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We review the results obtained for Pt'"VClg?~, Pt'VBrg?~, Ir'VClg>~, Ir'VBrg?~, and Os'VBrg?~ complexes in
aqueous and alcoholic solutions using ultrafast pump-probe spectroscopy, laser flash photolysis, ESR,
and photoelectron spectroscopy. We discuss the correlations between the photophysics and the
photochemistry of these complexes. The key reaction for Pt'"VClg2~ is the inner-sphere electron transfer,
which results in an Adamson radical pair that lives for several picoseconds, and the subsequent
photoaquation in aqueous solutions and photoreduction in alcohols. The chlorine atom formed as the
primary product escapes the solvent cage in aqueous solutions or oxidizes a solvent alcohol molecule via
secondary electron transfer, producing secondary intermediates that react on the microsecond time
scale. The photoexcitation of Pt'VBrg?~ results in the formation of pentacoordinated Pt'V intermediates,
i.e. 3Pt"VBrs— and 'Pt'VBrs~, with characteristic lifetimes of approximately 1 and 10ps, respectively.
Subsequent reactions of these intermediates result in the complexation of a solvent molecule.
Photoreduction is also possible in alcohols. Similar reactions occur with rather low quantum yields for
Ir'VClg2~, therefore, only the ground-state recovery could be monitored in ultrafast experiments, which
occur on the 10-ps time scale. The photochemical behaviours of the Ir'VBrg?~ and Os'VBrg?~ complexes are
similar to those of Ir'VClg>~ and Pt'"VBrg?~, respectively.
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1. Introduction

The photochemical activity of platinum group metal complexes
was discovered almost 200 years ago [1]. The photochemistry of
hexahalide complexes of platinum group metals (M"VXg2~) was

considered to be a subject of solely academic relevance until the
end of the 20th century [2-5]. The principal focus has been on the
Pt"VClg?~ complex. The main points investigated were the reaction
intermediates [6-12], unusual aquation chain reactions [11,12] and
the dramatic differences in the properties of the isoelectronic
Pt"VClg?>~ and Pt"VBrg®~ complexes [2,3].

Currently, the practical needs of various technological applications
provided new stimuli for photochemical studies of these complexes.
The best-known application is in photocatalysis. The four-electron
photoreduction of Pt"Y to Pt® in water-alcohol mixtures discovered by
Cameron and Bocarsly [ 13,14] initiated the use of Pt"VClg2~ photolysis
to produce platinum nanoparticles [15-22]. Generally, the direct
photoreduction of metal cations has been established asanimportant
method to produce nanoparticles that are free from chemical
reducing agents (see [15] and references therein).

One of the fundamental problem in photocatalysis is extending
the absorption spectra of cheap semiconductors (TiO,, CdS) into
the visible spectral range. One excellent approach is modifying
TiO, [23-27] or CdS [28-30] surfaces with metallic platinum via
the photoreduction of hexachloroplatinate. The photochemical
modification of the TiO, surface by iridium was also reported [31].
Proper descriptions of such systems require knowledge about both
the heterogeneous chemistry and photochemistry of the com-
plexes formed by the desorbed metal atoms in solution [24].

Photodynamic therapy (PDT) is another important application
of these complexes, joining the high cytotoxicity of platinum group
metals to other advantages of PDT, i.e. the selectivity and the low
systemic toxicity [32,33]. Typically, platinum complexes are used
in PDT, see [32-35] and the references therein. Additionally, the
photolysis products of ammonium hexachloroiridate(IV) have
been reported to have anti-tumour and antimutagenic activities by
Gale et al. [36]. Organoiridium [37] and cyclometallated iridium
complexes [33,38,39] were also proposed as prospective antican-
cer agents.

An interesting application of hexachloroiridates was proposed
by Gupta et al. [40,41]. They offered a combined photoelectro-
chemical method of hydrogen and chlorine production from
hydrochloric acid that is assisted by a mixture of Ir'VClg?~ and
Ir'"'Clg3~ complexes as a photocatalyst.

Successful application of photochemical reactions requires
detailed knowledge of the reaction mechanism. A straightforward
way to obtain such knowledge is to follow the entire reaction path
from the ultrafast primary processes to the final products. In practice,
the reaction mechanisms in the photochemistry of coordination
compounds were usually proposed based on the results of steady-
state experiments because the ability to follow the primary reactions
was lacking [2-5]. Often, the involvement of short-living reactive
intermediates, such as Adamson'’s radical pairs [42], has been merely
postulated without any direct evidence. Currently, these mecha-
nisms may be examined via advanced time-resolved methods,
starting at the femtosecond time resolution.

The study of the ultrafast dynamics of transition metal
complexes is an active area of research in chemical physics [43-
51]. Nevertheless, primary photophysical processes are known in
detail for only a few types of transition metal complexes. These
include Cr(Ill) complexes [46-48], polypyridyl complexes of Ru(II)
[43,44,52], and metal carbonyls [43,51]. Additionally, complexes
demonstrating spin crossover are being actively studied [50,53].

Presently, we review the experimental work on the primary
photophysical and photochemical reactions of M'VX2~ complexes
via ultrafast kinetic spectroscopy.

2. Experimental setups, Kinetic curves and data treatment

The experiments in the ultrafast kinetic spectroscopy of the
Pt'"VClg2~, Pt'VBrg?~ and Ir'VClg?~ complexes were performed using
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Fig. 1. UV absorption spectra of the Pt'VBrg?~, Pt'"VClg?~ and Ir'VClg?>~ complexes in
aqueous solutions. The inset shows the visible part of the spectra. The marked
excitation wavelengths were used in the ultrafast kinetic measurements.

the experimental setup described in detail earlier [54]. The
samples were excited by ~60fs pulses at 400-420 nm (second
harmonic of a Ti:sapphire generator-amplifier system, CDP Ltd.,
Moscow, Russia, approximately 20-25 pJ/pulse). The excitation
pulse repetition rate was 10Hz, and 200 pulses were needed to
record one entire time-resolved spectrum. The samples were

Table 1

placed in a 1-mm rotating cell, to provide uniform irradiation and
avoid unwanted thermal effects from heating by the pump pulse.
Typically, time-resolved spectra were collected with a delay step of
100 fs during the first 3 ps after excitation (30 time points), and
exponentially increasing delay times were used at longer delays.
Usually, 60-70 spectra were collected for each sample with the
longest delay of approximately 100 ps. The experimental data were
fitted globally, typically using a three-exponential model. The
fitting programme was corrected for the group velocity dispersion
and the calculated response time of the instrument. The global
time delay was one of the fitted parameters, defining the arrival of
the excitation pulse (time zero). The uncertainty in the time zero
was close to 100 fs, which is similar to the delay step, while the
overall time resolution was 150-200fs, determined by the
convolution of the pump (excitation) and probe pulses.

An ultrafast pump-probe spectroscopy setup with the UV
excitation described in detail in [55] was used in several
experiments on Ir'VClg?~. The samples were excited by approxi-
mately 100fs pulses at ~320nm (fourth harmonic of the signal
wave of a TOPAS optical parametric amplifier). The excitation
energy was approximately 1 pJ/pulse, the excitation pulse repeti-
tion rate was 1kHz, with 200 pulses required to record one
complete time-resolved spectrum. The sample solutions (10 ml
total volume) were pumped through a 1-mm cell at room
temperature, to provide uniform irradiation and avoid possible
photodegradation. The experimental data were fitted globally,
using two- or three-exponential models. The fitting programme
corrected for the group velocity dispersion and calculated the
response time of the instrument.

Experiments on ultrafast kinetic spectroscopy of the Pt"VBrg2~,
Ir'VBrg?~ and 0s'VBrg?~ complexes were performed using the setup
described in [56-58]. Two TOPAS-C optical parametric amplifiers
generated 420 or 530 nm pump pulses of 2 pJ and probe pulses
tunable between 270 and 400 nm. The overall time resolution was
150 fs. High values of the signal-to-noise ratio allowed resolving of
the coherent oscillations in the kinetic curves [57,58].

Typically, the kinetic curves obtained in ultrafast pump-probe
experiments are fitted globally, using either a biexponential
function (1) or a triexponential function (2). Sometimes, the
number of exponentials exceeded three [57].

Spectroscopy and photochemistry of hexahalide complexes of platinum group metals in aqueous and methanolic solutions. The spectral ranges explored in ultrafast
experiments are indicated. LF stands for ligand-field bands, CT for charge-transfer and LMCT for ligand-to-metal charge-transfer bands.

Complex Probe wavelength (nm) Absorption band maxima (nm) Transitions Photochemical Properties vs. Solvent
H,0 CH50H
I'Vclg2~ 320 306 d(t2g) — d(eg®) Photoaquation Photoreduction
superimposed with LMCT $aq=0.01 [93] Grea=0.1 [94]
7(tru) — d(tzg) [77]
405-420 415, 432 LMCT No reaction [93] No reaction [94]
7(tau) — d(tZg) [77]
PtVBrg?~  405-420 365 (strong)+435 (weak) A1 — mixed (LF/CT) 'To4 [57]  Photoaquation Photoaquation +
$aq~0.4 [81,84] photoreduction ¢.q~ 1.5 ¢req [10]
530 525 (weak, LF) LF No information
TA1g—3Tig
[57,78]
PtVClg>~  405-420 362 (weak) d(tg) — d(eg*) [76] Photoaquation; ¢q Photoreduction [70,71]
depends on excitation
wavelength, intensity
and PtClg2~
concentration; chain
processes [9]
Ir'VBrg2~ 770 745 (moderate) LMCT No information
77(1'2\1) e d(t2g) [77]
0s'VBrg?~ 305 280 (strong) LMCT No information
T —d(eg") [77]
420 423 (moderate) T —d(tyg) [77]
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Provided that the kinetic curves may be satisfactorily fitted by the
triexponential function (2), sequential decay of the transient
absorption is assumed according to the scheme A—B—C—
<ground state>. The species-associated difference spectra (SADS)
of the individual components are then calculated using the
expressions [59]:

Sa(A) = A1(A) +Az2(A) +A3(A) 3)

’(1 — ’(3

ky — ko
)
0 (4)

S5(2) = A (1)< 2 + A ()

Sc(n) :A3(A)%

(5)
The formulas for SADS in biexponential decay (1), corresponding to
the sequential decay of the transient absorption according to the
reaction scheme A — B — <ground state>, are

Sa(h) =A1(A) +Ax(A) (6)

S50 = A (1)1 ™)
In Expressions (3)-(7), A; are the fitted transient amplitudes, Sx are
the spectral absorbencies of the respective species, k; are the
reaction rate constants, and A are the wavelengths.

Nanosecond laser flash photolysis experiments were performed
using excitation by either a YAG laser (355 nm, 5 ns pulse duration,
5m]J/pulse energy) or a XeCl excimer laser (XeCl laser, 308 nm,
15 ns, 10 mJ/pulse). The setup is described in [60]. Quantum yields
were calculated based on measurements by a SOLO 2 laser power
and energy metre (Gentec EO).

3. Results and discussion
3.1. Hexachloroplatinate

Pt'VClg?~ is a 5d® low spin octahedral complex. Its electronic
absorption spectrum is shown in Fig. 1. The assignments of the
absorption bands and the photochemical reactions caused by the
excitation into these bands are listed in Table 1.

The Pt'VClg2~ complex demonstrates redox photochemistry in
aqueous solutions even without the addition of free CI~ anions.
Usually, homolysis of a Pt—Cl bond with a chlorine atom escaping
from the solvent cage (8) is considered the primary photoreaction
of Pt'VClg2~ in aqueous solutions, as was first suggested in [61]. The
same primary reactions were assumed in acetonitrile [62] and
chloroform [63,64].

Nevertheless, the overall photochemical process is photo-
aquation, yielding the Pt'VCl5(H,0)~ complex in the first stage
[6,8,9,11,12,65,66]. Provided that atomic chlorine is produced in the
primary Reaction (8), photoaquation may proceed via a chain
reaction. Both the experimental data [6,8,9,11,12,65,66] and the
quantum chemical calculations [66-68] show that Pt!'Cl,_,.X,
(n=1-3; X=0H", H,0) is the most probable chain carrier [6,11].
Depending on the experimental parameters (irradiation wave-
length, light intensity, initial concentration of the complex, pH),
the quantum yield may be either below unity [6,9,11] or
significantly higher than unity [11,12]. The photoaquation chain

Table 2
The most intense absorption bands of the Pt(Ill) intermediates according to Xa
calculations by Goursot et al.

Complex Geometry Pt—Cl.x Intense
elongation  absorption
(a.u.) bands (nm)
Pt''Clg*~ [66] Distorted O, O 175; 212
0.2 207; 266
04 235; 318
1.0 330; 540
PtCls2- D3, [66] 0 264; 323; 329
Cqv [67] 0 206
0.4 270
1.0 448; 560
pt"'Cl, [66] Planar 410: 620
Pt(Cl7)6_m(X)mX=0H", H,0; Distorted Oy, <300; 450
m=0-2 [8,68]
P(CL g n(X)n, Planar 410-420nm

X=0H", H,0, n=1-3 [8,68]

reaction with the Pt""'Cl5(OH)~ complex as the chain carrier may be
summarized as follows:
Chain initiation

PtVCls> ™ pellcls® It (8)
Pt"'Cls2~ + 2H,0 — Pt"'Cl4(OH)(H,0)%>~ + CI™ + H* 9)
Pt"Cl,(OH)(H,0)?~ — Pt"Cl3(OH)~ + H,0 + CI™ (10)

Chain propagation

Pt'Cl;(OH)™ + PtVClg>™ + H,0

— PtVCls(OH)*™ + Pt Cl5(H,0) + CI™ (11)
Pt"'Cl;(H,0) = Pt"'Cl3(OH)™ + H* (12)
PtVCls(OH)?~ + H* = Pt"VCls(H,0)~ (13)

Chain termination

ZPth13 (OH)™ 4 2H,0 — PtIVC14(OH)(H20)7
+ Pt!'Cl, (OH)(H,0) ™ (14)

In addition to chain photoaquation, direct photoaquation may
occur by back electron transfer in the {Pt(Ill) ion—Cl atom}
geminate pair [10].

Electron transfer from an alcohol molecule to the excited
complex [70-72] was reported as a primary photoreaction of
Pt'VClg2~ in alcoholic solutions following excitation at 308 nm. This
reaction yields the Pt"'Clg>~ intermediate complex and a hydrox-
yalkyl radical. The Pt"'Clg3>~ complex rapidly dissociates into
Pt"'Cl52~ and CI~ [70]. In turn, the Pt"'Cls2~ intermediate generates
the relatively long-living Pt"'Cl,~ complex:

h
PEVCIZ = (PUVCI2 ) (15)
PEVCIZ ) « M pellic2- 4 *CH,0H + H* (16)
6 6
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Fig. 2. Femtosecond photolysis of PtVClgZ~ (0.03M) in aqueous solutions,
Apump =405 nm, 1 mm cuvette. (a) Kinetics of the transient absorption at different
wavelengths and time ranges. Solid lines are the best three-exponential fits (Eq. (2))
after convolution with the instrument response function. (b) Species-associated
difference spectra (SADS) of the consecutively formed intermediates (1 —2 — 3).
The best-fit characteristic times are 0.6, 8.6 and 220 ps.

Table 3

ptlcld — pt'CI2” + CI” (17)
pt'c 127 — ptllCl; +CI (18)
Pt''Cl,” + CH;0H — Pt''Cl,>~ + *CH,OH + H* (19)

This mechanism was supported by ESR detection of hydrox-
yalkyl radicals in frozen alcohols, both directly [73] and by spin
trapping [74]. Specific intermediates identified as complexes of Pt
(Ill) with free hydroxyalkyl radicals (radical complexes) were
detected in the course of photolysis [71,72].

The first ultrafast spectroscopy study of Pt'VClg2~ was presented
by Goursot et al. [7]. They found that the excitation of Pt'"VClg?~ by
30ps laser pulses at 355nm resulted in the formation of an
intermediate that had two absorption bands at 440 and 640 nm
with a 210 ps lifetime. The intermediate was identified as either the
Pt"'Cl52~ (C4v) complex or as an undetermined excited state of
Pt'VClg?~. This identification was based on the relativistic Xa
calculations of possible Pt(IIl) intermediates performed by Goursot
et al. [7,66-68]; the results are collected in Table 2.

Recently, primary photochemical reactions in aqueous Pt'"VClg?~
were examined via femtosecond spectroscopy [10,69]. The
excitation at 405nm resulted in a transient absorption that
decayed completely in 800 ps. Representative kinetic traces at
several selected wavelengths are shown in Fig. 2a. The time profiles
in the 440-780 nm wavelength range were fitted globally using a
3-exponential function (2) with lifetimes of 7, =600fs, 7,=8.6ps
and 73=220ps. Fig. 2b demonstrates the SADS calculated using
Egs. (3)-(5). The synchronous behaviour of the two bands at
approximately 450 and 700 nm justifies their attribution to the
same intermediate, denoted Intermediate A. Intermediate A is
most likely the same species as detected by Goursot et al. who
could only probe up to 640 nm [7].

The properties and assignments of the Pt(Ill) intermediates
according to [10] are collected in Table 3. In total, four
intermediates were required to describe the experimental data.
Note that Intermediate A was observed in the ultrafast experi-
ments, while Intermediates C and D were observed in the
microsecond time domain. Due to significantly different rates of
Intermediate A decay and Intermediate C formation, an additional
Intermediate B was introduced that is not directly observable in the
visible spectral range. Among the different Pt(Ill) intermediates,

Intermediates in the pulsed photolysis of Pt"VClg?~ in H,0. Note that Anax, Torm and Tgec are the maximum of the absorption band and

the intermediate formation and decay times [10].

Intermediate Amax (nNM) Tform Tdec Assignment
Aqueous solutions
A 445,700 600fs 220ps [PE"Cls*>(Cay) . . . CI°]
B - <100 ns 1.2 us Pt"Cls2~ (Dsp)
C 440-450 12 ps 7 us Pt"'C1,X, (X=0H", H,0)
D 410 7 s >1ms Pt''Cl,_,.X, (n=1-3; X=0H", H,0)
Methanolic solutions
A 440, 700 700fs 350 ps [PECIs2~(Cyy) . . . CI°]
E no detectable absorption <100 ns” 1 ps® PtClg3 -
F 414 <50ns>¢ 2.6 ms? Pt"Cls%~ (Cay)
535 1.2 ps®

A max» Tform and Tqec are position of the absorption band maxima, formation and decay times of the intermediates.

5 From [70].
€ In a biphotonic process [70].
d From [75].
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Fig. 3. Spectra of intermediates in the photolysis of Pt"VClgZ~ in water (a) and
methanol (b). Intermediate A is the species detected in ultrafast experiments [10].
Intermediates C and D are the successive Pt(Ill) species detected in nanosecond
laser flash photolysis experiments [9]. Intermediate F is a Pt(Ill) species detected in
XeCl (308 nm, 15 ns) laser flash photolysis experiment (2 ms time delay) [70].

this lack of absorption is typical for Pt"'Clg>~ and pentacoordinated
Pt"'Cls>~ complexes without sufficient distortions, while absorp-
tion in the visible spectral range is typical for complexes with
close-to-planar structures (Table 2). The spectra of Intermediates
A, C and D are shown in Fig. 3a.

Intermediate A was identified [10] as the Adamson’s primary
radical pair [4] with the structure [Pt"'Cl5>~(Cyy) . . . CI°], while the
Intermediate B was identified as the Pt"'Cls>~ complex with the
trigonal bipyramidal (Dsy) structure. This identification is consis-
tent with the calculations by Goursot et al. (Table 2). In contrast,
identification of the Intermediate A as the Pt"'Cls2~ (C4,) complex
instead of the radical pair, as proposed in [7], disagrees with the
experiments on Pt"VClg2~ photolysis in alcohols.

The primary reactions of aqueous Pt'VClg?~ (Egs. (20)-(25))
were proposed in [10,69]. Note that the formation of the Pt"'Cl5?~
(D3p) complex is the starting point for the chain photoaquation of
Pt"VClg?>~ (Egs. (8)-(14)).

PEVCE B[PV CIZ ]« (Tyg1) (20)

[PEVCIZ ]+ (CTigrg) — [PEICE™ (Cay)...CI%] (21)
Intermediate A (primary radical pair)

[PEVCIE ]+ (3T1g14) — PEVCIE™ (22)

[PY'CIZ™ (Cay) ... CI°] + H,0 — [Pt"'Cl5(H,0)% ... CI*] (23)
Secondary radical pair

[Pt'Cl5(H,0)% ... Cl*] — PtVCls(H,0)™ + CI- (24)

[Pt"'Cl5 (H,0)% CI*] — [P"'CI2™ (D3p)] + CI*H,0 (25)

Intermediate B

Femtosecond laser excitation experiments on Pt!VClg?~ in
methanol and ethanol gave similar results to those obtained in
aqueous solutions [10]. The results of the 3-exponential fit of the
experimental kinetic curves in different solvents are collected in
Table 4.

The fast formation of Intermediate A (600/700fs) from the
initial Franck-Condon state, which is a hot 3T1g state [76], was
observed in both aqueous and alcoholic solutions of Pt'VClg2 . The
second and third reactions were identified [10] as the vibrational
cooling of A and its return to the ground state Pt"VClg>~ and/or
transformation into long-lived photolysis products. The spectrum
of Intermediate A in alcohols is the same as in aqueous solutions;
therefore, it was identified as the [Pt"'Cls?>~(Cy4) . .. CI°] radical
pair. The decay of Intermediate A is much faster than the formation
of Intermediate F, observed on the microsecond time scale
(Fig. 3b); therefore, the reaction mechanism A—E—F was
postulated to include Intermediate E, with no detectable optical
absorption in the near-UV or visible spectral ranges.

In alcohols, Intermediate A may oxidize a molecule of solvent
present in the second coordination sphere of the complex anion,
giving rise to the Pt"'Clg>~ intermediate. The reaction mechanism
based on the data from the nanosecond [70-72] and femtosecond
[10] experiments is summarized by the Reactions ((20)-(22)) and
((26)-(31)), which use methanol as solvent.

[Pt"CIZ" (Cay) ... CI*] + CH30H — Pt"Clg®” + *CH,OH + H®  (26)
Intermediate E

peiiClg® " 2% M plii g3 )4 (27)

(PCle> )% — [PNCIZ™ (Cay)] + CI™ (28)

Table 4
Characteristic lifetimes of the transient species after the excitation of the Pt'VClg?>~ complex into its visible d-d bands (405 nm) [10].
Solvent 71 (ps) Reaction 7, (ps) Reaction 73 (ps) Reaction
H,0 0.6£0.02 3T — A* 86+45 A*—A 220430 Relaxation to the
ground
state + chemical
reaction products
CH5;0H 0.7+0.1 43+11 350+20
C,Hs0H 0.74+0.2 11+6 490 +50
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Intermediate F

Pt Cle® ™ 5 [PHUCIE ™ (Cay)) + CI™ (29)
[PYCI2 (Cay)] — [PE'CI, ]+ CI™ (30)
[PUMCl;] + CH30H — [Pt'Cl; ] 4 *CH,0H + HY (31)

The Pt"'Clg>~ complex is distorted towards D4, symmetry, with
a moderate elongation of the axial Pt—Cl bonds; it exhibits LMCT
transitions at approximately 308 nm [66] and does not absorb in
the visible range. Therefore, Intermediate E was identified as
Pt"'Clg3~. Its photochemical (Egs. (27) and (28)) and thermal
(Eq. (29)) reactions provide two pathways to the Pt""'Cls?~ complex
(Intermediate F) [70,71]. According to the X« calculations [66], the
C4y structure of Pt"Cls2~ with sufficient elongation of the axial
Pt—Cl bond gives rise to the two-peak absorption spectrum in the
visible spectral range. The intermediates identified in the Pt'VClg?~
photolysis in alcohols are collected in Table 3. The final product of
Pt"VClg2~ photolysis in alcoholic solutions was identified as the
Pt''C1,2~ bivalent platinum complex [70-72,75]; prolonged irradi-
ation of the latter gives rise to metallic platinum [13,14].

Finally, we identified the key intermediate observed in the
femtosecond photolysis as the Adamson’s primary radical pair
[Pt"Cl52~(C4y) . . . CI°]. However, the precise nature of this
intermediate is a question that is still open for discussion. One
of the possibilities is to use ESR in low-temperature matrices to
detect the presence of free radicals. Another feasible approach
involves quantum chemical calculations of such radical complexes
to determine their possible structures and properties.

3.3. Hexabromoplatinate

The Pt'"VBrg2~ complex is isoelectronic to Pt'VClg2". Its electronic
absorption spectrum is shown in Fig. 1, with the assignments of the
absorption bands and the photochemical reactions initiated by the
respective excitations collected in Table 1. The most intense LMCT
band of Pt'VBrg?~ is located at 226 nm. It corresponds to electron
density transfer from o-orbitals, which are predominantly located
on ligands, to vacant g*-orbitals, which are predominantly located
on the metal ion [77]. The less intense charge transfer bands (290-
450 nm), partially overlapping with the d-d bands, correspond to
the transitions from the -orbitals of the ligands [77]. The LMCT
band with the maximum at 311 nm corresponds to the 7(t,,) —d
(eg*) and 7(ty,) — d(eg*) transitions [57,77]. The absorption in the
visible spectral range is caused by forbidden CT and mixed LF/CT
transitions [57,58].

Earlier works on the photochemistry of PtBrg“~ in aqueous
solutions proposed contradictory reaction mechanisms. Adamson
and Sporer [42] found that the quantum yield of the photoinduced
ligand exchange in the PtBrg>~—Br~ system significantly exceeds
unity, postulating chain reactions to explain this fact. They
assumed that the primary photolysis step was the homolytic
cleavage of the Pt—Br bond with the formation of a Pt(IIl)
intermediate and a bromine atom, similar to Reaction (8):

2—

PtVBrg2~ 2 pt!'Brs2~ + Br (32)

Nevertheless, Penkett and Adamson [79] in an experiment
using lamp flash photolysis with a 30 s time resolution failed to
detect any transient absorption that could be attributed to the
bromine atom, Pt(Ill) complexes, or products of their secondary

reactions. They detected the aquated Pt(IV) complex as the final
photolysis product on the sub-millisecond time scale, postulating
the two-electron photoreduction of Pt'"VBrg?~ with the escape of a
Br, molecule from the coordination sphere and the formation of
the Pt"Br,2~ platinum(Il) complex as the primary reaction:

PtVBrs2 ™ Pt'Bry2~ + Br, (33)

They stated that the Pt"Br,>~ complex is formed in the
nonequilibrium (nonplanar) geometry, participating in the ligand
exchange reaction as the chain carrier [79]. Thus, the step
responsible for chain termination should be the backward redox
reaction of the Pt(II) complex with Br,, restoring the Pt(IV)
complexes. Thus, they explained the formation of the aquated Pt
(IV) complex by the aquation of the Pt'Br,>~ complex, presenting
no direct evidence of the chain photoaquation of Pt'"VBrg?~ [79].

According to a different mechanism proposed by Balzani and
co-workers [80-82], the cleavage of the Pt—Br bond is heterolytic
and the Pt'VBr5(H,0)~ aquated complex is the primary product of
the photochemical reaction:

2 hv

PCVBrg~ X Pt'Brs(H;0) +Br- (34)
2

Additionally, prolonged irradiation leads to further photo-
aquation of Pt"Brs(H,0)™ [63] with a quantum yield of the initial
stage of approximately 0.4, which is independent of the irradiation
wavelength [81].

Shagisultanova et al. [83] concluded that the experimental data
on the Pt"VBrg?~ photolysis in strongly acidic solutions support the
one-stage formation of the Pt(IV) complex with two water
molecules in the first coordination sphere, thus proposing a
trimolecular reaction that should have relatively low rates:

h

PtIVBr§*2H—>UOPtIVBr4(H20)2 +2Br- (35)
2

Note that a recent study on the photochemistry of Pt"VBrg?~ in
aqueous solutions [84] supports the hypothesis by Balzani et al.
[80-82] on the multi-stage photoaquation of the complex. The
authors re-examined the quantum yields of the first stage,
obtaining the value of 0.39 in unbuffered aqueous solutions,
0.29 in pH 6.86 buffer, and 0.6 in 1M HCIO,4 [84]. The nanosecond
laser flash photolysis has only detected instant absorption changes
occurring during the laser pulse; the spectrum of these changes
coincides with the difference in the Pt'VBrs(H,0)™ and Pt!VBrg?~
spectra [84]. Thus, the photoaquation reaction is faster than the
50 ns time resolution of the experimental setup [84].

Note that the addition of free bromide anions to aqueous
solutions affected the Pt'VBrg?~ photolysis quite dramatically [85].
Indeed, nanosecond laser flash photolysis (308 nm) detected the
formation of the Br,*~ radical anion, which reacted with the initial
complex with the k=9 x 108 M~ s~ rate constant, yielding a Pt(V)
complex. The Br,*~ quantumyield data as a function of the bromide
concentration demonstrate that the bromine atom is formed by
electron transfer from a free Br~ anion to the photoexcited complex.
Additionally, high concentrations of the bromide anion effectively
suppress the competing photoaquation reaction.

There are only a few studies of the Pt'VBrg2~ photochemistry in
organic solvents. Vasil'yev et al. [86] reported that its photolysis in
acetonitrile results in photosolvation occurring via heterolytic
cleavage of the Pt—Br bond:

vg2- Mopav -
Pt"VBrg CH3CNPt Brs(CH3;CN) + Br (36)
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Fig. 4. Photolysis of Pt'"VBre®~ in aqueous (Apump=420nm, 3.8 x 107> M), metha-
nolic (Apump=405nm, 1.9 x 10->M) and ethanolic (Apump=405nm, 1.9 x 107> M)
solutions. Curves 1-3 correspond to species-associated difference spectra (SADS) of
the consecutively formed intermediates (1 —2 — 3). The best-fit characteristic
times are 0.4, 2.2 and 15 ps in water, 1.3, 8.7 and 130 ps in methanol, and 1.3, 9.6 and
260 ps in ethanol.

The photochemistry of Pt"VBrg?~ in methanolic solutions was
studied in [87], and the reaction products varied as a function of
the dissolved oxygen. An outer-sphere electron transfer followed
by the reduction of Pt(Ill) to Pt(Il) was proposed in oxygen-free
solutions:

PtBrGZ’CH% PtBrs?" 4 *CH,OH+H"+Br~ (37)
PtBrs?>~ — PtBry~ + Br- (38)
PtBr,~ + NH30H — PtBrs> + *CH,OH + H* (39)
PtBrg?~ + *CH,OH — H,0 + PtBrs?~ +Br~ + H' (40)
2°CH,0H — (CH,0H), (41)

However, photosolvation of Pt(IV) with the formation of
Pt'VBrs(CHsOH)~ occurred in the presence of dissolved oxygen.

The effect of oxygen was explained by re-oxidation of the Pt(III)
intermediates by the peroxide radicals [87]:

*CH,0H + O, — *OO0CH,0H (42)

PtBrs2~ + *00CH,0H — PtBrs(CH30H) ™ + 0,CH,0H" (43)

Two types of intermediates were observed via lamp flash
photolysis and interpreted as Pt(Ill) complexes, supporting the
mechanisms outlined above [87]. Note that similar spectra of
short-living Pt(Ill) bromide complexes were also obtained in pulse
radiolysis experiments [88].

However, recently obtained results [10] are in apparent
contradiction with the mechanisms proposed earlier [87]. Firstly,
the removal of oxygen from methanolic solutions had no effect on
the photolysis [10], in direct contradiction with previous results
[87]. Secondly, nanosecond laser flash photolysis (308 nm) of
Pt"VBrg?~ in methanolic solutions detected no transient absorption
kinetics; any reactions were faster than the 50 ns time resolution of
the setup, resulting in instant absorption changes corresponding to
the disappearance of the initial complex both in oxygen-free and in
oxygen-saturated solutions. Continuous irradiation of Pt'VBrg?~ at
313 nm resulted in photosolvation producing the Pt'"VBrs(CH30H)~
complex, with concurrent photoreduction producing the Pt"Br,%~
complex [10]. The overall reactions could be described by Egs.
((44)-(46)). However, in contrast to Ir'VClg>~ (see below), no
reaction of the *CH,OH radical with the initial complex could be
detected [10]. The estimated ratio of the quantum yields of
photosolvation and photoreduction at 313 nm was % ~3.

hv
=

v - —
o Brs(CH3OH) ™ 4 Br (44)

Pt'VBré’C

PtVBrE_ hy

o PUUBIZ" + *CH0H + Br~ + H' (45)
3

Pt""'Br2~ 4+ CH30H — Pt"BrZ~ + *CH,OH + Br~ + H' (46)

Note that the photolysis of Pt"VBrg2~ in frozen methanol (77 K)
results in the reduction of Pt(IV) to Pt"Br,2, yielding the *CH,OH
radical [89].

Ultrafast spectroscopy was also used to study the primary
photophysical and photochemical reactions of Pt'VBrg~ in aqueous
and alcoholic solutions [10,57,58,90]. The transient absorption
spectra were fitted globally using the 3-exponential function (2)
[10,90]. The SADS are shown in Fig. 4, and the characteristic
reaction times and the respective reactions are listed in Table 5.

In [90], the fastest reaction was identified as the transition to
the lower electronic excited state of PtBrg®>~ (°Tyg), which is in
agreement with the independence of quantum yield of photo-
aquation on the irradiation wavelength [81]. Nevertheless,
according to [58], the lowest excited state of PtBrg®~ (3Tig)
dissociates spontaneously with a lifetime shorter than 150 fs. The

Table 5
Characteristic lifetimes of the transient absorption caused by excitation of the Pt'VBrg?~ complex into its visible d—d bands (405 nm); 3-exponential fit (Eq. (2)).
Solvent 71 (Ps) Reaction 75 (ps) Reaction 73 (ps) Reaction
H,0 0.4 3(PtBrg?~)* — >PtBrs~ +Br~ 2.2 3PtBrs~ — 'PtBrs— 15 'PtBrs~ — PtBrg2~ and PtBrs(H,0)
MeOH 1.3+03 3PtBrs~ — 'PtBrs~ and ° 8.7+14 IPtBrs~ +Br~ — PtBrg?~ and ° 130+40 2PtBrs2~ + ROH — PtBr42~ + products
3PtBrs~ +ROH — 2PtBrs?~ 1PtBrs~ +ROH — PtBrs(ROH)
EtOH 1.3+0.5 9.6 + 2.0 260+ 80

2 PtVBre®~ ('Tug, 'Tag); the assignment of the absorption bands was provided by Zheldakov [57].

b R=CHs; CoHs.
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spectral changes were interpreted as the successive formation of
the Pt!VBrs~ excited triplet and ground singlet states (Table 1, Egs.
(47)-(52)). Note that excitation of Pt'"VBrg?~ at 420 nm and its direct
excitation at 530nm to the 3Ty, state yield the same photo-
products.

Within 150fs after the 420 nm excitation pulse, the Pt'VBrg?~
complex undergoes internal conversion and intersystem crossing
into the 3Ty, lowest triplet dissociative state, loses a ligand, and
relaxes via the C4, conical intersection to the nearly trigonal
bipyramidal >Pt'VBrs~ product in its triplet state [58]. The following
reaction is the intersystem crossing of Pt'VBrs~ into its 'PtBrs™~
singlet state, the direct precursor of the Pt"VBrs(H,0)~ complex,
which is the reaction product. Thus, the transient absorption
spectra 2 and 3 in Fig. 4, which were obtained in aqueous solutions,
are attributed to the 3Pt'"VBrs~ and 'Pt'VBrs~ species, respectively
(see Table 5). Therefore, the Pt"Brg>~ photolysis into its d—-d bands
may be described by the mechanism ((47)-(52)) [57,58], resulting
in the experimentally observed quantum yield independence of
the excitation wavelength.

PUVBIZ (MArgrg) s PUVBIZ (' Tygrgs, ' Tagog+) (47)
PtVBIZ ('Tigig*, 'Tagag+) — PtVB 12~ (CTigig+) (48)
PtVBIZ~ (Tigig#) — {*PtVBIrs..BI } e (49)
{PPtVBrs .. Br }epee — {'PtVBI5 .. BI }pee (50)
{"PtVBr5..Br } g — PtVBIZ ('Ag1g) (51)
{'PtVBr;..Br }yqe + H20 — PtVBrs(HO)™ + Br- (52)

The identification of the intermediates as the 3Pt'YBrs~ and
IPtVBr5~ species in [57,58] was supported via CASPT2 and DFT/
TDDFT calculations of their absorption spectra and by observation
of coherent oscillations in the early-time kinetic traces. Indeed,
long-lived oscillations (with the oscillation decay time o5~ 1.4
ps) were recorded within the ground-state bleaching range and,
therefore, assigned to the pulsed resonance Raman scattering from
the ground state of Pt'"VBrg?~. In contrast, the short-lived (Tosc
<400fs) oscillations reflect the vibrational modes of 3Pt"VBrs~.
Thus, the Pt'VBrg?~ photolysis in aqueous solutions has been
investigated along its entire pathway, starting from the absorption
of a photon to the formation of the final reaction products.

Considering the Pt"Brg?~ photolysis in alcoholic solutions
[10,57], we need to interpret the formation of the relatively long-
living (more than 100 ps) intermediate species (Fig. 4, Table 5). The
mechanism includes the recombination of the 'Pt!VBrs~ complex
with the Br~ anion in the solvent cage, within approximately 10 ps. It
is solvated at similar reaction rates, giving the Pt'YBrs(ROH)~
complex (Reaction (53)), which is the final product. Spectrum 3
(Fig. 4, alcohols) thus corresponds to the Pt(Ill) intermediate - the
Pt""Brs2~ complex, formed by electron transfer (54). Subsequently,
the Pt"'Brs>~ complex transfers a second electron from another
solvent molecule, giving Pt"'Br,2", the final photoreduction product
[10]. Thus, Pt"VBrg2~ photolysis in alcoholic solution involves parallel
reactions of photosolvation and photoreduction. The respective
mechanism may be described by Reactions ((47)-(52)), which are
the same as in aqueous solutions. The additional Reactions ((53)-

(55)) are presented here for methanol as the solvent. Note that the
results of the ultrafast experiments are consistent with the data from
the stationary and nanosecond experiments [10].

{'PtVBr5..Br } g + HsOH — PtVBrs(H3OH) ™ + Br~ (53)
3PtVBr; + H30H — Pt"'BrZ~ + *H,0OH + H* (54)
Pt"'BrZ~ + H30H — Pt"Brs~ + *H,OH + H' +Br- (55)

3.4. Differences in photochemistry of isoelectronic Pt"'Clg®~ and
Pt"Brs?~ complexes

The dramatic differences in the photochemical properties of
isoelectronic Pt'YBrg?~ and Pt"VClg®~ complexes have attracted
interest for many years [2,3]. Based on the presented experimental
data, these differences could be explained by two underlying
fundamental causes.

First, different primary reactive intermediates are formed.
Namely, the excited Pt'"VBrg?~ promptly forms the >Pt'"VBrs~ active
intermediate, which next gets solvated in only 15 ps. In contrast, in
Pt'VClg2~ the initial Pt(Ill) intermediate identified as the Adamson
radical pair is much more stable, which in aqueous solutions
enables the escape of Pt(Ill) complexes from the solvent cage,
resulting in chain photoaquation.

Another cause that was proposed earlier is a large difference in
the reactivities of the bromide and chloride Pt(Ill) intermediates,
which is the key factor in alcoholic solutions [3]. For bromide
complexes, very fast electron transfer from the solvent molecules
to Pt(Ill) is accompanied by a still faster Pt(IV) solvation, and all of
the reactions are complete within 0.5 ns. For chloride complexes,
the relative stability of the Pt(Ill) intermediates gives rise to several
secondary reactions.

3.5. Hexachloroiridate

The electronic absorption spectrum of Ir'VClg?~ in aqueous
solution is shown in Fig. 1, with the properties of the absorption
bands listed in Table 1, along with information on the respective
photochemistry.

Ir'VClg?~ is a 5d° low-spin octahedral complex. Its UV spectrum
(Fig. 1) contains strong absorption bands both in the visible and UV
ranges. A simple assignment of the absorption bands using non-
relativistic symmetry was performed by Jorgensen [77], who
attributed the bands at 400-500 nm with the extinction coefficient
of approximately 4000M~'cm~! to LMCT transitions. He also
assigned the relatively weak (¢~1000M~'cm~!) band at 306 nm
to ligand-field transitions [77], most likely superimposed with
more LMCT transitions. Later, Goursot et al. [91] assigned this band
to LMCT transitions based on relativistic calculations, which was
also supported by Case and Lopez [92].

The visible LMCT bands of Ir'VClg?~ are not photoactive either in
aqueous (quantum yields below 10~ [93]) or in alcoholic [94]
solutions.

The UV photochemistry of Ir'VClg?~ in aqueous solutions with or
without free chloride ions has been studied using stationary
methods [93,95,96]. These papers present rather contradictory
conclusions. Thus, one of the papers stated that the only
photochemical process for Ir'VClg2~ is photoaquation, resulting in
the formation of the Ir'"VCls(H,0)~ complex [95]. These ideas were
criticized by Balzani et al. [93], who described competition between
photoaquation and photoreduction of Ir(IV) to Ir(Ill). They have also
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demonstrated that the reaction pathways and quantum yields
depend on the photolysis wavelength and the concentration of free
chloride ions in aqueous solution. That is, excitation into the short-
wave charge transfer band (254 nm) resulted in the formation of
Ir'VCls(H,0)~ by photoaquation and Ir'"'Cl5(H,0)?~ by photoreduc-
tion, with the total quantum yield of 0.029, independent of the
concentration of free Cl~ ions in solution. However, the relative
contribution of photoreduction to the quantum yield increases
linearly with the CI~ concentration; this fact is properly accounted
for by the proposed mechanism [93]. This mechanism is also in
agreement with the Adamson model of radical pairs [4], including
the successive formation of two intermediates, [Ir'"'Cl52~...CI*], the
primary radical pair, and [Ir'"'Cl5(H,0)?"...CI*], the secondary radical
pair. The latter then transforms into the final reaction products:

h”ﬂ@%ﬁhmaﬁgcm (56)
I'VCIZ™ + H,0 — [Ir''Cls (H,0)%...C1°) (57)
[IfMCls (H,0)%..C1°] — Ir'VCl5 (H,0)~ + CI™ (58)
(Ir'"Cls (H,0)%...CI°] — 1r''Cl5(H,0)% + CI° (59)
(I Cls (H,0)%..CI°] + CI™ — Ir'"'Cls (H,0)* + CI°; (60)

10 XAD

500 600 700

A, nm

A, M

Fig. 5. Ultrafast photolysis of Ir'VClgZ~. 3x10>M initial concentration. (a)
Photolysis in H20, A pump =420 nm; curves 1 and 2 correspond to species-associated
difference spectra (SADS) of the consecutively formed intermediates (1 —2). (b)
Photolysis in methanol, A,ymp=400nm; curves 1-3 correspond to SADS of the
consecutively formed intermediates (1 —2 — 3). The best-fit characteristic times
are 0.5 and 18 ps in water and 0.35, 2.2 and 30 ps in methanol.

When aqueous Ir'VClg?~ was irradiated in the near-UV at
313nm, where LMCT and d-d bands are superimposed, only
photoaquation with the 0.01 quantum yield was observed [93]. The
same experiment in the presence of 1.2 M CI~ produced photo-
reduced Ir'"'Clg3~ with 2 x 1072 quantum yield. This new reaction
path leading to photoreduction was not discussed in [93];
however, the electron transfer from a free outer-sphere Cl~ to
the excited complex was later postulated to be the primary process
[96]:

Ve ™ arve2 y e 4 cre (61)

Nanosecond laser flash photolysis (308 nm) was used in a
photochemical study of aqueous Ir'VClg?~ with or without added
Cl~ [97]. In the absence of Cl~, photoaquation of the excited
complex yielding Ir'VCls(H,0)~ occurred within the 50ns time
resolution of the setup. Apparently, heterolytic cleavage of the
Ir—Cl bond occurred (Reactions (62) and (63)) in the absence of
any redox reactions:

Ve ::V(lr“’dé’)* (62)

-1

H,0

aWd?H;AWGﬂmor+a* (63)
2

However, the photoreduction of Ir'VClg2~ and the formation of
the Cl,*~ radical anions occurred in the presence of free Cl~, and
the reaction quantum yield increased with the Cl~ concentration

o h— o

b {‘ H:'g l 5200 cm’”
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{
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Fig. 6. The order of the molecular orbitals in the Ir'VClg?>~ complex according to
[77]: non-relativistic approximation, left-hand side and [91]: relativistic approxi-
mation, right-hand side. Electrons in the filled orbitals below 5uy’ are omitted. The
red arrow shows the 400 nm excitation, and the blue arrows show the 320nm
excitation.
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Fig. 7. Reactions subsequent to ultrafast excitation (a and b - at 400 nm;

[97]. These results support the conclusion that a chlorine atom,
which is a precursor of the Cl,*~ radical ion, is produced by electron
transfer from an outer-sphere Cl~ to the excited complex [96].

The photolysis of Ir'VClg?~ in alcohols in the near-UV (313 nm)
resulted in the photoreduction of Ir(IV) and the formation of the
Ir"'Clg3~ complex and a hydroxyalkyl radical [94,98]. Here, the
primary reaction is the electron transfer from the solvent to the
excited complex (Reaction (64)). The primary quantum yield of Ir
(1) determined by Reactions (62) and (64) in simple alcohols is
approximately 0.1 [98]; it is doubled in oxygen-free solutions due
to Reaction (65) with the transient hydroxyalkyl radical [94]:

arvek ) « M e} 4 +CH,0H + HY (64)
I'VC2™ 4 *CH,0H — Ir''C3™ + CH,0 + HY (65)

Hydroxyalkyl radicals formed upon photolysis of Ir'VClg>~ were
observed directly in frozen methanol [99] and ethanol [100]
matrices at 77K. In the same conditions, weakly bound
[Ir'"Clg3~...°CH,0H] and [Ir''Clg3~...CH5°*CHOH] radical complexes
were stable at 77K [99,100].

Similar to aqueous solutions, different mechanisms were
proposed for the photochemistry of Ir'VClgZ~ in acetonitrile
[101,102]. Indeed, Fukuzumi and Kochi [101] photolysed this
complex at low temperatures, detecting the ESR spectrum of the
chlorine atom at —170°C, and concluding that inner-sphere charge
transfer (56) was the primary reaction. In contrast, we were unable
to detect any ESR signal even upon prolonged irradiation of
II'VClg2~ in frozen acetonitrile [102], observing step-by-step

1
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cand d - at 320nm) of Ir'"VClg?~ in water (a and c) and methanol (b and d).

photosolvation at room temperature and the formation of
Ir'VCl5(CH5CN)™ in the first step [102], similar to what occurs in
aqueous solutions.

Ultrafast pump-probe experiments were performed with the
excitation of Ir'VClg?~ into the low-energy LMCT bands at 400-
420 nm to investigate the evolution of the respective excited states
[103,104]. The transient absorption decayed completely in 100 ps,
and typical SADS are shown in Fig. 5. The transient decays in
aqueous solutions were adequately fitted by two exponentials (1)
with 71 =0.5 ps and 7, =18 ps [ 103]. Here, the complete recovery of
the ground state is consistent with the absence of the photochem-
ical activity of these visible LMCT bands. The transient decays in
alcohols were adequately described by three exponentials (2) with
71=350fs, 7,=2.2 ps and t3=30 ps in methanol.

The approximate structure of the molecular orbitals of the
IrClg?~ complex is shown in Fig. 6. The left-hand numbering of the
orbitals corresponds to the ligand-field theory applied to an
octahedral 5d° low spin complex [77], while the right-hand
numbering corresponds to the relativistic approximation [91,92];
Griffith notations were used [105]. Note that e and u denote 2-
dimensional and 4-dimensional irreducible representations of the
0y, symmetry group generated by the spin-orbit coupling, similar
to j=1/2 and j=3/2 in spherical symmetry. The red arrow marks
the 400 nm excitation into the low-energy LMCT band, while the
blue arrows mark the 320 nm excitation into the superposition of
the d-d and LMCT bands. Within the non-relativistic description,
excitation at 400-420 nm corresponds to the first Laporte-allowed
7(toy) — d(t2g) LMCT band [77]. Due to the electron transfer, the
hole moves from the lower 5d subshell to the filled 7(t5,) ligand
molecular orbital, forming a vibrationally hot (*T,,,)* excited term.
Within the more sophisticated description based on the relativistic
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approximation [91,92], (2Uy/)* is the initially excited term. The
(2Uy/)* state then rapidly transforms into the (1Ug')* vibrationally
hot lowest electronic excited state, which is formed by an
electronic configuration with a hole in the 5ug’ orbital.

The photophysics of Ir'VClg?~ excited into the visible LMCT
bands is summarized in Fig. 7(a and b) [104]. The first
characteristic time (500fs) in aqueous solutions describes both
the 3u,’ — 5uy’ electronic transition and the vibrational relaxation.
The first time in alcohols (approximately 300 fs) describes the
electronic transition to the hot 1Uy" state. The second characteris-
tic time (approximately 2.5 ps) describes the vibrational relaxation
and the solvent diffusive relaxation, observed as the overall
kinetics, as frequently occurs in the photophysics of coordination
compounds, where for example, intersystem crossing and vibra-
tional relaxation may have quite similar rates and be experimen-
tally indistinguishable [43]. Thus, the relaxation in alcohols takes
more time than in water, which is in line with larger solvent
molecules and higher viscosities. Note that the final characteristic
time (18-31 ps in different solvents) describes the transition from
10U, to the ground state.

Recently, the primary processes in aqueous and methanolic
Ir'VClg?~ were examined under excitation at 320 nm into the LMCT
and d-d bands [106]. This could result in either 2u, — 2ey” or
2e,” —6ug’ electronic excitation (Fig. 6); for the first one,
corresponding to the LMCT excitation, the hole in the 2u,’ orbital
results in the 3U,’ excited state [91,92]. In contrast, the 2e;” — 6ug’
transition corresponding to the d-d excitation forms the ty,%e,'
configuration, which has two quartet and eight doublet terms [91].
These ten terms split into twenty due to spin-orbit interaction.
According to Goursot et al. [91], these twenty ligand-field states
appear within the 250-500 nm interval, partly hidden under the
more intense LMCT bands. Among these, four could be excited by
320 nm quanta: 2E;", 7U¢/, 3E¢/, and 8U,' [91].

The tentative schemes of the reactions caused by the absorbed
photon are shown in Fig. 7(c and d) with only the 2u, — 2ey”
transition shown for simplicity. Note that visible-light excitation
causes no chemical change, while the reaction quantum yields for
near-UV excitation in water and methanol are also rather low
(0.01-0.1, see Table 1). The spectra and lifetimes of the SADS
corresponding to the longer-lived intermediate (1U, excited state)
are quite similar in aqueous and alcoholic solutions. Therefore, any
behaviour distinguishing the excitation at 320 nm from that at
400-420 nm occurs within the first 1-2 ps.

Thus, the excitation of Ir'VClg?~ either into the visible LMCT
bands or the mixed LMCT and d-d states in the near-UV region
results in a transient absorption, decaying completely with the
characteristic times of 20-30ps. The observed ground state
recovery is consistent with low photochemical activity of IrClg?~
excited into the near-UV bands.

3.6. Hexabromoiridate

The Ir'VBrg?~ complex is isoelectronic to the Ir'VClg?~ 5d° low
spin octahedral complex. LMCT bands in its absorption spectrum
were assigned by Jorgensen [77] to transitions from the ligand
mr-orbitals to the metal T,g orbital at 500-900 nm or to the Eg*
metal orbital at 250-450 nm. The photochemistry of IrBrg>~ has
not been described, mainly because free Br™ is required to stabilize
it in aqueous solutions. However, free halide anions in solution
may cede electrons to the excited complex [96,107-109], adding
complexity to the photolysis mechanism.

Rensing et al. [110] studied gas-phase Ir'VBrg?~ using femto-
second photoelectron spectroscopy. Solutions of KoIrBrg were
electrosprayed, and the resulting gas phase Ir'VBrg?~ was excited at
770nm into the m(tyy)— d(t2g) transition (see Table 1) using
approximately 150 fs pulses. Several products were detected, i.e.

Ir'VBrs ™, Ir'VBr, and Br™, indicating that Ir'VBrg?~ dissociated from a
hot ground state, formed by diabatic relaxation of the initial
excited state. The latter was depopulated in a biphasic process with
2.1 and 21 ps characteristic lifetimes. The unimolecular dissocia-
tion occurred with an 80ps characteristic time, which is
determined by Br~ moving over the dissociation barrier.

To compare the photodynamics in the gas and liquid phases,
Zheldakov [57] used ultrafast pump-probe spectroscopy with
770 nm excitation to photolyse aqueous Ir'VBrg2~. He observed
ground state bleaching at 484-618 and 654-736nm, and new
absorption appearing at 354-485 and 618-654 nm. The initially
populated excited state decayed completely, with biexponential
kinetics and 2.1 and 21 ps lifetimes, which are coincident with
those obtained in the gas phase [110]. Zheldakov identified the
formation and decay of the lowest electronic excited state of
Ir'VBrg®~ (Eq. (66); relativistic notation used for the terms, with the
non-relativistic notation in brackets):

’E hv, 770 nm (66)

(Tag)  —

, 2ps 21ps
2U'g(T1g)=> 2U'g(Tag) = E (1,

Coherent oscillations with a 0.6-ps damping time, 110-fs
induction period and 212cm™! frequency were observed in the
excited state absorption. These oscillations were identified as the
ag symmetric stretching of the Ir—Br bond, as confirmed by
quantum-chemical calculations [57] and the experimental values
of the Raman frequencies in IrBrg?~ [111].

Thus, no chemical reactions could be detected in aqueous
Ir'VBrg2~ solutions upon excitation at 770 nm, unlike the gas phase
photodissociation of the complex [110]. This difference is
explained by the fast dissipation of the vibrational energy in the
condensed phase [57].

3.7. Hexabromoosmate

The electronic configuration of the Os'VBrg?~ complex is 5d*
with the unequal occupation of the t,, orbital set by the d4
electrons distorting its geometry from Oy, to D4, symmetry [58].

The absorption spectrum of OsVBrg?~ was described by
Jorgensen [77] and corresponds to transitions from the 3Ty, triplet
electronic ground state [57,112]. The LMCT bands from the ligand
mr-orbitals to the T,; metal orbital at 380-620nm, the d-d
transitions at 350 nm and the LMCT from the ligand r-orbitals
to the E;* predominantly metal orbital at 280 and 245 nm were
identified in the absorption spectrum [77,112]. Similarly to
Ir'"VBrg?~, no photochemistry of Os'"VBrg?~ has been described.

The primary processes for Os'VBrg?~ in aqueous and meth-
anolic solutions were studied under 420 nm excitation (LMCT
band, see Table 1) [57,58]. The transient absorption had a rather
complex behaviour; the kinetics had to be fitted with five
exponentials. The time constants in aqueous solutions, assuming
a sequential reaction mechanism, were 70, 240, and 760 fs, 11.8 ps,
and 1.2 ns [57]. The early-time (<100 fs) transient spectrum with
absorption at 330-380 nm and 535-700 nm was assigned to the
lowest triplet LF state. The two bands at 540 and 675 nm that form
simultaneously between 100fs and 1ps and decay between
10 and 30 ps were attributed to the 20s'VBr5~ intermediate. The
latter decayed producing an intermediate with three absorption
bands with maxima at 365, 470 and 570nm. This latter
intermediate was identified as the Os"VBrs(H,0) aquated complex
or its analogue in methanolic solutions. By the end of the time
domain explored (1 ns) [57], the latter absorption decayed almost
completely in methanolic solutions and very significantly in
aqueous solutions. This latter fact had not been interpreted by the
author [57].
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Thus, Zheldakov [57] concluded that Os'VBrg?>~ photolysis is
similar to that of Pt'"VBrg? . The LMCT excitation at 420 nm leads to
the triplet LMCT excited state, which is quickly depopulated by
internal conversion to a lower-lying >LF state. This latter state is
dissociative and decays with the formation of the 30s'"VBrs~ triplet
intermediate, which is a direct precursor of the solvated Os(IV)
complexes, Os"VBrs(H,0) or Os!VBrs(CH;OH)~, depending on the
solvent.

The proposed reaction scheme was further supported by the
observation of coherent oscillations and quantum-chemical
calculations [57,58]. That is, oscillations that are characteristic
for the 0s'VBrg?2~ Raman spectra were observed at 208 cm ™! in the
kinetic curves and correspond to the proposed 20s'VBrs~ interme-
diate. CASPT2 and DFT/TDDFT calculations of the triplet pentab-
romoosmate(IV) Raman frequencies supported this identification.

Therefore, the photochemical reaction mechanisms of
0s"“Brg?~ in aqueous and methanolic solutions based on fast
photosolvation [57,58] explain almost all of the experimental
results obtained in the ultrafast pump-probe experiments.
Similarly, photosolvation was detected via stationary methods
for the 0sVClg?>~ complex, which is isoelectronic with Os"VBrg?~
[113]. The fact that was left unexplained in [57] is the disappear-
ance of the proposed Os"VBrs(H,0)~ or Os"“Brs(CH;OH)™ com-
plexes on the nanosecond time scale. New studies on the stationary
and nanosecond laser flash photolysis of Os'VBrg?~ are needed to
complete the reaction mechanism for this complex.

4. Conclusions

For a complete description of photochemical reactions, we need
to follow the entire reaction path from the ultrafast processes
following excitation to the final products. Considering the five
M"Xg2~ complexes discussed here, the current state of knowledge
is as follows:

- The information seems to be complete for the Pt'VBrg?~
complex;

The intermediates postulated for Pt'VClg2~ photolysis should be
verified against high-level quantum chemical calculations;
The low quantum yields of Ir'VClg?~ photolysis do not allow for
correlation of the photophysical and photochemical experi-
ments because there are no observable precursors of the stable
photoproducts;

Additional data on the stationary and nanosecond flash
photolysis of Os'"VBrg?~ are required to complete its photolysis
mechanism;

The current state of knowledge for Ir'VBrg?~ is the same as that
for Os'VBrg2~ with additional complications due to its instability
in the absence of free Br~ anions.
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