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Polyiodides, Im
ÿ, were formed in room-temperature ionic liquids (RTILs). The RTILs were N,N-diethyl-N-

methyl-N-(2-methoxyethyl)ammonium iodide, [DEME][I], and 1-alkyl-3-methylimidazolium iodide,

[Cnmim][I] (n = 1, 2, 3, 4, 6, and 12). In [Cnmim][Im], prepeak and intensity modulation of X-ray diffraction

were caused by polyiodides. Above m = 4, polyiodide-mediated local structures were formed, although

little alkyl side-chain length, n, dependence was seen in the X-ray diffraction patterns. The viscosity of

the mixtures was measured as a function of m to obtain their dynamic properties. The m tendencies of

the viscosity and density changed at around m = 4 when fixing n = 4. By 127I-NMR, the local

environments of only polyiodides were extracted by changing n, m, and the temperature. Doublet/triplet

peak splitting of pure [Cnmim][I] (n = 3, 4, and 6) occurred at low temperature. In [Cnmim][Im] (n = 2 and

4), the effect of polyiodides was clarified from the chemical shifts and peak splitting in the NMR spectra.

The experimental results support a Grotthuss-type exchange mechanism of iodide between polyiodides.

Introduction

The fundamental science of polyiodide formation has been

investigated for a long time.1–3 The molecular structures of

numerous polyiodides as anions were determined in the early

20th century.2 X-ray structure analysis of ionic compounds

indicates a geometrical variety of polyiodides in the solid state.

Combined with density functional theory (DFT) calculations,

Raman and IR spectroscopy can precisely distinguish the states

of polyiodides, Im
ÿ. From their IR spectra, it was determined

that V-shaped polyiodides are different from linear polyiodides.

Direct evidence of polyiodides in acetonitrile solution was

provided by mass spectroscopy.4 The most prevalent polyio-

dides were found to be odd numbered Im
ÿ (m = 2i + 1).

Nevertheless, small amounts of even numbered Im
ÿ (m = 2i)

were detected. Regarding transportation properties, a drastic

enhancement of the electrical conductivity was induced by the

iodine additive. The high conductivity arising from the additive

effect is explained by the Grotthuss exchange mechanism,5

which was first introduced to explain proton transfer in water.

Dye-sensitized solar cells (DSSCs) have utilized redox cou-

ples in room-temperature ionic liquids (RTILs).6–15 Electroche-

mically stable RTILs were assembled into the DSSC devices.

Charge transportation is explained by 3Iÿ - I3
ÿ + 2e and I3

ÿ +

2e - 3Iÿ. Furthermore, DFT calculations of polyiodides with a

1-ethyl-3-methylimidazolium (C2mim+) cation were carried

out.16 In the [C2mim][I5] system, atomic distances in the

intra-polyiodides are divided into two lengths, one shorter

and the other longer. Although the DFT simulations optimize

molecular structures in the gas phase, the experimentally

obtained crystal structure can determine the atomic distances

in Im
ÿ precisely. The crystal structures of [C2mim][I3], 1-vinyl-3-

ethylimidazolium, [veim][I3], and 1,3-dimethylimidazolium,

[C1mim][I7], were determined by X-ray diffraction.17 In [C1mim][I7],

a Z-shaped I7
ÿ anion was formed. Atomic distances in I7

ÿ vary with

the position of each iodide. With respect to the phase stability of

the mixtures at low temperature, a phase diagram of [C3mim][Im]

was determined by differential scanning calorimetry (DSC).18,19 In

the iodide-rich region, a nematic phase was first observed on the

DSC thermal trace.

Thermodynamic properties such as density and viscosity

were investigated in pure [C3mim][I]20 and [Cnmim][I] (n = 4,

6, and 8).21 In particular from the viscosity, a macroscopic

transportation property involving cations and anions was clarified.

Depending on the alkyl side-chain length of the Cnmim+ cation, the

temperature dependence of viscosity was altered in pure

[Cnmim][I]. The experimentally obtained results were in good

agreement with molecular dynamics (MD) simulations.21

In this study, we investigated the local environments of

polyiodides, which were extracted by 127I-NMR. Information

about only Im
ÿ determined by 127I-NMR was compared with

macroscopic viscosity. Temperature dependent peak broaden-

ing and splitting was clearly observed in the NMR spectra.

Using 127I-NMR, the chemical shifts, peak broadening, and

peak splitting of polyiodides were obtained in the [Cnmim][Im]

system for the first time.
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Experimental and simulations

The RTILs used in this study were hydrophilic [Cnmim][I] (n = 1,

2, 3, 4, 6, and 12; Kanto Chemical Co.), where the Cnmim+

cation is 1-alkyl-3-methylimidazolium and n denotes the alkyl

side-chain length of the cation. [C1mim][I], [C2mim][I], and

[C12mim][I] are solid at room temperature. As an additive,

iodine (99.8%, Kanto Chemical Co.) was used. N,N-Diethyl-N-

methyl-N-(2-methoxyethyl) ammonium iodide, [DEME][I],22 was

synthesized by Nisshinbo Co. Solid [C1mim][I], [C2mim][I], and

[C12mim][I] contain less than 0.05% H2O, while liquid

[C3mim][I], [C4mim][I] and [C6mim][I] have a quality of less

than 0.02% H2O. Mixtures were prepared inside a glove box

through which helium gas is flowed and in which relative

humidity (RH) was suppressed below 10% using silica gel.

X-ray diffraction was carried out using SmartLab (Rigaku

Co.). The wavelength of incident X-ray (Mo radiation), l =

0.07107 nm, was selected owing to the large X-ray absorption

coefficient of the [Cnmim][Im] system. The wavevector, q, was

provided by 4p(sin y)/l. Data were collected in transmission

geometry. The sample thickness for X-ray diffraction was

0.1 mm. The windows for X-ray were Kapton films, the thick-

ness of which was 76.5 mm. The density of [C4mim][Im] was

obtained using the X-ray absorption coefficient. For density

measurements, the sample thickness was 0.5 mm.

A 600 MHz NMR spectrometer (JNM-ECA600, JEOL Co.) was

used to investigate the behaviors of the Iÿ anion and polyio-

dides. (CD3)2CO, acetone-d6 (99.96 atom% D, Sigma-Aldrich

Co.), was dissolved in the RTILs, except for [C1mim][I], as an

NMR reference standard. Only in the case of [C1mim][I], D2O

(99.9%, Merc Co.) was used as the reference, because phase

separation occurred in [C1mim][I]–acetone-d6. For comparison,

the 127I-NMR of 0.1 M KI–D2O solution was measured. The

temperature range for 127I-NMR was ÿ20 1C to 50 1C.

The viscosity of the mixtures was measured using a Cannon-

Fenske viscometer (Sibata Scientific Technology Co.). The visc-

ometer constant was 0.0451 cSt sÿ1. Using a water bath,

temperature was controlled within 0.1 1C, where the range of

temperatures was 10 to 80 1C.

The Gaussian 09 program23 was used for the ab initio

molecular orbital calculations. The basis sets implemented in

the program were used. The DGDZVP basis set24 was used for

iodide. The geometries of ions and ion pairs were optimized at

the B3LYP/cc-pVDZ level.25,26 NMR shielding tensors were

calculated using the Gauge-independent atomic orbital (GIAO)

method27 from the B3LYP/cc-pVTZ level wavefunctions calcu-

lated for the optimized geometries.

Results and discussion
1. X-ray diffraction of [C

n
mim][I

m
]

Iodide in the [Cnmim][Im] is enhanced in X-ray diffraction

because of its large atomic scattering factor. The X-ray diffrac-

tion patterns of [Cnmim][Im] (n = 3, 4, and 6; 1rmr 8) at room

temperature are shown in Fig. 1. The red circles in the figure

represent peaks, derived from the Kapton films used for X-ray

windows. The X-ray diffraction patterns depend extensively on

the m value. The m-dependent changes of the X-ray diffraction

patterns are classified into two parts: (i) prepeak at low q and

(ii) intensity modulations in the high q region. The prepeaks

are indicated by arrows in Fig. 1. In the case of (i), a significant

m dependence is seen in the peak profile of the prepeak, which

is expressed by the peak intensity, position, and width. The

peak intensity, position, and width indicate the volume of local

order, the inter-molecular pair distance, and its correlation

length, respectively.28–31 To emphasize the iodine additive

effect, the m dependence of the peak position of the prepeak

is plotted in Fig. 2. Evidently, prepeak positions of [Cnmim][Im]

(n = 3, 4, and 6) shift to lower q with increasing m. As the peak

position is sensitive to m values, the prepeak reflects the

correlation of polyiodide pairs and/or cation-polyiodide pairs.

Peak shifting that depends on the additive concentration was

also observed in [C4mim][NO3]–D2O.
32 On the other hand, the

alkyl side-chain length of the cation, n, has little relation to the

prepeak position at fixed m. The n-independent prepeak posi-

tion suggests that the prepeak in the [Cnmim][Im] system is
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Fig. 1 X-ray diffraction patterns of [Cnmim][Im] at room temperature. The

red circle shows the peak arising from the Kapton films used as X-ray

windows. The arrows indicate the prepeak of X-ray diffraction.
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possibly derived from the inter-polyiodide correlation. Further-

more, the slope of the prepeak position in the [C6mim][Im]

system changed at around m = 4, as indicated by the arrow in

Fig. 2. The two different types of slopes mean that a cation-

dominant liquid structure crosses over to a polyiodide-dominant

structure at m = 4. More importantly, the prepeak width becomes

smaller with increasing m. The correlation length of the poly-

iodide pair developed is accompanied by the formation of larger

polyiodides.

Regarding (ii), the neutron diffraction pattern of liquid

iodine at high temperature is useful for comparison.33 In the

pure system, the diffraction pattern has little intensity modula-

tion in the high-q region. In addition to the pure system, the

liquid structures of KI–I2 aqueous solutions were examined by

X-ray diffraction.34 Correlation of the second and third nearest

neighbors was weakened by the addition of iodine. In contrast

to the above systems, intensity modulations of [Cnmim][Im] in

the higher q region are predominant above m = 4, where the q

region corresponds to the intra-molecular bond length and

angle of the polyiodides. As mentioned earlier, iodide has a

large atomic scattering factor and, thus, is the main contributor

to the X-ray diffraction pattern. Therefore, it is clear that the

intensity modulations of the X-ray diffraction patterns in (ii) are

characteristic of the geometrical features of polyiodides at

larger m. Comparing the KI system with the RTILs, polyiodides

in the RTILs were different from those in dilute KI mixtures.34

In [Cnmim][Im], the coincidence of the crossover point (m = 4) in

both the low- and the high-q regions implies that larger poly-

iodides having geometrical variety (high-q component) could

influence the inter-molecular correlation (low-q component). In

addition to the peak shifting of the prepeak, an alkyl side-chain

length dependence of the Cnmim+ cations was not observed in

the X-ray diffraction patterns at high q. One of the reasons is

that little information about the Cnmim+ cation is obtained

owing to its relatively small atomic scattering factor. Hence,

polar/non-polar nanodomains in the imidazolium-based

RTILs28–31 are not observed in the [Cnmim][Im] system.

2. Viscosity and density of the mixtures

The viscosity of [Cnmim][Im] (n = 3, 4, and 6; 2 r m r 8) was

measured from 10 1C to 80 1C (Fig. 3). For comparison, the

viscosity of pure [Cnmim][I] (n = 3, 4, and 6)20,21 is shown by the

open circles in Fig. 3. Iodine addition causes a reduction in

viscosity. As previously hypothesized in RTIL-polyiodides,13 a

Grotthuss exchange mechanism of iodide could promote mass

transportation in the mixtures. Because viscosity is propor-

tional to the size of the anions (BF4
ÿ and PF6

ÿ) in general

RTILs,35 a Grotthuss exchange mechanism is indispensable to

interpret the lower viscosity of the larger polyiodides in [Cnmim]-

[Im]. From an Arrhenius plot of viscosity as a function of

temperature, the activation energy, Ea, is obtained (Table 1).

Regarding macroscopic properties, an m dependence of Ea is

clearly seen in the mixtures, although Ea is almost independent

of n at a fixed m value. To clarify the effect of iodine addition on

viscosity, the m dependence of the viscosity of [C4mim][Im] is

plotted in Fig. 4a. The density of [C4mim][Im] at room tempera-

ture was alsomeasured, as shown in Fig. 4b. For both in viscosity

and density, the slopes of the plots change at around m = 4. A

variety of molecular shapes of polyiodides and their network
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Fig. 2 m dependence of the prepeak of X-ray diffraction. The prepeak

positions of [Cnmim][Im] shift to lower q with increasing m.

Fig. 3 Temperature dependencies of the viscosity of [Cnmim][Im]. For

comparison, the viscosities of pure [C3mim][I], [C4mim][I] and [C6mim][I]

are shown by open circles.
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were predicted theoretically and experimentally in previous

studies.1–3 The small negative gradient of viscosity for m Z 4

(Fig. 4a) indicates that complex geometrical factors could also

contribute to the viscosity. In addition, Grotthuss-type hopping

of iodide13 could dynamically disturb the well-packed environ-

ment and cause additional collisions as a dynamic obstacle. At

the same time, the increment of density became smaller at m Z

4 (Fig. 4b). This implies that the packing efficiency of polyiodides

above m = 4 was not preferred owing to spatially spread poly-

iodides (V-, Z-, and branched-shaped polyiodides). The anom-

alous tendencies of viscosity and density for m Z 4 are

consistent with liquid structural anomalies above m = 4

(Fig. 1). In the case of conductivity, the crossover point on the

m scale shifts, reflecting charge propagation under an electric

field. The conductivity of [C3mim][Im] indicates a crossover point

at around m = 3, corresponding to the appearance of I5
ÿ.36 The

electronic properties are controlled by hydrogen bonding

between the C3mim+ cation and polyiodides. The weak H-bond

interactions and high conductivity for m Z 3 are explained by

migration, such as a Grotthuss-type exchange process acceler-

ated under an electric field. In the [Cnmim][Im] system, the

macroscopic properties of viscosity, density, and conductivity

are divided into two regions: (a) an isolated-regime in the I-poor

region and (b) a correlated-regime in the I-rich region.

For a better understanding, it is significant to consider the

hygroscopic nature of [C4mim][Cl], [C4mim][Br], and [C4mim][I].

At ambient temperature, [C4mim][Cl] and [C4mim][Br] are solid.

In order to distinguish the hygroscopic nature, these RTILs are

plotted on the hydrophilicity/hydrophobicity map.37 At the mole-

cular level, DFT calculations provide bond distances and angles

between the C4mim+ cation and the halogen in the simulation

box.38 Obviously, the bond distance is inversely proportional to

hydrophilicity. Moreover, the bond angle corresponds to the solid

or liquid phase at room temperature. The hygroscopic nature of the

anion can explainmacroscopic properties such as density, viscosity,

conductivity, and the melting point. Based on the fundamental

approach, in the [Cnmim][Im] system, we confirm that larger

polyiodides become less hydrophilic, considering the m depen-

dence of viscosity and density.

3. 127I-NMR spectroscopy of the Iÿ anion and polyiodides

In the [Cnmim][Im] system, 1H-NMRwas carried out to investigate the

effect of I2 addition on the Cnmim+ cation.17More directly, 127I-NMR

provides insight into the Iÿ anion behavior in pure RTILs.37 Owing

to experimental difficulties, NMR spectra using only two types of Iÿ

anion-based RTILs were obtained in the previous study.39 Generally,

peak broadening in NMR spectra is inevitable for quadrupolar

halogens because of their short relaxation time. At first, we recorded

the 127I-NMR spectra of pure [DEME][I], [Cnmim][I] (n = 1, 2, 3, 4, 6,

and 12) and 0.1 M KI aqueous solution at 40 1C (Fig. 5). Previously,

the 127I-NMR spectrum of 0.05 M KI in D2O was collected.40

[Cnmim][I] (n = 1, 2, and 12), and [DEME][I] have a sharp peak,

the width of which is comparable to that of the standard KI aqueous

solution used in this study. On the other hand, the NMR peak of

pure [Cnmim][I] (n = 3, 4, and 6) became much broader. Possible

factors affecting the peak sharpening/broadening are the viscosity,
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Table 1 Activation energies calculated using the temperature dependencies of the viscosities

[C3mim][I] [C3mim][I5] [C4mim][I] [C4mim][I5] [C6mim][I] [C6mim][I5]

Ea (kJ molÿ1) 44.0 25.4 40.3 25.4 43.1 27.6

Fig. 4 m dependence of (a) viscosity and (b) density.

Fig. 5 NMR spectra of pure [Cnmim][I] (n = 1, 2, 3, 4, 6, and 12). [DEME][I]

and KI are shown for comparison.
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local structure, and relaxation time.39 Also, the tendency of the peak

widths of the above RTILs depends on whether the RTILs are in the

solid or liquid phase at room temperature. For instance, KI,

[DEME][I], [C1mim][I], [C2mim][I], and [C12mim][I] are solid at room

temperature, whereas [Cnmim][I] (n = 3, 4, and 6) are liquid. Based

on this idea, the peculiar features in the NMR spectra are summar-

ized in Table 2.

The chemical shifts of [Cnmim][I] (n = 3, 4, and 6) were

obviously deshielded compared with the solid group (Fig. 5).

For simplicity, we discuss the representative [C4mim][I] ionic

liquid and compare it with the standard KI. The chemical shift

of the Iÿ anion of KI in this study coincides with that in the

previous study.40 The difference in the chemical shift of

[C4mim][I] originates from the specific orientational order

and the bond length between C4mim+ and Iÿ, which are

predicted by DFT38 and MD.41 The effect of the halogen anion

in [C4mim][X] (Xÿ = Clÿ, Brÿ, and Iÿ) was examined by DFT

calculations.38 Only in [C4mim][I], a geometrical relationship

between the C4mim+ cation and the Xÿ anion is entirely

different from the others. On the other hand, MD simulations

of [Cnmim][I] (n = 4, 6, and 8)41 were performed to examine the

spatial distribution of the Iÿ anion, which depends on the alkyl

side-chain length of the cation. Anisotropic distributions are

classified by the bonding length between cations and anions. A

significant point is that the distribution of the Iÿ anion does

not depend on the alkyl side-chain length of the Cnmim+

cation. On the other hand, a standard KI aqueous solution is

characterized by hydration. In X-ray diffraction experiments,

the hydrogen of water is not probed, but the oxygen of water is

detected. The I–O bond distance was 0.35 nm, and the K–O

bond distance was 0.28 nm.42 Ion pairing and the local struc-

ture in the KI aqueous solution were estimated by Monte Carlo

simulations.43 Here we confirm that the chemical shifts in the
127I-NMR spectra are influenced by the local environment of the

Iÿ anion.

To clarify the thermal properties of the Iÿ anion in the

RTILs, the temperature dependence of the NMR spectra was

measured. Here, we compare the NMR peaks of representative

[C4mim][I] (liquid-type: Fig. 6b) with [C2mim][I] (solid-type:

Fig. 6a). In [C2mim][I], the peak intensity decreased with

decreasing temperature at a constant peak position. At the

same time, the peak of [C2mim][I] gradually became broader.

Once solidification occurred below 0 1C, the peak shifted

suddenly toward the deshielded direction. In simultaneous X-

ray diffraction and DSC measurements,44–46 the crystallization

temperature of [C2mim][I]–acetone-d6 was also monitored. At a

cooling rate of 2 1C minÿ1, the crystallization temperature was

ÿ17.8 1C. After complete solidification, the peak remained at a

fixed position and retuned to being a sharp peak (Fig. 6a). In

contrast to the fixed peak position of [C2mim][I], the singlet

peak of [C4mim][I] shifted in the deshielded direction with

decreasing temperature (Fig. 6b). Temperature-dependent peak

shifts were also seen in [C4mim][Cl] by 35Cl-NMR.39 Here, we

focus on the effect of the anion on peak shifting as a function of

temperature by describing the different behaviors of

[C4mim][Cl] and [C4mim][I]. The shift direction of [C4mim][I]

during cooling is opposed to that of [C4mim][Cl].39 Further-

more, below its melting point, the peak splitting of [C4mim][Cl]

was accompanied by solidification. The low-temperature beha-

vior of [C4mim][I] is entirely different from that of [C2mim][I]

and [C4mim][Cl]. A remarkable feature of [C4mim][I] is that the

doublet peak of [C4mim][I] appeared at 15 1C without solidifi-

cation, where the lack of solidification was checked visually. In

addition, a fairly weak side peak appeared at around ÿ200

ppm. NMR doublet peaks in the liquid state imply that a

thermally averaged distribution of Iÿ anions is separated into

two different environments at low temperature. The Iÿ anion is

thermally stabilized in two different environments without

crystallization. It was found that Clÿ and Iÿ anions have

different interactions with the C4mim+ cation. Next, the cation

effect is discussed in the Iÿ anion-based RTILs. With respect to

[C2mim][I] and [C4mim][I], the degrees of freedom of the

conformations of the cations are key to interpreting the peak

splitting/non-splitting in the NMR spectra. It is well known that

the C4mim+ cation has three stable conformations.36 Hence, we

deduce that the singlet–doublet transfer in the 127I-NMR spec-

tra is derived from a positional change of the Iÿ anion accom-

panied by a conformational change of the C4mim+ cation.

Moreover, the almost equal intensities of the doublet peaks

indicate that two sites are occupied with equal probability. The

above significant experimental results show that 127I-NMR is a
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Table 2 Classification of RTILs based on their NMR spectra

Peak
profile

Chemical
shift

Temperature dependence
of chemical shifts

Solid group Sharp Shield Constant
Liquid group Broad Deshield Variable

Fig. 6 Temperature dependence of the NMR spectra of (a) [C2mim][I] and

(b) [C4mim][I].
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valid mean of investigating the thermal properties of the Iÿ

anion, and that the chemical shift is quite sensitive to the local

environment of the Iÿ anion.

The temperature dependence of the chemical shifts of the Iÿ

anion-based RTILs is revealed in Fig. 7. By plotting the

chemical shift of all RTILs, the cation effect is clearly classified

into three groups: (I) standard KI (Bÿ15 ppm), (II) fixed

chemical shift (B120 ppm), and (III) variable chemical shift

(150–280 ppm). The peak of [C1mim][I] was positioned in the (I)

region, and a very small temperature dependence of the peak

position was observed. Only in [C1mim][I], the sample was

dissolved in D2O, whereas the other RTILs were diluted using

acetone-d6. The (I) region is characterized by interaction

between Iÿ and D2O. In the (II) region, the peak positions of

[DEME][I], [C2mim][I], and [C12mim][I] were almost constant

upon cooling. Moreover, solidification of [C2mim][I] occurred

below 0 1C, where the chemical shift of solid [C2mim][I] is close

to that of the standard KI solution described in the (I) region.

This means that ion pairing between cations and anions is

promoted by solidification. In contrast, the NMR peaks of

[Cnmim][I] (n = 3, 4, and 6) in the (III) region were deshielded

gradually with decreasing temperature. Upon further cooling,

peak splitting of [C3mim][I] and [C6mim][I] appeared at low

temperature in the same manner as [C4mim][I], as shown in

Fig. 6a. It was visually verified that solidification of [Cnmim][I]

(n = 3, 4, and 6) does not occur even below the peak splitting

temperature. It should be noted that one of the doublet peaks is

located at the position of liquid [C1mim][I], solidified

[C2mim][I], and standard KI solution, which are characterized

by (I). At low temperature, the heterogeneous behavior of the Iÿ

anion could be interpreted by the following idea. Some Iÿ

anions are bound strongly to cations (I), whereas others are

bound loosely to cations (III). We assume that the strong/loose

heterogeneity of the Iÿ anion is induced by the conformational

degrees of freedom of the alkyl side-chain of the Cnmim+ cation

(n Z 3). The heterogeneity corresponds to the two sites, which

are distinguished by two different bond distances in DFT

calculations.41

127I-NMR is a powerful technique for extracting information

only about polyiodide in RTILs. It yields clues that can improve

our understanding of the Grotthuss mechanism of iodide

transport in RTILs. The chemical shifts of [C2mim][Im] (solid-

type) and [C4mim][Im] (liquid-type) were measured at a fixed

temperature of 40 1C (Fig. 8). An interesting point regarding

[C2mim][Im] is that a multi-step peak splitting is induced by

adding iodine. Doublet and triplet peaks appeared in the NMR

spectrum at m = 2 and m = 5, respectively. Because peak

splitting in pure [C2mim][I] was not observed even at low

temperature, peak splitting on the m scale is regarded as a

polyiodide-inherent property. Actually, the C2mim+ cation hav-

ing only planar and non-planar conformations48 could corre-

late directly with polyiodides. Above m = 5, triplet peaks mean

that the hopping process of iodide between polyiodides

becomes more complicated. In one process, an ion-pair-like

situation exists at ÿ100 ppm (I), and in another the anion is

loosely bound to the cation at 100 ppm (III). The third peak at

ÿ300 ppm (m Z 5) is discussed in the following section. In the

liquid state, three different environments of iodide are induced

by large-sized polyiodides (m Z 5). In contrast, [C4mim][Im] has

a different peak splitting on the m plot (Fig. 8). At m = 8, a third

peak appeared in the [C4mim][Im] system. The longer alkyl-side

chain of C4mim+ could disturb the third environment (Bÿ300

ppm) below m = 7. Even though the m region of the third peak

appearance is different in [C2mim][Im] and [C4mim][Im], the

splitting peaks are superimposed with the same chemical shifts

(ÿ300 ppm, ÿ100 ppm, and 100 ppm). From the NMR peak

splitting of the [Cnmim][Im] system, we confirm that the cross-

over points of the viscosity, density, and conductivity at around

m = 4 are related to the coexistence of strongly and loosely

bound iodides.

4. DFT calculations for 127I-NMR shielding

127I-NMR shielding constants for a set of complexes of KI, pure

[DEME][I], and pure [Cnmim][I] were obtained by DFT calcula-

tions. The calculated and observed chemical shifts are plotted
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Fig. 7 Chemical shifts of pure RTILs as a function of temperature.
Fig. 8 Chemical shifts of [C2mim][Im] and [C4mim][Im] as a function of m

at 40 1C.
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in Fig. 9. The error bars in the figure reveal the full width at half

maximum of the observed NMR peaks. Despite the fact that gas

state calculations were performed, the calculated values coin-

cide qualitatively with the observed values. The problem with

the DFT calculations is that many-body effects are not involved.

This means that, in actual systems, molecules surrounding the

Iÿ anion influence the NMR shielding. In Fig. 9, [C1mim][I] has

a large discrepancy with the calculated chemical shift. Con-

sidering that the D2O solvent was used only in [C1mim][I],

strong hydrogen bonding to Iÿ is not ignored in the [C1mim][I]–

D2O system. Therefore, some clusters involving D2O could be

formed, and the local environment surrounding the Iÿ anion

could be modified. In the case of acetone-d6, which was used as

a solvent for the other RTILs, acetone cannot contribute to the

formation of the specific clusters owing to quite weak molecu-

lar interactions between the RTILs and acetone.

Next, the chemical shifts of polyiodides in the RTILs were

estimated. The optimized molecular structures of [C4mim][Im]

are shown in Fig. 10a. The atomic distances in the polyiodides

differ at each position. At the same time, the distributions of

surface charge in the polyiodides change drastically in the

larger polyiodides. The NMR shielding constant of iodide is

derived from the atomic distances and surface charge distribu-

tions of the polyiodides. Fig. 10b represents the m dependence

of the calculated chemical shifts in [C4mim][Im]. As the alkyl

side-chain length of the Cnmim+ cation has little relation to the

calculated chemical shifts, the calculation results in other

systems are omitted. Quantitatively, the doublet/triplet peak

splitting of the NMR peak is demonstrated in the simulation

box. For instance, in [C4mim][I5], five different chemical shifts

are obtained. This is because the NMR shielding constants of

the five iodides depend on the iodide position in I5
ÿ and on the

relative positions of the C4mim+ cation and iodide. In fact, a

broad 127I-NMR peak induced by a large quadrupole moment

should be taken into account. If we assume that five peaks are

reduced to three peaks by peak broadening, the observed

doublet/triplet peaks in the [Cnmim][Im] systems are explained

by a superposition of the calculated peaks.

Summary

In larger polyiodides, a crossover point of the viscosity and

density of [Cnmim][Im] correlates with the development of

nano-heterogeneity, as evidenced by X-ray diffraction measure-

ments. The formation of larger polyiodides contributes not only

to nano-heterogeneity but also to thermodynamic properties.

The macroscopic properties of the mixed system are influenced

by the local circumstances of Iÿ anions and polyiodides, which

are directly probed by 127I-NMR. NMR peak splitting suggests

that strongly and loosely bound iodides are obviously distin-

guishable in the polyiodides. This is a significant finding that

contributes to our understanding of (i) the Grotthuss mecha-

nism of iodide transport and (ii) the hydrophobicity of poly-

iodides in the mixtures.
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