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Ionic species often play important roles in chemical reactions occurring in water and other solvents, but
it has been elusive to determine the solvent-dependent molecular structure with atomic resolution. The
triiodide ion has a molecular structure that sensitively changes depending on the type of solvent and its
symmetry can be broken by strong solute-solvent interaction. Here, by applying pump-probe x-ray
solution scattering, we characterize the exact molecular structure of I;~ ion in water, methanol, and
acetonitrile with subangstrom accuracy. The data reveal that I;~ ion has an asymmetric and bent structure
in water. In contrast, the ion keeps its symmetry in acetonitrile, while the symmetry breaking occurs to a
lesser extent in methanol than in water. The symmetry breaking of I;™ ion is reproduced by density
functional theory calculations using 34 explicit water molecules, confirming that the origin of the

symmetry breaking is the hydrogen-bonding interaction between the solute and solvent molecules.
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Ionic species play important roles in many chemical and
biological reactions such as ion transfer, membrane
kinetics, and acid-base equilibria [1-3]. In particular, due
to the charge present in ionic species, the solute-solvent
interaction sensitively changes with the type of solvent,
thus affecting the structure of the ions and energy land-
scape of the reactions. Accordingly, aqueous solvation of
ions has been a topic of intense studies [4—6]. While the
effect of solvation on the ion structure and the outcome of
reactions has been much studied phenomenologically, it is
still challenging to describe the molecular-level change
induced by solute-solvent interaction, for example, change
in the structure of ionic species.

The triiodide ion (I, ™) in solution offers a good example
that represents the role of solvent in determining the struc-
ture of ionic species [7—12]. In the gas phase and aprotic
solvents, the structure is linear and symmetric with equal
I-I bond lengths (Fig. 1). In contrast, in protic solvents
such as water and methanol, an antisymmetric stretching
mode was observed in the resonance Raman spectrum [11]
and a rotationally excited I, fragment was detected in the
transient anisotropy measurement of photoexcited I, ion
[12], suggesting the existence of asymmetric (with unequal
I-I bond lengths) and bent structure of the I,~ ion, respec-
tively. Such delicate changes of the ion structure associated
with the solute-solvent interaction is called symmetry
breaking, by which the naturally favorable symmetry
of a system becomes lower than normal under some cir-
cumstances [13—15]. The experimental evidence for the
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symmetry breaking of I;~ ion has been supported by
theoretical studies using molecular dynamics (MD) and
Monte Carlo simulations [16-21].

Despite this evidence, the exact structure of the I;~ ion
has never been directly characterized experimentally.
The extended x-ray absorption fine structure (EXAFS)
technique was applied; it demonstrated that the peak
corresponding to the I-I bond distance of ~3 A broadens
in the protic solvents [22]. However, the symmetry break-
ing of I, ion was not identified due to the lack of sensi-
tivity of EXAFS at longer distances. x-ray crystallography
is a powerful method for determining molecular structure
in crystal [23-26], but is not applicable to a solution
sample. Static x-ray solution scattering is an effective
technique for determining the shape and the size of large
molecules in solution, but large background scatter-
ing arising from solvent molecules obscures the details
of molecular structure. For example, large-angle x-ray
scattering was applied to determining the structure of small
molecular systems such as binary solution and solvent-
confined mesoporous materials [27-29], but its spatial
resolution is not high enough for distinguishing subtle
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FIG. 1 (color online). Candidate structures of I; ™ ion in solution.
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Schematic of our experimental method (left) and the data analysis (right). Upon irradiation at 400 nm, I;~ ion

dissociates into I, and I, and the temperature of the solution increases. By taking the difference between scattering patterns measured
before and 100 ps after laser excitation, only the laser-induced changes are extracted with all other background contributions being
eliminated. The structural information can be extracted by the maximum likelihood estimation using five parameters (see the
Supplemental Material [30] for details). Three bond distances of I;~ can be clearly identified, giving the exact structure of I;~ ion in

various solvents.

structural changes of I;~ ion studied in this work. In fact,
we measured the static scattering of the I, ion in solution,
but failed to obtain a relevant scattering pattern that con-
tains only the contribution from the solute molecules
(see the Supplemental Material [30] for details).

To overcome the limited sensitivity of the static
x-ray solution scattering caused by imperfect background
subtraction, we applied time-resolved x-ray solution scat-
tering (liquidography) [31-35] to the I;~ ion in three
different solvents: water (H,0), acetonitrile (CH;CN),
and methanol (CH;OH). The key ideas of our experiment
and data analysis are schematically summarized in Fig. 2.
According to the previous studies [8§—10] and our kinetic
analysis [30], two major changes occur by 100 ps time
delay when the I~ solution is excited by laser light at
400 nm: I,~ ion dissociates into I,” and I, and the tem-
perature of the solution increases. By taking the difference
between scattering patterns measured before and 100 ps
after laser excitation, only the laser-induced changes of the
solution sample are extracted with all other background
contributions, mainly from unreacted solute molecules,
being eliminated. Since the vibrational cooling of the
excited fragment (I,”) is much faster than 100 ps and
the recombination of I,” and I is much slower than
100 ps, the changes related with those processes are irrele-
vant in our experimental data. To extract the structure of
the I;~ ion from the difference scattering intensity, the
maximum likelihood estimation with a chi-square estima-
tor was employed [36-38] with five variable parameters
(see the Supplemental Material [30]). The parameters are
three bond distances for the I; ™ ion (R;, R,, and R; for the
distance between I; and I,, I, and I3, I; and I3, respectively,
as shown in Fig. 2), the bond distance for the I, fragment
(Ry4), and temperature change. The theoretical scattering
patterns were calculated by considering solute contribu-
tion, solvent hydrodynamics, and the contribution from
solute-solvent interaction (cage). These three contributions
were obtained by the Debye equation, a separate solvent-
heating experiment, and the pair-distribution functions

calculated from MD simulation, respectively. As a result,
the lengths of the three bonds in the I;~ ion are identified
with subangstrom accuracy, allowing us to determine the
exact structure of the I;” ion in solution. The details of
the experimental procedure and analysis are described
in the Supplemental Material [30] and our previous
publications [39-42].

To reveal the symmetry breaking of the I,~ ion induced
by hydrogen-bonding interaction with the solvent, the
structure of the I, ion was characterized in three different
solvents. The solvents of water, acetonitrile, and methanol
have two, zero, and one functional groups available
for hydrogen bonding, respectively. Figure 3 shows
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FIG. 3 (color). Difference scattering curves from the I,~ pho-
tolysis in water and acetonitrile solutions. Experimental (black)
and theoretical (red) curves using various candidate structures of
I;~ ion are compared. Residuals (blue) obtained by subtracting
the theoretical curve from the experimental one are displayed at
the bottom. (a) In water, I,~ ion was found to have an asym-
metric and bent structure. To emphasize the fine difference in
fitting quality, the residuals shown were multiplied by a factor of
3. (b) In acetonitrile, I~ ion was found to have a symmetric and
linear structure.
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experimental and theoretical difference scattering curves at
100 ps for the I; ™ ion in water and acetonitrile solutions. In
the water solution, the asymmetric (R; > R,) and bent
(Ry + R, > Rj3) structure of the I, ion gave the best
fit when every parameter was adjusted freely. If a symmet-
ric structure (R; = R,) or a linear structure (R; + R, =
R;) is assumed as a constraint, the fit between theory and
experiment deteriorates. In contrast, in acetonitrile, the
symmetric (R; = R,) and linear (R; + R, = Rj) structure
gave the best fit within the error range when every parame-
ter was adjusted freely. If an asymmetric structure (R; >
R,, Ry = 1.1R;) or a bent structure (R; + R, > R3, R; +
R, = 1.05R;) is assumed as a constraint, the agreement
deteriorates. The optimized structure in methanol lies in
between the ones in water and acetonitrile solutions, as
expected from the number of functional groups available
for hydrogen bonding. The optimized structure was
slightly asymmetric and the quality of the fit also became
worse when the symmetric constraint was used. However,
in contrast to the bent structure predicted by femtosecond
spectroscopy, the linear structure (R; + R, = R;) was
obtained from our analysis. This discrepancy can be attrib-
uted to the smaller bending angle of the ion structure in
methanol than in water and the relatively large error of
the x-ray solution scattering at distances larger than 6 A
(see the Supplemental Material [30]). Optimized bond
distances and their errors are summarized in Table 1.

The distinction between the different structures of
the I;~ ion can be emphasized when the contribution of
I;~ alone is extracted by subtracting the contributions
of I,” ion, temperature change of solvent, and the cage
component. Figure 4 shows the extracted real-space fea-
tures of only the I, ion in water and acetonitrile solutions.
Each experimental curve (black line) can be fit by a sum of
contributions from three I-I distances (red line) optimized
in the fitting analysis described in Fig. 3. Interestingly, for
the peak around 3 A, the peak is broader in water than in
acetonitrile. This observation indicates that I;~ ion in
water has two different I-I bond distances around 3 A
and thus have an asymmetric structure. The asymmetric
structure of I, in water is supported by the poor fit when
using a symmetric structure [middle panel of Fig. 4(a)].
The peak centered at ~6 A, which corresponds to the
distance between the two end atoms, R;, can be used for

determining whether I;~ ion has a linear or bent structure.
In water, R3 (6.13 A) is shorter than the sum of R; and R,
(6.31 A) indicating the bent structure of I;~. If a linear
structure is forced by using Ry = 6.31 A, the peak posi-
tions of the experimental and theoretical curves do not
match well [bottom panel of Fig. 4(a)].

The results from the acetonitrile solution can be explained
in the same manner. If an asymmetric structure of the I,~
ion with two different bond lengths (2.84 and 3.15 A) is
used, the theoretical curve has a broader width than the
experimental data [middle panel of Fig. 3(b)]. The distance
between the end atoms (5. 99 A) is the same as the sum of
two other distances (5.99 A) indicating the 11near structure
of I, 7. If a bent structure is forced by using 5.85 A, the peak
position of the theoretical scattering curve is not in good
agreement with that of the experimental curve. In methanol,
the structure of I;~ is asymmetric as indicated by a slightly
broadened peak at ~3 A, but to a lesser extent than in water,
the details of which are shown in the Supplemental Material
[30]. Based on this analysis, the symmetry breaking is
clearly observed in water and weakly present in methanol,
but does not exist in acetonitrile.

In the EXAFS study of the I,
was found that the peak at ~3 A in the scattering curve of
the I;~ ion exhibits broadening in protic solvents with
hydrogen-bonding abilities [22]. In that study, the broad-
ening was attributed to the high Debye-Waller (DW) factor,
not to the symmetry breaking caused by solvent-solute
interaction. A high DW factor can cause such broadening
due to increased structural disorder induced by thermal
motion. To account for the possible contribution of a large
DW factor to the broadening of the peak at 3.16 A, we
included the DW factor as an additional parameter for the
data analysis. When the DW factor was adjusted freely, its
relative contribution becomes negligible, suggesting that
there is no additional broadening caused by the DW factor.
As shown in Fig. 4(c), if we assume that the broadening only
arises from the DW factor and there is only one I-I distance,
the broad peak at 3.16 A is still fit well. However, the peak at
6.13 A also becomes broad and the overall quality of the fit
becomes worse, confirming that the broad feature in water
does not arise from a high DW factor but from two unequal
bond lengths. In this way, the width of R; can act as criteria
for distinguishing the origin of the broadening.

ion in various solvents, it

TABLE I.  Structural parameters extracted from the data analysis and DFT calculation. R, R,, and R are the bond distances of I~
ion and R, is the bond length of the I,” fragment.

Ry (A) Ry (A) ~R (A Ry (A) £1iL]; (deg) Ry (A)
Water 3.38 £ 0.03 2.93 +0.03 0.45 = 0.04 6.13 =0.14 153 3.43 =0.03
Water (DFT calculation) 3.21 2.74 0.47 5.94 172
Acetonitrile 3.01 =0.04 2.98 = 0.04 0.03 = 0.06 5.99% 180 3.24 = 0.06
Methanol 3.03 = 0.04 2.94 +0.03 0.09 = 0.05 5.97% 180 3.59 = 0.04

“The maximum value of R; was set to be R; + R, to avoid physically unacceptable structure. The R; values for the acetonitrile and

methanol solvent hit the limit.
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FIG. 4 (color). Structure reconstruction of I~ ion based on the
extracted bond distances. The contribution of I~ alone (black
solid line) was extracted (see the Supplemental Material [30] for
details). Theoretical curves (red) were generated by a sum of
three I-I distances (dashed lines). The residuals (blue solid line)
are displayed at the bottom. (a) In water solution, the theoretical
curve calculated from the asymmetric and bent structure gave the
best fit to the experimental curve (top panel). When one average
distance (3.16 A) instead of two unequal distances was used, the
broad feature in the experimental curve cannot be matched
(middle panel). When a linear and asymmetric structure is
used, the sum of two I-I distances (6.31 A) do not match the
R; (6.13 A) determined from the experimental scattering curve,
indicating the bent structure (bottom panel). (b) In acetonitrile
solution, a symmetric and linear structure gave the best fit (top
panel). If two unequal distances (3.15 A and 2.84 A) were used,
the theoretical curve becomes broader than the experimental
curve (middle panel). When a bent structure was used, the
peak at 5.99 A is shifted to a smaller value, giving a worse fit
to the experimental curve (bottom). (c) The simulation using a
higher DW factor is compared with the experimental curve. For
clarity, r?AS(r) is used. If a higher DW factor with equal I-I
bond lengths was used to fit the broad feature of the peak around
3.16 A, the peak around 6.13 A became too broad to fit the
experimental curve and the entire quality of the fit became worse
(blue).

Our experimental results well account for the results of
the previous experimental and theoretical studies. For ex-
ample, the I-I-I angle of the bent I;~ ion in water was
estimated to be 153° from transient anisotropy measure-
ment [12]. This estimated value well matches the value
extracted from our data. Also, a theoretical study using MD
simulation [21] suggested an asymmetric structure of I;~
in water with one bond longer by 0.49 A than the other.
This prediction is very similar to the result of our mea-
surement (0.45 A)

In order to find the origin of the symmetry breaking,
many theoretical studies have been performed. Although
theoretical studies using MD or Monte Carlo simulation
have ascribed the origin of the symmetry breaking of I, in
protic solvents to the hydrogen-bonding interaction
between solute and solvent molecules, the structure of
I;~ with broken symmetry has never been optimized by
quantum chemical calculation, mainly due to the difficulty
of including explicit hydrogen-bonding interaction in the
quantum chemical calculation [18-21]. Sato et al. found
the flattening of the ground-state free-energy surface in
aqueous solution [17], but could not find an asymmetric
structure as a minimum. In our work, we calculated the
molecular structure of I;~ by using the density functional
theory (DFT) method by considering 34 explicit water
molecules (see the Supplemental Material [30] for the
computation details). This approach is similar to a recent
theoretical investigation of small molecules inside ice
nanotube [43]. The optimized structure yielded an
asymmetric and bent structure of I;~ ion. The structural
parameters of the optimized structure are summarized in
Table I. The difference between two I-I bond distances
0.47 A) is well matched with that from the scattering
experiment (0.45 A) We note that the configuration of
water molecules displayed in Fig. 5 is not the only possible
solution because the solvent molecules fluctuate signifi-
cantly in reality. Still, it can be seen that the elongated
iodine atom has more negative charge than normal and thus
can strongly interact with the adjacent hydrogen atoms
through hydrogen-bonding interaction. As a result, the
solvated ion with broken symmetry can have much lower
energy than the symmetric structure in the same solvation
environment, as shown in Fig. 5. This DFT calculation
confirms that the symmetry breaking of the I,” ion is
induced by hydrogen-bonding interaction.

In summary, by applying time-resolved x-ray solution
scattering, we characterized the structure of the I;~ ion in
three different solvents, elucidating subtle structural
changes of the ion depending on the hydrogen-bonding
ability of the solvent. In water solution, we found that the
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FIG. 5 (color online). Optimized structures and the relative
energies of I;~ ion with 34 explicit water molecules forming the
first solvation shell by DFT method (see the Supplemental
Material [30]). The optimized structure of I, ion has a broken
symmetry (asymmetric, bent) and is stabilized by 51.2 kJ/mol
compared with the linear symmetric one. The elongated iodine
atom has a higher negative charge.
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I,~ ion takes an asymmetric and bent structure, lowering
the structural symmetry. This phenomenon is also weakly
present in methanol but not in acetonitrile. Our results
provide direct evidence for broken symmetry of the triio-
dide ion in hydrogen-bonding solvents and clarify the
subtle effect of solute-solvent interaction on the structure
of ionic species.
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