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The photochemistry of halomethanes is fascinating for the complex cascade reactions toward either
the parent or newly synthesized molecules. Here, we address the structural rearrangement of photodis-
sociated CH,IBr in methanol and cyclohexane, probed by time-resolved X-ray scattering in liquid
solution. Upon selective laser cleavage of the C—I bond, we follow the reaction cascade of the two
geminate geometrical isomers, CH,I-Br and CH;Br—1. Both meta-stable isomers decay on different
time scales, mediated by solvent interaction, toward the original parent molecule. We observe the
internal rearrangement of CH,Br—I to CH,I-Br in cyclohexane by extending the time window up
to 3 us. We track the photoproduct kinetics of CH,Br—I in methanol solution where only one iso-
mer is observed. The effect of the polarity of solvent on the geminate recombination pathways is

discussed. Published by AIP Publishing. https://doi.org/10.1063/1.5005595

l. INTRODUCTION

A typical photochemical reaction is initiated by the
absorption of light by a molecule which goes in an excited
state and generally fragments. From these states, the reac-
tion can proceed via one or several short-lived intermediate
states and end with some product in the ground state. While
being stable molecules, the original and final products can
be structurally different. Owing to the fragmentation of the
parent molecules, the solvent-caged geminate recombinations
of the fragments are generally faster than the non-geminate
ones, which take place at longer time scale. If the gemi-
nate recombination reaction produces metastable molecules,
such as isomers or complexes, then the lifetime of these
transient molecules are significantly long, on the order of
nanoseconds.

One way to resolve the molecular structural rearrange-
ments and intermediate states during a photochemical reaction
is to use Time-Resolved Wide Angle X-ray Scattering (TR-
WAXS)!=® which has emerged as a powerful technique for
observing the structure and kinetics of transient photochemical
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intermediates in solution, from small molecules containing
some heavier atoms to biological macromolecules. For exam-
ple, the kinetics of the photo-initiated reactions have been
studied for Hgl, in methanol,” CHI3 in methanol® and cyclo-
hexane,’ CBry4 in methanol,'® CH,I, in methanol and in cyclo-
hexane,''? I, in CCl4'3-!5 and in methanol,'® Br, in CCly,!”
and I3~ in methanol, water, and acetonitrile. 18.19 The structural
changes in hemeproteins,”>~2> various proton pumping mem-
brane proteins,”®3° photosynthetic groups?! and lipidic multi-
layers,?” and gold trimer complexation® have been resolved.
Variations of the density of the solvent during thermal expan-
sion are also followed in real time,'33*-3¢ and intramolecular
displacements of the solvent atoms of few hundredths of A
have been inferred.!>!437-3% TR-WAXS is a valuable com-
plement to time-resolved spectroscopy because it provides
structural information on the reaction transient intermediates,
although such structures are based on quantum chemistry cal-
culations to determine the in vacuo topology of the possible
intermediate, and on molecular dynamic (MD) simulations to
determine the topology in solvent.

The photochemistry of organo-halides* is of strong inter-
est in atmospheric chemistry due to their ozone depletion
ability in the stratosphere.*'~* In particular, dihalomethanes
have been recognized as potentially important since they
are naturally emitted into the atmosphere as bio-products of
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several terrestrial and marine living beings***° with an appar-

ently puzzling chemistry.’*=3 Dihalomethanes are used in
many synthesis reactions: ultraviolet photolysis of CH,I, and
CHI; in solutions is widely used for photocyclopropanation
of alkanes via CH,I-I or CHI,-1.*%° Bromoiodomethane,
CH,IBr, with two different carbon halogen bonds, is the proto-
type to study bond selective excitation®'~%3 and optical control
of bond cleavage.®*® Various computational studies®®® on
CH,IBr have prompted us to investigate the possibility to
optically control certain reactions. Organo-halides, contain-
ing some heavy scattering atoms such as either bromine or
iodine, are small molecules whose photoreactions function as
a benchmark to determine the time and spatial resolution of
TR-WAXS.

Di-iodomethane, CH, 15, is closely related to CH,IBr, and
its photochemistry in solution is characterized by the geminate
formation of an ns-transient isomer, CH,I-I. The former iso-
mer identification and the reaction mechanisms of the photo-
fragments outside the solvent cage were originally determined
in acetonitrile by femto-seconds pump-probe spectroscopy by
Tarnovsky et al.%° on the basis of the similarity of the observed
product absorption spectra to those one previously observed
in cold matrices by Maier et al.’%"! The cited absorption spec-
troscopy results were promptly confirmed by Zheng et al.””
at ns-time scale and Kwok et al.”® at ps-time scales. More
recent experiments, made in the TR-WAXS framework both in
polar (methanol) and in non-polar (cyclohexane) solvents, con-
firmed the photoreaction schemes in the ns-time scale albeit
the lifetime of the transient isomer CH,I-I was significantly
different in the two solvents.!"!? Tarnovsky er al.>® came to
similar conclusions for analogous photoreactions in n-hexane,
dichloromethane, methanol, and ethanol.

The photochemistry in solution of bromoiodomethane,
CH,IBr, seems to be similar, but significantly more compli-
cated due to the two different halogens.”* In the gas phase,
CH,IBr exhibits two prominent UV absorption bands: excita-
tion of the A-band around 260-270 nm favors C-I bond cleav-
age; excitation of the B-band around 220 nm favors C—Br bond
cleavage. Similarly, the cleavage energies for the C-Br and
C-I bonds hold in gas phases for the more complex photoiniti-
ated dissociation reaction of the analogous bromobutane.”>’¢
The same observations hold in solution phase.”?’377-80

Either Kwok et al.”? and Zheng and Phillips’’ pointed
out that CH,Br-I, which is observed in cyclohexane, could
undergo an intramolecular reorganization to form a second
geometrical isomer CH,I-Br; see the reaction scheme in Fig. 1.
Quantum mechanical (QM) calculations assign a 2.7 kcal/mol
lower energy to CH,I-Br than to CH,Br-I1% hinting to
CH,I-Br as metastable intermediate of the ground state
relaxation cascade to CH,IBr. To identify a possible path-
way between CH;Br-I and CH,I-Br, new quantum chem-
istry calculations in the framework of CASPT2 were done.’*
We searched for a conical intersection in the energy land-
scape corresponding to a transition between the two isomers.
Unfortunately we did not find any solution.

Albeit thermodynamical considerations favor the forma-
tion of CH,I-Br from CH;,Br-I, this fact is questionable
from the point of view of transition state quantum chemistry
calculations.
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FIG. 1. Reaction cascade: following UV excitation of CH,IBr, the photo-
fragments partially recombine to form CH, Br-I that converts later to CH,IBr.
The interconversion between CH,Br-I and CH,I-Br (blue arrow) is thermo-
dynamically favorable. Any reaction involving I is not considered here. Values
indicating isomer difference in energy versus the ground state are taken from
Liu et al.%® Axes are not to scale.

Previous investigations carried out by femtosecond
transient absorption spectroscopy’® " and nanosecond and
picosecond transient resonance Raman spectroscopy’>’3"7
have indicated that two different isomers, CH,I-Br and
CH;,Br-I, are formed by a geminate recombination in the
solution phase. In a ns-transient resonance Raman study in
cyclohexane, Zheng and Phillips’’ observed the formation of
CH,I-Br following A- and B-band cleavage. Furthermore, the
same authors observed the formation of CH,Br-I decaying on
a time scale of a few nanoseconds, thus explaining the absence
of the CH,Br-I isomer on a longer ns-time-resolved Raman
experiment. The remaining question was whether CH,I-Br
is formed initially by the geminate recombination or via
isomerization of the initially formed CH,Br-I.

Tarnovsky et al.”® observed the formation of the CH, Br—I
following excitation in the A-band in a femtosecond transient
absorption experiment in acetonitrile (lifetime 2.5 ns). Tang
et al.”® demonstrated that in 2-butanol CH,Br-I was the only
photo-product formed after excitation in the A-band. However,
they stated that there might be indications of the formation of
another photo-product on a ns-time scale. They also performed
two photon excitation experiments at 395 nm and 405 nm and
observed a significant change in the relative photo-product
yields of the two isomers.

The photolysis of CH,IBr and other dihalomethanes in
water/acetonitrile and saltwater/acetonitrile at 266 nm has
been investigated by ps-time-resolved resonance Raman spec-
troscopy:®18% only the fingerprints of CH,Br—I were found,
with decay times from ~2.3 ns in acetonitrile to 0.1 ns in a
solution of 75% of water and 25% of acetonitrile. In fact, polar-
ity and proticity of water allow us to eliminate the CH,Br—I to
HI and HBr acids, and to produce methanediol [CH,(OH);]
by water catalyzed OH insertion.

Anderson et al.®3 used ultrafast transient absorption spec-
troscopy of UV photoexcited CH,IBr in a series of four
solvents (from apolar to polar), and captured the photochemi-
cal process involving CH,IBr in cyclohexane. In their anal-
ysis, both isomers are assumed at time zero. Two decay
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channels were observed for CHyBr-I: 90% decays to the
ground state, whereas the remnant first gives rise to the
metastable isomer CH,I-Br that subsequently relaxes to the
ground state. The lifetime of CH,;Br-I was estimated to be
1.4 ns, which is comparable with the lifetime of CH,Br—I in
acetonitrile.

In this report, we yield novel insights into the complex
photochemistry of CH,IBr in cyclohexane and methanol. We
show how the reaction cascade from the photo-excited state
follows different paths in two solvents. Our reaction scheme
and kinetics model are corroborated by Quantum Mechan-
ical (QM) and Molecular Dynamic (MD) calculations. In
this way, we can follow the photochemistry of CH,IBr as
seen by X-ray scattering by extending the analysis in time-
delays not yet explored by both UV-VIS and IR spectroscopy
methods.

Il. EXPERIMENT AND METHODS
A. X-ray data collection

X-ray data collection was carried out at the dedicated
time-resolved beamline IDO9B at the European Synchrotron
Radiation Facility (ESRF) by employing a pump-probe col-
lection scheme with laser-off and laser-on measurements as
the same way as in a similar experiment.'?

Samples consisted of 20 mM of CH,IBr (99%, stabi-
lized, Arcos Organics) dissolved in either methanol (99.5%,
Arcos Organics), corresponding to 1235 solvent molecules per
solute molecule or in cyclohexane (99.5%, Arcos Organics)
corresponding to 460 solvent molecules per solute molecule.
Samples were pumped through a sapphire nozzle creating a
stable flat jet with a thickness of approximately 300 um. The
total volume of each solution was 300 ml, ensuring that the
contributions from products throughout the experiments were
negligible.

The solutions were excited with an ultraviolet laser pulse
(4 =267 nm, E =40 pJ, and 2 ps in duration) focused to a spot
of approximately 160 um in diameter and aligned to a posi-
tion of a few mm from the nozzle and subsequently probed
by scattering from an X-ray pink beam®* pulse (AE/E = 3%,
E =17 keV, Iy ~ 10° photons, and 7 = 100 ps in duration)
after an electronically set time-delay At, after the laser flash,
in the range of 0.2 ns to about 3 us (laser-on). Measurements
at negative time-delay At = —3 ns were used to assure for
any X-ray intensity drift (laser-off’) and to measure the sam-
ple in equilibrium. Scattered X-rays were recorded on a two
dimensional charge coupled device (MarCCD) and processed
using FIT2D.%3 The pump-probe sequence was repeated at
1000 Hz, and each image was exposed for 10 s. The flow rate
of the jet was sufficiently high to provide fresh sample for each
pump-probe cycle.

To monitor the temporal changes in solution, the dif-
ferential intensity was computed by subtracting the laser-off
scattering from the laser-on scattering recorded at a speci-
fied Ar. After rejection of outliers, 10-20 two-dimensional
scattering datasets were averaged to improve the signal-to-
noise ratio. The difference signal has also been corrected for
polychromaticity of the X-ray beam.
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FIG. 2. Extinction coefficient spectra of CH,IBr in methanol and cyclohex-
ane solution. The solvent causes a shift in the absorption peak at both the C—Br
and C-I chromophores with respect to the gas phase.

B. Absorption spectroscopy on CH,IBr

Absorption spectroscopy measurements of the same solu-
tions were performed in a Cary 5000 (Varian) spectrometer.
The results are shown in Fig. 2. The collected spectra were
deconvoluted in three Gaussians for each of the two absorption
bands as done before.®>’8 In particular, it is widely accepted
that the A- and B-bands are the results of three overlapping
electronic transitions, from the ground state to the 3Q1, 3Qo,
10, excited states, with increasing energies and localized on
ny — o and ng; — of g, respectively.

In Fig. 2, it can be observed that the solvent shifts the
absorption peak at both the C—Br and C-I chromophores with
respect to the gas phase.®’:83 In particular, the absorption in
cyclohexane is red-shifted, whereas in methanol it is blue
shifted. Such behavior is influenced by the different polarities
of the solvents.®3

Results of six Gaussians’ fitting (not reported here) clearly
show no contribution of the B-band, neither in cyclohexane nor
in methanol, at the wavelength of A = 267 nm. It can be con-
cluded that the formation of the CH,I-Br in the solvent cage
just after the UV photodissociation is unlikely. This result also
highlights the absence of any kinetics involving Br-. Even if
there is some natural amount of Br, molecules, the contribu-
tion to the scattering would be negligible and on the limits
of sensitivity of the TR-WAXS method. For the same reason,
any contribution to the scattering from Brl was neglected in
the analysis.®?

C. Structural calculations of reactants
and photo-products

The in vacuo optimization of geometrical structures
of CH,IBr, CH,I-Br, and CH,;Br-I was performed at the
DFT/B3LYP level of theory using the Gaussian03 program.®’
The aug-cc-pVQZ basis set was used to optimize the structure
for H, C, and Br atoms, whereas aug-cc-pVQZ-pp basis set
functions were used for I atom. The results of structure opti-
mization and frequency calculations were used to parametrize
the molecules in the framework of the Optimized Potentials
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for Liquid Simulations (OPLS)®%% force field inter-atomic
interaction approximation, specifically designed for liquids, to
create the topology for successive Molecular Dynamic (MD)
simulations.

Gromacs 4.6.3°%%* was used to perform the MD simu-
lations. Briefly, no atomic bond constraints were applied in
the simulations, and the temperature was set to 300 K. The
simulation boxes, whose sides were approximately 24.5 A
for methanol and 34 A for cyclohexane, contain 216
molecules: one solute molecule (CH,IBr, CH,I-Br, CH,Br-I,
or CH;Br:) and 215 solvent molecules (methanol or cyclo-
hexane) to approximate the experimental solution concentra-
tion. After NVT and NPT equilibrations, the simulated time
of the individual MD simulation was 4 ns with 1 fs time
steps.

MD simulations were used for checking the influence of
solvents on the structure and to compute the radial distribu-
tion function of all the interesting molecules. The exclusion
of the bond constraints in the MD simulations leads to slight
changes of the geometries of the target species in the sol-
vent. In particular, it affects the [-C—Br, C—I-Br, and C-Br-I
angles by altering the distances between I and Br which, being
the electronically heaviest atoms, are the proxies in the X-
ray scattering to resolve any structural change. The output of
QM calculations and MD simulations for halogene distances
in CH,IBr, CH,I-Br, and CH,Br-I in vacuo and in both sol-
vents is reported in Table I. The atomic distances for I, I,™,
and I3~ species are instead taken from previous experimental
results.'?

We used the results of the MD simulations to calculate the
radial distribution function g;;(r), defined as

(pi(r))

, 1
<pj>l()cal M

gij(r) =
where (p;(r)) is the density of particle j at the distance r from
particle i, and {p;)oca is the particle density of j integrated
over a sphere of infinite radius around particles i. The g;;(r)
is the input parameter for the calculation of the total X-ray
scattering intensity S in liquid solution; see Eq. (3). Beyond
this classical modelization, a new method to decipher solution

X-ray scattering by using experimentally guided MD simula-
tion has recently become available.”?

TABLE I. Computed I-Br distances in CH,IBr, CH,I-Br, CHp Br—1 in vacuo
and in the solvents. CH,IBr and isomers are let to relax in the solvent during
the MD simulation.

Solvent r (A) Gaussian r (A) Gromacs
in vacuo 3.36 X
CH,IBr Cyclohexane X 3.371
Methanol X 3.377
iso- in vacuo 2.889 X
CH,I-Br Cyclohexane X 2.885
Methanol X 2.992
is0- in vacuo 2.768 X
CH;Br-1 Cyclohexane X 2.690
Methanol X 2.745

J. Chem. Phys. 148, 134307 (2018)

D. Data analysis

The general expression for the total X-ray scattering
intensity in liquid solutions, S, as a function of ¢ is written
as

St@) = Y N fi@)® + Z Z NiNifi(@)fj(q)

i i

sin gr
. / 4rrpo (g — 1) gy, )
v qr

where f;(q) is the atomic scattering form factor, 7 is the total
number of chemical elements in the sampling volume V, N; and
Nj are the number of ith and jth types of atoms, py is the aver-
age density of the sample, and g;;(r) is the radial distribution
function defined by Eq. (1).

Diffuse scattering from a liquid solution is a linear com-
bination of three scattering terms: solvent-solvent scattering
Ssoiv, solute-solute scattering Sy,;, and a cross term related to
the solute-solvent scattering S,

S(q) = Ssoiw(q) + Ss01(q) + Sx(q). (3)

The largest X-ray scatterers are the molecules that con-
tain I atoms. In particular, I3~ in methanol is the largest one,
although it contributes only at the longest time-delay. Among
the two possible isomers, both have the same weight in the
total scattering, albeit mediated by their concentrations. The
total X-ray scattering from the latter two is however differ-
ent because the bond distances among Br and I are different
between the isomers. The diverse molecular topology causes
oscillations at different g-points; see, for example, Fig. 3. If we
want to list the X-ray scattering cross section from the largest
to the smallest observable, then I3~ > I~ > I, > CH,Br-1
~ CH,I-Br.??7

Then the experimental difference scattering intensity is
given by

AS(q, A1) = ASsoiv(q, A1) + ASsoi(q, Ar) + ASx (g, AD),  (4)

where AS;,;,(g, At) will be non-zero mainly due to the induced
heating in to the system. ASy,(q, Af) is the solute-only
term reflecting changes of the internal structure of the solute
molecules. ASx(g, At) is the solute-solvent cross term reflect-
ing organization dynamics of the solvent around the solute
molecule.

In the low g region, the differential scattering is domi-
nated by a large time-dependent feature that is related to the
solvent response to induced heating released in the reaction
[Figs. 4(a) and 5(a)]. Two temporal regions can be identi-
fied by using Singular Value Decomposition (SVD):*® the first
region, At < 50 ns, is characterized by the non-relaxed heat-
ing of the system, whereas the latter, At 2 50 ns, is related
to the density change of the hot solvent.>* The weak oscilla-
tions at ¢ > 3 A~! in the methanol solution and at g > 2 A~!
in the cyclohexane solution represent the change in molecular
composition.

The ASs,, will be treated based on experimental obser-
vations for pure solvent, following methods well devel-
oped and accepted.®3*99-101 The relaxation of spontaneously
excited bulk solvent occurs with some time lag. Therefore the



134307-5 Marcellini et al.
7—AS(CHQIBr — iso-CH,I-Br)
AS(CH,IBr — iso-CHyBr-I)
0
b=
=)
38
-
=
=
0
<

AS(CH,IBr — iso-CH,I-Br)

s AS(CH,IBr — iso-CH,Br-I)

AS(q) (Arb. Units)

[=)
T

FIG. 3. Examples of computed ASyx + AS;,; for the specified transitions in
the case of methanol (top) and cyclohexane (bottom). For g < 2.5 A1, the
differential signal AS is dominated by hot solvent expansion. Upward pointing
arrows indicate scattering peak positions.

solvent scattering ASj,;, term can be linearly expanded in terms
of hydrodynamic equation for a liquid, such as

as as
ASso10(g, Al) = (ﬁ) AT(Ar) + (%) Ap(An),  (5)
T

e

where AT(At) and Ap(At) are the change of temperature and
density, respectively. The two partial derivatives (g—;)p and

(g—z)T represent the change in the scattering intensity caused
by the temperature change at constant density (valid at short
time-delays) and the diffraction intensity change due to expan-
sion of the solution at constant temperature (valid at long
time-delay), respectively.>* By scaling the experimental sol-

vent components (%)p and (g_,i)r to the experimental scat-

tering signal at the low q region (0.5 < ¢ < 1 A™!), the heating
signal can be removed from the dataset for the further analy-
sis of molecular rearrangements. The experimentally obtained
partial derivatives used in the analysis of the solvent dynamics
have been published elsewhere.>*%°

To compute

ASso1(q, Al) + ASx (g, Ab), (6)

J. Chem. Phys. 148, 134307 (2018)

we have to take all significant reactions into account. Thus,
the terms of Eq. (6) were computed for the following reactions:

CH,I - Br — CH;IBr,

CH;,Br — I — CH;IBr,
CH,Br: + 1. — CH,IBr.

The total theoretical scattering S(g) has to be scaled to the
experimental one to determine the scattering from one unit
of concentration. The experimental scattering collected at
At = =3 ns has been used to determine the scaling constant
at the main solvent peak near 1.5-1.7 A~'. The same scal-
ing constant could be applied to the simulated scattering from
photoproducts with adjustment for the concentration in com-
puter simulations. Thus, the concentration of the photoprod-
ucts could be obtained directly from the fitting. A few examples
of simulated scattering differences for the solutes are shown in
Fig. 3.

The fitting to the experimental scattering differences has
been performed in the ¢g-space by minimizing the quantity y2,
defined as

x 2

Zn: qi Z ¢;iSi(qi) — Sexp(qi)
) _ =

Jj=1

n—k-1 ’ ™

where n is the number of data-points, k is the number of fit-
ting parameters, so n — k — 1 is the number of degrees of
freedom, ¢; is the fitting coefficient to be optimized, and S;
and Seyxp are theoretical scattering and experimental scatter-
ing, respectively. The multiplication by g amplifies the small
signal-to-noise ratio at high g region that is dominated by the
fingerprints of the photoproducts. Here we fit each AS(g, At)
finding the smallest y? for every At.

The interpretation of the fitting can be complemented
with Fourier-analysis of the scattering data, i.e., we compute
the sinus-Fourier transform rAS(r, At) of the experimentally
observed differential X-ray scattering given by!!!3:14.102

rF(S(g, At)) = rAS(r, At)

1 M g2 .
=— / qAS(q, At) e P 7 sin(grydg,  (8)
272 Jg,
where (8 is a dumping constant which accounts for the finite
domain of the sinus-Fourier transform, and ¢,, and g, define
the limits of the integration.

A collection of Fourier transformed scattering Eq. (8) for
both solutions is shown in Figs. 4(c) and 5(c) for cyclohex-
ane and methanol, respectively. The rF(S(g, At)) represents
the change in radial electron density averaged over all atoms.
However, the transformation might be affected by artifacts due
to the integration limits ¢, and gy, in Eq. (8).'%% Therefore the
real space representation is hardly used for an exact calculation
of molecular rearrangements, but very helpful to qualitatively
identify the trends in the change of electron density.

E. Analytical model

To draw a simplified kinetics model for the photochemi-
cal reactions, it is valuable to include previous knowledge to
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FIG. 4. (a) Difference scattering in cyclohexane for par-
ticular time-delays. The inset shows pure solvent expan-
sion. (b) Fitting of the difference scattering. The solvent
contribution was preliminarily subtracted. Dashed line
indicates the first negative peak position corresponding to
the depletion of distance between I and Br in the ground
state of the CH,IBr. (c) Real space representation of col-
lected scattering patterns. Vertical dashed line shows the
distance between I and Br atoms in the ground state of
the CH,IBr molecule. The g-space — r-space transfor-
mation details and description are in the text. (d) Kinetics
of photoproducts in cyclohexane solution. Solid squares
and circles are experimental values measured by X-ray
scattering fits; lines are fits to kinetics equations (11),
(12), and (9). Borders of the shaded band represent two
solutions corresponding to various initial concentrations
of CH, I-Br as discussed in the main text. Concentrations
of monoatomic iodine ions were calculated because these
ions do not contribute to the WAXS signal. We refer the
reader to Sec. II E for detailed information.

product. We cannot follow monoatomic ions in our fitting.
We can only implicitly include the disproportionation of
iodine di- and triatomic ions into the fitting of the experi-
mental data. Given the assumption that the concentration of
CH;Br- should change insignificantly in the us-time frame

FIG. 5. (a) Difference scattering in methanol for particu-
lar time-delays. The inset shows pure solvent expansion.
(b) Fitting of the difference scattering. The solvent contri-
bution was preliminarily subtracted; however, later anal-
ysis shows the residual contribution of the solvent in the
signal. Dashed line indicates the first negative peak posi-
tion corresponding to the depletion of distance between
I and Br in the ground state of CH,IBr. (c) Real space
representation of collected scattering patterns. Vertical
dashed line shows the distance between I and Br atoms
in the ground state of the CH,IBr molecule. (d) Kinetics
of photoproducts in methanol solution. Solid squares are
experimental values measured by X-ray scattering fits;
lines are fits to kinetics equations. We do not directly
observe in the X-ray scattering the contributions from
I. We estimated the concentration of I3~ at the longest
time-delays and we back traced following its kinetic equa-
tion. The concentration of I, ™ was computed by knowing
the concentration of I3~ and the diffusion rate of I in
methanol. We refer the reader to Sec. II E for the taken
assumptions. CH, Br—I decays with an estimated lifetime
of ~0.9 ns.
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and the absence of structural isomers of CH,IBr at the us-
time scale,!'2 we have fitted the microsecond time delays
(0.5 ps, 1 ps, and 3 us) assuming only the CH,Br- and I, con-
tribution to the differential X-ray scattering in cyclohexane,
and, respectively, CH,Br- and I3~ in methanol. Fitted aver-
age concentration of the CH,Br- was backpropagated and kept
constant for all the time delays. Concentrations of I, in cyclo-
hexane and I3~ in methanol were backpropagated based on
the respective reaction model for every system. Furthermore,
the concentration of I~ in methanol solution was calculated
based on the I3~ concentrations and incorporated into the
fitting of the experimental scattering. The reactions involv-
ing iodine species have been considered diffusion-controlled.
Predicted values for diffusion rates of I- in cyclohexane
(6.48 x 10°M~! s71) and in methanol (1.10 x 10'°M~! s71)
have been used.!?

Furthermore, owing to the weak halogen-halogen bond,
we have tested the breaking of the initially formed CH,Br-I
to CH,Br- and I-. The incorporation of this reaction into the
fitting does not significantly improve it. This result can be
partially explained by the poor signal-to-noise ratio of the col-
lected data at high g. Moreover, the outcome of this modified
fitting does not alter the main conclusions about which iso-
mers are formed and how they decay, despite a small increase
of the initial concentrations of isomers, which is compensated
by a large estimated error of about 10% in the determination
of the concentrations. Albeit the formation of CH,Br- and I-
is a probable decay channel for the CH,Br-I isomer, simi-
larly to the work of Vincent et al. 12 for the CH,I-1, we could
only implicitly follow this process and could not recover a
conversion rate of this process, unlikely for the decay of the
CH,Br—I isomer to the ground state. Therefore, we oversim-
plified our model to reject any breaking and releasing of I from
CH,Br-1.

Therefore, the fate of I species in cyclohexane is kineti-
cally fitted by the following kinetic equations:

L+ 51, 1 =k(IP. ©)

In polar solvent, the I species go through a disproportionation
reaction, as Rowley and Meyer have exhaustively character-
ized in acetonitrile,'®® such that the following equations are
valid:

L+- 5L, rm=k(IP),
L™+ 557, r3= k(L) (10)

where, in both models, r; and k; are the recombination and
diffusion rate constants.

To eliminate the possibility of Br ions or radicals in solu-
tion, we avoided the double-photon excitation by stretching
the laser pulse in the time-domain from fs to ps. As previ-
ously reported, double-photon excitation can break the C—Br
bond. Moreover, our current light absorption experiments do
not show any activity of C—Br absorption band at the laser
wavelength 267 nm, Fig. 2. Therefore, we assume that no
bromine Br- radicals should be observed directly after the exci-
tation, and no accumulation of Br, molecules is expected in
the solution.

J. Chem. Phys. 148, 134307 (2018)

The experimental concentrations of the CH,Br-I calcu-
lated from the X-ray scattering were fitted versus the kinetics
equations (11) and (12),

[Ccmypral = [Cole™™, (11)

B (M ety [0l ™, (12)
T — T

[Cch,1-Br] = [Col

where [Cy] and [C;] are concentrations of CH,Br—I and CH,I-
Br formed directly after laser flash, and 7 and 7, are their
respective lifetimes. Equations (11) and (12) hold for the cyclo-
hexane solution, whereas Eq. (11) holds for the methanol
solution. The minimization has been done in terms of y?
between experimental and theoretical concentrations.

lll. RESULTS AND DISCUSSION
A. Kinetics of photoproduct species in cyclohexane

Time-resolved data were collected for At=0.2, 0.5, 1, 2,
5, 10, 20, 50, 100, 200, 500, 1000, and 3000 ns, Figs. 4(a) and
4(b). The signal associated with the solvent [inset in Fig. 4(a)]
was subtracted from the dataset. Remaining signal was fitted
with theoretical X-ray differential scattering calculated from
structures of solute molecules, Fig. 4(b).

Concentrations of photoproduct species were recovered
from the fitting of the WAXS spectra at different time-delays,
Fig. 4(d). The results indicate the formation of the CH,Br-I
isomer at short time delay and subsequently decays. The sig-
nal at nanosecond time delay shifted toward the shorter [-Br
bond distance, as can be seen in the real-space representation,
Fig. 4(c). We have assigned this signal to the formation of the
structural isomer CH,I-Br. This assumption is made on the
basis of quantum mechanical calculations giving nearly 0.2 A
shorter [-Br bond-distance in CH,I-Br compared to CH, Br—I.
The other halogen species such as I, or IBr also have shorter
bond length compared to the Br-I bond length in CH;Br-1.
However, these species are formed due to a slow non-geminate
recombination; thus, they cannot contribute to the scattering
at a nanosecond time scale.

Formation of halogen-atom complexes with parent
organo-halides has been reported, for example, by Alfassi
et al.'% in several solutions for Br atoms, and Preston et al. !0
in the photoisomerization of CHBr3 and CHI;. In this work,
no complex was introduced to the fitting. Indeed, complexes
should have lifetimes in the time scale measured in the current
experiment, yet we assumed that the differential scattering sig-
nal from these complexes will not significantly contribute to
the total scattering difference signal due to their small concen-
tration. Additionally, for instance, the structure of I-CH;Br-
should closely resemble that of the ground-state CH;Brl,
whereas the I-1 bond distance in I-CH,IBr is close to the dis-
tances between iodine in I;. Thus, complexes I-CH,IBr nor
I-.CH;Br were ruled out from the analysis, in a similar way
as iodine complexes potentially formed in the CH,I, system
earlier investigated.'?

Striking feature in the kinetics of CH,I-Br is an observ-
able maximum at around 5 ns. The rise in the concentration
of CH,I-Br roughly correlates with a depletion of CH,Br-1,
suggesting a conversion from CH,;Br-I to CH;I-Br. This
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conversion was earlier found by Anderson et al.®? support-
ing the hypothesis of isomer conversion at our experimental
conditions. This allows us to further incorporate the conver-
sion rate into the fitting. It turned out that the fitting function
has a trade-off between the initially formed CH,I-Br isomer
and the rate of conversion from CH,;Br-I to CH,I-Br. Partic-
ularly, we found the global minimum of the y? function when
we assume that CH,I-Br is the initially formed with a concen-
tration of 0.16 mM, and ~30% conversion rate from CH,;Br—I
to CH,I-Br [an upper bond of the shaded band in Fig. 4(d)].
Furthermore, we tested the hypothesis of no initially formed
CH,I-Br (an assumption based on the observation that absorp-
tion bands for C-I and C-Br bonds do not overlap). For this
latter case, the fitting returns a conversion rate such that 75% of
CH,Br-I converts to CH,1-Br [lower bond of the shaded band
inFig. 4(d)]. Anderson et al.®? reported aratio of 2.8:1 between
initially formed CH; Br—I and CH, I-Br within the 100 ps time-
delay and 10% for intra-isomerization yields. Thus, our fitting
outcome yielding a 4:1 ratio between CH,Br-I and CH,I-Br
at time below 200 ps, and 30% for intra-isomerization between
CH;Br-I and CH;I-Br correlate with the earlier observations
of isomer formation and reorganisation. Fitting results are
tabulated in Table II.

The presence of CH,I-Br in solution has been reported
by Zheng et al.”>"7 upon UV excitation at 1o = 253 nm and
A1 =239 nm. At these wavelengths, both chromophores are
excited with preference for the C—Br chromophore, leading
to CHI-Br. A possible channel for the creation of CH,I-
Br is the rapid isomerization of promptly formed CH,Br-I
which is less energetically stable than CH,I-Br. There are
few reports of photo-excitation at 267 nm. Tarnovsky et al.’®
did not observe CH,I-Br in acetonitrile because their exper-
iment was limited to ultra-short time delays. Tang et al.””
did observe CH,I-Br in butanol upon UV excitation at A,
= 271 nm after 6 ns from the laser flash. Anderson et al.®3
probed a similar cyclohexane solution, at a time window from
1 ps to 3000 ps, and they observed the presence of both iso-
mers. CH,I-Br was found to be formed in the solution at
50 ps after cleavage. Its formation is, however, not clearly
defined in their data. Among the several pathways for the
formation of these isomers, the authors first propose that the
cleavage of the C—Br bond can occur at the initial photoly-
sis step, giving rise, with the same modality, to the observed
isomer: for example, Attar et al.'% found that a minor frac-
tion of C-I/C—Br cleavage (ratio 4.8:1) occurs in gas phase at
266 nm wavelength. The alternative pathways for the iso-
mer formation are either by recombination of the geminate
I"CH,Br* or by isomerization of the initial hot CH,Br-I
product. The decay mechanism of CH,;Br-I can be both

TABLE II. Calculated concentration at A = 0 of photoproducts and their
lifetimes. The lifetimes of CH,Br- have been kept constant in the fitting of
X-ray data, that is, lifetime is infinite.

Photoproducts Concentration Lifetime (ns)
(At =0, mM)

CH;Br-I- 0.942 +00

CH,Br-1 0.719 1.9

CH;,I-Br 0-0.16 31
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unimolecular and bimolecular. The other origin of the CHyI-
Br at an early time-delay can be due to the solvent modify-
ing the branching ratio between the C-I and C-Br cleavage.
The solvent could catalyze the re-isomerization of CHyBr—
I — CHI-Br due to either some insertion process or
three-member ring-type transition state which could favor the
counter-isomerization of CH,Br—I to CH,I-Br.!07

Thus, our findings support the hypothesis of re-
isomerization of CH,Br-I — X — CH,I-Br, based on the
peaking of CH,I-Br concentration at ~10 ns, and the lifetimes
of both isomers.

B. Kinetics of photoproduct species in methanol

Time-resolved WAXS studies of CH,IBr in methanol
were also performed. The data are collected at At=0.1,0.5, 1,
2, 5, 10, 20, 50, 100, 200, 500, 1000, and 3000 ns, Fig. 5(a).
Data analysis in this specific case follows the one of CH,IBr
in cyclohexane according to the model previously introduced.
The methanol signal contributes significantly at large g [see
the inset of Fig. 5(a)] with respect to the cyclohexane solu-
tion [Fig. 4(a), inset]. Thus, small errors in defining scattering
contribution significantly change the result at wide scatter-
ing angles. For a fitting of photochemically excited species,
the signal of the solvent was subtracted from every exper-
imental differential X-ray scattering [Fig. 5(b)]. However,
we noticed a possible small residual contribution of the sol-
vent in this signal. Due to this fact, the solvent components
were used in the fitting on Fig. 5(b) alongside with a solute
scattering.

The fitted kinetics are plotted in Fig. 5(d). Fitting of the
signal, Fig. 5(b), and inspection of the signal in the real-space,
Fig. 5(c), suggest the formation of the CH,Br-I isomer. The
concentration of the initially formed isomer in methanol is
smaller than that in cyclohexane. The fitting returns an ini-
tial CHoBr-I concentration of 0.28 mM and a lifetime of
0.9 ns. The initial concentration of CH,Br- has been estimated
to about 0.77 mM.

The experimental lifetime is comparable with the afore-
mentioned experiments of CH,IBr in polar solvents. In anal-
ogy with CH,I-I, the more rapid decay of CH,Br-I might be
caused by a destabilization and dissociation of the Br—I bond
through a specific solvation and electron transfer,**>® such as
CH,Br-I — CH,Br* + I". Nevertheless, we did not include
this pathway in our kinetic model because the kinetic fitting
did not improve with respect to a more simple one. Moreover,
we cannot clearly fit CH,Br* at short time delay, because that
specie is a weak X-ray scatterer. The reaction of the photo-
products can be even more complicated as El-Khoury et al.
for iodoform,'”® Kwok et al.'% and Tarnovsky et al.>® for
CHI,, and Kwok et al. for CH,Br, and CHBr3 in water solu-
tion, 10111 and Du et al.3! and Lin er al.$? for CH,IBr in water
solution have shown. In these latter cases, the reaction goes
through a complicate mechanism of OH moiety insertion,

e CH;Br-1+H;0 — CH,;BrOH + HI,

e CH,BrOH + H,O — CH,(OH), + HBr,

with the elimination of the halogens.
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Methanol is less polar than water and slightly more acidic
than water. In such a case, the reaction looks more complex and
the detection of intermediate and final structures (for example,
HI, HBr, and CH3—O-CH;,—0O-CHj3, similarly to the complex
pathway for the UV photolysis of CH,I, in methanol!!>!13)
is complicated by the small scattering contribution to the X-
ray patterns of the scattering centers and it was not taken into
account.

IV. CONCLUSIONS

The recombination of CH,IBr upon UV photodissocia-
tion of the C—I chromophore has been investigated by using
TR-WAXS both in polar (methanol) and in non-polar (cyclo-
hexane) solvents. These measurements bridge the gap between
previous ps-time-resolved and ns-time-resolved experiments
on CH,IBr photolysis experiments, and they are the first mea-
surements of CHIBr photochemical reaction in methanol
solution. In particular, in this report, we clearly show both the
formation and decay of the transient isomer CH,I-Br, which
in cyclohexane is formed by an internal reorganization of
CH,Br-1, and where the different structural nature of the inter-
mediates is confirmed by a structural method. In methanol,
CH,I-Br is not observed and the lifetime of CH,Br-I
is shorter (0.9 ns with respect to 1.9 ns in cyclohexane). The
lifetime of CH,I-Br in cyclohexane is about 30 ns, whereas
the one of CH,Br-I is about 2 ns. Thus the energy ordering
is such that CH,Br-I > CH,I-Br > CH;Brl as it is evidenced
that, following our model, CH,Br—I goes on to form CH,I-Br
which in turn forms CH,;Brl. We want to remind that the
lifetime depends on the energy barrier between the minima
of the ground states. The reaction pathways and yields are
summarized in Fig. 6.

A small fraction of CH,I-Br is probably formed in the
sub-200 ps time delays after the laser excitation. We can-
not estimate an unequivocal conversion rate from CH,Br-I
to CH,I-Br. If we assume that in cyclohexane no CH,I-Br is
initially formed, the conversion rate from CH, Br—I to CH,1-Br
is unphysical, about 75%. Like Anderson et al., our global fit
shows that CH,I-Br is already formed at ¢ = 0, although we
want to stress that we should not be able to excite the C—Br
chromophore with photons at 267 nm. In this case, we esti-
mate the ~30% of CH,Br-I decays to CH,I-Br. We stress that
our results are based on the input structures of the isomers,

Cyclohexane Methanol
solution solution
CH,IBr* CH,IBr*

| |
CH,Br + | CH,Br + |

= 50% _ 300 |~ 25%
CH, — | CH.,I-Br | | CHBr-I |

. i

FIG. 6. Resulting pathways of the relaxation of promptly formed CH,Br-Iin
cyclohexane and methanol. An initial concentration of 0.16 mM of CH,I-Br
was assumed in cyclohexane. The solvent polarity plays the role to stabilize
isomers and funnel the reactions.
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particularly the bond length between I-Br. Yet, the two differ-
ent geometrical isomers are resolved by a structural method
such as TR-WAXS, showing its sensitivity to sub-angstrom
distances.

The CH,Br-I to CH,I-Br pathway could not be con-
firmed by quantum chemistry calculations that were based on
optimized ground state geometries, but we believe that fur-
ther exploration of the excited states might reveal possible
reaction pathways. The pathway is clearly solvent-dependent,
and the solvent mediates the reaction with some sort of geo-
metrical insertion or three member reactions. We carried out
our experiment at very diluted concentration, lower than the
one of our experiment on CHjI,. This condition allows us
to reject the hypothesis of generation of complexes between
the reactive iodine and CH,Br, for example. At high con-
centration of the solute, iodine complexes with either the
solvent or solute could appear in solution and should be con-
sidered while fitting the X-ray differential scattering. These
will change the kinetic model, especially for what regards the
molecular iodine species that are the final observable and stable
molecules.
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