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Two-photonic photochemistry of NaBr in methanol solutions
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Two-photonic ionization of NaBr in methanol solutions at
266 nm was studied by nanosecond laser flash photolysis.
The mechanism of photolysis includes reactions of a solvated
electron and a dibromide radical anion. For quantitative
description, two-photonic ionization of methanol should be
taken into account.
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Second-order processes can play an important role in laser flash
photolysis experiments.'™ Irradiation by a focused laser beam
can initiate two-photon (simultaneous absorption of two photons
via a virtual state’) and two-quantum (absorption of a second
light quantum by an excited state of a molecule®) processes. The
rapidly developed fields of biphotonic process applications are
organic synthesis,? photon upconversion,* two-photon excited
photodynamic therapy (2PE-PDT)’ and two-photon fluorescence
microscopy.® The laser flash photolysis experiments are often
performed in aqueous and methanol solutions, and these solvents
can be ionized under irradiation at 266 nm (frequently used 4™
harmonics of a YAG laser) with the formation of an aquated
(solvated) electron.”!? This two-photon process should be taken
into account when working with water and methanol, as it can
significantly influence the overall kinetic scheme.

In this work, we report on two-photon ionization of a bromide
anion in methanol. Photochemistry of aqueous Br~ solutions was
studied previously,'"!? and in both cases the reaction was driven
by low-intensity irradiation at A <250 nm in a one-photon
regime. Our study was inspired by the efforts in understanding of
Br;~, Cl5” and BrCl'™ radical anions’ formation and laser flash
photolysis-induced decay of hexahalide complexes of platinum
metals in the presence of free halide anions in aqueous'*~!> and
methanol'® solutions. When these experiments are performed
with the excitation at 266 nm, two-photon processes both for
solvent molecules and halide anions must be considered. We
performed herein the two-photon formation of Br3~ upon the
266 nm laser flash photolysis of NaBr in methanol. To our
knowledge, this is the first communication on the two-photon
ionization of the Br™ anion. Experiments were performed using
the laser flash photolysis setup described in detail.'”

The dissociation constant of NaBr in MeOH is 0.04 M,!$ and
so at high concentrations dissociation, of the salt is not complete.
The dependence of the ionic strengths of the solution vs. the
initial salt concentration is presented in Online Supplementary
Materials, Section S2. Sodium bromide does not absorb at the
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irradiation wavelength [266 nm, Figure 1(a)]. Despite that,
irradiation by the focused laser beam resulted in the formation of
absorption with the maximum at 270 nm [Figure 1(b)], definitely
belonging to the Brj anion. !

In addition, intermediate absorption was detected in the laser
flash photolysis experiments. Intermediate absorption spectra
are shown in Figure 2(a), and an example of a kinetic curve is
presented in Figure 2(b). There are two species responsible for
the intermediate absorption spectrum. The initially formed wide
band covering all the visible spectral range (with the weakly
pronounced maxima at 600 and 750 nm) belongs to the solvated
electron eg,.>° The band with the maximum in the range of
380 nm, which became pronounced after the decay of a solvated
electron [see spectra corresponding to the time delays 0.8 ps and
longer in Figure 2(a)], belongs to the Br;™ radical anion (see
works?02l for aqueous solutions and work!® for methanol
solution). The formation of Bry™ is the result of the two-photon
ionization of a bromide anion [reaction (1)] followed by the
capture of a bromine atom by another bromide anion
[reaction (2)]. The two-photon character of the radical anion
formation is supported by the parabolic dependence of the Br;~
absorption amplitude on the laser pulse energy (Figure 3). The

rate constant k, was measured to be 1.2x10'% dm? mol™! s7! in
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Figure 1 (a) Electronic absorption spectrum of NaBr (0.05 M) in MeOH.
(b) Results of focused laser beam irradiation (266 nm, 200 mJ cm™2) of
0.5M air-saturated NaBr in MeOH. Curves / and 2 are the spectra
corresponding to 0 and 1000 laser pulses.

- 187 -


https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
https://en.wikipedia.org/wiki/Photon
mailto:glebov@kinetics.nsc.ru

Mendeleev Commun., 2025, 35, 187-189

1 1 1 1
300 400 500 600 700 0 50 100 150
Alnm tus

Figure 2 Results of laser flash photolysis (266 nm) experiment with 0.5 M
NaBr in MeOH (1 cm cell, air-saturated solution). (a) Time evolution of
intermediate absorption spectrum. (b) Example of an experimental kinetic
curve with modeling using reactions (3), (4), (8) and (12a) with
the rate constants k;=35.5%x10%, k,=5.8x10?, kg=4.0x10® and
ki2a=6.0x10° dm® mol! s7!, as well as &=9000 dm® mol~' cm™! and
residual absorption corresponding to the product Br3.

water?2 and 1.5 10'° dm3 mol~! s! in acetonitrile;? in methanol
it should be similar. At 0.5 M of Br, the characteristic lifetime of
Bry” formation is ca. 0.2 ns; i.e., at the end of the laser pulse all
the bromine atoms have formed radical anions.

2hy

Br- m’ Br' + egly (1)
. ky —

Br' + Br —— Br) 2)

Bry + Briy Br; + Br~ 3)

Br;~ + CH;0H ‘CH,OH + 2Br + H* 4)

Now, let us discuss the kinetics of intermediate absorption
decay [see Figure 2(b), as an example]. In the time interval
t>5ups, all the reactions with the participation of ey, are
finished, and Br;™ is the only absorbing species. Assuming that
disproportionation [reaction (3)] and reaction with methanol
[reaction (4)] are responsible for Br;~ decay, the kinetics curves
[see Figure 2(b)] can be fitted by the combined (1+2) order
reaction kinetic law equation:

Here ¢ is the molar absorption coefficient of Br5~, [ is the
optical path length, k; = k,x [CH;0H], k, is the bimolecular rate
constant of reaction (4), [CH;0H] is methanol concentration in
neat methanol (24.7 M), k5 is the rate constant of reaction (3),
and Ag, is the residual absorption caused by Br; formation.!® In
the course of the fitting procedure, the value of k, was taken
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Figure 3 Results of laser flash photolysis (266 nm) experiment with
0.5 M NaBr in MeOH (1 cm cell, air-saturated solution). Dependence of
Br5™ absorption amplitude on the laser pulse energy. Experimental points
and parabolic fit.

equal to 5.8x 10> dm?® mol~' 57! (see ref. 16) and was not varied
(it is reasonable, because this rate constant does not depend on
the ionic strength of the solution); A, Ag, and k3/e were varied
parameters. The value of ky/e was found tobe =(6.2 £0.6) x 103 s~!.
Taking the maximal value of Br;” molar absorption coefficient
equal to 9000 dm? mol~! cm™,2! we obtained the value of the
second order rate constant k; = (5.6+0.6)x 10° dm3 mol~! s~
However, the value of k5 in methanol measured previously is an
order of magnitude less: k;~5.5x10% dm3 mol!s! (see
published data'®%), which is 5-6 times lower than in aqueous
solutions.?> The values of ionic strengths in this work and
previous work?* were comparable (for discussion of the ionic
strength effect on the rate constant of ionic reactions see Online
Supplementary Materials, Section S3). Therefore, fast decay of
Br;™ can be explained by other second order reactions than
disproportionation [reaction (3)].

Other possible reactions (5)—(15) followed the primary
process [reaction (1)] are initiated by the solvated electron. Their
rate constants apart from reaction (13), as well as estimated
characteristic lifetimes of these reactions, under our experimental
conditions, are presented in Table S1 (see Online Supplementary
Materials, Section S4). The absence of information about the
self-reactions of superoxide and HO; radicals and their reactions
with methanol most likely indicates that these reactions are
insufficient. The reaction between Br;™ and the peroxy radical
*OOCH,O0H also seems improbable.

By + egy 5 . opr )
¢ + CH:OH —*> CH,0 + H' ©)
Csolv + Oy 0y @)
Br; + O3 2Br + O, (8)
By + H' 2Br + H* ©)
H' + CHOH —» “CH,OH + H, (10)
H + 0, L HO; (11)
HO, + By — 2+ 2Br 4 H* +0, (12a)
HO5 + By~ Br, + HO, (12b)
Br;” + ‘CH,OH M5 L Br 4 CHO +HY (13)
‘CH,OH + O, *00CH,0H (14)
2°CH,0H 85 o products (15)

Despite the large quantity of reactions followed the primary
process [reaction (1)], there is no possibility to explain the
observed fast decay of Br;™ in air-saturated solutions. According
to the rate constants of reactions (2)-(15) (see Table S1), the
presumable way of eg,, decay is the formation of superoxide
[reaction (7)]. However, its reaction (8) with Br;™ is an order of
magnitude slower than it is necessary for successful fitting of the
experimental data. That is why, in addition to reaction (1), we
consider the two-photonic ionization of methanol under the
266 nm laser irradiation. An example of a kinetic curve of the
solvated electron decay is shown in Figure S3.

2hy

CH;OH
CH;OH

"‘CH,OH + egy + HY
"CH,OH + H'

(16a)

2hy (16b)

Reaction (16a) does not provide channels for Br;~ decay in
air-saturated solutions additionally to reactions (1)—(15), because
the hydroxymethyl radical would rapidly react with the dissolved
oxygen [reaction (14)], giving the inactive peroxy radical.
However, one can assume that an electron and a proton can
recombine in the solvent cage, resulting in the primary process
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represented by reaction (16b). In this case, the formation of a
hydrogen atom became sufficient. Two main channels of its
decay [reactions (10) and (11)] have almost equal probability,
and reaction (12a) between Br;~ and HO; can give the necessary
additional channel of the dibromide radical anion decay. The
kinetic curves of Br;~ decay were fitted by the solutions of
differential equations corresponding to reactions (3), (4), (8) and
(12a) with the rate constants (see Table S1) with the possible
corrections to the ionic strength. An example of a fit is shown in
Figure 2(b). Fit results are not unambiguous, because the two
parameters, namely, the rate constant k;,, and the initial
concentration of the HO; radicals can be varied simultaneously
in opposite directions. Only outdated results for k,, with large
scattering are available in the literature (see Table S1); this rate
constant should be re-examined using modern experimental
techniques. At the moment, we can say that the value of k,, falls
into the interval (2—7)x 10° dm? mol~! em™!.

Summarizing, we have reported on the two-photonic process
for Br™ in methanol [reaction (1)], leading to the formation of a
Br; radical anion. This process is accompanied by two-photonic
photoionization of methanol. The results are presumably
qualitative. Further study is necessary to determine cross-
sections of two-photonic processes as well as to re-examine
several rate constants important for the quantitative description
of the process.

The work was supported by the Russian Science Foundation
(grant no. 23-13-00226).

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7607.
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