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The effect of solute—solvent interaction on molecular structure and
reaction dynamics has been a target of intense studies in solution-
phase chemistry, but it is often challenging to characterize the
subtle effect of solute—solvent interaction even for the simplest
diatomic molecules. Since the I, molecule has only one structural
parameter and exhibits solvatochromism, it is a good model system
for investigating the solvent dependence of the solute structure. By
using X-rays as a probe, time-resolved X-ray liquidography (TRXL) can
directly elucidate the structures of reacting molecules in solution and
can thus determine the solvent-dependent structural change with
atomic resolution. Here, by applying TRXL, we characterized the mole-
cular structure of |, in methanol and cyclohexane with sub-angstrom
accuracy. Specifically, we found that the I-1 bond length of |, is longer in
the polar solvent (methanol) by ~0.2 A than in nonpolar solvents
(cyclohexane and CCl,). Density functional theory (DFT) using 22 explicit
methanol molecules well reproduces the longer I-1 bond of molecular
iodine in methanol and reveals that the larger bond length originates
from partial negative charge filled in an antibonding ¢* orbital through
solvent-to-solute charge transfer.

For chemical reactions in solution, the solvent serves as an energy
source for activating a chemical reaction and a heat bath to
stabilize the reaction products. In particular, solute molecules
interact with surrounding solvent molecules constantly and the
chemical properties of the solvent often alter the molecular
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structure and dynamics by changing the landscape of the potential
energy surface. Although the effect of solute-solvent interaction
on molecular structure and chemical reactions has been a
target of intense studies,'”® it is challenging to characterize
the subtle effects of solute-solvent interaction, even for the
simplest diatomic molecules.

Molecular iodine (I,) has a simple structure with only one
variable, the I-I bond length, and can serve as a good model
system for investigating the effect of solute-solvent interaction.
In particular, I, in solution exhibits solvatochromism,”® which
means that the absorption spectrum is spectrally shifted due to
a change in solvent polarity. For example, Fig. S1 in the ESIf
shows that the absorption spectrum of I, in methanol is distinctly
different from the ones in nonpolar solvents (cyclohexane and
CCl,), demonstrating the strong influence of the solute-solvent
interaction on the electronic properties of the solute molecules.
Previously, the solvatochromism of I, was explained by the
formation of a charge transfer complex induced by solvent-to-
solute electron transfer.' Despite many experimental and
theoretical studies,""® the validity of that model as well as
the molecular origin of the solvatochromism is still an open
question. Considering the simple structure of I,, electronic
properties such as the absorption spectrum must be strongly
correlated with its single structural parameter, the I-I bond length.
Thus, in order to have a molecularlevel understanding of the
solvatochromism of I, in solution, it would be essential to char-
acterize the variation of the I-I bond length in various solvents
exhibiting solvatochromism. However, it is difficult to extract the
exact length of the I-I bond from the absorption spectrum
because the absorption spectrum is affected by a complex inter-
play of electronic correlations and spin-orbit coupling. In effect,
the change in molecular structure might often be small even for
large changes in the absorption spectrum.

In contrast, structural probes based on X-rays or electrons, for
example X-ray absorption’”® and X-ray or electron diffraction
(scattering),”®>" can provide direct information on the global
molecular structure. In fact, static X-ray scattering was used
to characterize the molecular structure of I, in gas and solid
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phase accurately,” but it could not be applied to dilute solutions
because of the large background signal from the dominating
contributions of solvent molecules. Also, X-ray absorption spectro-
scopy in the EXAFS region was applied to I, in solution," but it
failed to resolve any significant solvent-dependent change in
the molecular structure of I,, probably due to incorrect solvent
corrections in the model used to fit the data.

In this work, we apply time-resolved X-ray liquidography
(TRXL) to the photodissociation of I, in two different solvents
(methanol and cyclohexane) to investigate the effect of solute-
solvent interaction on the molecular structure of I, in the
ground state. TRXL makes use of a pump-probe scheme with
a visible-light pump and an X-ray scattering probe which can
effectively determine the molecular structures in the solution
phase. With the sub-A spatial resolution and 100 picosecond
temporal resolution from 3rd-generation synchrotrons, TRXL
has been used for revealing structural dynamics and mechanism
of various molecular reaction systems ranging from small mole-
cules*®?® to biological macromolecules.”*** By comparing
the ground-state structures of I, (the reactant in the photo-
dissociation) in methanol and cyclohexane, determined from
TRXL, we elucidate the effect of solute-solvent interaction on
the molecular structure.

The principle of the TRXL experiment is shown schematically
in Fig. 1 with the details described in the ESI.{ Briefly, a ~2 ps
laser pulse initiates the photodissociation of I, molecules
in methanol and cyclohexane with the center wavelength of
400 nm and 520 nm, respectively, and a time-delayed X-ray pulse
of ~100 ps duration monitors the progress of the reaction.
To explore the solvent dependence of the molecular structure of
I,, we used samples of I, in two different solvents (methanol and
cyclohexane) at 10 mM concentration. Scattering patterns from
I, solutions were measured before (at —5 ns time delay) and after
laser excitation, and the patterns were subtracted from each
other to remove the background from non-reacting molecules.
The resultant difference scattering patterns contain the informa-
tion only on the molecular structural changes induced by the
photoinduced reaction.

X-ray pulse X-ray pulse

‘BB

*
(o Wo B

100 ps -5ns

[——1,in methanol, 300 ps

—— |, in cyclohexane, 300 ps|

Fig. 1 Schematic of the TRXL experiment. Scattering patterns from I, solution
are measured before and after laser excitation and the patterns are subtracted
from each other to obtain the difference scattering patterns, which contain
only information on the activated molecules in the reaction. To explore the
solvent dependence of the molecular structure of |, we used solution samples
in two different solvents (methanol and cyclohexane).
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TRXL has been mainly used for investigating the structural
dynamics of reaction intermediates and products, but it can
also probe the structures of the reactants®® since the scattering
pattern from the negative time delay probes the reactants (or
initial states). For the structural analysis, the difference scatter-
ing curves were fitted by theoretical curves using maximum
likelihood estimation (MLE) with a chi-square estimator.’* The
theoretical difference curves of the solution sample have three
components: (i) the solute-only term, (ii) the solute-solvent
cross term, and (iii) the solvent-only term. The solute-only term
is calculated by the Debye equation,

sin qRI—T

ﬂ@zﬂ%wq&4

where Fj is the atomic form factor of an iodine atom and Ry_; is
the I-1 distance. In the fitting analysis, R;_; was used as a free
parameter to determine the molecular structure of I, accurately.
More details on the analysis method are given in the ESI{ and in
our previous publications.>*2¢:33:34

According to previous studies of the photodissociation of I,
in solution using time-resolved spectroscopy®”® and TRXL,*>"*®
the photodissociated iodine atoms recombine either geminately
(by relaxation through the A/A’ state or via vibrational cooling in
the X state) or nongeminately (by slow diffusion). Since we aim to
probe the molecular structure of I, in the ground state in this
work, it is desirable to eliminate the contributions of geminate
recombination to the TRXL signal. We therefore analyzed the
TRXL data on the time scales covering both geminate and
nongeminate recombination and found that the lifetimes of
A/A’ state and vibrationally hot X state are much shorter than
100 ps in both methanol (see the ESIf) and cyclohexane.’”
Therefore, to determine the exact ground-state structure of I,
in methanol and cyclohexane, we used the difference scattering
curves at 300 ps time delay that do not have any contribution
from the A/A’ state or from the vibrationally hot X state.

As shown in Fig. 1 (upper right panel), the difference
scattering from the methanol and the cyclohexane solutions
at 300 ps time delay exhibit oscillation periods that are different
from each other, implying that the molecular structure of I,
varies depending on the solvent. In order to extract the exact
molecular structure of I, in the ground state, we performed the
structural analysis of the experimental scattering curves at 300 ps
as described in the ESI.{ The results for I, in methanol are
shown in Fig. 2. To emphasize only the contribution from the I-I
pair in I,, we extracted the solute-only term from the difference
scattering curve of the solution sample (see the ESIT for details).
For I, in methanol, the best fit of the scattering curve was
obtained with the I-I bond length of 2.85 (£0.04) A (> = 1.42)
as can be seen in Fig. 2a. Alternatively, we tried to build the
theoretical difference scattering curve using the I-I bond length
of I, in CCl, (2.67 A), determined in our previous TRXL study,*’
and compared it with the experimental difference scattering
curve. As shown in Fig. 2a, the fitting quality deteriorates
significantly (y* = 3.29) with the I-I bond length of 2.67 A.

To obtain a more intuitive picture of the molecular structure,
we converted the difference scattering curves in g-space into

This journal is © the Owner Societies 2015


http://dx.doi.org/10.1039/c5cp00536a

Published on 03 March 2015. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 03/04/2015 08:40:42.

PCCP
a b
) = Experiment ) == Experiment
== Theory === Theory
== Residuals == Residuals
i)2.85A i)2.85A

22=1.42
“NH' Nm 'W I.EH“* F“ m‘ h R
— ii)2.67 A

Difference Scattering Intensity, gAS(q)
Difference Radial Intensity, rAS(r)

1234567 8 1234567 8
q (A r)

Fig. 2 Determination of the ground-state structure of I, in methanol in
(@) g-space and (b) r-space. (a) Solute-only term of the experimental
difference scattering curve at 300 ps (black) and theoretical difference
scattering curve (red) built with I-1 bond lengths of (i) 2.85 A and (i) 2.67 A.
(b) Radial distribution function, rAS(r,t), of the solute-only term built with
I-1 bond lengths of (i) 2.85 A and (i) 2.67 A. The experimental difference
scattering curve of I, in methanol is best fit by the theoretical scattering
curve built with an -1 bond length of 2.85 A.

difference radial distribution functions (RDFs), rAS(rt), as
shown in Fig. 2b. In principle, the solute-only term at 300 ps
is supposed to contain only the contribution from the depletion
of the reactant (I, in the ground state) because geminate
recombination or photodissociation of I, into free iodine atoms
is completed during that time delay. Therefore, there is only a
single negative feature in the difference RDF, and the peak
position of the negative feature directly represents the I-I bond
length of I, in the ground state. In agreement with the fitting
result in g-space, the experimental RDF has a negative feature
peaked at = 2.85 A, which corresponds to the I-I bond length
of I, in methanol.

The results of the structural fitting analysis for I, in cyclo-
hexane are shown in Fig. 3. As can be seen in Fig. 3a, the best fit
for I, in cyclohexane is obtained with the I-I bond length of
2.67 (£0.06) A (y* = 1.57), which is identical to that in another
nonpolar solvent, CCl,.*” In contrast, the fitting quality becomes
much worse (> = 2.32) when we use the I-I bond length of
2.85 A, the bond length of I, in methanol.

On the basis of the structural fitting of the TRXL data presented
above, we characterized the structure of the ground-state I, in two
solvents with different polarities (methanol and cyclohexane) and
elucidated the subtle structural variation of I, resulting from the
change in the solute-solvent interaction. Specifically, we found
that the I-1 bond of I, is longer in a polar solvent (methanol) by
~0.2 A than in nonpolar solvents (cyclohexane and CCl,). To
understand the molecular-level origin of the increased I-I bond
length in methanol observed in the TRXL experiment, we
performed a quantum chemical calculation using the density
functional theory (DFT). Computational details of the calculation
are described in the ESL.} In the quantum chemical calculations,
the solvent environment is generally considered implicitly via
the polarizable continuum model (PCM). Although the PCM
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Fig. 3 Determination of the ground-state structure of I, in cyclohexane in
(a) g-space and (b) r-space. (a) Solute-only term of the experimental
difference scattering curve at 300 ps (black) and theoretical difference
scattering curve (red) built with |- bond lengths of (i) 2.85 A and (ii) 2.67 A.
(b) Radial distribution function, rAS(r,t), of the solute-only term built with
I-1 bond lengths of (i) 2.85 A and (ii) 2.67 A. The experimental difference
scattering curve of I, in cyclohexane is best fit by the theoretical scattering
curve built with an I-1 bond length of 2.67 A.

reduces the computational costs and has been successfully
applied to many molecular systems for decades, it may not be
appropriate for describing the subtle effect of the solute-solvent
interaction on the solute structure.*® In fact, we obtained the
optimized structure of I, with an I-I bond length of 2.67 A in
methanol when we considered the solvent environment implicitly
by using the integral-equation-formalism polarizable continuum
model (IEFPCM). This value is identical to the I-I bond length of
I, in nonpolar solvents and disagrees with our TRXL measure-
ment (2.85 A), suggesting that the implicit treatment of the
solvent environment does not properly describe the subtle
change in the structure of I, arising from the change in
solute-solvent interaction.

To better describe the solute-solvent interaction, we opti-
mized the molecular structure of I, by treating the solvent
molecules explicitly. Specifically, a total of 22 methanol mole-
cules were used to form the first solvation shell around an I,
molecule. As shown in Fig. 4, in the explicit solvent environment,
we obtained the optimized structure of I, with a bond length of
2.73 A, which is larger than the value for I, in nonpolar solvents
(2.67 A) or the one obtained with the implicit solvent model.
The longer I-I bond in methanol is in agreement with the result
of our TRXL measurement. To further validate this result, we
calculated the potential energy curve of I, in methanol while
varying the I-1 bond length. As shown in Fig. 4, we confirmed
that the optimized structure is located at the global minimum of
the potential energy curve of I, in methanol. Also, the potential
energy curve of I, in methanol has a larger width than the one
calculated for an isolated I, molecule, which has a minimum at
2.67 A, as shown in Fig. S5 in the ESL1 As a result, I, in methanol
can vibrate with larger amplitude than the isolated molecule,
confirming the presence of a weaker and hence a longer I-I bond
in methanol than in nonpolar solvents.
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Fig. 4 Optimized structure of |, and its relative energy calculated by the
DFT method. A total of 22 methanol molecules were used to form the first
solvation shell around an |, molecule. The optimized structure of I, in
methanol has an I-1 bond of length 2.73 A and is located at the global
minimum of the potential energy curve. The iodine atoms in the optimized
structure have partial charges of —0.19 and +0.12.

From the quantum chemical calculations we can infer the
molecular origin of the larger bond length in methanol as
arising from charge transfer from solvent molecules to IL,.
Notably, the natural population analysis shows that I, in the
solvation configuration shown in Fig. 4 is polar with partial
charge in the two iodine atoms (—0.19 in one I atom and +0.12
in the other I atom). Such a change in the charge distribution
stems from the complex interplay of molecular structure and
solute-solvent interaction. As a result, the polarized I, molecule
interacts more strongly with the surrounding polar solvent
molecules than a neutral one. In terms of the electronic
configuration in the molecular orbitals of I,, this additional
charge partially occupies an antibonding ¢* orbital and leads
to the weakening of the chemical bonding in I,. In addition, the
extra charge filled in the o* orbital will affect the lowest (bright)
electronic excited state, which gives rise to the absorption peak
shown in Fig. S1 (ESIt), of I, to a larger extent than the ground
state because that excited state is reached by the excitation of
an electron into the o* orbital. As a result, the potential energy
curve of the lowest (bright) excited state will shift (towards
longer I-1 bond lengths) by a larger amount than that of the
ground state, leading to the increase of the energy difference
between the ground state and the Franck-Condon region of the
excited state reached by the vertical transition. Therefore, for I,
in methanol, the optical excitation from the ground state to the
lowest (bright) excited state will require photons of larger
energies than for I, in nonpolar solvents, thus accounting for
the solvatochromic blue shift of the absorption spectrum of I,
in methanol shown in Fig. S1 (ESIt). Here we note recent
studies showing that an I;~ ion adopts an asymmetric structure
in protic solvents due to strong solute-solvent interaction and
intramolecular charge localization.*****° The result of the present
work indicates that the structure of a neutral I, molecule is also
affected by the solute-solvent interaction via a similar mechanism
involving charge localization.

Although we predicted the longer I-I bond in methanol by
the quantum chemical calculation, the calculated I-I bond
length deviates from the experimental value obtained by the
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TRXL measurement. In this regard, we note that the configuration
of the solute and solvent molecules in Fig. 4 is not the only
available solution but rather a snapshot of molecules that fluctuate
continuously. In order to examine whether we can predict an I-1
bond length value closer to the experimental value, ab initio
molecular dynamics (AIMD) simulation®®*° might be needed.

Conclusions

In this work, we investigated the ground-state structure of the I,
molecule in methanol and cyclohexane solutions using TRXL.
By analyzing the TRXL data for I, in two different solvents,
we elucidated the subtle change in the molecular structure
of I, induced by the change in solute-solvent interaction.
In particular, we found that the I-I bond is longer in methanol
than in nonpolar solvents. The longer I-I bond length in methanol
is well reproduced by DFT with 22 methanol molecules considered
explicitly. Based on the quantum calculations, we propose the
molecular origin of the longer I-I bond in methanol, that is,
the partial charge developed in an antibonding c* orbital of
I, makes the I-I bond weaker and longer. The present results
clearly visualize the subtle effect of solute-solvent interaction
on the molecular structure.
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