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Two mechanisms of Os"VClg>~ photolysis were studied by means of quantum chemical calculations in gas

and aqueous phases. The difference between these mechanisms is in the nature of the possible Os(iv) key

intermediates (KI). According to calculations, the intermediate is an Os"Cls~ complex of square pyramidal

coordination geometry. The calculations do not give an opportunity to make an unambiguous choice
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1. Introduction

Ultrafast dynamics of transition metal complexes is an active
area of research in chemical physics."® A combination of
ultrafast (femtosecond), nanosecond and stationary experi-
mental data accompanied by quantum chemical calculations
allows one to identify the short-lived intermediates and con-
struct the verified reaction mechanism.

Recently, we have reviewed the efforts in studying primary
photophysical and photochemical processes for hexahalide
complexes of tetravalent ions of platinum group metals (see
ref. 10 and references there). Five complexes of this type were
the subjects of femtosecond studies, namely, Pt"Clg*",
PtVBrg*~, Ir'VCls>", Ir'VBre>~, and Os"VBre>~. Among them, the
photophysics and photochemistry of Pt"Brs>~ in aqueous and
alcoholic solutions have been experimentally examined in the
time range from absorption of a light quantum to the for-
mation of final photolysis products, and supported by
quantum chemistry.""'* In aqueous solutions the only photo-
chemical process is photoaquation.’*'* It was shown that the
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between the triplet and quintet multiplicities of Os"VCls™. The calculated CASSCF/IMCP-SR1 transition
energies for *0s"VCls™ are lower than for 30s"Cls~, while the calculated XMC-QDPT2/SBKJC spectra for
the triplet state are in better agreement with the experimental absorption spectrum of the Kl than for the

main reactive intermediate is the pentacoordinated PtBrs~
complex in the singlet state.™

For the other mentioned complexes, the mechanisms are
not as complete as for Pt"VBrg>~. For Pt"VCl>~ the overall photo-
chemical process is also photoaquation, yielding the
Pt"VCl5(H,0)” complex at the first stage.'”> The mechanism
includes redox reactions with the participation of short-lived
Pt(m) intermediates."® As a result, the chain pathway of solvation
is realized in aqueous'® and acetonitrile'” solutions. The identi-
fication of Pt(m) intermediates was based on the X, calculations
performed by Goursot et al. in the 1980s."® No verification of
the results by modern quantum chemical methods was done.

Low quantum yields of Ir'"'Clg>~ photolysis in aqueous solu-
tions™ did not allow one to correlate photochemical®® and
photophysical®' pulsed experiments, as there were no observ-
able precursors of the stable photoproducts.

Photochemistry of Os"Brs>~ in aqueous and methanolic
solutions is similar to the case of Pt"VBrg>~.'"'> The difference
is that the ground state of the pentacoordinated intermediate
Os"VBr;~ is a triplet, while for the case of Pt'VBrs~ it is a
singlet. Additional data on the stationary and nanosecond
laser flash photolysis of Os'VBrg>~ are required to complete its
photolysis mechanism.

No chemical reactions were detected in aqueous Ir'"Brg>~
solutions upon ultrafast excitation at 770 nm,"* unlike the gas
phase photodissociation of the complex.”* Actually, very little is
known about photochemistry of Ir'VBrs>~, with additional com-
plications due to its instability in the absence of free Br™ anions.

Recently we examined ultrafast processes for the pseudo-
hexahalide complex Pt"(SCN)s>".** Its photophysics and
photochemistry were found to be similar to those of Pt"VBrg>".
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In addition to the mentioned hexahalide complexes of plati-
num metals, we have recently performed experiments on ultra-
fast spectroscopy of Os™Clg®~ in aqueous solutions.*
Irradiation of this complex in water,>>® methanol,*® aceto-
nitrile and pyridine*® resulted in photosolvation, while
irradiation in chloroform gave rise to photooxidation of Os(iv)
to Os(v).””

The quantum yield of photoaquation was found to be wave-
length-dependent, dropping to the longer irradiation wave-
lengths.** The main result of ref. 24 was the registration of the
intermediate (further - key intermediate, KI) with the
maximum in the region of 450-470 nm and a plateau in the
region of 550-650 nm. The characteristic lifetime of the KI is
about 20 ps. Because of a low quantum yield of photoaquation
(0.005 at the irradiation wavelength of 405 nm (ref. 24)) the
main channel of the intermediate’s decay was identified as the
transition to the ground state of Os™ Cly*". Two possibilities of
the KI identification were proposed:** either the lowest elec-
tronic excited state of Os™ Cly>~ or a pentacoordinated complex
of Os(v), Os™Cl;~ situated in the solvent cage with the
chloride anion. Based on analogy with photophysics of
0s"VBrg>","""* it was proposed that the ground state of
0s™Cl5™ is most likely a triplet.

Corresponding to the method of the KI identification, two
possible tentative mechanisms of Os™ Cl>~ photoaquation are
presented in ref. 24. In the following equations, Os™VCls>~ is
considered as the octahedral low-spin complex.?® In this case,
the ground state and lowest electronic excited state of
0s"Clg’>™ are °Ty, and 'T,, correspondingly.*

Mechanism 1 (KI is the lowest electronic excited state of
0s"Clg>~, namely Os"Clg> (' T,g))

hv

0sVClg* (*T1g) — *(LMCT),,q (1)

3 (LMCT),, 0 — 08" Clg> ("Tag*) 0 (2)
05" Cle® ™ ("Tag*)por — 08" Cle?™ (' Tyg*) (3)
08" Clg? (" Tae*) — 0s™Cle?* (*Tyy) (4)
05V Cle> ("Trg*) 22 0sVCl5(H,0)™ + CI™ (5)

where *(LMCT) is the initially formed excited state.
Mechanism 2 (KI is the ionic pair {*0s"Cl5"...CI7}**)

3(LMCT),,,, — {0s"Cl5...Cl" } ¢ (6)

{Os"VCl5™...Cl 1% — {os™Cl5...Cl7 } ¥ (7)

30s"Cl5...Cl }%¢ — {08V Cle> (P Tyy)} (8)

3osVely ... cl % 29 ogVal (H,0)” + I (9)

The O0s"Cl;(H,0)” complex demonstrates — acidic
properties:**

0s"Cl;(H,0)” = 0sVCl;(OH)*” + H' (10)
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When Os™Clg>~ is irradiated in the solutions with neutral
pH, equilibrium (10) is right-shifted, and the Os"™Cl;(OH)*~
hydroxocomplex is the product of photoaquation.>*

In this work we describe our efforts in the identification of
the KI by means of quantum chemical calculations.

2. Experiment and quantum
chemical calculations
2.1. Ultrafast spectroscopy

In this work we analyze the results obtained using the experi-
mental setup described in detail in ref. 30. The samples were
excited by ~60 fs pulses (energy ca. 1 pJ, pulse repetition rate 1
kHz) at ~400 nm (second harmonic of a Ti:sapphire genera-
tor-amplifier system, CDP Ltd, Moscow, Russia). 200 pulses
were used to record a single time-resolved spectrum. Each
kinetic curve contained 110 points (60 points with a 100 fs
step, 20 points with a 500 fs step, and 30 points with a 3 ps
step). The investigated solutions (total volume of 20 ml) were
pumped through a 1 mm cell at room temperature to provide
uniform irradiation and avoid possible degradation due to
photochemical reactions. The experimental data were globally
fitted by a three-exponential model. The fitting program per-
formed corrections of the group velocity dispersion and calcu-
lated the response time of the instrument.

2.2. Quantum chemical calculations

Ground-state gas-phase geometry optimization was performed
at the Hartree-Fock level of theory (RHF, ROHF and UHF)
using the SBKJC, Def2-TZVP, IMCP-NR1 and IMCP-SR1 basis
sets.’”*> The calculations were carried out using the
GAMESS-US package®® for the Def2-TZVP, IMCP-NR1 and
IMCP-SR1 basis sets and FireFly version 8.1.1** for the SBKJC
basic set. The effect of solvent (water) was taken into account
in the framework of the polarizable continuum model (PCM).

In the course of GAMESS-US package calculations, elec-
tronic excitation terms were computed at the complete active
space configuration interaction (state-specific CASSCF) with 8
active orbitals and 10 active electrons using the same basis
sets. When SCF convergence failure happened the active space
was lowered to 6 active orbitals and 6 active electrons.

In the course of FireFly calculations, electronic spectra were
computed at the framework of Extended Multi-Configuration
Quasi-Degenerate Perturbation Theory (XMCQDPT)** with the
same active space (state-averaged CASSCF). All the molecular
systems were calculated with prescribed multiplicity and total
electronic charge.

3. Results and discussion

3.1. Geometry of ground state and electronic excited states of
0s™VCls>~

0s™Clg>™ is a low spin complex with the 5d* electronic con-
figuration. To clarify the further description, the approximate
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structure of orbitals (based on the results of Jorgensen®®?”
obtained in the assumption on the octahedral symmetry of the
complex) is shown in Fig. 1. In the framework of the simple
crystal field approach with the O symmetry the ground state
of 0s"VCls®™ is a triplet (*Ty,*°). In the literature, the octa-
hedral symmetry is typically used in the studies on Os™Clg*~
spectroscopy”®>® in spite of the Jahn-Teller distortion to lower
symmetry.

Quantum chemical calculations performed in this work
resulted in slight distortions from the octahedral geometry to
the D,;, symmetry. The geometrical structure of Os™Clg>~ is
shown in Fig. 2 (and in Fig. S1 of the ESIf). The detailed
results of calculations performed with different methods are
collected in Table S1 of the ESI.f Two axial Os-Cl bonds are
90° with an equatorial plane, and the ClI-Os-Cl bond angles of
atoms lying in the equatorial plane may be slightly (not more
than 2°) different from 90° for different methods. Os-Cl bond
lengths for the singlet and triplet states vary from 2.355 to
2.478 A. Axial Os-Cl bonds for quintet states (2.65 + 2.73 A) are
sufficiently longer than the covalent Os-Cl bonds. This is an
indication of the dissociative character of the quintet states.

All equatorial Os-Cl bond lengths and chlorine charges cal-
culated with one method are close to each other. Typically
(with a couple of exclusions), for the triplet states the calcu-
lated axial Os-Cl bond lengths and chlorine atom charges are
less than corresponding parameters for equatorial chlorine

2e*
g

:; ...... K] 29

~

t t

29 1u 2u
T

®
—

Lower filled orbitals are not shown

Fig. 1 The structure of molecular orbitals of the OsCleg?~ complex in

the framework of O, symmetry according to ref. 27 (non-relativistic
approximation). Arrows correspond to LMCT transitions. Wavelengths of
the band maxima are indicated for aqueous solutions.
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Fig. 2 Geometry of the OsClg>~ ground state according to quantum
chemical calculations. For details see Table S1 in the ESI.T

atoms. For singlet states the prevailing picture is opposite.
Atomic charges on the axial chlorine atoms for quintet states
are more negative than ones on the equatorial chlorines.

3.2. UV spectrum of 0s"Clg*~

The UV spectrum of Os"™Clg>” in aqueous solutions (pH ~ 7)
is shown in Fig. 3 (black line). We use here the molar absorp-
tion coefficients obtained in ref. 24, which are close to those
reported by Jergensen.>®

The interpretation of absorption bands of the initial
complex in the framework of octahedral symmetry (according
to ref. 28) is presented in Fig. 1. A low intense band appearing
as a shoulder in the region of 405-418 nm was assigned to an
LMCT transition. According to Jergensen interpretation®®>?
this band corresponds to the ncy(t;z) — Os(t,,) promotion. The
LMCT bands in the region of 320-375 nm are represented by a
doublet (4max = 333 and 341 nm) and a single band with a
maximum at 370 nm. These bands correspond to ng(tay) —
Os(tzg) and (n + 6)ci(tiy) — Os(tyg) promotions.”® The most
intense LMCT band at 210 nm was assigned to the ng —
Os(e,) promotion.”® Low intense bands in the regions of 301,
278 and 255 nm were interpreted by the d-d transitions;>® they
are partially superimposed with the LMCT bands.

In spite of the undoubted interpretation of the Os™Clg*~
electronic absorption spectrum in the literature, we have per-
formed its quantum chemical calculations. The necessity of
these calculations stems from the use of quantum chemistry
for the assignment of short-lived reactive intermediates of
Os(wv) in this work. Before using calculations for the assignment
of the absorption bands obtained in time-resolved experi-
ments, we had to ensure that the calculated spectrum of the
0s™Cls>~ ground state did not contradict the experimental
one.

The calculations of excited state energy levels were per-
formed by different methods using the GAMESS-US package
(by means of CASSCF(8,10)/IMCP-SR1, CASSCF(8,10)/
IMCP-NR1, and CASSCF(8,10)/Def2-TZVP methods) and FireFly
package. In the case of GAMESS calculations the oscillator
strengths could not be figured out, while in the case of FireFly

This journal is © The Royal Society of Chemistry and Owner Societies 2018
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Fig. 3 Electronic absorption spectrum of Os"'Clg?~ in aqueous solution
(black line) and the results of calculations. Red lines — (CASSCF(8,10)/
IMCP-SR1, M = 3) calculations (gas phase); magenta lines — (CASSCF
(8,10)/IMCP-SR1, M = 3)/PCM(water) calculations; green lines -
XMCQDPT(10,8)/SBKJC calculations (gas phase); blue lines — XMCQDPT
(10,8)/SBKJC/PCM calculations (water). For CASSCF calculations oscil-
lator strengths are not available. For XMCQDPT calculations oscillator
strengths are normalized to the maximal experimental absorption (at
209 nm). Energies of principal transitions (in eV) are specified.

calculations it was possible. The results of the calculations of
energies and orbital populations are presented in the ESLf
Tables S2 and S3t contain the gas phase data obtained from
GAMESS-US and FireFly calculations, while Tables S4 and S5}
contain the results of calculations performed in the aqueous
phase.

The excitation energies obtained by GAMESS and FireFly
calculations in the gas phase using different basis sets are
schematically shown in Fig. 4. Only for the triplet ground state
the results of calculations are comparable with the experi-
mental spectrum. The calculations performed in basis sets
IMCP-SR1 (triplet manifold) and SBK]JC give the best agree-
ment between the calculated excitation energies and the
experimentally observed spectra. Thus further analysis has
been carried out only with these basis sets. These calculations
are represented in Fig. 3 as red vertical lines under the upper
scale (CASSCF(10,8)/IMCP-SR1) and green vertical lines above
the lower scale (SBKJC).
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Fig. 4 Results of GAMESS and FireFly calculations of the Os'VClg?™
spectrum (gas phase) using different basic sets. Abbreviations NR1, SR1,
Def2 and SBKJC correspond to CASSCF(8,10)/IMCP-NR1, CASSCF
(8,10)/IMCP-SR1, CASSCF(8,10)/Def2-TZVP and SBKJC basic sets corre-
spondingly. Multiplicity of levels is indicated.

Let us analyze the results of the IMCP-SR1 calculations.
First of all, to evaluate the possible solvent effect, calculations
in the framework of PCM with 32 excited states were per-
formed (see Table S4 of the ESIf). The results are shown in
Fig. 3 (magenta vertical lines under the upper scale).
Consideration of the solvent in calculation reduces molecular
symmetry, resulting in an increase in the number of spectral
lines that complicate the analysis of transitions. In spite of
this, one can see that the difference between the results of gas
phase and aqueous solution calculations is not large. This is
true for both structures (Table S1 of the ESIf) and spectra
(Fig. 3, upper scale). For these reasons, further analysis was
performed only for the results obtained in the gas phase.

Let us compare the experimental (Fig. 3) and calculated
(Fig. 3 and Table S2 of the ESIf) spectra. The lowest energy
band (T1 — T2) was assigned to an electron transfer from the
HOMO (for the image of active orbitals see Fig. S27), including
only the d;,(Os) atomic orbital, to the LUMO composed of d,,,
d,y, d--(Os) and p,(CI(2, 2')) atomic orbitals. Calculated energy
for this transition is 3.1 eV (399 nm), which corresponds to the
shoulder in the experimental spectrum. The group of tran-
sitions from T1 to T3, T4 and T5 with energies 3.86, 3.95 and
4.03 eV (321, 314 and 307 nm) is mainly constituted from the
same atomic orbitals as (T1 — T2) transition, but with slightly
different occupancies. These transitions could be placed in
compliance with LMCT bands in the region of 320-370 nm in
the experimental spectrum. Furthermore, triplet level T7 with
energy equal to 5.6 eV (221 nm) could be assigned as the
(LUMO+1) orbital. The states T6, T8 and T9 with energies 4.86,
6.29 and 6.30 eV (255 and 197 nm) are constituted from the
HOMO, LUMO and (LUMO+1) orbitals with different popu-
lations. Transitions from (T1 — T6) to (T1 — T9) could be con-
sidered as responsible for the most intense LMCT band at
210 nm and the low intense band at 255 nm. Therefore,
(CASSCF(8,10)/IMCP-SR1, M = 3) calculations do not contradict

Photochem. Photobiol. Sci., 2018, 17, 18-26 | 21
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the experimental spectrum (but note that the absence of oscil-
lator strengths allows one to make only tentative conclusions).

Now let us consider the results of XMCQDPT(10,8)/SBK]JC
calculations. Gas phase FireFly calculations are presented as
green vertical lines in Fig. 3 (see also Table S3 in the ESIY).
The oscillator strengths were normalized to the maximal value
of the molar absorption coefficient of the experimental spec-
trum (green vertical line at 4.34 eV (286 nm) in Fig. 3). The
XMCQDPT (10,8)/SBKJC/PCM(water) spectrum is presented in
Fig. 3 as blue vertical lines. The oscillator strengths were nor-
malized to the maximal value of the molar absorption coeffi-
cient of the experimental spectrum (blue vertical line at 3.87
eV (320) nm in Fig. 3).

The impact of the solvent on the position of the spectral
lines is ambiguous (Fig. 3 and Table S5 of the ESIt). The line
corresponding to the highest energy is shifted to the shortwave
region and all other lines are shifted to the longwave region.
Apparently this is because the whole range was narrower com-
pared to the spectrum calculated in the gas phase, although
the shape of the spectrum in water qualitatively matches the
shape of the spectrum in the gas phase. There is some differ-
ence; the additional line at 3.16 eV (392 nm) appears to be at
the left from the doublet 2.99 and 2.97 eV (415 and 418 nm).
The following analysis was performed for the gas phase spec-
trum (Table S3 in the ESI}).

The first energy band with non-vanishing oscillator
strength (T1 — T4) was assigned to an electron transfer from
the HOMO-2, including the d,,(Os) main atomic orbitals, to
the LUMO including the following main atomic orbitals: d,.,
dyy, do,(Os) and py(CI(5, 4)), p-(Cl(3, 2)). Calculated energy for
this transition is 2.77 eV (447 nm), which corresponds to the
shoulder in the experimental spectrum (Fig. 3).

The interim energy band for transition (T1 — T11) (3.46 eV,
358 nm) was assigned to the electron transfer from the compo-
sition of the HOMO-2 and HOMO to the composition of the
LUMO and LUMO+1 of average molecular orbitals. The main
atomic orbitals in the HOMO include d,,(Os) and d,,(Os)
parts. The composition of both the LUMO and LUMO+1 for
the T11 state includes the following main atomic orbitals: d,,,
d.-(0s) and p,(Cl(1") for the LUMO and d,,, d.,(Os), p,(Cl(3, 3')
and p,(Cl(2, 2")) for the LUMO+1.

The energy band with the maximal oscillator strength
(T1 — T17) (4.34 eV, 286 nm) was assigned to the electron
transfer from the composition of the HOMO-2, HOMO-1
and HOMO to the composition of the LUMO and LUMO+1 of
averaged molecular orbitals. The HOMO and HOMO-2 were
described earlier, and the HOMO-1 consists of d,,(Os),
d,.(Os) and a small part of p,(Cl(1, 1)) atomic orbitals. The
LUMO orbital for the T17 state is the same as the LUMO
orbital for the T11 state but excluding part of the p,(Cl(1")
orbital and including p.(Cl(1, 1)) and p,(CI(3, 3')) orbitals.
The LUMO+1 for the T17 state includes the following main
atomic orbitals: d.,, d,, (Os) and p,(C(3, 3")), p,(Cl(2, 2"). The
energy band (T1 — T22) (5.79 eV, 214 nm) was assigned to
the electron transfer from the HOMO-2 to the LUMO. The
LUMO orbital for the T22 state includes the following main
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atomic orbitals: d,,, d,y, d,,(0s) and p,(Cl(1, 1), p,(CI(3, 3")),
p.(Cl(2, 2).

Therefore, we can conclude that both GAMESS and FireFly
quantum chemical calculations do not contradict the experi-
mental spectrum of the Os"™VClg>~ complex. It is reasonable to
use these types of calculations for the assignment of LMCT
states and the short-lived intermediates observed in the course
of the ultrafast kinetic spectroscopy experiments.

It should be noted that (CASSCF(8,10)/IMCP-SR1, M = 3)
calculations predict the existence of the low-lying excited
quintet (Q;) and singlet (S,) energy levels with the energies
1.68 and 2.74 eV above the ground state correspondingly (see
Table S2 of the ESIt). The quintet level, which is dissociative,
probably plays a sufficient role in the photolysis mechanism.

3.3. Electronic absorption spectra of possible intermediates
of 0s"™VCls> photolysis

The results of ultrafast measurements for the OsVClg*™
complex in aqueous solutions were analyzed®! in the frame-
work of the sequential decay of the transient absorption A — B
— C — (ground state + products). Intermediate C, which is the
precursor of the photoaquation product, was considered as the
key intermediate (KI). The Species Associated Differential
Spectra (SADS) of the intermediates are calculated in ref. 24
using formulae derived in ref. 36 (see paragraph “Species
Associated Differential Spectra (SADS)” in the ESI¥).

The SADS of the KI obtained in ref. 24 is shown in Fig. 5
(blue dots). Because Os'Cls>~ has no significant absorption in
the region of probing (440-680 nm), the SADS coincides with
the electronic absorption spectrum of the KI. According to the
shape of the spectrum, there are at least two different absorp-
tion bands in the observed wavelength range. The decay of
intermediate absorption was described by the monoexponen-
tial kinetic law with a characteristic lifetime of 23 + 3 ps.**

300 400 500 600 700
T T T T T
=)
— Key Intermediate
* 2_
(O]
o
c
®
Qo
—
?
QO 14 Q1">Q3
< T-->T
< 2 8 Q1-->Q2
T,->T, T, T~>Ts
0 T — T T T
300 400 500 600 700
A, M

Fig. 5 Blue dots — species associated difference spectrum (SADS) of
the key intermediate recorded in an ultrafast kinetic spectroscopy
experiment (Apump = 400 nm) with Os"VClg?~ (2.3 x 10~ M) in aqueous
solution (taken from ref. 24). Lines above the bottom axis mark positions
of possible transitions from the lowest quintet (red lines) and triplet
(green lines) electronic excited states of Os"Cls>~ (for details see
Table S2 of the ESIY).
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Let us discuss the possibility of KI interpretation as one of
the lowest electronic absorption states of Os™Clg*”. According
to (CASSCF(8,10)/IMCP-SR1, M = 3) calculations (Table S2 of
the ESIf) the three lowest electronic excited states have
different multiplicities. They are quintet Q,, singlet S, and
triplet T, states, whose energies are 1.7, 2.7 and 3.1 eV above
the ground state T;.

Wavelengths of possible transitions from Q, to the other
quintet states Q, and Q; are shown in Fig. 5 as red lines above
the bottom axis. One can see that the position of the lowest
Q; — Q, transition lies in the range of the observed spectrum,
and the second band Q; — Qs is far in the UV region. As a
matter of fact, the description of the KI spectrum given by
transitions within the quintet manifold cannot be considered
as satisfactory.

The possibility of KI interpretation as the lowest singlet
state S, should be ruled out, because calculations do not show
any transitions from S, to other singlet states in the visible
and near UV spectral range.

The wavelengths of transitions from the lowest excited
triplet state T, to the other triplet states are shown in Fig. 5 as
green lines above the bottom axis. One can see that the tran-
sitions inside the set of triplet energy levels can provide better
description of the experimental spectrum than the transitions
inside the set of quintet levels. Nevertheless, the possibility of
T, state partial stabilization (the lifetime of KI is 23 ps, as was
mentioned) seems improbable.

Finally, we can conclude that calculations do not support
the interpretation of KI as one of the lowest electronic excited
states of Os" Clg>~, and Mechanism 1 seems improbable. On
the other side, the dissociative character of the lowest excited
state Q, allows one to consider it as a precursor of the ion pair
in Mechanism 2.

The pentacoordinated intermediate Os™Cl;~ plays a key
role in Mechanism 2. GAMESS calculations with the use of the
IMCP-SR1 basis set show the existence of two modifications of
0s™Cl;~ (Fig. 6 and also Fig. S3 of the ESI{). The first modifi-
cation (Fig. 6a) is further marked as Os™Cl;~ (planar). It was
obtained from the 0s"™Cly*>~ complex by the removal of one
chlorine atom lying in the equatorial plane. The second modi-
fication (Fig. 6b) marked as Os"™Cl;~ (axial) was obtained by
the detachment of one axial chlorine atom. The detailed
results of geometry calculations performed for both planar
and axial modifications are collected in Tables S6a and Sé6b of
the ESLt The Os™Cl;~ complex in the singlet state tends to a
trigonal bipyramidal coordination geometry and in the triplet
state to a square pyramidal coordination geometry.

The optimization of all geometrical parameters of Os™Cl;~
(axial) was carried out at a low C; symmetry. Under optimiz-
ation of the geometrical parameters for the Os"™Cl;~ (planar)
complex a high degree of symmetry (D;;,) was preserved only
for the singlet state. In the triplet state the SCF procedure fails
for the given high symmetry. Therefore, the optimization of
geometrical parameters of the Os™Cl;~ (planar) complex was
carried out at a predetermined low C; symmetry with fixed
values of the Cl-Os-Cl angles in the equatorial plane. For this
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Fig. 6 Planar (a) and axial (b) modifications of Os'"VCls™.

reason, the electronic structure of planar modification in the
triplet state is similar to the electronic structure of axial modi-
fication in the triplet state. That is manifested in the asym-
metric distribution of charges on the chlorine atoms in the
equatorial plane as well as in different bond lengths between
osmium and equatorial chlorine atoms (Tables S6a and S6bf¥).
A similar result was obtained for the quintet state. After the
optimization of geometry, the quintet state of the Os™Cl;~
(planar) complex in fact transits to the axial configuration with
a low C) symmetry.

Therefore, GAMESS calculations show that the singlet state
of 0s™Cl;~ can exist both in planar and axial configurations,
while for the triplet and quintet states only the low symmetry
axial configuration is realized. That is why the FireFly calcu-
lations for triplets and quintets were performed only for the
0s"™Cl;~ (axial) modification. FireFly calculations performed
in the SBKJC basis set are in accordance with the GAMESS
results. The geometrical and electronic structures are shown in
Table S7.7

The electronic absorption spectra of Os"™Cl;~ with different
multiplicities were calculated in the FireFly package only
(because FireFly provides oscillator strengths). The results of
gas phase calculations for the triplet and quintet states are col-
lected in Tables S8 and S9 of the ESIf correspondingly.
Table S10 of the ESIf gives the results of calculation for
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30s™Cl5~ in aqueous solutions. A comparison of the calculated
spectra of the possible pentacoordinated intermediates and
the experimental spectrum of the KI is shown in Fig. 7.

The XMCQDPT (10,8)/SBK]JC in the gas phase in the triplet
and quintet states are shown in Fig. 7 as vertical green and
black lines. The singlet state Os"Cl;~ spectra are not shown,
because the transition energy is 8.51 eV for the axial configur-
ation and exceeds 21.96 eV for the planar configuration. One
can see that the spectrum in the triplet state has two pro-
nounced peaks, shifted to the short wavelength region relative
to the experimental maximum. Several lines of smaller inten-
sity in the longer wavelength region form the shoulder of the
spectrum, which qualitatively coincides with the experimental
spectrum. The XMCQDPT (10,8)/SBKJC/PCM(water) in the
aqueous phase in the triplet state spectrum are presented in
Fig. 7 as blue vertical lines.

The calculated energies of different Os™Cl;~ modifications
are collected in Tables S8-S10 of the ESL{ The axial modifi-
cation for the triplet state is characterized by the lowest total
energy among all triplet modifications (the UHF/IMCP-SR1
result should be excluded from consideration because the
wave function has a high degree of spin contamination, S* =
3.05). Indeed, for the quintet state the axial modification is
characterized by lower energy than the planar modification.
Thus, for both the quintet and triplet states the axial modifi-
cation is energetically more favorable, whereas for the singlet
state it is energetically favorable to be in the planar
modification.

Table S8 (ESIt) shows that for the triplet, the total energy
(CASSCF) of the ground state T1 is —4465.532 eV, and for the
quintet the energy (CASSCF) of the Q1 state is —4465.50 eV
(Table S91), there is a slight difference. Including the
additional electron correlation (XMC-QDPT2 energy of tran-
sition) gives a picture similar to the GAMESS calculations,
where the quintet is lower in energy than the triplet. GAMESS

31 00 200 300 400 500 600 700 800

)
8 Key Intermediate
%
8 2 —— water M=3
g ——gas M=3
as M=5
e 9
(@]
[%2]
Qo
< 14
<
0 |“ . |h||'|’ ||\"| |-IH|
100 200 300 400 500 600 700 800

A, NM

Fig. 7 Blue dots — species associated difference spectrum (SADS) of
the key intermediate recorded in an ultrafast kinetic spectroscopy
experiment (A,ymp = 400 Nm) with 0sVClg?™ (2.3 x 107* M) in aqueous
solution (taken from ref. 24). Lines above lower axes mark positions of
possible transitions from the lowest quintet and triplet electronic
excited states of Os'"VCls~ according to calculations.
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calculations (Table S6b7) show that the quintet is indeed lower
in energy than the triplet, but the difference is not much. At
the same time, the qualitative coincidence with the experi-
mental spectrum in FireFly (Fig. 7) for the triplet state is much
better than for the quintet state (especially in the aqueous
phase).

Additional calculations were performed by both methods
for the free Os*" cation (Table S11 of the ESIf). The results
show that the state with multiplicity M = 5 is the most energeti-
cally favorable. As can be seen from the previous calculations,
the presence of six ligands makes the state M = 3 in Os" Clg>~
more favorable. We can assume that the removal of one CI™
anion reduces the influence of the ligands on the electronic
structure of the Os*" ion. Thus, the quintet state could also be
expected to be the most favorable in the Os"™Cl;~ complex.

As a result, we conclude that the Os™Cl;~ complex for sure
is the key intermediate of Os™Cl,>~ photoaquation. As for the
multiplicity of the Os™Cl;~ ground state, both M =3 and M =5
cases could not be ruled out from the results of calculations.

4. Conclusions

In this work the quantum chemical calculations were per-
formed to determine the nature of the key intermediate (KI) of
the Os™Cls>~ complex photoaquation.

The calculations were carried out using program packages
FireFly 8.1 and GAMESS-US both in gas and aqueous phases.
Different methods were used; the best fitting to the experi-
mental data was obtained by means of the CASSCF(8,10)
method with the basis sets IMCP-SR1 (GAMESS-US) and SBKJC
(FireFly).

The geometric and electronic structures and spectra were
obtained for the initial Os™Cls>~ complex and the Os™Cl;~
complex as the probable KI. Analysis of electronic transitions
and absorption spectra indicates the possibility of the reaction
of 0s™Clg>~ photoaquation through a sequence of stages close
to the Mechanism 2 (reactions (6)-(9)).

According to quantum-chemical calculations both in
GAMESS and FireFly the KI is Os"™Cl;~ of square pyramidal
coordination geometry. As for the multiplicity of its ground
state, no unambiguous choice between the triplet and quintet
state could be made. On the one hand, the calculated elec-
tronic absorption spectrum of *0s™Cl;~ is closer to the experi-
mental one than the *0s"™Cl;~ spectrum (Fig. 7). On the other
hand, the calculated energy of the quintet state seems to be
lower than for the triplet state. One can see that according to
the results of CASSCF GAMESS -calculations the Os™Cl;~
complex is in the quintet state, while according to FireFly cal-
culations the triplet state is favourable. Perhaps this difference
stems from the fact that the used IMCP-SR1 basis set takes
into account scalar relativistic pseudopotentials, which are
ignored by the SBKJC basis set. This is manifested in the com-
pression of the complex; the bond lengths calculated by the
IMCP-SR1 are less than the bond lengths calculated by the
SBKJC. The results of calculations taking into account relativis-
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tic amendments seem to be more reliable. The calculation of
the total energy of a free osmium ion with charge Q = 4 also
indicates that the quintet state is more energetically favorable.

The results of CASSCF GAMESS calculations include only
the static correlation within the active space. Multireference
perturbation theory (such as XMCQDPT) corrects the absolute
state energies through the inclusion of dynamical correlation.
This correction is different for the states of different nature
and different multiplicity. As a result, the transition energies
and the order of states in CASSCF and XMCQDPT calculations
may differ substantially. Thus, the XMCQDPT results seem
more reliable than CASSCF data. Nevertheless, it should be
noted that the differences in total energies determining the
order of energy levels are rather small.

Thus we can conclude that the reaction of photoaquation
passes through Mechanism 2, and the key intermediate is the
0s™Cl;~ complex either in the triplet or in the quintet state.

It should be noted that the use of the time-consuming
methods taking into account the spin-orbit coupling could
change the order of energy levels.
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