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Despite extensive studies on the isomer species formed by photodissociation of haloalkanes in solution, the
molecular structure of the precursor of the isomer, which is often assumed to be a vibrationally hot isomer
formed from the radical pair, and its in-cage isomerization mechanism remain elusive. Here, the structural
dynamics of CHyl, upon 267 nm photoexcitation in methanol were probed with femtosecond X-ray
solution scattering at an X-ray free-electron laser. The determined molecular structure of the transiently
formed species that converts to the CH,l-I isomer has the I-| distance of 4.17 A, which is longer than
that of the isomer (3.15 A) by more than 1.0 A and the mean-squared displacement of 0.45 A2, which is
about 100 times larger than those of typical regular chemical bonds. These unusual structural
characteristics are consistent with either a vibrationally hot form of the CH,l-I isomer or the loosely-
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Introduction

The solvent cage®? plays various roles in chemical dynamics by
influencing the energy landscape of reacting species, altering
the reaction rates, and even changing the reaction pathways.**>
For example, the primary products of photodissociation, which
are completely separated in the gas phase, collide with the
surrounding solvent molecules and can be trapped in the
solvent cage upon failure to escape the cage."* A typical fate of
the trapped photofragments is to undergo geminate recombi-
nation, a ubiquitous process in the solution phase, which
generally leads the transient species to the initial ground state.
In the case of haloalkanes, geminate recombination can yield
an isomer species as well as the parent molecule.”*” Since the
formation of the isomer is rarely observed in the gas phase,'*™>*
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the chemical dynamics of the isomer formation has been an
important topic of many experimental investigations to under-
stand the role of the solvent cage. In this regard, diiodo-
methane, CH,I,, is a prototypical example and its
photodissociation is known to produce a unique isomer

—Gas phase

”L‘+z

L

~Solution phase ————

Fig. 1 The photodissociation dynamics of CH5l, in the gas and solu-
tion phases. Whereas the products in the gas phase are CH,l" and I
radicals (CHsl* + '), the CH,l-1 isomer is also observed in the solution
phase. The green, blue and purple balls indicate carbon, hydrogen, and
iodine atoms, respectively. Whereas the branching ratio into the CH,l-
| isomer and CH,I" + I' of 54 : 46 and the molecular structure of the
CHyl-I isomer were determined in a previous TRXL study at
a synchrotron, the exact structure of the precursor of the stable CH,I -1
isomer remained to be determined and was probed with femtosecond
TRXL in this study.
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species, isodiiodomethane (CH,I-I),**** which has no analog in
the gas phase (Fig. 1).*9%%%7

The photodissociation dynamics of CH,I, and the formation
of CH,I-T isomer in solution have been mainly investigated with
ultrafast transient absorption (TA) spectroscopy®****° and
transient resonance Raman (TRR) spectroscopy,”?® which
successfully identified the transient spectrum assigned to the
isomer and the time scale of the isomer formation. As UV
excitation of CH,I, induces the n(I) — ¢*(C-I) transition, one of
the two C-I bonds in CH,I, dissociates. The studies using TA
spectroscopy uncovered that the excited molecule rapidly
dissociates into CH,I" and I" fragments and recombines to form
the CH,I-I isomer with a time constant of ~5 ps.**?* It is also
known that a part of I" radicals escape the solvent cage and form
CHLI" + I' within about 120 fs.>®**° Here CH,I' + I" denotes the
CH,I" and I' photofragments that are completely separated and
not in the same solvent cage. The TRR study suggested that the
vibrationally hot CH,I-I isomer is initially formed upon UV
excitation with the time scale of a few ps and then subsequently
undergoes vibrational cooling on the 4-50 ps time scale.**?*
Based on their results, it was suggested that the solvation leads
to the isomer via the interaction of the initially photolyzed
CH,I" and I" radicals with the solvent cage. Nevertheless, the
structural nature of the hot isomer, the precursor of the cold
CH,I-I isomer, still remains unanswered. The detailed mecha-
nism of the isomer formation and the structure of the hot
isomer or the radical pair have been elusive and only speculated
from indirect evidence. In this regard, the photodissociation
dynamics of CH,I, in solution was studied also by time-resolved
X-ray liquidography (TRXL), also known as time-resolved X-ray
solution scattering, which is an effective method for probing
photoinduced structural changes of molecules in solution due
to the structural sensitivity of X-ray scattering.”**** The TRXL
studies accurately identified the structure of the CH,I-I
isomer,?**° determined its fate at later times,** and revealed that
the photo-dissociated CH,I, branches into the CH,I-I isomer
and CH,I" + I' radical pathways with the 54 : 46 ratio.** Never-
theless, since the temporal resolution of TRXL based on the
synchrotron radiation was limited to ~100 ps, the mechanism
of isomer formation, which occurs at a few picosecond time
scale, could not be investigated. With the advent of X-ray free
electron lasers (XFELs),**™** TRXL with femtosecond time reso-
lution has become possible.***® In this article, we employed
femtosecond TRXL on CH,I, with 267 nm excitation to study the
formation mechanism of the CH,I-I isomer with direct struc-
tural information. The structure of the isomer precursor is
unveiled by the structural fitting analysis and also com-
plemented by the quantum chemical calculations.

Experimental

The femtosecond TRXL experiment performed in this study is
shown schematically in Fig. S1,T and the details of the experi-
mental and analysis procedures are described in the ESLf
Briefly, a CH,I, solution in methanol at the concentration of
50 mM was circulated through a sapphire nozzle with a 100 pm-
thick aperture. A 100 fs laser pulse with the center wavelength of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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267 nm generated by third-harmonic generation of the 800 nm
femtosecond laser and with the fluence of 1 mJ mm ™2 initiates
the photodissociation of CH,I, molecule. A time-delayed X-ray
pulse with the center energy of 15 keV generated at the BL3
beamline of SACLA probes the progress of the reaction. The
scattering patterns generated by X-ray pulses were measured
with an area detector (Rayonix LX255-HS). Each scattering
image was obtained by accumulating scattering intensities of 40
X-ray pulses, which provided a sufficient signal to noise ratio
and suppressed the effect from jitter of the SASE process at
SACLA. The difference scattering patterns were generated by
subtracting the reference images which were acquired at —20
ps. The time-dependent changes were measured at various time
delays ranging from —10 ps to 100 ps. By performing the
singular value decomposition (SVD) analysis and kinetic anal-
ysis on our experimental data, two species-associated difference
scattering curves (SADSs) and one time constant were obtained.
The structural changes were extracted by the structural fitting
analysis of the SADSs. The theoretical characterization of
CH,I'---I" in the solvent cage using CCSD(T) is described in the
ESLt

Results and discussion

The experimental difference scattering curves were measured at
various time delays from —10 ps to 100 ps, and those at selected
time delays are shown in Fig. 2a. From the SVD analysis on the
data and the subsequent kinetic analysis by solving the rate
equations and convoluting with the instrument response
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Fig.2 (a) Experimental difference scattering curves, gAS(q), measured
at various time delays from —1 ps to 100 ps (black) and calculated
gAS(q) (red) to fit the experimental curves. For clarity, data at selected
time delays instead of all time delays are shown. (b and c) The struc-
tural fitting analysis of (b) SADS1 and (c) SADS2. The SADSs (black, solid
line) are compared with the fitted curves without (top, red dashed line)
and with (bottom, red solid line) introducing a DWF for the |-I distance.
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function (IRF), as described in the ESI,} we obtained two SADSs
shown in Fig. 2b and c and a single time constant of 6.2 + 0.8 ps
for the conversion from the first species to the second species
with an IRF of 540 £ 90 fs full-width at half-maximum. We
termed the first and second SADSs as SADS1 and SADS2,
respectively. We first checked if SADS2 was consistent with the
previous data, the curve at 150 ps measured at a synchrotron. A
comparison confirms that they are identical within the experi-
mental errors as shown in Fig. S5.7 According to the previous
TRXL study,* 23% of ground-state CH,I, is initially photoex-
cited, and then 56.5% of the excited molecules directly relax
back to the ground state, releasing a part of the photoexcitation
energy as heat to surrounding solvent molecules. The remain-
ing 43.5% of excited molecules form CH,I-I isomer and CH,I" +
I' with the branching ratio of 54 : 46. When SADS?2 is fitted with
the fraction and I-I distance (R;;) of CH,I-I isomer as fitting
parameters, the best fit yielded 53.9 4 5.2% and 3.15 + 0.02 A,
which are consistent with 54% and 3.15 A reported in a previous
study,** and the theoretical difference scattering curve gives an
excellent agreement with SADS2 as shown in Fig. 2c. This result
means that the CH,I-I isomer and CH,I' + I' are formed with
a time constant of 6.2 ps via the conversion from the species
generated at the onset of the reaction. Accordingly, the time
constant must be responsible for the formation of either the
CH,I-I isomer or CH,I" + I'. Among these two possibilities, it is
highly likely that the isomer is formed with the observed time
constant of 6.2 ps because 6.2 ps agrees well with the values (5
ps in TA,*??2* 4-50 ps time scales in TRR*2®) reported for the
isomer formation in the previous spectroscopic studies.

From the TA and TRR studies, it was suggested that the cold
CH,I-I isomer is formed by the vibrational cooling of the hot
CH,I-1 isomer.***® However, since the spectroscopic signals at
the optical frequencies are not directly related to the global
molecular structures at the atomic level, the structure of the hot
isomer, or the precursor of the cold isomer, remains to be
determined. SADS1 contains the structural information neces-
sary for this purpose, and to shed light on the identity of the
precursor of the isomer, we performed the structural fitting
analysis of SADS1. The detailed analysis protocol is described in
our previous publications® and also in the ESI.{ To describe the
relatively free movement of the weakly bound I atom, we
incorporated a Debye-Waller factor (DWF),”*® exp(—o°g>/2),
involving the mean-squared displacement (¢?) for Ry into the
equation for calculating the theoretical scattering pattern (see
the ESIT for details). We note that for a typical analysis of TRXL
data, DWF of 1 (that is, > = 0) used for all interatomic distances
suffices unless the interatomic distance has an unusually large
7.

The fitting results summarized in Fig. 2b show that the
theoretical SADS1 agrees well with the experimental SADS1
when a DWF is considered (Fig. 2b, red solid line). The best fit
gives Ry_; of 4.17 A and ¢ of 0.45 A% The R;_; of 4.17 A is longer
than that of the isomer (3.15 A) by more than 1.0 A, and the o>
value of 0.45 A” is about 100 times larger than that of typical
regular chemical bonds (for example, 4.9 x 10~ A? for R, in
I;7).* Such a long Ry and an unusually large ¢” are consistent
with a picture expected for the precursor of isomer as either the
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hot isomer or the loosely-bound radical pair in the cage. For
a fair comparison, we performed the structural fitting analysis
on SADS2 again with a DWF. As shown in Fig. 2c, the fit curve
shows no noticeable change compared to the one calculated
without using a DWF, and a typical small ¢* value (smaller than
1.2 x 10~ A?) was obtained, confirming that the CH,I-I isomer
formed at later delays has a well-defined R;;. To check the
sensitivity of SADS1 to the structural parameters, we scanned
the chi-square values as a function of both Ry ; and o2 of the
precursor of isomer. The relative chi-square values, which are
the chi-square values divided by the minimum chi-square value
of SADS1, are displayed in Fig. 3a. Fig. 3a shows that the fit
quality is comparable for a wide range of R;_; from 3.9 A to 4.4 A
rather than a single well-defined value. For comparison, we
performed the same analysis on SADS2 and obtained the rela-
tive chi-square values as a function of R;; and o” of the cold
isomer, which shows well-defined values contrary to the
precursor of isomer (Fig. 3b). In Fig. 3a and b, the C-I-I angle
was fixed at that of the optimized structure, 79.4° and 115° for
the loosely-bound isomer precursor (Fig. 3a) and the CH,I-I
isomer (Fig. 3b), respectively.
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Fig. 3 (a and b) Plots of the relative chi-square values of (a) SADS1 and
(b) SADS2 as a function of the |-1 distance (R,_)) and the mean-squared
displacement (¢%) of (a) the loosely-bound isomer precursor and (b)
the CHyl-I isomer. The loosely-bound isomer precursor has the
minimum at R,_, = 4.2 A and ¢2 = 0.5 A% with large widths whereas the
CH,l-I isomer has the minimum at R,_; = 3.2 A and ¢ = 0.0 A? with
sharp widths. (c and d) Two experimental species-associated RDFs,
r?S(r), obtained by Fourier sine transformation of (c) SADS1 and (d)
SADS?2, after subtracting solvent and cage contributions. The RDF of
the ground state (CH,l;) was added to the difference RDFs, to
emphasize the contributions of the transient solute species. The
experimental species-associated RDFs are compared with the RDF of
the ground state CHl, (gray solid line, multiplied by 0.5) and the RDFs
obtained from the structural fitting analysis of (c) SADS1 and (d) SADS2
with (red solid line) and without (red, dashed line) introducing a DWF
for the I-I distance.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Time-dependent concentrations of the three intermediate species and their transition kinetics. The black, red, and blue indicate the

isomer precursor in the cage, the isomer (CH,l-I1), and the radical (CH,I" + I), respectively. The lines are the concentrations obtained from the
kinetics analysis. Dots represent the optimized concentrations calculated from the coefficients of SADSs obtained by fitting the experimental
curve at each time point with a linear combination of SADSs. The vertical black line indicates the temporal position of the time constant of 6.2 ps.
(b) Mechanism of photoinduced in-cage isomerization in CH,l,. Upon photoexcitation of CH>l,, the dissociated iodine atom initially moves away
from the carbon atom and the solvent molecules disturb the separation. Within our time resolution (~540 fs), 46% of the dissociated iodine
escapes from the solvent cage (CHyl" + I'), and 54% of the dissociated iodine is blocked by solvent molecules and forms the loosely-bound
isomer precursor inside of the cage. The elongated R,_, (4.27 A) and the Debye—Waller factor with a high mean-squared displacement (0.45 A?)
indicate that the isomer precursor in the cage is loosely bound and does not have a well-defined R|_;. Subsequently, it transforms into the CH,|-I

isomer species with a time scale of 6.2 ps.

A more intuitive picture of the structural changes that occur
during the photodissociation and in-cage isomerization of
CH,I, can be obtained when we convert SADSs into the species-
associated radial distribution functions (RDFs) in real space by
Fourier sine transformation (Fig. 3¢ and d). To emphasize only
the contributions of transient solute species, we subtracted the
contributions from the solvent heating and solvent-solute cross
term. We also added the RDF of the ground state (CH,I,) to the
difference RDFs. Because all the solvent contributions are
eliminated and the scattering from C and H atoms is much
smaller compared to the scattering from I atoms, the RDFs
shown in Fig. 3c and d mainly represent the interatomic
distance between two iodine atoms and the contributions from
C-1 pairs are shown as a small shoulder at around 2.5 A.

In the ground state, the peak corresponding to Ry is at 3.58
A as shown in the gray solid line in Fig. 3c and d. Right after the
laser excitation, the RDF exhibits three distinct changes as
shown in the black solid line in Fig. 3c. First, the amplitude of
the peak becomes much smaller than that of the ground state
since about half of the population goes into CH,I" + I', which
has no I-I pair with a short enough Ry visible in the RDF.
Second, the I-I peak is shifted to a longer distance (4.17 A),
indicating that the C-I bond is dissociated and the isomer
precursor exists as a loosely-bound state within the solvent cage.
Third, the I-I peak becomes much broader than that of the
ground state, meaning that the isomer precursor is loosely
bound and thus does not have a well-defined distance. This is
fully consistent with the conclusion inferred from the results of
the structural fitting analysis of SADS1. It is shown in Fig. 3c
that the theoretical RDF with the DWF (red solid line) with ¢* of
0.45 A? fits well the experimental RDF while the one without
DWF (red dashed line) does not. At later time delays, the I-I
peak is shifted to the distance of 3.15 A, which is even shorter
than that of the ground state, and the width of the peak is also
narrowed again, as shown in Fig. 3d. This indicates that there

© 2021 The Author(s). Published by the Royal Society of Chemistry

exists a well-defined I-I bond assignable to the CH,I-I isomer
formed at later time delays.

Finally, we analyzed all the experimental difference scat-
tering curves measured at various time delays from 0.5 ps to 100
ps and all of them are well explained by the linear combinations
of SADS1 and SADS2. The concentrations of each species at each
time delay were determined from the coefficients of the corre-
sponding SADSs as shown in Fig. 4a. The time-dependent
changes of the concentration are then fitted with an exponen-
tial function and the time scale of the transition (6.2 £+ 0.2 ps)
agrees well with the one obtained from SVD analysis and also
with the value reported in the previous spectroscopic
studies.”*?® In Fig. 4b, we summarize the mechanism for the
photoinduced in-cage isomerization of CH,l,. Upon photoex-
citation of CH,l,, the dissociated iodine atom initially moves
away from the carbon atom and the solvent molecules disturb
the separation. Within our time resolution (~540 fs), 46% of the
dissociated iodine escapes from the solvent cage and generates
CH,I" + I' radical species, while the remaining 54% is blocked
by solvent molecules and forms the loosely-bound precursor of
the isomer inside of the solvent cage. Subsequently, the isomer
precursor transforms into a rigid CH,I-I isomer species with
a time constant of 6.2 ps.

Since the TRXL signal itself is not sensitive to the spin state,
the structural aspect of the isomer precursor alone does not pin
down the exact nature of the isomer precursor, that is whether it
is a hot isomer or a radical pair. Nevertheless, we further
considered the possibility that the isomer precursor is indeed
a radical pair. As a matter of fact, while the concept of the
radical pair has been frequently discussed in the literature, the
structural aspect has never been determined experimentally
and has rarely been addressed in theoretical calculation. The
theoretical characterization of the weakly bound molecule is not
trivial because of the difficulty in describing the weak interac-
tion and a significant non-dynamic electron correlation effect of

Chem. Sci., 2021, 12, 2114-2120 | 2117
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the singlet state molecule with a long bond length. Via per-
forming CCSD(T)/AVTZ calculations, we found two molecular
structures corresponding to radical pairs of the triplet state and
they are consistent with the structure determined from our
experiment (see the ESI} for details). The use of ab initio MD
simulation with spin-orbit coupling in explicit solvent mole-
cules would potentially be able to model the mechanism more
accurately, but such an approach on a system with explicit
solvent molecules is still challenging and beyond the scope of
this work.

Conclusions

This work visualizes how the isomer is formed in the solvent
cage via the loosely-bound isomer precursor, whose molecular
structure remained to be determined, and provides structural
information connecting chemical dynamics in the gas and
liquid phases that were previously missing. This work also
demonstrates that femtosecond TRXL offers a means of visu-
alizing the entire process of photoinduced reactions in solution.
Finally, we note that some other processes expected from the
photodissociation dynamics of CH,I, such as a rotational
relaxation of the photofragments, the solvent cage rearrange-
ment, and the escape dynamics of I" radical are not significant
in our data, probably due to the limited time resolution.
Nevertheless, by fully utilizing the recent advances of the
femtosecond TRXL,**° future TRXL studies with improved time
resolutions will surely reveal structural details of such processes
and provide a comprehensive picture.
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