with conversion to the low-
lying LMCT states studied in the present work.

Therefore, the femtosecond pump–probe experiments using the
UV excitation of IrCl2�

6 are attractive in order to observe reactive
intermediates and to examine the literature mechanism [10]
directly.
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