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Primary photophysical and photochemical processes
upon UV excitation of PtBr>~ and PtCl,>~ complexes in water and methanol*
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Primary photophysical and photochemical processes were studied for Pt'VBr¢2~ and

PtIVCl42~ complexes in water and methanol by ultrafast kinetic spectroscopy upon excitation in
the band region of charge transfer from the ligand-centered group n-orbitals to the e,*-orbital
of Pt!Y complex anion (LMCT bands). The data obtained earlier upon excitation in the region
of d—d bands were compared. Irrespective of the excitation wavelength, the photochemical
properties of complexes are caused by the reactions of intermediates proceeding in the picosec-
ond time range. These intermediates were identified as Pt!'VBrs~ upon photolysis of Pt'VBrg2~
and, presumably, the Adamson radical pair [ Pt/''C152=(C,,)...CI "] upon photolysis of Pt'™VCl2~.
The difference in the exciting light wavelengths has an impact only on the first step of these
processes, i.e., transition from the Franck—Condon excited state to intermediates.

Key words: photochemistry, platinum(1v) halide complexes, aqueous and alcoholic solu-
tions, ultrafast kinetic spectroscopy, primary photophysical and photochemical processes.

The photochemical activity of platinum compounds
was reported first in 1832.1 In that work, the research
object was Pt!VCl¢>~ complex in modern terminology. Over

* Based on the materials of the XXVI International Chugaev
Conference on Coordination Chemistry (October 6—10, 2014,
Kazan).

150 years, the photochemistry of Pt!V halide complexes
was of pure academic interest,2—5 which was due to a vari-
ety of photoprocesses, especially for hexachloroplatinate.
The interest arose from three aspects: 1) a great number of
intermediates mainly identified as Pt complexes,—12
2) unusual chain photochemical aquation,!9-11 and
3) hard-to-explain differences in the photochemical prop-
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erties of Pt!VCl¢2~ and Pt!VBrs2~ complexes having simi-
lar structures of valence-shell orbitals.23

In 1980s, the photochemistry of platinum-metal ha-
lide complexes got an impetus to development caused by
practical tasks. The discovered!3:14 four-electron photore-
duction of Pt!V to Pt? in water—methanol mixtures has
been being used extensively for the preparation of plati-
num nanoparticles.’5=22 In photocatalysis, the surface
modification (typically, photochemical) of TiO, (see
Refs 23—26) and CdS (see Refs 27 and 28) with platinum-
metals complexes shifts the absorption spectrum of semi-
conductors to the visible spectral region. Finally, the
photodynamic therapy (PDT) of malignancies is a rapidly
developing application field of platinum complexes. The
use of platinum complexes in PDT (see Refs 29—31) brings
a hope for the design of medical technique combining the
cytotoxcity of platinum complexes and particular advan-
tages of PDT (selectivity and lower toxicity).

A successful application of photochemistry in photo-
catalysis and PDT requires detailed data on the reaction
mechanisms. To build the fully proved mechanism of
photochemical reaction, one should trace the whole trans-
formation pathway from primary physical processes to the
formation of final products. Historically, the mechanisms
of photolysis of coordination compounds were proposed
based on the data from steady-state studies.2—5 In some
cases, the formation of unobserved short-lilving reactive
intermediate species, such as Adamson radical pairs, was
postulated.32 At the present time, intermediates can be
detected directly in femtosecond time-resolved experi-
ments. In particular, the primary photophysical and photo-
chemical processes have been studied for the platinum-
metal complexes: Pt!VBrg2—,10.33-36  pIVC] 2— 10,36
IerCl()z_,37_39 IerBr62—,35’4° and Os'VBr(,z—.35

In the works on ultrafast kinetic spectroscopy of
Pt!VBrs>~ (see Refs 10, 33, and 36) and Pt'VClz>~ com-
plexes!9-36 in aqueous and alcoholic solutions, the laser
excitation in the range from 400 to 420 nm was used.
These complexes are known to show different photochem-
ical behavior in aqueous solutions upon change in the
wavelength. The quantum yield of Pt!VBrs>~ photoaqua-
tion does not depend on the radiation wavelength.41:42
However, such dependence was observed for the Pt!VCl2—
complex.!? The present work describes experiments on
femtosecond kinetic spectroscopy of the PtBrg?~ and
PtIVCl¢?~ complexes in water and methanol upon near-
UV excitation (320 nm). The aim was to compare the
processes initiated by excitation of complexes into differ-
ent electronic states.

Experimental

Experiments on ultrafast kinetic spectroscopy were per-
formed on the earlier described device.43 Excitation was per-
formed using pulses with a time of ~100 fs at 320 nm (fourth

harmonic of the signal wave of TOPAS parametric amplifier).
A portion of exciting laser beam was focused on a cell with water
to generate a probe radiation (continuum). The pulse energy was
~1 uJ at the repetition frequency of 1 kHz. 200 laser pulses were
used to record one spectrum of intermediate absorption with
certain time delay between the exciting and probing pulses. The
optical path length of a cell was 1 mm; a flow system with a total
volume of 10 mL was used to provide the homogeneity of irradi-
ation and to decrease the photodegradation effect. Experimental
data were approximated by the global fit of kinetic curves with
one set of parameters. We performed the chirp correction of
group velocity dispersion and calculated the response function
using a processing program.

Electronic absorption spectra were recorded on an Agilent
8453 spectrophotometer (Agilent Technologies). The steady-
state photolysis was performed using a high-pressure mercury
lamp with a set of glass filters for isolation of necessary wave-
length or light emitting diodes with a half-height linewidth of
~5 nm. Quantum yields were measured using a 1 cm cell.
A solution in the cell was stirred with a magnetic stirrer. The
light source intensity required for calculation of quantum yields
was measured with a SOLO 2 power meter (Gentec EO).

Solutions of the Pt!VBrs>~ complex were prepared from
Na,PtBrg- H,O synthesized according to the earlier described
procedure. The Pt!VCl2~ ion source was Na,PtCly (Aldrich)
and solutions were prepared using deionized water and spectro-
scopy-grade methanol (Aldrich). The purity of solvents was con-
trolled by spectrophotometry.

Results and Discussion

Electronic absorption spectra and photochemistry of
Pt'VBr,2— and Pt"VCl;2~ complexes. The electronic absorp-
tion spectra (EAS) of complexes in aqueous solutions
are shown in Fig. 1. The vertical lines in the figures
(including the insert) indicate the wavelengths at which
femtosecond experiments were performed in the
present and earlier works.19:33:36 The data on the nature of
this absorption bands and photochemical processes in
aqueous and alcoholic solutions caused by excitation
in the corresponding spectral ranges are summarized
in Table 1.

Pt!VBr¢?~ and Pt'VCl¢?~ are low-spin octahedral com-
plexes with a 5d° electron configuration. The most intense
charge transfer band in the spectrum of Pt!VBrs>~ com-
plex (see Fig. 1) has a maximum at 226 nm. It corresponds
to the electron density transfer from the ligand-centered
group o-orbitals to unoccupied c*-orbitals localized pre-
dominantly on the central ion.45 The less intense charge
transfer bands in the range of 290—450 nm correspond to
transitions from the ligand-centered group m-orbitals
to the group e,*-orbitals of complex anion (LMCT
transitions). These LMCT bands partially overlap with
d—d bands.45 The charge transfer band with a maximum
at 311 nm corresponds to the transitions n(t,,) — d(e,*
and n(ty,) — d(e,*).3345 According to calculations,34-35
the absorption at 400—420 nm corresponding to excita-
tion of the complex in the femtosecond experiments!?:33.36
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Fig. 1. Electronic absorption spectra for the PtBrg>~ and PtCl¢2~
complexes in aqueous solutions. The insert shows the visible
spectral region (blue region). The vertical lines denote the excita-
tion wavelengths used in the ultrafast kinetic spectroscopy study.

is caused by the LM CT transition mt( ltlg) — d(e,*) (401 nm)
and the d—d transition d(t,,) — d(e,*) (413 nm). Both
transitions are forbidden.

The spectrum of the chloride complex compared to
the bromide one is shifted to shorter wavelengths (see Fig. 1).
The most intense LMCT absorption band of Pt!VCls2~
with a maximum at 202 nm corresponds to the absorption
band of Pt!VBry?~ with a maximum at 226 nm47-3% and the
less intense absorption band with a maximum at 263 nm
corresponds to that at 311 nm in the spectrum of Pt'VBrs?~.
The plateau at ~355 nm and the low-intensity broad band
at ~455 nm belong to the d—d transitions.47-50

Irradiation of aqueous solutions of the Pt!VBrg?~ com-
plex results first in the transformation?!

Pt!VBrg2- 3—:0> Pt!VBr5(H,0)~ + Br-. (1)
The quantum yield of reaction (1) is close to 0.4 and
does not depend on the radiation wavelength.41:42 Long-
term irradiation?!42 results in further aquation of
Pt!VBrs(H,0)~. During nanosecond laser flash photolysis,
only instantaneous change in the absorption correspond-
ing to the difference between the optical absorption spec-
tra of Pt!VBrs(H,0)~ and Pt'VBrg2~ was observed.4?
Irradiation of Pt!VBrs®~ in methanol at ~313 nm
results!® in photosolvation to form Pt!VBrs(CH;OH)~
and simultaneous two-electron photoreduction to form
Pt''Br,2~. The cumulative data for the processes can
be described by Eqs (2)—(4). The quantum yield of
photoreaction4® upon excitation in the wavelength range
of 254—436 nm is equal to 0.4 regardless of the complex
concentration and the exciting light intensity. The ratio
between the quantum yields of photosolvation and photo-
reduction upon irradiation at 313 nm is close!® to 1.5 and
their values are ¢, = 0.24 and ¢,.4 = 0.16, respectively.
The hydroxymethyl radicals do not react with the Pt!Vand Pt!!
complexes at experimentally measurable rate constants.!?

Table 1. Spectroscopic and photochemical characteristics of PtBrg>~ and PtClg?~ complexes in water and methanol

Com- A/nm Absorption band Transition Photochemical process
plex
H,0 MeOH
PtBrg>~ 320 Maximum at 311 nm LMCT n(t,,) — d(e,* Photoaquation, Photosolvation +
and m(ty,) — d(e,*)345 0,q=0.4 photoreduction
(see Refs 41 and 42) ¢=0.4,46
Qgoy = 1504 (see Ref. 10)
405—420 Long-wave end of the LMCT n(‘tlg) —d(e,*)
intense band and d(ty,) — d(e,*)345
at 365 nm + (forbidden)
weak band at 435 nm
PtClg>~ 320 Long-wave end of the LMCT n(ty,) — d(eg*) Photoaquation, ¢, Photosolvation +
intense band and d(ty,) — d(e,*)4 depends on the photoreduction#349,
at 263 nm + wavelength, exciting Qgory = 0.6 (313 nm),
weak LMCT bands light intensity, and PtClg?~ Ogoly > Pred
at 325 and 329 nm concentration,
chain process!?
405—420 Long-wave end of the d(tyy) — d(e,*)* Ditto Pgory 2 0.1

weak band at 353 nm
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Vgp.2- — e by, R
PtVBre® g on - PtVBrs(CHaOH)™ + Br ®)
4
IVBr.2- gy 2-
Pt'¥Brg CH,OH Pt™Brg== +
+ CH,OH +Br~+H* 3)

PtIBrs2~ + CHsOH — Pt!IBr,2- +
+ "CH,OH + Br~ + H* 4)

Aqueous solutions of the Pt'VCl,2~ complex are char-
acterized by redox photochemical reactions. Starting from
Ref. 51, the majority of papers on the photochemistry of
PtIVCl¢2~ in water consider that the primary process is
homolytic cleavage of the Pt—Cl bond to release the Cl
atom into the bulk of solvent (reaction (5)). However, the
integral photochemical process is photoaquation to form,
at the first step, the Pt'VCls3(H,0)~ complex.?-12:51—55
If the primary process (5) is realized, photoaquation can
proceed by the chain mechanism. The analysis of experi-
mental data®12:52—55 and data from quantum chemical
calculations36—58 performed in Refs 10 and 36 allows con-
clusion of that the chain carrier must be a planar trivalent
platinum complex with a Pt'''Cl,_,X,, structure (n = 1—3;
X = O0H™, H,0). The possible scheme of chain processes
involving Pt!"'Cl;(OH)~ as the chain carrier is represent-
ed by Egs (6)—(11).

Chain initiation:

PHVClg2~ s PAIICIE2 + CI°, ®)

Ptl“C152_ +2 Hzo — PtlIICl4(OH)(H20)2_ +

+ Cl- + H*, 6)

PtIICI,(OH)(H,0)2- — PHIlICI3(OH)~ + H,0 + CI~. (7)
Chain propagation:

PtUICI;(OH)~ + PtIVClg?~ + H,0 —>

—> PtIVCIg(OH)2- + PtUIICl4(H,0) + CI-, 8)
PHIICI,(H,0) — PHIICI,(OH)~ + H*, )
PtIVClg(OH)2- + H* — PtIVCl5(H,0)". (10)
Chain termination:

2 PHICIZ(OH)~ + 2 Hy0 — PHIVCI4(OH)(H,0)~ +
+ PHICI,(OH)(H,0)". (11)

The quantum yield of Pt'VCl¢>~ photoaquation (¢,)
depends on the concentration of starting complex, radia-

tion wavelength, and exciting light intensity.1? Depending
on the experimental conditions, the quantum yield can be
both less?52:53 and significantly more than unity.12:43,52
In addition to the chain mechanism, photoaquation can
proceed by the non-chain mechanism!? analogous to that
assumed for the photolysis of bromide complex.

For the alcoholic solutions of the Pt'VCls2~ complex
as for the bromide one, concurrent reactions proceed: pho-
tosolvation to form the Pt!VCl;(CH;0H)~ complex (anal-
ogously to reaction (2)) and two-electron photoreduction46
to form the Pt!!Cl,>~ complex. The spectral changes cor-
responding to the initial step of photolysis are shown in
Fig. 2, a. Isosbestic points at 223.5 and 244 nm remain at
the initial step of the process (curves /—4), but they disap-
pear upon further irradiation (see Fig. 2, a, curve 5). The
photoreduction products,* Ptll complexes, display no no-
ticeable absorption in the region of >230 nm. Therefore,
the behavior of isosbestic points suggests that photosolva-
tion is mainly observed at the first step of photolysis, i.e.,
the quantum yield of photosolvation is significantly higher
than that of photoreduction.

The quantum yield for the first process step was calcu-
lated on the hypothesis that phosolvation affords
Pt!VCI5(CH;0H)~, which does not absorb at 265 nm (the
maximum of Pt!VCl¢2~ absorption band in methanol). This

350 400 A/nm
0 b
1.0 [
0.8
0.6-. l. '. . ..I -

1 2 3 4 5 [PtClg?"]-105/mol L~!

Fig. 2. Spectral changes (1 cm cell, natural level of oxygen)
during photolysis (282 nm) of the PtCl62* complex
(3.4-1075 mol L~!) in methanol (a): irradiation for 0 (7), 5 (2),
10 (3), 15 (4), and 90 s (5). The quantum yield of photosolvation
vs. the starting complex concentration (b) (irradiation at 313 nm);
the quantum yield was calculated assuming that the solvation
product Pt'VCI5(CH;OH)~ does not absorb at 265 nm.
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assumption gives a lower-bound estimate of quantum yield.
The quantum yield of photosolvation does not depend on
the concentration of starting complex (see Fig. 2, b) to be
o> 2 = 0.63£0.07 at A = 313 nm. The independence of
quantum yield on the concentration of starting complex
contradicts the statement¥® of that the process proceeds
by the chain mechanism. The lower-bound estimate of
photosolvation quantum yield at A = 405 nm is signifi-
cantly lower to be ¢, **> > 0.1.

The first steps of Pt!VCl,>~ photoreduction in simple
alcohols at A = 308 nm were studied in Refs 49, 59, and 60
by the nanosecond laser pulsed photolysis. The reduction
of Pt!VY was initiated by the outer-sphere electron transfer
from the solvent molecule to the light-excited complex to
form Pt'''Cl¢3~ and hydroxyalkyl radical.%® The mecha-
nism of photolysis for a solution of Pt'VCl¢?~ in methanol
is represented by Egs (12)—(16). The Pt!"'Cl¢3~ complex
dissociates into Pt!"'Cls>~ and Cl~ ions (see reaction (14);
the process proceeds both thermally and photochemical-
ly.4? The Pt'"'Cls>~ intermediate also dissociates to form
arelatively long-living Pt'""'Cl,~ complex. The final product
of photolysis is the Pt''Cl,2~ complex. The hydroxymethyl
radicals as in the case of bromide complexes do not react
with platinum complexes of any valence at measurable
rate constants.>?

h
PHIVClg2~ «—=> (Pt!VCls2)* (12)
CH,OH
(PtVClg2)* —=— PtlliClg3 +
+ "CHo0H + H* (13)
ptiticl3- o prnig) 2 + oI (14)
PtlliCI;2- — PHIIICI,~ + CI- (15)

PtICl,~ + CHgOH — PtlIC],2- +
+ "CH,OH + H* (16)

The mechanism of reactions (12)—(16) was confirmed
by ESR detection of hydroxymethyl radicals upon photo-
lysis of Pt!VCl¢2~ in frozen alcohol matrices (both direct-
ly®! and using spin traps®?). Specific intermediates com-
plicating the scheme of photolysis represented by reac-
tions (12)—(16) are Pt' complexes with hydroalkyl radi-
cals.59.60

Based on the results from the steady-state photolysis
(the quantum yield is independent of the starting complex
concentration) and laser flash photolysis (the Pt!!l inter-
mediate emerges in the primary photochemical process),
one can conclude that photosolvation and photoreduction
of Pt'VCls>~ in alcohols are concurrent photochemical
processes.

Processing of the experimental data from ultrafast kinetic
spectroscopy. Let us describe data obtained for solutions
of the Pt!VBr¢?~ and Pt'VCl¢?~ complexes by ultrafast ki-
netic spectroscopy upon near-UV excitation (320 nm).
The experimental curves were fitted with the three-expo-
nential function (17):

AD(L,1) = A|(M)exp(—k, 1) +
+ Ay(Mexp(—kyt) + A3(L)exp(—ksf). 17)

The results of global fit and presumed correlation of
observed times with elementary photophysical and photo-
chemical processes are given in Table 2.

Fitting of the resulting data with function (17) con-
templates (see Table 2) successive transformation of in-
termediates (according to the scheme 1 — 2 — 3 — ground
state + products which do not absorb in the detection
wavelength range). The differential absorption spectra cor-
responding to particular components of this transforma-
tion chain (Species Associated Difference Spectra, SADS)
were calculated by the formulas®3

S§1(2) = A,(2) + A, (W) + A5(A), (18)
SH(A) = A (M) (k) — ky) /Ky + As(W) (ky — k3)/ky, (19)
S3(A) = A3(M)(ky — k3)(ky — k3)/(kiky). (20)

Note that S;(2), S>(A), and S3(A) virtually coincide
with the amplitudes of individual components A;(A), A5(A),
and A;()) at a great difference between the rate constants
(hereafter, the A argument was omitted upon record
of SADS).

Primary photoprocesses for the PtBry2~ complex. The
examples of kinetic curves for aqueous solutions of the
Pt!VBr¢2~ complex are given in Fig. 3. The processes at all
wavelengths are completed in ~50 ps. The initial seg-
ments of kinetic curves (¢ < 0.8 ps, see Fig. 3, b) display
a coherent artifact caused by the coherent interaction be-
tween exciting and probing pulses.®4 The value of coherent
artifact depends, particularly, on the laser excitation wave-
length. In the experiments!9:33:3¢ performed upon excita-
tions at 400—420 nm, the coherent artifact was so low
that it did not interfere with kinetic curve fitting. Upon
excitation at 320 nm, the coherent artifact allowed no
correct determination of spectral and kinetic parameters
of intermediates emerging within the first picosecond after
laser pulse. Upon fitting of the kinetic curves (see Fig. 3),
the points with delay times of >0.5 ps were excluded.

Figure 4 shows the SADS of Pt!VBrs2~ aqueous solu-
tions obtained upon fitting of the kinetic curves in Fig. 3
by formulas (17)—(20). The results of fitting are given in
Table 2. For reference, Table 2 gives the published data
corresponding to excitation of the complex in the visible
spectral range. In all cases, satisfactory processing of the
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Table 2. Data from ultrafast kinetic spectroscopy on Pt!Y halogenated complexes in water and methanol

Complex, solvent  t,/ps Process T,/PS Process T3/Ps Process
Excitation at 405—420 nm*
PtBrg2-, 0.4 (PtBrg2)* — 2.2 3PtBrs~ — 15 'PtBrs~ — PtBrg?,
H20 — 3PtBI‘57 + Br— — IPtBr57 IPtBr57 — PtBrs(H20)7
PtBrg2-, 1.3£0.3 3PtBrs~ — 'PtBry, 8.7 'PtBrs~ + Br- — 130 2PtBrs?~ + CH;OH —
CH,OH 3PtBrs~ + CH;0H— — PtBrg>, — PtBr,?~ + products
—)2PtBr527 IPtBr57 +
+ CH;0H —
— PtBrs(CH;0H)~
PtClg%, 0.6+0.02 PtClg2~ 8.6 A* S5 A 220 Transition to ground-
H,0 3(Tyg+ Tpy) — A* state and formation
of products
PtClg2, 0.7£0.1 4.3 350
CH;0H
Excitation at 320 nm
PtBrg2-, 0.3£0.1 (PtBrg?)* — 2.6+0.2 3PtBrs~ — 14.5+0.3 'PtBrs~ — PtBrg>™
H2O — SPIBI'57 + Br- — 1PtBl‘57 1PtBl‘57 —
— PtBrs(H,0)~
PtBrg2-, 2.0£0.5 3PtBrs~ — 'PtBrs-, 10.3£1.0 IPtBrs~ + Br—— 11816 ZPtBrs?~ +
CH;0H 3PtBrs~ + — PtBrg?, + CH;0H —
+ CH;0H — 'PtBrs~ + — PtBr,2~ +
— 2PtBrs?~ + CH;0H — + products
— PtBrs(CH;0H)~
PtCl¢2, 0.6+0.1 PtClg> 6.2%1.0 A* S A 18040 Transition to ground-
H,0 LT, + Ty = state and formation
— A* of products
PtCl¢2, 0.4%0.2 6.7£2.5 ~200
CH;0H

* According to the data for PtBrg2~ in H,0,33 PtBr¢2~ and PtClg2~ in CH;0H,10 and PtCl¢2~ in H,0.10.36

kinetic data required the three-exponential fit (17); how-
ever, the presence of coherent artifact made it impossible
to determine reliably the initial spectrum of intermediate
absorption and the shortest characteristic time.

For this reason, the starting spectrum of intermediate
absorption (see Fig. 4, curve §;) with maxima at 470—530
and 600 nm does not correspond to the initial Franck—
Condon state. It corresponds to the product of the
Franck—Condon state transformation for several hun-
dreds femtoseconds. In fact (except for small proportion-
al changes in the absorbance), the SADS S| and S, coin-
cide. Then, a band with an absorption maximum at
420—450 nm forms with a charactetistic time of ~3 ps;
the corresponding SADS is represented by the curve S3 in
Fig. 4. In general, the spectral changes observed after la-
ser pulse and their interpretations are analogous to those
proposed for the photolysis at 400—420 nm (see Table 2).
The scheme of processes observed is represented by
Egs (21)—(26).

PtVBrg2-(1Aq) SLIEN PtVBrg?(11T4,*, 2'T,%), (21)

thBr527(1 1T1u*r 21T1u*) —_— PthBr62—(3T1g*), (22)
PtVBrg® (°Tyg*) — (*Pt'VBrs™ + Bricage, 23)

{3PtVBrs™ + Bri}cage —>

— {"PtIVBr5~ + Brcages (24)
{1PtIVBr5‘ + Brjcage —> PtIVBrSQ‘(1A1g), (25)

{'PtIVBrs™ + Brjsage + HoO —>
— PtVBr5~(H,0) + Br-. (26)

Equations (21)—(26) suggest the independence of the
photoaquation quantum yield on the excitation wave-
length. Except for the reactions which were not observed
in our experiment (see Eqs (21) and (22)), the remaining
reactions coincide with those given in Ref. 36 for photo-
lysis of the Pt!VBrg?~ complex at 400—420 nm. The disso-
ciative nature of the lowest excited triplet state of Pt!VBrg?~
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Fig. 3. Kinetic curves (a, b) for intermediate absorption in the experiments on ultrafast kinetic spectroscopy of the PtBrg?~ complex in
water (Aeye = 320 nm, 2.2- 10~# mol L~!). The cell thickness is 1 mm. The points are experimental data and the solid lines are the global
fits of experimental curves with the three-exponential function after convolution with the response function. Here and in Fig. 5, the

numbers near curves indicate A, ./nm.

(°T)y) has been proved earlier.3¥ The intermediates are
five-coordinated PtV complexes.34:35 The observed spec-
tra of intermediate absorption (see Fig. 4, Table 2) are
interpreted quite simply: curve S, belongs to the Pt!VBrs~
complex with a symmetry close to D3, whose ground state
is triplet and curve S; belongs to the same-composition
complex with a C4, symmetry (the ground state is singlet).
Thus, upon photoexcitation of aqueous solutions of the
Pt!VBrs>~ complex, a fast (with a characteristic time of 15 ps)
photoaquation occurs by the heterolytic mechanism re-
gardless of the excitation wavelength.

The kinetic curves and SADS emerging upon photo-
lysis of the Pt!VBrs2~ complex in methanol are shown in
Figs 5 and 6, respectively. The processing data together
with interpretation of the processes observed are given
in Table 2.

The photolysis of Pt'VBrs>~ in alcoholic solutions fea-
tures the formation of a relatively long-living (>100 ps,
see Fig. 5) SADS S5 (see Fig. 6) with a maximum at
480 nm. The starting spectrum (SADS §)) belongs to the
triplet state of the 3Pt'VBrs~ complex. The spectral chang-
es for the first 150—200 fs unresolved in the described
experiment reflect several processes: (I) internal conver-

450 500 550 600 650 A/nm

Fig. 4. Differential spectra of intermediates (SADS) emerging
during the ultrafast kinetic spectroscopy study of PtBrs?~ com-
plex in water (Agy, = 320 nm, 2.2+ 10~* mol L~1). The cell thick-
ness is 1 mm. The spectra were obtained by processing of the
experimental data (see Fig. 3) by formulas (17)—(20).
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Fig. 5. Kinetic curves for intermediate absorption in the experiments on ultrafast kinetic spectroscopy of the PtBrg>~ complex in
methanol (M. = 320 nm, 2.7+ 10~4mol L~1). The cell thickness is | mm. The zigzag lines (@) and points (b) are experimental data and
the solid lines are the global fits of experimental curves with the three-exponential function after convolution with the response

function.

sion, (IT) intercombination conversion of Pt'VBrg>~ to the
lowest dissociative 3Tlg triplet excited state, (III) loss of
ligand to form the triplet product 3Pt!VBrs~, which then is
involved in concurrent processes: (IV) it transits into the
singlet state 'Pt!VBrs~, (V) transfers an electron from the
solvent molecule or (VI) from the hydroxyalkyl radical
formed in the previous process to result in the Pt/ inter-
mediate. Processes (I)—(IV) are analogous to those pro-
ceeding in aqueous solutions and processes (V) and (VI)
are specific to alcohols. Within ~10 ps, the 'Pt'VBro~ com-
plex recombines with the Br~ anion in the solvent cage
and undergoes solvation to form the Pt'VBrs(CH;OH)~
complex. The spectrum S; (see Fig. 6) belongs to the
2pt!lBrs2~ complex. The electron transfer from the sol-
vent molecule to this intermediate results in the final
photoreduction product,!? a planar Pt''Br,>~ complex.

Thus, concurrent reactions, photosolvation and photo-
reduction, proceed upon photoexcitation of Pt!VBrs>~ in
simple alcohols. The detailed mechanism for the photo-
lysis of Pt!VBr2~ in alcoholic solutions includes reactions
(21)—(26) as in the case of aqueous solutions and reac-
tions (27)—(30):

{'PtVBrg~ + Br~ }gage + CH3OH —>

— PtIVBr5(CH30OH)~ + Br-, (27)

{3PtVBrs™...BI" }gage + CHzOH —>

— Pt!Br2- + "CH,OH + H* + Br, (28)

PtllIBrg2- + CH,0H —»

— Pt!!Br 2=+ "CH,0H + H* + Br-, (29)

Pt!!'Brg?- + "CH,OH —
— PtlBr,2- + CH,0 + H* + Br~. (30)

The results obtained in the present work for photolysis
of the Pt!VBrg?~ complex in methanol are analogous to
those considered!® for excitation at 420 nm. The same
pattern was observed for aqueous solutions. Meanwhile,
irradiation at 320 nm excites an intense charge transfer
band and irradiation at 400—420 nm corresponds to the
region of intersection between the less intense LMCT tran-
sition and the d—d transition (see Fig. 1, Table 1). In all
cases, a fast intercombination conversion results in the
formation of the 3T1g lowest electronic excited state of the
starting complex, which is dissociative. Therefore, the
photochemical behavior of the Pt'VBrg?~ complex upon
excitation at different wavelengths is identical. The differ-
ence in the photophysical processes corresponding to
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Fig. 6. Differential spectra of intermediates (SADS) emerging
during the ultrafast kinetic spectroscopy study of PtBr¢2~ com-
plex in methanol (A, = 320 nm, 2.7-10~% mol L~1). The cell
thickness is 1 mm. The spectra were obtained by processing of
the experimental data (see Fig. 5) by formulas (17)—(20).

different absorption bands can be manifested only within
the first several hundreds femtoseconds after laser pulse.

Primary photoprocesses for the Pt/YCl 2~ complex. Ir-
radiation of the Pt/VCls?~ at & = 405 nm (d—d transitions)
affords4” the triplet excited states with 3T , and 3T,, sym-
metries. The emission at 320 nm corresponds to intersec-
tion between the long-wave wing of the charge transfer
band with a maximum at 263 nm and the d—d bands, the
contribution of the latter seems to be not more than 20%
(see Fig. 1). The LMCT transitions result in the formation
of excited states with the 'T,, 3Ty, 'T,,, and 3T, sym-
metries and the d—d transitions contribute to the emer-
gence of T}, and 3T, states.46 Accordingly, one can ex-
pect a significant difference in the intermediate absorp-
tion spectra emerging immediately after femtosecond la-
ser irradiation at 405 and 320 nm.

For aqueous solutions of Pt!VCl¢>~, the kinetic curves
for excitation at 320 and 405 nm (in the latter case, the
data from Ref. 10 were used) are satisfactorily fitted with
the three-exponential function (17). The corresponding
SADS are shown in Fig. 7 (the spectral detection regions
in two experiments differ slightly) and their interpreta-
tions are given in Table 2. Upon photolysis at 320 nm,
despite the presence of coherent artifact, we succeeded to
record the spectrum of the starting intermediate. As shown
above, the spectra of these intermediates (curves §; in
Fig. 7, a and b) corresponding to excitations in the regions

a
1 1 1 “" 1 1 1
450 500 550 600 650 700 750 A/nm
AD-103 b
6 I
4+
2+
450 500 550 600 650 A/nm

Fig. 7. Differential spectra of intermediates (SADS) emerging
during the ultrafast kinetic spectroscopy study of PtCls?~ com-
plex in water. The spectra were obtained by processing of
the experimental data by formulas (17)—(20): (@) Agy = 405 nm,
the concentration is 0.03 mol L~!, the cell thickness is | mm (the
experimental data from Ref. 18); (b) A, = 320 nm, the concen-
tration is 2.4 - 10~3 mol L~!, the cell thickness is 1 mm.

of charge transfer and d—d bands differ significantly. The
starting intermediate transforms into another species
which is the same in both cases. In Refs 10 and 36, this
intermediate was designated as intermediate A. It has two
characteristic absorption bands with maxima at ~440 and
700 nm and has lifetime of ~200 ps (in the experiments
with excitation at 320 nm, for technical reasons only one
short-wave region of the spectrum of second band was
recorded). The disappearance of intermediate A results in
the formation of products which do not absorb in the avail-
able spectral range. The spectra .S, and S5 in Fig. 7 corre-
spond to the vibrationally excited and relaxed states of
intermediate A. The coincidence of intermediates emerg-
ing upon excitation at different wavelengths suggests
a similarity of photochemical processes.

In Ref. 10, intermediate A was interpreted as the pri-
mary radical pair [Pt!''Cls2=(Cy,,)...CI*] being a key par-
ticipant in the Adamson redox mechanism of photoaqua-
tion3? (for such species, the term "Adamson radical pair”
is conventionally used, although what is meant here is the
pair radical—metal ion in unusual oxidation state). The
scheme of reactions proceeding within a time of <1 ns is
represented by Egs (31)—(36):
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PHVCIg2 <> (PHVCIG2)*, &)

(PtVClg2~)* — [PtICI52(Cy,)...CI ], (32)
A

[PtTICI52~(Cy,)...C1° ] — PtIVCIg2-, (33)

[PtICI52(Cy,)...Cl ] + H,0 —>

—— [Pt!ICI(H,0)2"...Cl"], (34)
RP

[PtTICI5(H,0)2-...C1 ] —>

— PtVCIg(H,0) + CI-, 35)

[Pt!IICl5(H,0)2-...Cl" ] —>

—— Pthl52’(D3h) + Cl. + Hzo, (36)
B

where A and B are intermediates, A is the primary radical
pair, and RP is the secondary radical pair.

Equations (31)—(36), besides the spectrally observed
intermediate A, include intermediate B being inapparent
in the spectral range available for measurements. Intro-
duction of intermediate B makes the ultrafast steps of
photochemical process consistent with subsequent reac-
tions proceeding with characteristic times of >>1 ns. These
reactions are represented by Eqs (6)—(11). The spectral
characteristics of contemplated Pt!!l intermediates agree
with the data from quantum chemical calculations.”-55—57

In general, the scheme of reactions (31)—(36) supple-
mented with Egs (6)—(11) coincides with that proposed
in Refs 10 and 36. The difference consists in reactions (31)
and (32): irradiation in the regions of charge transfer band
(320 nm, present work) and d—d transitions (405 nm)10:36
results in the formation of different electronic excited
states. However, these states afford the same intermediate A,
as a result of which subsequent intermediates and final
products are identical. The dependence of the quantum
yield on the radiation wavelength is defined by the relative
yield of intermediate A in reactions (31) and (32).

The differential spectra of intermediates (SADS) re-
sulting from the three-exponential fit of the kinetic curves
of intermediate absorption obtained upon irradiation of
the Pt'VCl¢>~ complex in methanol at 405 (see Ref. 10)
and 320 nm are shown in Fig. 8. The measured rate con-
stants and their interpretations are given in Table 2. As in
the case of aqueous solutions, the spectra of starting inter-
mediates corresponding to excitation in the regions of
charge transfer and d—d transitions (curves S| in Fig. 8, a
and b) differ significantly. The excited states transform

450 500 550 600 650 A/nm

Fig. 8. Differential spectra of intermediates (SADS) emerging
during the ultrafast kinetic spectroscopy study of PtCls?~ com-
plex in methanol. The spectra were obtained by processing of the
experimental data by formulas (17)—(20): (@) Az, =405 nm, the
concentration is 0.052 mol L~!, the cell thickness is | mm (ex-
perimental data from Ref. 18); () A, = 320 nm, the concentra-
tion is 2.7 - 10~3 mol L~!, the cell thickness is 1 mm.

into the same intermediate A (curves S; in Fig. 8, a and b)
interpreted as the primary Adamson radical pair [Pt''Cls2~
(C4,)...CI"], which transforms into the reaction products.
One should note nearly two-fold difference between its
decay times (see Table 2) upon excitation at 405 nm
(350 ps, see Ref. 10) and at 320 nm (200 ps, present work).
The only acceptable explanation of this difference is in-
sufficient length of the time range used for detection of
intermediate absorption. The value of 13 = 200 ps should
be regarded as an estimate.

The full scheme of photoprocesses for the Pt!VCly>~
complex in methanol includes reactions (31)—(33) analo-
gous to those proceeding in aqueous solutions followed by
transformation of the Adamson radical pair into photosol-
vation and photoreduction products:

[Pt!ICI2~(C,,)...C1" ] + CHyO0H —

— Pt!VCIg(CHZ0H)~ + CI-, (37)

[PtYICIz2~(Cy,)...C1"] + CH;OH —>

—> PtllICI3 + "CH,OH + HY.  (38)
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Fig. 9. General view of the Jablonski diagrams for the photolysis of PtBrg>~ (a) and PtCl¢?~ (b) in water and methanol; Ly_4 is the

lowest d—d excited state, Solv is solvent, and P are products.

Subsequent processes occurring in the nano- and
microsecond time ranges result in the reduction of Pt atom
to the divalent state and are described®®—61 by Eqs (14)—(16).

Comparison between the photoexcitation data for the
Pt'VBr¢2~ and Pt!VClg2~ complexes in different spectral
ranges. The present work gives the data from ultrafast
kinetic spectroscopy of aqueous and methanol solutions
of the Pt!VBr¢2~ and Pt!VCIs2~ complexes upon excitation
in the band region of charge transfer from the ligand-
centered group m-orbitals to the e *-orbital of complex
anion. The data obtained earlier!?:33:36 ypon excitation in
the region of d—d bands were compared. No fundamental
difference related to excitation of other electron transi-
tions was found. The processes are described by the
Jablonski diagrams shown in Fig. 9. The photochemical
properties of complexes are caused by the reactions of key
intermediates formed independently of the excitation
wavelength, viz., Pt"VBrs~ complex and the Adamson rad-
ical pair [Pt"'C15?>~(Cy,)...C1"] for Pt'VBrs?~ and Pt!VCl>—,
respectively. The difference in the exciting light wave-
lengths has an impact only on the first process step, i.e.,
transition from the Franck—Condon excited state to the
reaction intermediates. Note also that the assignment of
the key intermediate A emerging upon photolysis of the
Pt'VCI¢?~ complex to the Adamson radical pair requires
additional quantum chemical calculations.

This work was financially supported by the Russian
Foundation for Basic Research (Project No. 14-03-00692-a)
and the Russian Scientific Foundation (Grant 15-13-10012).
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