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Investigation of metastable structures of polyiodide in acetonitrile
studied by the global reaction route mapping and reference
interaction site model self-consistent field explicitly including
constrained spatial electron density distribution

Kayo Suda,*? Daisuke Yokogawa*?

In this study, we theoretically analyzed metastable structures of polyiodide (I;) in gas and acetonitrile phases using the
grobal reaction route mapping and the reference interaction site model self-consistent filed explicity including constrained
spatial electron density distribution. Considered from chemical reaction pathways of |, in acetonitrile, it was found that
there would be 2 types of isomerization pathways. One proceeds with the constant stoichiometry, and another take place
by breaking and formation of I-I bonds. In addition, we discovered that I, had various metastable structures within ~10
kcal/mol. Compared the most stable structure in gas and acetonitrile phases, tetrapot type is the most stable strucure in gas
phase, however, that one is zigzag type in acetonitrile. In order to clarify this difference, we performed decomposition
alalysis of the thermal correlation term in gas and acetonitrile phases. It was found that thermal correction plays a key role
in the stability and we could explain the difference of population of EQ states of I, in each phase. Comprehensively, we
revealed that the solvation effect must be one of crutial factors to stabilize the isomers of |, and to determine the chemical

reaction pathways.

1. Introduction

Polyiodides are structurally varied and very complicated
compounds.’ 2 Furthermore, polyiodide properties have been
used in various applications, including dye-sensitized solar
cells,® metal—organic frameworks (MOFs),* and single wall> and
multiwalled carbon nanotubes.® Because of their unique
physicochemical properties,! polyiodides are useful compounds
and have been studied with some experimental methods.”12
However, most of them are related to kinetic studies and their
structures in solution phase are still being investigated.

In the case of I37, quantum chemical approaches with
solvation effect had been applied,'3-1> and bonding characters
and structures have been studied in detail. On the other hand,
the number of studies about larger polyiodide, such as |17, in
solutions is still limited. According to a previous study,® the
optimized structure of I, (tetrapot type) in the gas phase and
acetonitrile had been investigated using experimental and
theoretical approaches. In another previous study,! the
equilibrium structures of I;- were reported to be tetrapot and
zigzag types. Nevertheless, due to the hypervalent character of
the iodide atom,! other metastable structures should be
present in the solution. Thus, we used theoretical calculations
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to investigate metastable structures and their |;7 population in
acetonitrile.

Most of the structure searches in quantum chemical
computations have been conducted based on the researchers’
knowledge. This method usually works well for organic
compounds. However, in the case of polyiodide, the number of
covalent bonds significantly depends on the surrounding
environment, making it difficult to image the number of bonds
intuitively. In this study, we applied global reaction route
mapping (GRRM) to tackle this difficulty. GRRM has been
developed and systematic prediction of unknown, unexpected
chemical reaction pathways is possible.’”> 18 Thus, we
considered that GRRM must be a suitable approach to
investigate unknown metastable structures of |5~ in acetonitrile.
Besides the quantum calculations using GRRM, we applied the
solvation theory to examine the effect of solvation on the
structure. We selected a reference interaction site model self-
consistent field that explicitly included constrained spatial
electron density distribution (RISM-SCF-cSED), which is one of
the hybrid approaches between quantum and statistical
mechanics, as described in our previous studies.'®2¢ Because of
the small computational cost of RISM-SCF-cSED, we can not only
couple the RISM-SCF-cSED with GRRM, but also evaluate the
solvation effect using sophisticated quantum chemical
approaches, such as coupled cluster methods. This study
investigates the counterintuitive metastable structures of |5~ in
acetonitrile and determines its population by applying GRRM
and RISM-SCF-cSED.
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2. Theoretical methods

We performed geometry optimizations in gas and solution
phases (acetonitrile) using the B3LYP-D3/ECP-def2-SVPD level
of theory with software (GRRM14) and the GAMESS program.?’
The RISM integral equation was coupled with the hypernetted-
chain closure. The temperature was 300 K, and the acetonitrile
density was 0.0115 molecules A-3. The Lennard—Jones
parameters for the solute and solvent molecules were
calculated using the OPLS-AA parameter.28

Journal Name

First, we determined the equilibrium (EQ) and transition (TS)
structures of I,” in the gas phase applying GRRM. We performed
EQ and TS geometry optimization in acetonitrile using these
structures as initial structures. Frequency calculations
confirmed the EQ and TS structures in the solution. We
calculated the energy of the obtained structures I, in each
phase using the coupled-cluster singles and doubles with
perturbative triples using aug-cc-pVTZ-PP level of theory. The
obtained energy value was summarized as follows:

AG = AG™! + AG™T, (1)

where AG®™ represents the thermal correlation calculated

from the frequency calculations and

AGS! = <1/)sol | j_‘[ | 1/)501) + Aﬂ, )
where ¥ represents a wavefunction determined in solution
and 4u represents the solvation free energy calculated by RISM-

SCF-cSED. Based on this result, we also calculated the
population of the obtained structures of I;,~ in each phase.

3. Results and discussion
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Scheme 1. Chemical reaction pathways of I;” in acetonitrile. The origin of the energy was A G( I3 ) + 2AG(I3) in acetonitrile and

2| J. Name., 2012, 00, 1-3

relative energies were shown in kcal/mol.
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Table 1. Free energy differences of I;~ of each structure in
each phase (unit: kcal/mol).

Gas phase Acetonitrile

EQO 0.002 0.54
EQ1 3.43 2.54
EQ2 0.95 0.00°
EQ3 8.62 7.69
EQ4 9.24 7.88
EQ5 10.40 8.81

EQ6 — 1.37
EQ7 - 2.63
EQ8 - 27.97
EQ9 - 8.27

a: Free energy is —2064.06467 hartree.

b: Free energy is —2064.09343 hartree.

Scheme 1 shows the chemical reaction pathways of I~ in
acetonitrile. We obtained 10 equilibrium structures (EQ0-9) and
10 transition structures (TS0-9) of |, in acetonitrile. In the case
of polyiodide, I3~ is well known to be stable in solution.
Therefore, in this study, we also considered the following
decomposition process:
and the origin of the free energies in Scheme 1 wassettobe A G
(13_) + 2AG(1,). When the energy of the state is negative, the
state is more stable than I3~ + 2I, while I3~ + 213 is stable
when the energy is positive. Based on the sign of the energies
in Scheme 1, we can discuss the possibility of the decomposition
from |57 to I37. Focused on the chemical reaction pathway
(shown by red arrow), we found that the chemical reaction
pathway (from EQO to EQ7 through EQ1, EQ2 and EQ6) could be
occurred with the same stoichiometry because relative energies
of TS and EQ states had negative value. On the other hand,

This journal is © The Royal Society of Chemistry 20xx

i of I;” in gas phase and acetonitrile.
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Fig. 1 Populations of isomers of I;” in gas (red) and acetonitrile
(blue) phases.

relative energies of TSs of another chemical reaction pathway
(shown by blue arrow) had positive value. This means that
structural change of |;- could be occurred through the
decomposition of I;” to I3~ and 2I,. In the previous studies, 2° it
was found that the structural change of I, in solid phase could
be occurred through the decomposition of I;7 to I3~ and 2I,
because I3~ and |, are stable structures. These experimental
observations suggest that our findings could provide us with
reliable information. In next section, we focused on the
obtained equilibrium structures of I,- and its features in gas and
acetonitrile phases.

Scheme 2 shows the obtained equilibrium structures of I;” in
the gas phase (EQO—EQS5) and acetonitrile (EQO0—EQ9). I;~ could
take various conformations such as tetrapot and zigzag types
due to the hypervalent character of iodide atom. With this
result, we can say that GRRM could be a useful tool for
investigating systems, which have various conformations since

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Entropy difference (AS) of EQO and EQ2 between acetonitrile and gas phases (unit: cal / K-mol).

it would be difficult for us to analyze by hand. Although there
were small differences between the structures obtained in
acetonitrile and gas phases, it was discovered that the
structures of EQO—EQS5 in acetonitrile were similar to those in
the gas phase. Focused on some structures in each phase,
tetrapot type (EQQ) and zigzag type (EQ2) were obtained in each
phase, which was described in previous studies,’ & 22 so that
our findings could provide us with reliable information. In the
cases of EQ6, EQ7, EQ8, and EQ9 in acetonitrile, these
structures were obtained from transition state structures in the
gas phase, indicating that the structures of |;~ would be
influenced by the solvation effect. The details of the obtained
structures in each phase were described in the Supporting
Information.

Next, we calculated the energies in the gas and acetonitrile
phases. Table 1 demonstrates the free energy differences (44G)
from the most stable structure in each phase. Although there
are considerable differences in the geometry, we discovered
that the obtained energies in each phase were within ~10
kcal/mol except for EQS8. In the case of the gas phase, EQO was
the most stable structure, whereas EQ2 was the most stable
structure in the case of acetonitrile. Since the zigzag type
structure was reported in MOF,* the surrounding environment,
such as solvent and MOF, should be a crucial factor in stabilizing
the zigzag type structure.

There should be some isomers in the gas and acetonitrile
phases due to the small energy differences. As shown in Fig. 1,
we calculated the population of each isomer in each phase using
the data of free energy differences. EQO and EQ2 were the
dominant isomers in each phase. Furthermore, the population
trends of EQO and EQ2 in the gas phase were inverted compared
with acetonitrile. In the case of the gas phase, the population of
isomers except for EQO and EQ2 were negligible. However,
isomers of EQO, EQ1, EQ2 and EQ6 existed in the case of
acetonitrile. This result would be consistent with the chemical
reaction pathways of I;” in acetonitrile as described in Scheme
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Fig. 3 Normal modes with low frequencies in gas and
acetonitrile phases (Purple arrows represent directions of the
motion of each atom).
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1. In the previous studies,* ¢ the presence of I;” in solutions was
reported. However, the population of each isomer was not
clarified to our knowledge. Based on these findings, it was
discovered that polyiodides in solution must be considered with
the solvation effect.

Why does the most stable isomer change from EQO to EQ2 in
acetonitrile? To answer the question, we divided AG into AG!
and AG®™. As shown in the Supporting Information, when 4
G is omitted, EQO becomes the most stable in both phases,
indicating that AG®™ determines the relative stabilities
between EQO and EQ2. To discuss the difference in the stability
in more detail, the decomposition analysis of AG®"" would be
helpful. AG®'™ can be divided into the three terms: translation,
rotation, and vibration terms. In the case of |;~ in acetonitrile,
we discovered that the AG®™" that comes from vibrational
modes played a critical role in the stability among the isomers.
Fig. 2 shows that entropy differences in the vibrational modes
of EQO and EQ2 between acetonitrile and gas phases. In the
case of EQQ, the lowest frequency (f1), second lowest frequency
(f2) and third lowest frequency (f3) had negatively large values.
This means that EQQ in gas phase would be more flexible than
that in acetonitrile. This is the reason why EQO would be more
unstable in acetonitrile phase than that in gas phase. On the
other hand, f1 had a positively large value in the case of EQ2.
This means that the EQ2 would be more flexible in acetonitrile
than that in gas phase, which leads to the stability of the EQ2 in
acetonitrile. Because EQQ is destabilized and EQ2 is stabilized in
acetonitrile, the most stable isomer changes from EQO to EQ2
in acetonitrile.

Before we close this section, it is better to discuss the
character of the normal modes (f1, f2 and f3 of EQO and f1 of
EQ2) in gas and acetonitrile phases. In Fig. 3, these normal
modes in each phase were summarized. In the case of EQO, f1
and f2 are the vending modes, and f3 is the stretching mode. f1
of EQ2 is the distortion mode. Because the directions of each
motion do not change drastically with the solvation effect, the
solvation effect should affect the force constant of these normal
modes. The reason why the solvation effect changed the force
constant will be discussed in the future work.

4. Conclusions

In this study, we theoretically analyzed metastable structures
of I;~in acetonitrile employing GRRM and RISM-SCF-cSED. Some
isomers and transition states were discovered in acetonitrile,
and they were affected by the solvation effect. Considered from
chemical reaction pathways, there would be 2 types of
isomerization pathways. One proceeds with the constant
stoichiometry, and another take place by breaking and
formation of I-1 bonds. Focused on EQ structures, it was found
that the most stable EQ structure is tetrapot type (EQO) in gas
phase, meanwhile, zigzag type (EQ2) is the most stable
structure in acetonitrile. In order to clarify the difference, we
tried to perform the decomposition analysis of thermal

correlation terms on EQO and EQ2 in gas and acetonitrile phases.

It was found that thermal correlation determined by frequency

This journal is © The Royal Society of Chemistry 20xx
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computations is a critical factor to determine the stability of I;~
in acetonitrile.

In this study, the structures in acetonitrile were determined
from the structures determined in gas phase using GRRM.
However, for the complicated systems, it is strongly required
that GRRM should be coupled with RISM-SCF-cSED and the
structures in solution should be obtained automatically. This is
our feature study.
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