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1. Introduction

Photochemistry of hexahalide complexes of tetravalent plat-
inum metals is two hundred years old [1]. In the XX century
these complexes were considered as objects of photochemistry
interesting from the academic point of view solely [2-5]. Cur-
rently photochemistry of haloid complexes of platinum metals has
received a new stimulus for development caused by two practi-
cal tasks. The first task comes from the field of photocatalysis.
A fundamental problem there is to expand absorption spectra of
semiconductors (TiO,, CdS) into the visible spectral region. One of
the possibilities to solve this problem is the modification of TiO,
[6-9] and CdS surface [10,11] by platinum metal complexes. For
complete description of processes in these systems, photochem-
istry of complexes formed by desorbed metal in the solution bulk
should also be taken into account [7].
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Another aspect of interest to the photochemistry of platinum
metals complexes is caused by photodynamic therapy (PDT), which
is a prospective way to combine the cytotoxicity of platinum metals
and the advantages of photodynamic therapy (selectivity and low
toxicity) [14]. Typically the complexes of platinum are used in PDT
[12-14]. Anti-tumor activity of iridium [15-17] and the use of its
complexes for PDT [18,19] were also reported.

Typically, the reaction mechanisms in photochemistry of coor-
dination compounds were proposed based on the results of
stationary experiments [2-5]. Often, the participance of the short-
living reactive intermediates, like Adamson’s radical pairs [20],
was postulated. Nowdays, these mechanisms could be examined
by means of time-resolved methods starting from the femtosec-
ond resolution, and the existence of proposed intermediates could
be either supported or refuted. As a result, the whole reaction
path, from ultrafast processes to final products, could be fol-
lowed, and the complete reaction pathways could be established.
Recently, some of the hexahalide complexes of platinum metals
were the subjects of femtosecond studies. Ultrafast pump-probe
spectroscopy was applied to determine the primary photophys-
ical and photochemical processes for PtBrg2~ [21-25], PtClgZ~
[24,25], IrClg2~ [26,27], IrBrg2~ [23,28] and OsBrg2~ [23] com-
plexes. Photoaquation of PtBrg2~ gives an example of refinement
of the reaction mechanism based on femtosecomnd experiments.
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Table 1

Spectroscopy and photochemistry of hexahalide complexes of Ir(IV) in aqueous and methanol solutions.

Wavelength (nm) Absorption bands

Transitions

Photochemical Properties

H,0 CH30H

320 Maximum at

306 nm [35,36]

LMCTwr(t1y) — d(tag)

Photoreduction
Pred =0.1 [37]

Photoaquation
$aq=0.01 [30]

superimposed with d—d
d(tyg) — d(eg*) [34]

400-420 Maxima at
415nm and [34]

432nm

LMCT 7(tzu) — d(tzg)

No reaction No reaction
[30] [37]

Traditionally it was thought that the photoaquation of this com-
plex occurs through the lowest excited triplet state [29]. Recently
Zheldakov et al. [22,23]| reported that the mentioned triplet state is
dissociative, and the participation of pentacoordinated Pt(IV) inter-
mediates was established.

In our previous works on the ultrafast kinetic spectroscopy of
PtBrg2~ [21,24,25], PtClg2~ [24,25] and IrClg2~ [26,27] complexes
the excitation at the spectral region of 400-420 nm was used. The
photochemical behavior of any of these complexes significantly
depends on the excitation wavelength. For example, the quantum
yield of IrClg2~ photoaquation [30,31] is wavelength-dependent.
In this work, the 320 nm eXxcitation was applied to study the ultra-
fast processes for IrClg? in aqueous and methanol solutions. The
goal was to compare the processes caused by the excitation of the
complex into the different electronic states.

2. Experimental

Ultrafast pump-probe spectroscopy was used to study tran-
sient absorption of the samples in femto- and picosecond time
domains. The samples were excited by ~100 fs pulses at ~320 nm
(fourth harmonic of a signal wave of TOPAS parametric ampli-
fier). The instruments used were described in details elsewhere
[32]. The excitation energy at 320 nm was ca. 1 pJ/pulse, the exci-
tation pulse repetition rate was 1kHz, and 200 pulses were used
to record a single time-resolved spectrum. The investigated solu-
tions (total volume of 10 ml) were pumped through a 1 mm cell at
room temperature to provide uniform irradiation and avoid possi-
ble degradation due to photochemical reactions. The experimental
data were globally fitted by two- or three-exponential models. The
fitting program performed corrections of the group velocity disper-
sion and calculated the response time of the instrument.

Electronic absorption spectra were recorded using Agilent 8453
(Agilent Technologies) spectrophotometer.

Solutions of IrClg2~ complex were prepared from the
Na,IrClg x 6H;0 salt synthesized as described in [33]. Deionized
water and methanol (Aldrich) were used for the sample prepara-
tion. Methanol was used without additional purification.

3. Results and discussions

3.1. UV spectra and photochemistry of IrClg?~ complexes

The electronic absorption spectrum of IrClgZ~ in aqueous
solution is shown in Fig. 1. In this figure, the wavelengths of fem-
tosecond laser excitation used in this and previous papers are
marked. The information on the nature of the targeted absorption
bands is collected in Table 1. This table also provides the data on
the photochemical processes caused by the excitation in the region
of the bands of interest.

IrClg2~ is a 5d° low spin octahedral complex. Its UV spec-
trum (Fig. 1) contains strong absorption bands both in visible
and UV regions. The simple assignment of the absorption bands
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Fig. 1. Electronic absorption spectrum of the IrClg?~ complex in aqueous solution.
Excitation wavelengths used in ultrafast kinetic measurements are marked.

using non-relativistic symmetry was performed by Jergensen
[34]. According to [34], the absorption bands in the region of
400-500 nm with the extinction coefficient of ca. 4000 M~! cm~!
are the bands of ligand-to-metal charge transfer (LMCT).
Relatively weak (¢ ~ 1000 M~ cm~1) band at 306 nm was assigned
by Jergensen to d-d ligand-field transitions [34], probably, super-
imposed with the LMCT transitions. Later, Goursot et al. [35] based
on the relativistic theoretical calculations assigned this band as
belonging to presumably LMCT transition, which was supported
by Case and Lopez [36].

For comparison of the results of femtosecond experiments per-
formed with different excitation it is necessary to analyze the
absorption spectrum of IrClg2~ more thoroughly. Fig. 2 shows the
results of the spectrum deconvolution into eight Gaussian compo-
nents (the deconvolution should be performed in wave numbers
units). This procedure gives more or less satisfactorily fit of the
experimental spectrum. Arrows in Fig. 2 correspond to excita-
tion wavelengths used in different experiments, namely, 420 and
400 nm in works [26,27] and 320 nm in this work. We are most
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Fig. 2. The UV absorption spectrum the IrClg?2~ complex in aqueous solution
(black dots) and its deconvolution into eight Gaussian functions (red line). Blue
lines—Gaussian components which could affect the 320 nm excitation (their centers
are marked); green lines—other Gaussian components (the most energetic com-
ponent is shown only partially). Excitation wavelengths used in ultrafast kinetic
measurements in this work are marked by arrows. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

interested in 320 nm excitation. The Gaussian components which
yield the absorption at this wavelength are marked in blue in Fig. 2.

The approximate structure of molecular orbitals of the IrClg2~
complex is shown in Fig. 3. Left-hand side numbering of the orbitals
corresponds to the simple ligand field (LF) approximation for the
octahedral 5d° low spin complex [34]. Right-hand side numbering
of the orbitals in Fig. 3 corresponds to the relativistic approxima-
tion [35,36]. The letters e and u mark the dimeric and tetrameric
irreducible representations of the O;, symmetry group caused by
spin-orbit coupling (this is an analogue of full momenta j=1/2
and j=3/2 for the case of spherical symmetry). Red arrow shows
the 400 nm excitation, which corresponds to the low-energy LMCT
band, and blue arrows show the 320 nm excitation which could
correspond to both the LMCT and d-d and bands.

The 320 nm excitation of IrClg?~ could resultbothin 2u, — 2eg”
and 2e,” — 6ug electron promotions (Fig. 3). In the case of
2uy — 2eg” promotion corresponding to the LMCT excitation, the
formation of a hole in the 2u, orbital results in the formation of an
only excited state 3U," [35,36]. This LMCT band is Laporte allowed
and symmetry allowed; therefore, the absorption coefficient in the
maximum of the 306 nm band (1230M~! cm™!, Fig. 2) is mainly
provided by the charge transfer.

2e;" — 6ug promotion corresponding to the d-d excitation
results in the formation of the excited configuration tg*eg!, which
consists of two quartet and eight doublet terms [35]. Ten terms split
into twenty terms allowed to spin-orbital interaction. According to
the calculations of [35], these twenty ligand field states are spread
along the spectrum from 250 to 500 nm being partly hidden under
the more intense LMCT bands. In the deconvolution shown in Fig. 2,
these states manifest itself in the two peaks with the maxima at 269
and 388 nm. Among 20 d-d excited states four terms are close to
320nm excitation, namely 2E;", 7Ug, 3E,’, and 8Ug terms [35].
According to the ratio of Gaussian components at 306 and 388 nm
(Fig. 2), the yield of the d-d bands to the total absorption at 320 nm
is not more than 20%. Therefore, one can consider the excitation
at this wavelength as presumably belonging to the near UV LMCT
band.

Now let us briefly look through the photochemistry of the
IrClg2~ complex. The visible LMCT bands are not photoactive both
in aqueous [27] and in alcohol [37] solutions. Excitation of aqueous

IrCI62': 5d° low spin complex
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Fig. 3. The approximate structure of molecular orbitals of the IrClg>~ complex
according to [34] (non-relativistic approximation, left-hand side) and [35,36] (rela-
tivistic approximation, right-hand side). Electrons in filled orbitals lower than 5u,’
are not shown. Red arrow corresponds to 400 nm excitation. Blue arrows corre-
spond to 320 nm excitation. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

solutions in the region of 313 nm results in photoaquation with
the formation of IrCls5(H,0)~ complex, but the quantum yield is
rather low (ca. 0.01 [30]). Laser flash photolysis experiments with
the nanosecond time resolution (308 nm) have shown that the for-
mation of the final photoaquation products occurs less than for
50ns [31]. The mechanism of photolysis caused by the near UV
excitation seems to be the direct photoaquation (reactions (1) and
(2), [30]), without any impact of redox processes. The low value of
the quantum yield is determined by the ratio of the rate constants
kz/k,l.

hv
2- 7 2—
IrClg c (IrClg™) = (1)
2 H,0 — —
(1rCig )*TIrCls(HZO) +d (2)
2

Excitation in the vicinity of 313 nm in alcohol solutions results in
photoreduction of Ir(IV) to Ir(IIl) with the formation of IrClg3~ com-
plex and hydroxyalkyl radicals [37,38]. The primary photochemical
processin this caseis an electron transfer from the solvent molecule
to the light-excited complex (reaction (4)). The primary quantum
yield of Ir(IIl) formation determined by reactions (3) and (4) is about
0.1 [38]. The reaction (5) between the hydroxyalkyl radical and the
initial complex doubles the quantum yield of Ir(Ill) formation in
oxygen-free solutions [37].

hv
IrClg ™= (IrCI3™ ) 3)
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Fig. 4. (Apump =320 nm) Photolysis of IrClg>~ (1.9 x 10-3 M) in methanol solution. Experimental Kinetic curves of transient absorption at different wavelengths and time
domains. Solid lines are the best two-exponential fits (Eq. (6)) after reconvolution with the instrument response function.

Table 2

Ultrafast kinetic spectroscopy of hexahalide complexes of Ir(IV) and Pt(IV) in water and methanol solutions®.

Solvent Excitation at 400-420 nm [26,27] Excitation at 320 nm

71 (fs) Process 72 (ps) Process 73 (ps) Process 71 (ps) Process 75 (ps) Process
H,0 500+ 100 2U,* - 10y - 18+2 1Ug — 1E¢" 0.6" 20+6 1Uy — 1Eg"
CH;0H 350+ 70 2U,* - 1Ug * 22405 1Ug * — 10, 3043 1Ug — 1E;" 2.8+2.0 1Ug * — 1Ug 26+7 1Ug — 1E;"

3 Experimental errors were not provided in the original papers. They were introduced based on the analysis of the raw experimental data.

b Too few experimental points to extract this time.

(1rciz™) « “ESMrcd 4 *CHLOH + HY (4)
IFCI2™ + *CHoOH — IrCI3™ + CH,0 + HY (5)

3.2. Kinetic curves and their fitting

The kinetic curves obtained in the experiments on the ultrafast
pump-probe spectroscopy were globally fitted using either a biex-
ponential function (6) or a triexponential function (7). The results
are collected in Table 2. This table also carries the information con-
cerning proposed interpretation of the observed processes.

AA(A, t) = Aq ()\)e_klt +A2(A)e‘k2[ 6)
AA(A, t) = Aq ()L)e*klf +A2(A)e—k2t +A3(X)e—k3t )

When the kinetic curves are fitted using the triexponential
function (7), the sequential decay of the transient absorption
A — B— C— ground state was proposed. The species associated
difference spectra (SADS) of the individual components were cal-
culated by means of the formulae derived in [39].

Sa(A) = A1(A) + Az(A) + A3(A) (8)

k1 — kz

ki — I
,7+A3(k)<] 3
1

Sp(A) =Az(2) % (9)

(k1 —ks) (k2 — k3)

Sclr) = A ()=

In the case of the biexponential decay (6) the formulae for SADS
corresponding to the sequential decay of the transient absorption
A— B— ground state are reduced to Egs. (11) and (12).
Sa(d) = A1(A) + Az(A)

kl — k2
k]

(11)

Sp(A) =Az(R)

(12)

Examples of the kinetic curves for the IrClg2~ complex in
methanol solutions are shown in Fig. 4 (dots). At all the wave-
lengths, the intermediate absorption completely disappeared in a
time of ca. 70 ps. The initial parts of the kinetic curves (at time
less than 0.8 ps, see the left-hand part of Fig. 4) are affected by
the coherent artifact caused by the coherent interactions between
pump and probe pulses [40]. The characteristic kinetic curves and
chirp-corrected time-resolved spectra for the excitation of pure sol-
vents are shown in Supplementary materials. The sets of the kinetic
curves for IrClg2~ in methanol and water were globally fitted using
biexponential functions. To avoid the influence of the coherent arti-
fact, the experimental points with the time delays from the laser
pulse less than 0.8 ps were excluded from the fitting procedure.
Therefore, in the case of UV excitation the existence of the coherent
artifact imposes a limitation on the possibility to study the initial
photophysical processes, which characteristic times are less than
1 ps. In the case of visible excitation of aqueous and alcohol solu-
tions no coherent artifact was observed. When IrClg2~ was excited
in the visible region [26,27] biexponential or triexponential fittings
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Fig. 5. (Apump =320 nm) photolysis of IrClg?~ (1.9 x 103 M) in methanol solution.
(a)—intermediate absorption spectra at different times; (b)—species associated dif-
ference spectra (SADS) obtained from the biexponential global fit of kinetic curves
(Fig. 4) and formulae (11) and (12).

of the kinetic curves gave the opportunity to extract the lifetimes
of the initial processes which were shorter than 1 ps (Table 2).

The best fits for methanol solutions of IrClg2~ are presented in
Fig. 4 as the solid curves. The longest characteristic time (Table 2)
always lies in the region of 20-30 ps. In the case of IrClg2~ excitation
in methanol at 320 nm the first characteristic time (2.8 ps) could be
extracted with confidence. The value of the first characteristic time
in the case of aqueous solutions (0.6 ps) should be considered as a
brief estimation because of very few points available to extract this
time.

Fig. 5a demonstrates the differential intermediate absorption
spectra for IrClgZ~ in methanol solution recorded at different
time delays after the 320 nm excitation. Negative absorption at
A <510 nm corresponds to the depletion of the ground state of the
complex, and positive absorption at A >510 nm reflects the forma-
tion of the transient absorption.

The absorption spectrum at 84 ps (Fig. 5a) shows no evidence
of the residual absorption caused by photoreduction of the initial
complex. Because Ir(Ill) complexes have only weak d-d bands in the
visible spectral region [41], one could expect the residual bleach-
ing in the region of intense IrClg2~ absorption (410-500 nm). The
quantum yield of IrClg2~ photoreduction in methanol at 308 nm
excitation is 0.1 [37]. The maximal expected value of the bleaching,
in conditions of the experiment described by Fig. 5a, is 5 x 102,
Such a low value of the differential absorption could not be
extracted from the noisy experimental kinetic curves (Fig. 4).

The SADS corresponding to the consecutive short-living inter-
mediates A and B are shown in Fig. 5b.

8

N
1

A Absorbance, a.u.

400 500 600 700
A, NM

Fig. 6. IrCls2~ photolysis in aqueous (1 and 2) and methanol (3 and 4) solutions.
Excitation at 320 nm for curves 1 and 3, 420 nm for curve 2, and 400 nm for curve 4.
Curves 1-4 correspond to the SADS of the most stable intermediates. Curves 2 and
4 are matched to curve 1 at 610 nm. Data for the 400-420 nm excitation were taken
from [26]. Possible transitions from the 1U," state are indicated.

3.3. Comparison of IrClg?~ excitation in the regions of visible
LMCT bands and d-d bands

To compare transient absorption caused by IrClg2~ excitation at
the different spectral regions, the SADS corresponding to the final
transient species are plotted in Fig. 6. For convenience, the ampli-
tudes of the spectra obtained in different experiments are matched
to the same scale. Curves 1-3 correspond to the species B formed in
the two-stage process A— B— ground state. In the case of IrClg2~
photolysis in methanol at 400 nm the decay was found to be triex-
ponential [27]. Correspondingly, curve 4 in Fig. 6 corresponds to the
transient species C in the three-stage process A— B — C — ground
state.

The similarity of curves 1-4 in Fig. 6 allows one to conclude
that the final SADS in all the cases correspond to the same excited
state. As it was proposed in [27], this state is the lowest electronic
excited state of IrClg?~, namely 1U, formed by the electronic con-
figuration with a hole in 5ug’ orbital. According to [36], 1Ug is a
mixed metal-ligand state with ca. 50% of metal character lying ca.
5200 cm~! higher than the ground state. In the framework of this
interpretation the spectra 1-4 in Fig. 6 are caused by the transitions
from the 1Ug state. The wavelengths of the transitions corre-
sponding to 3e," — 5ug’, 1e,” — 5ug and 3u, — 5ug promotions
(calculated using results of [35,36] and experimental spectrum in
Figs. 1 and 2) are 641, 550 and 570 nm. The positions of these tran-
sitions are marked by arrows in Fig. 6. Therefore, the description of
the observed final SADS of IrClg2~ corresponding to 320 and 400 nm
excitation is quantitative.

Now we can discuss the fastest processes followed by IrClg2~
excitation. In the experiments performed with the visible LMCT
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((b) and (d)).

excitation (400-420nm) the processes occurring in the first
picosecond after the laser pulse were examined quantitatively
[26,27]. Initially, vibrationally hot (2U,)* excited state is formed.
In alcohol solutions the (2Uy')* state transforms to the vibrationally
hot lowest electronic excited state (lUg' )*, which is followed by its
vibrational cooling. The corresponding processes and characteristic
lifetimes are shown in Fig. 7b and Table 2. The characteristic time
of several hundreds of femtoseconds is typical for the electronic
transitions in the metal complexes. The examples are presented in
the reviews of Vicek [42] and Forster [43] and references there.

In the case of aqueous solutions the characteristic lifetime of
the (lUg')* state vibrational cooling is less that in the case of alco-
hol solutions, therefore, electronic transition (2Uy' )" — (1Ug' )*and
vibrational cooling of(lUg/ )* appear as a single convoluted process
(Fig. 7a). The situation when the different processes (e.g., intersys-
tem crossing and vibrational relaxation) have similar characteristic
times and manifest itself as a single, convoluted process often hap-
pens in photophysics of coordination compounds [42].

The tentative schemes of the processes occurring after the laser
excitation are shown in Fig. 7. For simplification, only 2u,’ — 2e;"
promotion (which plays the main role, as shown in Section 3.1)
is marked for the 320 nm excitation. In the case of visible excita-
tion 100% of the excited complex returned to the ground state. In
the case of 320 nm excitation in aqueous solutions the quantum
yield of the photochemical reaction is rather low (0.01, see Table 1).
For methanol solutions the value of quantum yield is significantly
higher (0.1, Table 1). In spite of that, the spectra and lifetimes of the

SADS corresponding to the last intermediate are similar (Fig. 6). This
fact could be explained in two ways: (i) all the changes in the behav-
ior of the excited complex caused by the differences in 400-420 and
320 nm excitation occur in the time interval of 1-3 ps; and/or (ii)
the spectral signatures of the chemical processes do not fall to the
probing range (400-650 nm) used in this work.

Unfortunately, in the case of 320 nm excitation the coherent
artifact prevents the resolution of the spectra of the initially formed
excited states. For the case of methanol solutions the first extracted
characteristic lifetime (2.8 ps, Table 2 and Fig. 7d) corresponds to
the vibrational cooling of the lowest 1Ug" excited state of the initial
complex. The first argument in favor of this interpretation is the
similarity of SADS corresponding to the discussed species A and B
(Fig. 5b). Sharpening of the absorption bands for the species B is a
feature of the vibrational relaxation, which could be accompanied
by the solvent relaxation. Another argument in favor of the vibra-
tional relaxation is the similarity of the corresponding lifetimes for
the cases of visible and UV excitation.

When IrClg2~ complex is excited at 320nm in aqueous solu-
tions, the formation time of vibrationally cooled 1U; state is less
than 1 ps. The characteristic time extracted from the experimen-
tal data (0.6 ps, Table 2) should be considered as a brief estimation
because there are too few experimental points for the determi-
nation of this time. As a matter of fact, vibrational relaxation
of IrClg2~ in aqueous solutions was not observed as a single,
well-determined process both in the case of 420 and 320 nm exci-
tation. The process of vibrational relaxation for aqueous solutions is
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typically faster than for alcohol solutions [44,45]. In the case of the
IrClg2~ complex it manifests itself as a single process in alcohol but
is convoluted with other processes in aqueous solutions. There-
fore, the first characteristic time (estimated as 0.6 ps) includes the
transition of the initially formed Franck-Condon state (hot (3U, ' )*
state for 2eg” — 6ug promotion), its conversion to the hot lowest
excited state (1Ug' )¥, its vibrational cooling and solvent relaxation.
The proposed pattern of the observed processes is shown in Fig. 7c.

4. Conclusions

In this paper, the primary photophysical processes for the exci-
tation of the IrClg2~ complex in the region of the visible LMCT bands
(400-420nm) and near UV band (320 nm), which is presumably
LMCT with less than 20% addition of d-d transitions, were com-
pared. Visible charge transfer bands of IrClg2~ are not photoactive
both in aqueous and alcohol solutions. Therefore, the experiments
on femtosecond pump-probe spectroscopy with the visible excita-
tion reflect the photophysical processes resulting in the recovery of
the initial state. In the case of the UV (320 nm) excitation, IrClg2~ is
photoactive in aqueous and methanol solutions with the low quan-
tum yields (0.01 and 0.1 correspondingly). The experiments have
shown that the spectra of the most stable species occurring in all
the studied systems are the same and correspond to the thermally
relaxed lowest electronic excited state of IrClg?>~-1Ug . The ther-
mally relaxed 1U," state is formed within 1-3 ps (depending on
the solvent) after the laser pulse. After 1Ug' formation, its transi-
tion to the ground state is the only observed process. The chemical
processes caused by the 320 nm excitation, namely photoaquation
in water and photoreduction in alcohols (which are schematically
shown in Fig. 7c and d) were not detected in the described experi-
ments. This could be explained in two ways:

(a) All the processes determining the photochemical reactions
occurred in the time interval of 1-3 ps, and they were not
directly observed due to small quantum yields and coherent
artifact formation;

(b) The spectral signatures of the chemical processes lie outside
of the probing range (400-650 nm) used in this work, and in
future the efforts to expand the probing range are necessary.
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