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Abstract

Laser flash photolysis has been used to study the formation of X, ™ radical ions (X = Br and Cl) upon photoreduction of IrCl,” ™ complex
in methanol solutioiis, containing free X~ ions. It has been shown that two channels of halogen atom formation are possible. These are the
reactions of X~ ions with either the primary radical cation CH:OH ™ which results from single electron transfer from a methanol molecule

to the excited coirplex or the intermediate, arising from transformation of primary light-excited IrCl,>~ complex.
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1. Introduetion

The optical absorption of intermediate dihaloid radical ions
X,'7 is often recorded in experiments on flash photolysis of
the solutions of halide complexes of transition metal ions,
containing a free halide iont [ 1-9]. However, the mechanism
of its formation is sofar unclear. The precursor of this particle
is the halogen atom (X) which in aqueous solutions may
arise upon both the dissociation of Me~X bond and the elec-
tron transfer from a free X ™ ion to the excited complex. The
halogen atom reacts then with a diffusion rate constant with
a free X~ ion [10-12], thus resulting in X, . It is also
assumed that X,"~ radical may directly form in the first coor-
dination sphere of the excited complex and then escape into
the bulk [8].

Halogen atoms react rather actively with the molecules of
organic compounds. However, X, ™ radical ion also was
observed upon the photolysis of halide complexes in organic
solvents, containing free X~ ions [7,9,13,14]. Previously,
electron transfer from the solvent to the excited complex has
been shown to be the primary photochemical process occur-
ring upon the photolysis of many halide transition metal com-
plexes in organic solvents (Cu(II) [15,16], Fe(IIl) [17,18],
Pt(I1V) [19,20]). The formation of X atom ( and, hence, of
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the X, 7) in these solvents may be related to the appearance
of a competing channel of electron transfer from a free halide
ion, located in the second coordination sphere of the excited
complex [ 13,21]. Such an assumption was made in Ref. [22]
to explain the dependence of quantum yield on the concen-
tration of CI~ ions upon stationary IrClg?~ photolysis in
aqueous solutions. Note that the halogen atom may also result
from the reaction of X~ ion with the primary particles that
arise after electron transfer from the molecules of organic
solvent to the excited complex.

Itis worth mentioning that the pulse radiolysis of methanol,
containing free halide ions, also gives rise to X, ~ radical
ions. However, the processes leading to the formation of
halogen atoms are also unclear. [t has been assumed that Br
and I atoms are formed in the reactions of X~ ions with either
the primary radical cation CH;OH'* [23-25] or with the
secondary CH;O" radicals {26,27].

In this paper, the mechanism of Br, ™ radical ion formation
upon photolysis of methanol solutions of IrCle*~ complex in
the presence of free Br™ ions is considered. The stability of
IrCls® ~ allows the variation in the concentration of halide
ions that determines a choice of this complex in studying the
processes of X' radical ion formation. Besides, unlike many
other halide complexes of metal ions, IrCl,> ~ has an intensive
charge transfer bands in the visible region (495 nm [28])
which is not actually overlapped by the absorption bands of
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X, "~ radical ions. including the band of Br,”~ radical ion
(with its maximum at 360 nm [29], Fig. ). Below we show
that this is the key moment because it allows to determine
independently the relative yield of Br,”™ and the quantum
yield of the initial complex disappearance. The Br™ 1on has
been chosen as a partner of IrCl,>~ complex because the
bromine atom reacts rather slowly with methanol and the
reaction of Br,”™ formation successfully competes with this
channel of atom disappearance. The second important factis
the use of Jaser flash photolysis to determine the changes in
the system just after a short light pulse.

The primary photoprocess of IrCl,> ™ complex in methanol
is the electron transfer from a solvent molecule to the excited
complex [30,31]

I CH;OH

IrCE~ 2 (IrC13)* - IrCI+'CH,OH+H* (1)

In oxygen-free solutions, 'CH,OH radical reacts with the
initial complex

"CH,OH+1rC" >IrCl +CH,O+H* (2)

In the presence of oxygen, ‘CH,OH radical transforms with
a diffusion rate into peroxide radical "(O0)CH,OH which
does not participate in subsequent transformations of iridium
complexes. Therefore, most of experiments were performed
in the presence of oxygen.

2. Experimental details

ItCl,>~ solutions were prepared using Na,IrCl,-6H,0
( Aldrich). NaBr and LiCl ( Aldrich) were employed as the
sources of bromide- and chloride-ions, respectively. Opti-
cally pure alcohols (Merck) were used to prepare solutions.
The optical absorption spectra were recorded on UNICAM
8735/50 or Specord UV-Vis (Carl Zeiss) spectrophotome-
ters. Stationary photolysis was performed using radiation of
a high-pressure mercury lamp with glass filters for the sepa-
ration of necessary wavelengths. Sometimes, a pulsed XeCl
laser (308 nm) was used as a source of light. In this case, the
identity of changes in the absorption spectra powdered by
lamp and laser irradiation was controlled.

The ionic strength of methanol solutions of NaBr was
estimated using the Shedlovsky approximation method [32]
for the calculation of thermodynamic dissociation constant
Ku.s- Mean activity coefficients of the corresponding ions
and concentration dependence of equivalent conductivity
were taken from Refs. [33,34]. Ky.s Was calculated to be
0.32 M. So. taking into account the values of mean activity
coefficients, the degree of NaBr dissociation was found to be
about unity at used range of concentrations (0.83 in 1 M
solution). The dissociation constant of LiCl in methanol is
equal to 0.018 M [35].

A setup for laser flash photolysis [ 36] consisted of an XeCl
excimer laser (308 nm, 20 ns) for excitation, xenon arc lamp
with a monochromator as a source of probing light and mono-
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Fig. 1. Optical absorption spectrum of IrCl,” ~ complex (curve 1) according
to Ref. [ 28], and of Br, ™ radical ion (curve 2} according to Ref. [ 12].

chromator with photomultiplier in a measuring channel. The
signal, produced by photomultiplier was recorded using a
digital Tektronix 7912AD oscillograph, connected to an IBM
computer. In some experiments we used a similar (in para-
meters) setup for laser flash photolysis, described in Ref.
[20].

3. Results and discussion

3.1. Dark reaction of IrCl,>~ with bromide ions in
methanol

The existence of a free Br™ ion in methanol solution of
IrCl,* = leads to a dark reaction of its reduction resulting in
the appearance of anew UV absorption band with a maximum
at 263 nm (Fig. 2) which belongs to the Br; ™ ion. The latter
results from the following reaction sequence

IrCly™ +Br~ —>IrCl,” +Br (3)
Br+Br~ —Br, (4)
Br, +Bry »Br” +Br; (5)

In aqueous solutions, Br;~ ion has the absorption band
with a maximum at 270 nm and the extinction coefficient of
36 000 dm® mol ™' em ™' [37]. Two IrCls> ™ complexes are
used to form one Br; ™ ion. Therefore the effective extinction
coefficient of the arising band must be 18 000 dm® mol
cem”'. The experimental value of the effective extinction
coefficient is about 13 500 dm® mol™' ecm™' which is
explained by the disappearance of a part of Br atoms and of
Br,” radicals in reactions with methanol [ 12,24]. The shift
of band maximum from 270 to 263 nm is caused by the use
of water instead of methanol as a solvent.
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Fig. 2. Dark reaction between IrCl,> * and NaBr in methanol. Change in
the optical absorption spectrum {cuvette thickness, 1 cm; [IrCls*™ | =
2.3x107*M; [NaBr] =0.5 M; T=295 K). Curve 1—initial spectrum of
IrCle> ; curves 2-6 denote 1, 6, 11, 16, 31 min after addition of NaBr
respectively.

The appearance of Br; ~ ion may distort the results on flash
photolysis because it has absorption at the wavelength of laser
radiation (308 nm) and is subjected to photodissociation into
Br atom and Br,”” radical ion {38]. The rate constant of
reaction (3) is found to be (1.1+0.1) X 107* dm® mol '
s~ '. Therefore, at 293 K, a characteristic reaction time at
[Br~]=0.5M, is more than 30 min and reaches four hours
with temperature drops to 280 K. The time between the prep-
aration of the sample and the beginning of experiment on
flash photolysis was not greater than 1 min. So, the dark
reaction did not disturb the results of photochemical
experiments.

3.2. Laser flash photolysis of IrCl>~ in methanol solutions
with the presence of free Br~ ions

Just after the laser pulse, in IrCl,>~ methanol solutions,
containing free bromide ions, the intermediate absorption
bands with maxima at 365 and 670 nm appear (Fig. 3). These
bands belong to Br,  radical ion (£=9000 and 200 dm®
mol ™' cm ™', respectively [29]). The spectrum of a decrease
in the optical density after complete disappearance of Br, ™
absorption coincides with that of IrCl,>~ complex and its
amplitude depends linearly on the laser pulse intensity.

The main process of Br,”™ radical ion disappearance is
determined by the reaction of disproportionation ( 5) because
the effective rate constant depends linearly on the initial
absorption amplitude, i.e. on the initial radical concentration
(Fig. 4a). The rate constant, determined using the slope of
this dependence is found to be (5.04+0.1) X 10* dm* mol ™'
s7' (295 K) which is close to the published data
(ks=(5.440.2)x 10" dm® mol™' s™! in the mixture of
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Fig. 3. Laser flash photolysis of IrCl,*” in methanol with 0.2 M of NaBr
(cuvettee thickness, 1 cm; [IrCl," " | =2.2X 10 "% M). (a) Changes in the

optical density: just after a laser pulse (curve 1); 180 us after laser pulse
(curve 2); difference between spectra (1) and (2) (curve 3)—Br, ™ spec-
trum. (b) Kinetic curve of Br.'™ radical-ion disappearance (recording at
360 nm).

methanol with diethyl ether {17]). The formation of Br; "~
ion in reaction (5) is confirmed by the appearance of absorp-
tion band (A,,, =263 nm) of this ion upon the stationary
photolysis of IrCl,*~ in the presence of Br~ (Fig. 4b).

The kinetics of Br, ™" disproportionation has been studied
in methanol solutions containing 0.082-0.25 M NaBr. So,
the ionic strength of the solution was changed in the range of
0.08-0.23 (at lower concentration of salt the Br, ™" doesn’t
occur). The effect of ionic strength on the rate constant of
ionic reaction has been taken into account using the
Bronsted-Bjerrum theory combined with the extended
Debye—Huckel theory (Eq. (6) [40]):

k ARVASE VA
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where d,, d, and d,, are the mean effective diameters (in
Angstrom) of reacting ions and activated complex respec-
tively; Z, and Z, are the charges of ions; w is the ionic strength;
a=1.825X10° (£T) %> B=5.03x 10°(T) ~""*; & is the
dielectric permeability of the medium.

The results of the calculation of the ionic strength on
the rate constant of the reaction (5) (4s), using Eq. (6) with
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Fig. 4. Disappearance of Br,’ radical ions and appearance of Bry™ ions
upon IrCl,*~ photolysis (308 nm. XeCl excimer laser) in methanol with
addition of NaBr (cuvette thickness, 1 cm; T=295 K). (a) Dependence of
the effective initial first-order rate constant of Br."~ disappearance on its
initial optical density (360 nm) upon laser flash photolysis. (b) Change
in the optical absorption spectrum due to laser irradiation (measured in
a spectrophotometer): [IrCL2" ] =8 X 107 M; [NaBr| =0.2 M. Curves
14 denote 0, 50, 150, 500 laser pulses.

parameters d,=d,=6.7 A [41], d,,=2d, are shown
on Fig. 5 (curve 1). When g is in the range of 0.08-0.23,
the change of the rate constant is not more that 20%,
that could be included to the experimental error of ks
(ks=(5.0+05)x10° M~ ¢~ "). Extrapolation to zero
ionic strength, according to Fig. 5 gives the value of
ks"=1x10*dm*mol ~' s~ '. In water solutions the rate con-
stant of Br, ~ " disproportionation is 4—6-fold higher (at com-
parable ionic strength) [39], which is assigned to the
influence of dielectric permeability of solvent on the reaction
of the equally charged particles.

The intercept of a straight line in Fig. 4a is determined by
the reaction of Br,” ™ radical ion with methanol. The rate
constant of this reaction is k= (5.8+0.2) X 10> dm® mol '
s~ ' which substantially differs from the value of 4.4 10*
dm® mol ~'s ! measured in Ref. [ 24] by the method of pulse
radiolysis. This difference is, probably, due to the fact that
the authors of Ref. [24] neglected the possibility of Br,™™
radical ions recombination.

A relative yield of Br,"” radical ion, depending on Br~
ion concentration in methanol (having regard to the degree
of dissociation of NaBr), is shown in Fig. 6b. It is determined
by a change in the optical density just after laser pulse at 360

k /kq
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Fig. 5. lonic strength effect on the rate constants of the reactions
between ions. Calculated using Eq. (6). Curve 1—Br,”” +Br,”~ (reaction
(5), with parameters: d,=d,=6.7 A, d,.=2d,); curve 2—
[IrCl,* ™ ...CH;OH """ ~ +Br~ (reaction ( 12a), with parameters: d, = 12.7
A, d,=39 A, d,.,=15.1 A); curve 3—(IrCl,> 7 )** + Br™ (see reaction
(20), parameters: d,=8.4 A, d, =39 A, 4= 123 A).

and 495 nm (the maxima of the absorption bands of Br,"~
and initial IrCls®>~ complex, Fig. 3a). Note that a relative
yield of Br,’” has the S-type dependence on [Br~] (Fig.
6¢). When the Br™ concentrations is lower than 0.08 M, this
radical ion does not actually form. The bromine atom is the
Br,'” radical ion precursor and the S-type dependence of the
relative Br," ™ yield is assigned to the fact that the bromine
atom arises near the IrCl," " complex. The Onzager radius
(R,=2¢*/4me,ekT) for the IrCl,> —Br~ pair in methanol
is 34 A. Therefore, Br™ ion may appear near the complex
only with increasing ionic strength p (actually, NaBr con-
centration) when the counter-ion screening decreases the
Coulomb repulsion and the radius of ionic atmosphere R, =
(&0ekT/e* ) "'* tends to the total radius of partners ( =6 A).

To check the connection between the S-type dependence
of the relative Br," ™ yield and the ionic strength of the solvent,
we have performed experiments in methanol solution of
IrCl,>~ with addition of 1 M LiCl which, for the dissociation
constant of 0.0158 M [35], gives the ionic strength of 0.11.
The photolysis of this solution without NaBr does not result
in a signal of intermediate absorption in the region of 360 nm
(which may be assigned to the Cl,"~ radical ion [ 10]). Add-
ing 0.05 M NaBr to the solution results in the appearance of
the Br,"~ signal. In the absence of LiCl the absorption of
Br,”" at this concentration of NaBr is not recorded.

Fig. 6a shows the dependence of the quantum yield of
IrCl,>~ disappearance on the Br~ content in solution. It is
observed to increase by not more than 5% in the studied
concentration range of Br™ ion (0-1 M).
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Fig. 6. Laser flash photolysis of IrCl,2~ in methanol with addition of NaBr. (a) Dependence of a relative quantum yield of IrCl,* ~ disappearance on Br~ ions
concentration: experimental points and approximation within the framework of Eq. (14) with parameters ¢,=0.1, @, = 1.8 (factor fis calculated from Eq. (6)
with parameters d,=12.7 A, 4,=3.9 A, d,.= 15.1 A). (b) Dependence of Br,” "~ relative yield on relative concentration of bromine ions [Br~}/[CH,OH]:
experimental points and approximation within the framework of Eq. ( 17b) with parameters B=1X10% v,=42 (factor fis calculated like in the previous

case). (c) Initial part of (b).

3.3. Origin of processes, producing a bromine atom

A bromine atom may result from a direct outersphere elec-
tron transfer from a free Br™ ion to the excited IrCl>~
complex

hv Br

IrCE~ — (IrCI3 ) * - IrC1y™ +Br (7)

Another mechanism of bromine atom formation may be
determined by the oxidation of bromide ion by one of the
primary intermediates, arising in the early stages after the
electron transfer from an alcohol molecule to the light-excited
IrCl,” ™ complex. It is known that one of the primary particles
upon radiolysis of liquid methanol is CH;OH™* radical cation

[26,27] which can also appear upon IrClg>~ complex
photoreduction
I CH,0R

IrCl - (IrCl7)* - IrCly" +CH,0OH™ (8)

The primary CH,OH' ™" radical cation transfer proton to meth-
anol molecule, transforming thus into either CH;0" or
‘CH,OH radicals [42]

CH,OH " +CH,0H—CH,0 +CH ,0H3 (9)
CH,OH " +CH,0OH~-"CH,0H+CH,0H? (10)

Due to reaction with methanol, the methoxy radical gives the
hydroxymethyl radical

CH;O0'+CH,0OH~-"CH,0OH+CH,OH (11)
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CH,OH"* radical cation and CH,O" radical display the oxi-
dative properties and their reactions with Br™ ion may be an
alternative source of bromine atoms

CH,OH *+Br~ —»CH,OH+Br (12)
CH,O'+Br —CH,0"+Br (13)

3.3.1. Direct electron transfer from Br™ ion to excited
complex

Upon direct electron transfer, the quantum yield of IrCl,>~
disappearance is determined by competition of various chan-
nels of the relaxation of electron excitation of the complex

__J[CH,OH|+k,[Br]
¥ ko +K,[CH,OH]+k,[Br | (14)

1+ 10705

T e, 10 X

where k,, k, and k, are the rate constants of radiationless
transition into the ground state and of electron transfer from
solvent molecule and Br~ ion to (IrCl> ) *; ky/k, = 10/ X
g, ap=ky/k, is the ratio of the rate constants of electron
transfer at zero ionic strength; fis a function of ionic strength
determined by Eq. (6); x=[Br~]/{CH,OH]; and ¢,=
k{CH;OH]/ (k,+ k,[CH;OH]) is the initial quantum yield
for solutions without Br~. According to Ref. [30], ¢,=0.1.

A relative yield of Br,”™ radical-ions is determined by the
product of the probability of Br atom appearance by the
probability of its reaction with Br™. With allowance made
for the ionic strength of the solution, it is determined by

Eq. (15)
AlBri) _ 10fgx  Px s,

A[IrCE ] 1+10%a,x " 1+Bx’

where B=kg,- 'k on is the ratio of the rate constants of
the reaction of Br atom with both Br ™ ion and methanol. The
reaction of a bromine atom with Br™ proceeds with almost
diffusion rate constant (kg,- =1.6X10'"dm* mol~'s~!in
acetonitrile [12], 9X10° dm”® mol ™' s~ ' in water [11]).
The reaction of Br atom with methanol is much slower
(kcw,on=0.93X10° dm® mol ' s™' [12]) which deter-
mines the efficiency of Br™ ion as a trap of Br atom (B=
kg 'k cn,on=10"). When B=10% the factor Bx/( 1+ Bx)
in Eq. (14) is close to unity already at x> 10", i.e. for Br~
concentrations of greater than 0.024 M.

Thus, in the case of direct electron transfer from Br™ ion
to excited complex, the concentration dependencies of both
the quantum yield and relative Br,” ™ radical ion yield must
be actually determined by the only parameter «,. The values
of parameters d, = 8.4 A (diameter of the IrCl,>~ ion [43]),
d,=3.9 A (diameter of the Br™ ion [43]),and d,..=d, +d,
allow one to calculate the f factor (Eq. (6)) for different
concentrations of Br™ and, then, to use it in Eq. (15). The
experimental values of relative yield for Br™ concentrations
greater than 0.1 M fit in the curve, determined by Eq. (15)

with a,'P” =45+ 4. The quantum yield of IrCl,*>~ disap-
pearance, determined 50 ns after laser pulse (Fig. 6a), dem-
onstrates only a weak dependence on Br~ concentration
(ay'®" = 1.8+ 0.3). Thus, the mode] of direct electron trans-
fer disagrees with the concentration dependencies of the
quantum yield of IrCl,?>~ disappearance and of the relative
yield of Br," ™. The contribution of the direct electron transfer
into the general process of Br atom appearance cannot exceed
4% (a,'”/ag, "' =1.8/45=0.04).

3.3.2. Bromine atom appearance in the reaction of
intermediates with Br~

Consider now the possibility of bromine atom appearance
in the reaction with one of the primary intermediates of pho-
tolysis (reactions (12) or (13)). In this case, the quantum
yield of IrCl,*~ disappearance must be completely independ-
ent of Br™ concentration which is in fair agreement with the
experimental data (Fig. 6a). The relative yield of bromine
atom, in the case of the reaction of the CH,O" radical, is equal
to

A[Br] yx

A[IfCE™] T4y’ (16)

where y=k,;/k,, is the ratio of the rate constants of the
reactions of CH,O" radical with Br~ ion and methanol,
respectively. If the reacting particle is the CH,OH ** radical
cation, the value of y=k,,/(k,+k,,) would be the function
of the ionic strength: y= 7, X 10/, similar to Egs. (14) and
(15).

If the Br™ ion reacts with the metoxy radical, the relative
yield of Br,"™ radical ion obeys the equation

A[Br;]  wx Bx
A[IrCIL]  T+yx 1+48x’

(17a)

In the case of Br™ reaction with CH;OH ™", the relative yield
of Br,"” is equal to
10];}’(] X B.x

albr, ] _ X 17b
A[IrCIL™]  1+10%y,x "~ 148x° (17b)

We consider the probability of the oxidation of bromide
ion by the metoxy radical. In Refs. [ 44-46] using the method
of spin traps, it has been shown that upon radiolysis of liquid
methanol CH;0O" radical is the primary product after radical-
cation, i.e. compared to the gas phase, only reaction (9) is
realized. The "CH,OH radical results from the reaction of
methoxy radical with methanol (reaction (11)). The rate
constant of this reaction is not large (k,,=2.6X 10" dm?
mol ~'s™' [26]) and the characteristic lifetime of methoxy
radical in this case is about 160 ns, which allows the effective
competition of bromide ions with alcohol molecules for
CH;O radical (reaction (13)).

Eq. (17a) with y=35 adequately describes the experi-
mental data when [Br™]>0.12 M. In this case, if
ki5=2.6X10° dm® mol ' s, the rate constant of the reac-
tion between CH,O" and Br™ (k,;) would be equal to
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9.1 X 10° dm® mol ~' s ~'. But the initial S-type character of
the experimental curve in principal could not be described in
the framework of this model. This is evident from the fact
that the rate constant of the reaction between bromide ion and
electrically neutral CH,O" radical occurring in the bulk solu-
tion, practically must not depend on the tonic strength.
Additional argument against the hypothesis for the oxida-
tion of bromide ion by metoxy radical is evident from work
[26], in which the reactions between CH,O" and halide ions
have been studied by the method of pulse radiolysis. Accord-
ing to this paper, the reaction of Br ™ ion (0.1-0.3 M solutions
of LiBr have been used) with CH,O" occurs only with the
addition of a fairly large amount of acid (0.01 M HCIO,).
This is explained by the proposal that the precursor of bro-
mine atom is CH;OBr" ™ species which is in the equilibrium
with either separate Br~ and CH;0O’ or separate bromine atom
and CH,O ™ anion (reaction 18). In the presence of acid this
equilibrium shifts towards bromine atom formation.

CH,O +Br @CH,0Br 2CH,0 ™ +Br (18)

A similar effect is observed for the reactions of halide ions
with "OH radical in aqueous solutions [47]. In our case, the
effective oxidation of bromide ion in neutral medium would
not be consistent with mechanism (18) put forward in
Ref. [26].

Now we consider an alternative possibility of Br™ oxida-
tion by the primary CH,OH ™" radical cation (reaction 12).
In this case, the radical cation does not escape into the bulk
from the second coordination sphere of IrC1,>~ ion due to
Coulomb attraction. So, the oxidation of bromide ion is ham-
pered by the necessary approach of the negatively charged
Br~ to [IrCly* " ...CH,OH " ]*~ complex which also has a
common negative charge. The reaction is possible only due
to the screening of Coulomb repulsion by counter-ions with
increasing ionic strength of solution up to 0.1.

The experimental data on the yield of bromine atom
and Br,”” anion radical in the reaction between the
[IrCly* ~...CH;OH""]°~ complex and bromide ion were
treated using Eqs. (17b) and (6) with the diameters of
reacting species d, =d(IrCl" ~ ) +d(CH;OH) =12.7 A and
dy=d(Br )=3.9 A [43]. Two parameters were varied.
These were 1y, (the relation of rate constants of the reactions
of [IrCl,*~...CH,OH" "]*~ with bromide ion and methanol
at zero ionic strength) and d,. (diameter of the activated
complex). In a framework of the least squares method,
the best agreement of calculated and experimental curves
(Fig. 6b,c) were achieved when v,=4244+284 and
d,=15.1+3.3 A. The optimal value of d,, practically
coincides with the sum of diameters of the reacting particles.
The inclusion of ionic strength according to Eq. (6) in the
range of u ~0.1-0.25 gives a practically constant correction
tactor of about 2 (Curve 2 in Fig. 5). Correspondingly, in
our experimental conditions the relation of rate constants
y=k»/ (ko +kyy) 18 equal to 21 + 14.

So, the mechanism based on the oxidation of Br™ by the
solvent radical cation agrees with the experiment better than
the reaction of methoxy radical. To estimate the probability
of the proposed mechanism, it is necessary to discuss the
value of rate constant of the reaction between primary radical
cation with methanol.

The rate constants of proton transfer from the primary
radical cation to methanol molecule (reactions (9) and ( 10))
have been measured in the gas phase. Their values signifi-
cantly exceed the gaseous kinetic rate constant: the total rate
constant of CH,OH"* radical cation disappearance (kq + k)
is equal to 6.7 X 10'? dm® mol ' s~ ! according to Ref. [27]
and 7.2X 10" dm?® mol™' s ' according to Ref. [48]. The
yields of CH,0" and "CH,OH radicals in the gas phase are
almost equal [26]. In the liquid phase these constants were
not measured. In Ref. [27] their values have been assumed
to be comparable with the gas-phase data. This viewpoint is
supported by the authors of most papers on the radiolysis of
liquid methanol (see Ref. [42]). In this case, the lifetime of
CH,OH"* radical cation is shorter than 100 fs. But the elec-
tronic migration of the hole in the solvent, which leads to the
reactions of type (12) in presence of free halide ions, can
occur still faster than the proton transfer (9, 10). So, the
relation of rate constants of similar reactions in concentrated
solutions of NaCl in H,O and D,O is equal to 21 and 25.
correspondingly [49].

Ref. [24] reports the capture of primary holes by bromide
ions studied by pulse radiolysis of liquid methanol with addi-
tion of 0.5-2 M NaBr. However, the authors of Ref. [ 24] can
not cite evidence that a bromine atom is formed just in the
ionic reaction ( 12), other than in the ion-molecular reaction
(13). The last interpretation would not contradict the results
of Ref. [26], because the concentration of Br™ in Ref. [24]
was sufficiently higher.

In the model under discussion, contrastingly to pulse radi-
olysis studies, the oxidation of bromide ion takes place in the
vicinity of negatively charged complex, other than in the bulk
solution. In order for the oxidation to happen, the bromide
ion must effectively compete with methanol molecules for
the CH,OH ™" radical cation, stabilized in the Coulomb field
of IrCle*~ ion. Le., instead of Eqgs. (9), (10) and (12) one
needs to consider the reactions of ion pairs Egs. (9a), (10a)
and (12a).

3- +ey2-
[IrCI;™...CH,OH*"]>~ +CH,OH (9a)

—IrCy~+CH,0"+CH,OH;

3— teq2—
[IrCly ...CH,;OH " ]-~ +CH,0H (10a)

—IrCly”"+"CH,OH+CH,0H,

3 +e12— -
[IrCly™...CH;OH" |-~ +Br (12a)

—1IrCl{” +CH,0OH+Br
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The rate constant of reaction ( 12a) can be estimated using
the formula for rate constants of diffusion-controlled ionic
reactions [50] having regard to the ionic strength effect:

R .
_— 50/ (19)
R exp r} —1

where Ro=734 A is the Onzager radius of interacting ions,
R=R, +R, is the sum of its Van-der-Vaals radii (in our case,
R=82 A), and kyy is the rate constant of diffusion-con-
trolled reaction of neutral species in methanol. Taking
kgir="7%10° dm* mol ~' s~ [51] and 10/=2 (Curve 2 in
Fig. 5), one can calculate kj,,=1X 10" dm® mol™' 7"
Then, using the experimentally found value of parameter
y=20, we conclude that the total rate constant of the ionic
pair [IrCl,>~...CH;OH* "]~ with methanol (kq,+&c.)
does notexceed 5 X 107 dm* mol ~ 's 7', This is by four orders
of magnitude smaller than the minor value of the gas-phase
constant (ko +k,o) =7.2X% 10" M~' s7' [48], used for
the estimation of the lifetime of a hole in pure methanol.
Correspondingly, it turns out that the characteristic life-
time of the discussed ionic pair [IrCly*~...CH;OH*"|*~
(7= 1/ ((ky, + ky0,) X [CH;OH] ) is slightly less than 1 ns.

It should be noted that the occurrence of transient ionic
pairs in the pulsed photochemical and radiochemical exper-
iments is well known in literature. E.g. both in pulse radiolysis
and flash photolysis of CCl,, there occurs a transient optical
absorption band in the region of 470-500 nm [52] . This band
is usually considered to belong to the solvated ionic pair
[CCly*...ClI7 1,0y [52]. The lifetime of such a pair in CCl,
is about 14 ns [52], decreasing with the addition of the polar
solvent.

So, the mechanism involving the formation of the ionic
pair [IrClg*~...CH;0H™ "]~ explains all the experimental
results.

kyzy=k gireX

3.3.3. Oxidation of bromide ion by the secondary excited
state of IrCl® ™ complex

There is another formal possibility of explaining all exper-
imental results on the formation of Br,”~ radical ions. Actu-
ally, it is an alternative mechanism of direct electron transfer
from bromide ion to the light-excited complex considered in
Section 3.3.1. Assume that the primary stage of IrCl,>~ com-
plex photoreduction is as follows. Let the excited (IrCl2 ) *
complex, arising from the absorption of light quantum, be
either deactivated to the ground state or transformed into
another excited state due to monomolecular reaction

IrCl3~ « (IrCl3™ )* - (IrCI, ¥ (20)
kU k:[l
Assume further that the complex in the (IrClg® ™) ** state

reacts, with a probability close to unity, with either a solvent
molecule or bromine ion, which leads to photoreduction by
electron transfer via reactions (7) or (8). The quantum yield
of photoreduction in this case is

= _If_zo_ (21)
k 0 + k 20
and is independent of bromine ot ¢oncentration which is
confirmed experimentally. The relative yield of dihaloid rad-
ical ion is defined by Eq. {17b). The effect of ionic strength,
corresponding to the considered model of an active center, is
shown in Fig. 5 (Curve 3).

The similar schemes of the photolysis of transient metal
complexes which develop further the Adamson models of
radical pairs [53,54], were repeatedly proposed in the liter-
ature. Thus, in Ref. [55], the mechanism of the photolysis
of vanadium (V) chloride complexes is represented as the
reaction of radical pair, following the absorption of light
quantum (reaction 22), with chlorine atom, located in the
nearest environment of the complex

hv

[V37CIT] [V Clm F—»[ V4 QI (22)

According to Ref. [55], the radical pair is actually the chlo-
rine atom, stabilized in the coordination sphere of vanadium
ion.

A similar model may be found in the literature on the
photochemistry of IrCle> ™ complex. In Ref. [ 561, the authors
explain the peculiarities of IrCl;>~ photolysis in aqueous
solutions with addition of free chloride ions, assuming the
existence of two intermediates. The primary intermediate
complex [Ir** (C17)5,CI°]?~ is the chlorine atom, stabilized
in the coordination sphere of iridium ion. The solvation of
this particle gives rise to the secondary intermediate
[Ir** (C17)s(H,0),CI°1?~ which transforms completely
into the end product of photoreaction.

The mode] discussed is used in the literature to explain the
experimental results on stationary photolysis. The data on the
actual recording of these intermediates are unavailable. In our
work, the time resolution of the method does not allow to
extract direct information about the process of bromine atom
formation. Therefore, we only mention the possibility of the
alternative explanation of experimental data without speci-
fying a possible structure of (IrCl,* ") *# intermediate.

Thus, our results on the formation of Br,”™ radical ions
may be explained in terms of the reaction between Br™ ion
and either CH,OH' " radical cation ( 12) or secondary inter-
mediate complex (IrCle> " )*#. To choose between these
possibilities, it 1s necessary to perform experiments on pico-
second time resolution.

3.4. Flash photolysis of IrCl,?~ methanol solutions in the
presence of free Cl™ ions

Laser pulse in methanol solutions of IrCl,*>~ complex with
a concentration of free C1 ™ ions of more than 2 M is followed
by formation of intermediate absorption in the form of a band
with a maximum at 350 nm (Fig. 7) which belongs to the
Cl,’~ radical ion (£=9600 dm* mol™' cm ™' [57]). A rel-
ative yield of CI,”” even with LiCl concentration of about
7 M does not exceed 10% which is substantially lower than
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Fig. 7. Laser flash photolysis of IrCl;" ™ in methanol with 7 M of LiCl

(cuvettee thickness. 1 cm; [ IrCl>~ 1 =6 10~ * M). Changes in the optical

density: just after a laser pulse (curve 1):; 90 us after laser pulse (curve 2):

difference between (1) and {2) (curve 3)—Cl,"~ spectrum.

the yield of Br, ™. The quantum yield of photolysis, in this
case, within experimental accuracy remains unchanged.

A decrease in the Cl,"~ yield, compared to that of Br, ™,
is likely to be related to an increase in the rate constant of
chlorine atom with methanol (2.7 X 10° dm® mol ' s7'
[58]) by more than three orders of magnitude, compared to
the reaction for bromine atom. The rate constant of the reac-
tion between a chlorine atom and chlorine ion is diffusion-
controlled (1.2X10" dm® mol™' s7' {10]). For the
appearance of chlorine atom, there are the same possibilities
as in the case of the system with free bromide ions. Besides,
since Cl,”~ formation is recorded only at large ionic strength
of the solution, one cannot exclude the possibility of the
reaction of chloride ion with methoxy radical CH,O". When
the latter possibility is realized, one may estimate the rate
constant of reaction between CH;O"radical and Cl ~ ionusing
Eq. (17a). This estimation gives the upper limit of this val-
e is 1.8 X 10° dm® mol™' s™', which is by four orders of
magnitude smaller than for iodide ion [26].

4. Conclusions

The formation of dihaloid radical ions Br,”™ and Cl," has
been recorded upon photolysis of methanol solutions of
IrCl,2~ complex in the presence of free halide ions Br™ and
Cl~ . The precursor of X,'~ radical ion is a halogen atom.
The main channel of its appearance is the X~ ion oxidation
by a species which arises in the early stage after electron
transfer from alcohol molecule to the excited complex. This
intermediate may be represented by either the solvent radical

cation CH,OH™ ™ or the secondary excited state of the initial
complex.
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