
UN
CO

RR
EC

TE
D

PR
OO

F

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy xxx (2019) xxx-xxx

Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and Biomolecular
Spectroscopy

journal homepage: www.elsevier.com

Lithium-triggered spontaneous formation of polyiodides in room-temperature ionic
liquid-alcohol solutions
Hiroshi Abea, ⁎, Tsukasa Tokitab, Koichi Iwatab, Shinichiro Ozawaa

a Department of Materials Science and Engineering, National Defense Academy, Yokosuka 239-8686, Japan
b Department of Chemistry, Faculty of Science, Gakushuin University, 1-5-1 Mejiro, Toshima-ku, Tokyo 171-8588, Japan

A R T I C L E I N F O

Article history:
Received 10 October 2018
Received in revised form 10 December 2018
Accepted 27 December 2018
Available online xxx

Keywords:
Room-temperature ionic liquids
Spontaneous formations of polyiodides
Lithium ions
Charge unbalancing

A B S T R A C T

In this study, the effect of alcohol on polyiodide formation in room-temperature ionic liquid (RTIL) was ex-
amined by time evolutions of Raman spectra in the low-frequency region and by color changes of the sample.
The RTIL was 1-methyl-3-propylimidazolium iodide, [C3mim][I]. Polyiodides develop in [C3mim][I]‑lithium
salt-ethanol solutions (Abe et al., Chem. Phys. 502 (2018) 72.). Without the external addition of iodine or
without an external electric field, the irreversible transformation from I− to I3

− indicates that charge unbal-
ancing was promoted by lithium ion. Polyiodide formations were not induced by sodium or potassium ions.
Strong alcohol effects were observed directly by the time-dependent Raman bands in the low-frequency re-
gion.

© 2018.

1. Introduction

Electrical-energy storage devices have been used in various mo-
bile device applications since a long time. Li-ion batteries [1–7] and
dye-sensitized solar cells (DSSCs) using polyiodides (Im

−) [8–12]
have attracted significant amount of attention as high-performance ap-
plications. To improve the performance of the energy storage devices,
several studies based on Li-ion batteries and DSSCs have been con-
ducted separately as different types of devices. Recently, a high-en-
ergy-density battery that combines Li and polyiodides, namely Li/
polyiodide hybrid battery, has been developed [13–16]. This hybrid
battery was able to obtain a satisfactory high energy density and cyclic
performance without the degradation of the cathode.

The fundamental science of polyiodides, Im
−, in the gas, liquid, and

solid states has been studied experimentally [17–20]. In these exper-
iments, the presence of Im

− was measured using mass spectroscopy,
and the stable polyiodides were found to be odd-numbered Im

− [19].
On the contrary, the non-equivalent bonding distances of polyiodides
were determined by the crystal structure [20]. In density functional
theory (DFT) calculations [17–19], the geometrical varieties of the
Im

− molecular structures were demonstrated in a simulation box. De-
pending on the non-equivalence, surface charge distributions of Im

−

were modified. Recently, anomalous behaviors of Im
− in room-tem-

perature ionic liquids (RTILs) were reported. The RTILs consist sim-
ply of a cation and anion, and some of their properties are as follows:
nearly zero vapor pressure, electrochemical stability, thermal stabil

⁎ Corresponding author.
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ity, and chemical stability, among others [21–23]. The thermal prop-
erties and the conductivity of [C3mim][Im] were systematically mea-
sured [24,25]. C3mim+ is the 1-methyl-3-propylimidazolium cation,
and generally, 1-alkyl-3-methylimidazorium is expressed as Cnmim+,
where n represents the alkyl chain length of the cation. Using differ-
ential scanning calorimetry (DSC) measurements, phase diagrams of
[C3mim][Im] were developed. Anomalous behaviors of [Cnmim][Im]
(n= 1, 2, 3, 4, 6, and 12) were examined using X-ray diffraction, vis-
cosity, density, and NMR [26]. The results show that with an increase
in the value of m, the prepeak of X-ray diffraction increased at room
temperature. This indicates that large Im

− contribute toward the devel-
opment of nano-heterogeneity in the [Cnmim][Im] system. Also, the
chemical shifts and peak splitting in the NMR spectra were predomi-
nantly proportional to the m value. Furthermore, through experiments
using X-ray diffraction at low-temperature and high-pressure, it was
found that using [C3mim][Im], the I− anion is a glass forming fac-
tor, while I3

− contributes toward the crystal formation [27]. A detailed
phase diagram under ambient pressure predicted the crystal forming
factor of I3

− [28]. Complicated phase diagrams were determined by
simultaneous measurements of X-ray diffraction and DSC. From the
viewpoint of phase anomalies, conductivity as a transport property
of [C3mim][Im] had the maximum value on the m scale, and super
ionic-like conductivity of Im

− was enhanced by the external addition
of iodine [29]. Previously, the Im

− transporting process was explained
by a Grotthuss type exchange mechanism [10], where the Grotthuss
mechanism was originally introduced to describe the proton transfer
of water [30]. In addition to the structure and dynamics of Im

−, the pho-
toconductivity of [Cnmim][Im] was examined in consideration of the
applications for DSSCs [31]. The maximum value of photoconductiv-
ity was obtained in [C4mim][I8].

https://doi.org/10.1016/j.saa.2018.12.049
1386-1425/ © 2018.
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Raman spectroscopy can probe Im
− directly in the low-frequency

region. Raman-active modes and wavenumbers were calculated by
DFT using the optimized molecular structures of Im

− [32]. Then, the
experimentally obtained Raman bands of Im

− were identified using the
calculated wavenumbers [33–35]. In [C3mim][Im], intensities at the
111, 141, 148, and 165cm−1 bands deepened on the m value [35].
Under the presence of an electric field, the intensity ratios of Raman
bands changed significantly. More importantly, using time evolutions
of Raman spectroscopy in the low-frequency region, spontaneous for-
mations of Im

− were observed in [Cnmim][I]-Li[FSI]-ethanol mixtures
[36], where the FSI− anion is bis(fluorosulfonyl)imide. Without the
external addition of iodine or without an external electric field, the
development of Im

− indicates that charge unbalancing in the solutions
was induced by Li+.

In this study, using Raman spectroscopy, we have investigated the
spontaneous Im

− formations in [C3mim][I]-Li[FSI]-alcohol systems to
clarify the effect of alcohol. Time evolutions in the amount of Im

− dras-
tically changed for different types of alcohols. Li+ affinities against
alcohols directly contribute to the Im

− formations. This did not con-
tradict with the theoretical calculations, which are explained by an
ion-induced dipole interaction between the alkali metal cation and the
alcohols. Na[FSI]-alcohol and K[FSI]-alcohol were not resolved into
[C3mim][I]. A combination between Li+ and alcohols causes the spon-
taneous Im

− formations. Li+ causes Im
− formations that are accompa-

nied with charge unbalancing.

2. Experimental Methods

The RTIL used in this study was hydrophilic [C3mim][I] (Kanto
Chemical Co.). The alkali salts were Li[FSI], Na[FSI], and K[FSI]
(Kanto Chemical. Co.). As a control, tetrabutylammonium iodide,
[N4444][I], and tetrabutylammonium triiodide, [N4444][I3] (Tokyo
Chemical Industry Co.) were used in this study. CCl4 was used to
estimate the instrumental resolution function and to adjust the op-
tics,. Since the solid Li[FSI] did not directly resolve into [C3mim][I],
an alcohol-diluted Li[FSI] solution was prepared for mixing with the
RTILs. The alcohols used were methanol, ethanol, 1-propanol, and
2-propanol (Kanto Chem. Co.). The molar ratio of the mixtures was
[C3mim][I]:Li[FSI]:alcohol = 1:1:1. The solutions were mixed inside a
glove box with a helium gas atmosphere and the relative humidity was
suppressed to below 10% using silica gel. A quartz culet with a cap
was used for a sample cell and was sealed firmly using PTFE tape.

Raman spectra were recorded with a He-Ne laser (LGK 7665 P,
LASOS Lasertechnik GmbH, 15mW) as the excitation light source at
632.8nm. The light that was scattered from the sample at a right an-
gle was collected and focused to a single spectrograph (HR 320, Jobin
Yvon, blaze wavelength 500nm, 1800 lines/mm, slit width 200μm)
by a pair of achromatic lenses. The polarization of the collected light
was randomized with a polarization scrambler. A holographic edge fil-
ter (633 nm RazorEdge, Semrock, 633nm) was placed in front of the
entrance slit of the spectrograph to eliminate the elastically scattered
light from the sample. The light dispersed by the spectrograph was
detected using a liquid nitrogen cooled CCD detector (Spec-10:400B,
Princeton Instruments, 1340× 400pixels). The emission lines from a
Ne lamp were used for calibrating the wavenumber of the spectrome-
ter.

The temperature was fixed at 50°C, since longer observation times
were required for spontaneous polyiodide formations at room temper-
ature. For instance, at room temperature, it would take longer than one
week to form fully saturated polyiodides.

3. Results and Discussion

3.1. I3
− Raman Bands of [N4444][I3]-Ethanol Solutions

[N4444][I]-ethanol and [N4444][I3]-ethanol mixtures are the key
RTILs in determining I3

− Raman bands experimentally [36]. Fig. 1
reveals the low-frequency components of I3

− Raman bands at room
temperature. Additionally, to estimate instrumental accuracy, the Ra-
man spectrum of CCl4 was used as a standard for comparison (Fig.
1). Since the [N4444][I]-ethanol mixture had no Raman bands below
200cm−1, the distinct three peaks of the [N4444][I3]-ethanol mixture
(located at 112, 142, and 168cm−1) are derived from I3

−. Here, we
emphasize that the minimum wavenumber in this study was around
70cm−1. In a previous study [36], Raman bands at 112 and 142cm−1

were not observed due to the detection limits of the instrument. It was
reported that [C3mim][Im] obtained by the external addition of iodine
was previously measured and the Im

− Raman bands were assigned as
111, 141, 148, and 165cm−1 [35]. The 111cm−1 band contributed to
the symmetric νs(I3

−) mode, while the band at 141cm−1 was attributed
to the asymmetric νa(I3

−) mode. On the contrary, it was estimated that
linear I5

− ions provide a peak at 162–165cm−1, which is an indicator
for the outer νs(I I)outer stretching modes of the I5

− ions [33].
In addition to the distinct Raman bands, background intensities in

the low-frequency region decreased monotonically with an increase
in the wave number. If the tail scattering of CCl4 in the vicinity of
the minimum wavenumber represents the background conditions, the
scattering of [N4444][I]-ethanol in the low-frequency region could be
due to intrinsic scattering, which was derived from the mixture. In
previous studies [37–39], the RTILs provided the broad bands in the
low-frequency Raman spectra as collective modes. By assuming a vi-
brational and relaxation bands, the observed spectra of [Cnmim][X]
were well fitted [37]. Then, we deduce that the tail scattering of
[N4444][I]-ethanol is connected to the relaxational component of the
N4444+ cation, considering the background of standard CCl4 (Fig. 1).
Not only in [N4444][I]-ethanol but also in [N4444][I3]-ethanol, the
collective N4444+ cation mode was predominant in the low-frequency
region. Consequently, using standard samples, I3

− Raman bands and
relaxational mode as collective cationic motions could be identified.

Fig. 1. Raman spectra of pure CCl4 (blue curve), [N4444][I] + ethanol (red curve),
[N4444][I3]+ ethanol (black curve) at room temperature. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.)
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3.2. Polyiodide Formation in [C3mim][I]-Li[FSI]-Methanol
Solutions

Na[FSI]-methanol and K[FSI]-methanol did not dissolve in
[C3mim][I]. Even at a high temperature, solutions of
[C3mim][I]-Na[FSI]-methanol and [C3mim][I]-K[FSI]-methanol were
not obtained due to the salting-out effects [40] that occurred. In fact,
just after mixing the two liquids, solids precipitated into the solutions.
It should be noticed that only [C3mim][I]-Li[FSI]-methanol was dis-
solved into [C3mim][I] completely, forming a homogeneous liquid.
The [C3mim][I]-Li[FSI]-methanol solution was mixed at a molar ra-
tio of 1:1:1. Fig. 2(a) reveals the time evolution of Raman spectrum
of the [C3mim][I]-Li[FSI]-methanol solution. Since the sample color
gradually changed from transparent to dark brown, the scattered in-
tensities were weakened by an increment of optical absorption for
polyiodides. Therefore, the observed intensities were normalized by
the Raman band of the FSI− anion. It is well known that the FSI− an-
ion possesses cis (C1) and trans (C2) conformers. The molecular con-
formers of the FSI− anion were determined experimentally, and com-
bined with DFT calculations [41–47]. On the Raman spectra, the C1
and C2 conformers of FSI− were distinguishable. The 740cm−1 in Fig.
2(a) was derived from the νs(N–S) of the FSI− anion [41]. The peak

Fig. 2. (a) The time-dependent Raman spectra for the [C3mim][I]-Li[FSI]-methanol
mixture and (b) the peak intensities of the polyiodides at 110 (black circles) and
148 cm−1 (red circles as a function of time. Sample colors are shown in the pictures. The
temperature was fixed at 50 °C. The solid curves were obtained using Eq. (3). (For in-
terpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

profile of the 740cm−1 peak did not change during the measuring time.
Local circumstances around FSI− anion and FSI− conformations could
be time-invariant, although the polyiodides developed after a lapse of
time.

Time-variable Raman spectra of the [C3mim][I]-Li[FSI]-methanol
solution at 50°C is shown in Fig. 2(a). With a lapse of time, sharp
110cm−1 and broad 148cm−1 Raman bands increased gradually. The
weak 168cm−1 Raman band of [N4444][I3]-ethanol was not observed
in the [C3mim][I]-Li[FSI]-methanol solution even if Raman inten-
sities were fully saturated. The increment of Raman intensities in
the low-frequency region indicated spontaneous formation of I3

− di-
rectly, although the observed wavenumber positions of Raman bands
shifted slightly, in comparison to those of [N4444][I3]-ethanol. An-
other difference between [N4444][I3]-ethanol and
[C3mim][I]-Li[FSI]-methanol is the peak width. The 142cm−1 Ra-
man band of [N4444][I3]-ethanol was sharp, while the 148cm−1 band
of [C3mim][I]-Li[FSI]-methanol was broad. In a previous study, the
Raman spectrum of [C3mim][I]-Li[FSI]-methanol was similar to that
of [C3mim][I3], except for the intensity ratio [35]. In the previous
study, a conventional filter was used to remove the background in
the vicinity of Rayleigh scattering. At the same time, the Raman in-
tensity at 111cm−1 (I111) was decreased by the filter. Thus, we con-
firm that I111 was underestimated in the previous study. Without con-
sidering the Raman intensities in [C3mim][I3], the Raman spectrum
was assigned by the sharp band at 111cm−1 and the broad band at
around 150cm−1. The broad band consisted of I141, I148, and I165,
where Raman bands at 143–147cm−1 and 155–160cm−1 were as-
signed as νa(I-I)outer and νs(I-I)outer of the V-shaped I5

− [35]. Hence, for
the case of [C3mim][I]-Li[FSI]-methanol, the sharp and broad bands
are well explained if we assume that I3

− (I110 and I141) and I5
− (I148 and

I165) coexist during the formation process of the polyiodides. Here,
we emphasize that [C3mim][I]-Li[FSI]-methanol is electrically neu-
tral because there were no external additives of iodine or no external
charge injections. In spite of the closed system, one I3

− ion is formed
spontaneously from three I− ions. This means that the charge unbal-
ancing occurred locally. For instance, in the externally I2-added sys-
tem, polyiodide formations are expressed by:

Eq. (1) satisfies electrical neutrality. On the contrary, under an ex-
ternal electric field, I3

− is formed on the electrode with the charge
transfer as follows:

Thus, without I2 addition or an external electrical field, the spon-
taneous polyiodide formation in this study causes charge unbalancing
intrinsically.

Focusing the tail scattering in the vicinity of the minimum
wavenumber just after mixing, large tail intensities suggest that the
collective motion of the C3mim+ cation was remarkable. However,
with a lapse of time, the tail intensity gradually decreases accom-
panied by increasing viscosity and changing sample color. Here, we
emphasize that a decrease in the tail intensity directly contributes to
an increase in viscosity, reflecting suppression of the collective mo-
tion of the C3mim+ cation. The tendency opposed to the externally io-
dine-doped systems [26]. In the iodine-doped [Cnmim][Im], viscosities
decreased inverse proportionally to the m values, while nano-hetero

(1)

(2)
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geneity of the mixtures developed in the RTILs with externally doped
iodine. Since surface charge density of Im

− becomes smaller in larger
polyiodides, an interaction between cation and polyiodide is weaken
in the large Im-. In case of Li+-induced polyiodide system, the oppose
increasing viscosity in [Cnmim][I]-Li[FSI]-alcohol systems could be
related with the excess electrons, described in Eq. (2). This is because
number of excess electron is proportional to that of I3

− with a lapse
of time. Another feature of the Raman spectra as a function time is
that Raman intensities at 110cm−1 (I110) and 148cm−1 (I148) increased
gradually, although the peak positions and widths were nearly time-in-
variant (Fig. 2(a)).

To express the formation process of I3
− on a time scale quan-

titatively, the normalized intensities of I110 and I148 of
[C3mim][I]-Li[FSI]-methanol are plotted in Fig. 2(b), where the ob-
served intensities were normalized by referring to the 740cm−1 peak
derived from the FSI− anion, and the normalized peaks were decom-
posed by asymmetric profile fitting using the pseudo Voigt function.
The fitted wavenumbers of the sharp (ks) and broad bands (kb) are
listed in Table 1. In the figure, pictures are inserted to represent the
sample color changes at each time. The color varied from yellow to
dark brown, corresponding to the increments of Raman intensities in
the low-frequency region. Since the sample color of pure [C3mim][I]
also became dark brown due to the external addition of iodine [28],
the time-variant color of [C3mim][I]-Li[FSI]-methanol indicates that
spontaneous formations of polyiodides were realized even without any
iodine additions. The fitted Raman intensities were extrapolated by the
following equation:

where τ is the specific time constant for the polyiodide formation
process (Table 1). Both I109 and I146 were saturated at around 180min.
The saturated normalized values of I110 (sharp component) and I148
(broad component) were evaluated to be 5.9 and 1.3, respectively. The
intensity ratio of I110/I148 was 4.5, which represents the abundance ra-
tio of I3

− and I5
− (Table 1).

3.3. Alcohol Effects on the Spontaneous Formation of Polyiodides

Alcohol effects on polyiodide formation were examined by fix-
ing the molar ratio of [C3mim][I]:Li[FSI]:alcohol = 1:1:1. Fig. 3(a)
reveals the time dependence of Raman spectra in the
[C3mim][I]-Li[FSI]-ethanol solution. Sample color in the
ethanol-based mixture was also time-variant. Each spectrum was nor-
malized using the FSI− Raman band. Time evolution of the
ethanol-based mixture was similar to that of the methanol one. After
peak profile fitting, the wavenumber of the broad component shifted
to a lower wavenumber in comparison with the methanol-based mix-
ture, although the sharp band did not shift within the range of ex-
perimental error (Table 1). The broad band shifting indicates that
the intensity ratio of I141, I148, and I165 is modified by ethanol. I110
and I147 are plotted as a function of time in Fig.

Table 1
Fitted values using Eq. (3) of the specific time constant (τ), wavenumbers of sharp band
(ks) and broad band (kb), and intensity ratio of I110/I147.

τ (min) ks (cm−1) kb (cm−1) Is/Ib

Methanol 70 109.8 148.1 4.5
Ethanol 140 109.9 147.0 4.4
1-Propanol 255 109.7 146.4 5.3
2-Propanol 245 109.7 145.8 5.2

Fig. 3. (a) The time-dependent Raman spectra for the [C3mim][I]-Li[FSI]-ethanol mix-
ture and (b) the peak intensities of the polyiodides at 110 (black circles) and 147 cm−1

(red circles as a function of time. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

3(b). In contrast to the methanol-based mixture, the observed inten-
sities were not saturated within the measuring time. Using Eq. (3), τ
was estimated and the fitted intensities were exhibited by the solid
curves in Fig. 3(b). Apparently, τ of the ethanol-based mixture was
much longer than that of the methanol-based mixture. The differences
between the alcohol effects of methanol and ethanol on the formation
process of polyiodides are evident in the value of τ. However, the in-
tensity ratio of sharp to broad bands was comparable to that of the
methanol-based mixture. Thus, the abundance ratio of I3

− and I5
− was

not influenced by methanol or ethanol.
1- and 2-propanol are useful to evaluate the molecular interac-

tions for the RTILs [48–54]. A different time dependence of Raman
spectra was observed in [C3mim][I]-Li[FSI]-1-propanol, accompanied
by sample color changes (Fig. 4(a)). The Raman band at 110cm−1

increased rapidly and the normalized intensity increases to over 20
for the late stage of polyiodide formations. In
[C3mim][I]-Li[FSI]-1-propanol, time-invariant Raman bands above
200cm−1 were nearly identical to those of methanol- and
ethanol-based mixtures. Therefore, only the time-variant polyiodide
formation process was significantly modified by 1-propanol. By peak
profile fitting, the fitted wavenumbers of sharp and broad Raman
bands were found to be at 109.7 and 146.4cm−1, respectively (Table
1). Although the sharp band (ks) remained at the same position for
methanol- and ethanol-based mixtures, the broad band (kb) shifted
to a lower frequency. Moreover, the intensity ratio of I110/I146 in-
creased. The results imply that the I5

− to

(3)
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Fig. 4. (a) The time-dependent Raman spectra for the [C3mim][I]-Li[FSI]-1-propanol
mixture and (b) the peak intensities of the polyiodides at 110 (black circles) and
146 cm−1 (red circles as a function of time). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

total polyiodides ratio increased by 1-propanol, accompanied with
larger amounts of polyiodides. For further analysis, the normalized
intensities of I110 and I146 are shown in Fig. 4(b). In the same man-
ner as with other alcohol-based systems, polyiodide formation curves
were obtained using Eq. (3). It should be noticed that, in case of the
1-propanol-based mixture, the specific time constant for polyiodide
formation is much larger (Table 1). Considering the above results, (i)
a large amount of polyiodides, (ii) a long τ, and (iii) a high ratio of I5

−,
the proposed results clearly indicate that polyiodide formation is pro-
moted by 1-propanol.

A distinct propanol isomer effect during polyiodide formation was
not detected. For instance, time evolutions of Raman spectra in
[C3mim][FSI]-Li[FSI]-2-propanol, as shown in Fig. 5(a) and (b), were
almost the same as those in a 1-propanol-based system. The polyio-
dide formations are not sensitive to hydrophobicity or packing effi-
ciency as geometrical factors of 1-propanol and 2-propanol. Hence,
we deduce that the local charge unbalancing must be caused by other
interactions.

Fig. 5. (a) The time-dependent Raman spectra for the [C3mim][I]-Li[FSI]-2-propanol
mixture and (b) the peak intensities of the polyiodides at 110 (black circles) and
146cm−1 (red circles) as a function of time. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

3.4. Model of Spontaneous Polyiodide Formation

A model for the spontaneous formation of polyiodides was con-
structed by two mixing processes, as shown in Fig. 6. Here, we will
concentrate on the [C3mim][I]-Li[FSI]-methanol system for simplic-
ity. Since the molar ratio of [C3mim][I]:Li[FSI]:methanol is 1:1:1,
the amounts of C3mim+, I−, Li+, FSI−, and methanol are equivalent.
The mixing process (I) in Fig. 6 is the solution process of solid
Li[FSI] using methanol. In the Li[FSI]-methanol solution, lithium
is ionized by methanol, and the Li+ ion and the FSI− anion exist
simultaneously. The bond energies between Li+ and alcohols were
determined using ion cyclotron resonance mass spectrometer [55].
DFT calculations of various Li+ and alcohols were conducted to ac-
count for and quantify molecular interactions [56,57]. Both experi-
mentally and theoretically, it was found that Li+ is stabilized by al-
cohol additives. Thus, we confirm that in process (I), the Li+ ion
is coupled with methanol in the solution. Process (II) is a simple
mixing of the Li[FSI]-methanol solution and liquid [C3mim][I]. The
Li[FSI]-methanol solution was well resolved with [C3mim][I] and the
sample color became homogeneous. Since polyiodides were formed
spontaneously, it is assumed that the C3mim+-I− ion pair would grad-
ually diminish. Instead, the C3mim+-FSI− ion pair was favorable and
was stabilized in the solution (Fig. 6).
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Fig. 6. Schematic illustrations of mixing for processes (I) and (II).

In the remaining solution containing Li+, methanol, and I−, Li+ is cou-
pled with methanol and forms the iodide salt [Li(CH3OH)4]

+ [56]. We
predict that I− is screened by methanol due to the stabilized pair of Li+
and methanol. Subsequently, free I− will then be able to contribute to-
ward the formation of polyiodides.

In the DFT calculations [56,57], Li+ becomes stabilized by
propanol, ethanol, and methanol, respectively (Table 2). The alkali
ion-induced dipole interaction between the alkali ion and alcohol was
estimated theoretically. The additional interactions in order of
Li+ > Na+ > K+ are derived from variation of ion–dipole interaction be-
tween the alkali metal cations and the alcohols. The calculated results
do not contradict with polyiodide formation in this study. Since Li+
screening is further promoted by propanol, the number of polyiodides
in the propanol-based mixture was greater than that in the methanol-
and ethanol-based mixtures. Moreover, the lack of propanol isomer ef-
fects in this study can be explained by the difference in the calculated
values between Li+-1-propanol and Li+-2-propanol (Table 2). Conse-
quently, it can be concluded that the experimental results of polyiodide
formation obey Li+ ion–alcohol interactions. In the case of Na+ and
K+, weak interactions between alkali ions and alcohols cause the salt-
ing-out phenomenon to occur. Since Na+ and K+ screening by alcohols
is not sufficient, solid NaI and KI precipitated into the solutions. The
salting-out of Na[FSI]- and K[FSI]-based mixtures is also supported
by the interactions between alkali ions and alcohols. However, the I−

to I3
− process described in Eq. (2) still remains unclear.

4. Conclusion

Alcohol effects on the spontaneous formation of polyiodides were
examined directly by low-frequency Raman spectroscopy. With the
sample color changing as a function of time, Raman intensities in

Table 2
Theoretical alkali metal cation affinities of alcohols in kJ mol−1 at 0K [57].

Methanol Ethanol 1-Propanol 2-Propanol

Li+ 151.6 164.8 174.3 170.9
Na+ 106.2 117.4 114.8 123.0
K+ 75.7 82.7 82.9 86.9

creased gradually without changing peak widths. The amount of the
polyiodide formation depended extensively on the type of alcohol
in the preferential order methanol < ethanol < 1-propanol≈2-propanol.
The relation can be explained by the interactions between Li+ and al-
cohols. The abundance ratio of I3

− to I5
− can be classified into two

groups, i.e., (i) methanol- and ethanol-based and (ii) 1-propanol- and
2-propanol-based. The Li+ ion is the trigger for polyiodide formation,
since Na[FSI]- and K[FSI]-based solutions show an immediate salting
out just after mixing. Therefore, the Li+ ion-alcohol pair acts as a pro-
moting factor of polyiodide formation.
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