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9 ABSTRACT: We have found that the room-temperature ionic liquid (RTIL)
10 reveals outstanding pressure-induced phase changes from a liquid state to a
11 crystal polymorph and finally to a glass form upon compression by up to 8 GPa.
12 The RTIL is 1-butyl-3-methylimidazolium hexafluorophosphate, [C4mim][PF6],
13 which offers the opportunity to investigate a variety of fluctuations in one system
14 and can be completely recovered without dissociation or polymerization, even
15 after decompression. Similar to charge frustration, spin ice-like frustration, and
16 geometric frustration in high potential spintronics/multiferroic materials, the
17 RTIL frustrations are classified into charge (scalar), orientation (vector), and co-
18 ordination number (topology). Degrees of freedom at each state of [C4mim][PF6]
19 are described by charge balancing, molecular orientational order/disorder, mo-
20 lecular conformations of the C4mim+ cation, and the coordination number. Here,
21 we show a novel “conformation glass” induced by high pressure.

1. INTRODUCTION

22 Room-temperature ionic liquids (RTILs) are promising func-
23 tional molten salts that are characterized by dominant Coulombic
24 forces and are designed using a combination of an asymmetric
25 large organic cation and an organic/inorganic anion. Being
26 considered as recyclable “green solvents”, the intrinsic proper-
27 ties of RTILs have been widely applied in various fields,
28 including catalysts,1 electrochemical devices,2 and CO2

29 separation techniques.3 Among the different RTILs, 1-butyl-3-
30 methylimidazolium hexafluorophosphate, [C4mim][PF6] is an
31 important ionic liquid, characterized by high CO2 solubility
32 under high pressure.3 Moreover, CO2 absorption/desorption
33 by [C4mim][PF6] is completely reversible even under high
34 pressure. In the first generation of the RTILs, a series of 1-alkyl-
35 3-methylimidazolium cations, [Cnmim], with tetrafluoroborate,
36 BF4

−, and PF6
− have been well-investigated as representative

37 RTILs, where n represents the alkyl chain length.4 Phase
38 diagrams of [Cnmim][BF4] and [Cnmim][PF6] include the
39 significant effect of the nonpolar alkyl chain length.
40 At ambient pressure, the arrangements of charge (scalar),5

41 spin (vector),6 and topological defects (coordination number)7

42 on the lattice sites of the frustrated systems are significant
43 factors that influence their material properties. Representative
44 of a frozen charge system of an organic conductor, a charge
45 glass as a new concept was included in the frustrated system.
46 The disorder state obeys the conventional glass-forming theory
47 on the two-dimensional (2D) triangular lattice.5 It is well-known
48 that the 2D triangular lattice involves the geometrical disorder

49component. Representative of a highly frustrated magnetic sys-
50tem, spin freezing resembling ice is realized on a 3D tetrahedral
51network (the pyrochlore lattice).6 In addition to the 2D tri-
52angular system, the tetrahedron is regarded as a unit in the
53most frustrated 3D system. Geometrical disorder on the
54pyrochlore lattice is distinguished by spin. The residual con-
55figurational entropy of spin is evaluated by the simple ice rule.
56Representative of a geometric frustration in a ferroelectric
57system, nanosized patterns appear, relating to the defects on the
58compositionally modulated ferroelectrics.7 Defect-driven insta-
59bility causes topological textures. The idea of chirality derived
60from an electric dipole leads to the complicated patterns.
61Our goal is to investigate the intrinsic frustration−frustration
62process in one system only. In this study, we focus on [C4mim][PF6]
63as a prototype of a RTIL. The [C4mim][PF6] system offers the
64advantage to investigate a variety of frustrations because it has
65charge, molecular orientational order, molecular conforma-
66tions,8−10 and crystal polymorphs both at low temper-
67atures11−16 and under pressures below 4 GPa.17−22 Herein,
68we demonstrate successive frustrations of charge, orientation,
69and conformations on periodic/nonperiodic sites in [C4mim]-
70[PF6] upon compression by up to 8 GPa at room temperature
71by using in situ X-ray diffraction and Raman spectroscopy.
72Consistent with the phase change, a pressure-induced partially

Received: October 7, 2013
Revised: December 19, 2013

Article

pubs.acs.org/JPCB

© XXXX American Chemical Society A dx.doi.org/10.1021/jp409924h | J. Phys. Chem. B XXXX, XXX, XXX−XXX

* UNKNOWN * | MPSJCA | JCA10.0.1465/W Unicode | jp-2013-09924h.3d (R3.6.i4 HF01:4180 | 2.0 alpha 39) 2013/10/21 02:46:00 | PROD-JCA1 | rq_2016306 | 1/07/2014 16:58:30 | 8 | JCA-DEFAULT

pubs.acs.org/JPCB


73 constrained gauche conformation relating to the off-positioned
74 PF6

− anion was detected from the Raman spectra.

2. EXPERIMENTAL SECTION

75 [C4mim][PF6] (Kanto Chemical Co.) was selected as the ionic
76 liquid in this study. Water contamination in the sample was
77 checked using the Karl Fischer method and was confirmed to
78 be less than 100 ppm in the sample.
79 High-pressure X-ray diffraction experiments were carried out
80 by using a Mao-Bell type diamond anvil cell (DAC) in the
81 BL-18C of the Photon Factory at the High Energy Accelerator
82 Research Organization in Japan.23 Inside of the glovebox,
83 the sample and ruby balls were loaded into the 0.35 mm hole
84 of a preindented stainless gasket with a thickness of 0.180 mm
85 in the DAC. A microbeam with a diameter of 100 μm was
86 obtained using the collimator. For the high-pressure experi-
87 ments, the maximum pressure used was 8.1 GPa. Two-
88 dimensional (2D) diffraction patterns were obtained using
89 an Imaging-Plate system (BAS2000, Fuji-Film Co., Japan).
90 Subsequently, the 2D data were converted to one-dimensional
91 intensity data in order to minimize the preferred orientation on
92 the Debye rings. The pressure was also determined from the
93 spectral shift of the R1 fluorescence line of the ruby balls in the
94 sample chamber of the DAC. The scattered angles, 2θ, and
95 the incident wavelength, λ (=0.6199 Å), were calibrated by a
96 standard CeO2 polycrystalline. The observed powder diffraction
97 patterns were analyzed by using the ab initio structure
98 determination program FOX (free objects for crystallography).24

99 Molecular arrangements were simulated by optimizing the
100 molecule parametrization for global optimization algorithms.
101 High-pressure Raman spectra were measured using a Raman
102 spectrophotometer (NR-1800, Jasco Co.) equipped with a single
103 monochromator and a charge coupled device detector. A Lexel
104 Ar+ laser of wavelength 514.5 nm and power 250 mW was used
105 as an excitation source. For performing the high-pressure
106 experiment, the sample was put into a screw type DAC. The
107 pressure was monitored from the R1 fluorescence line of the
108 ruby balls, which were packed inside of the DAC. The high
109 pressure of 8.2 GPa was achieved by the combination of type-I
110 diamonds (culet 0.8 mm) and a stainless steel gasket with a
111 diameter of 0.25 mm and a thickness of 0.082 mm.

3. RESULTS AND DISCUSSION

112 3.1. Crystallization during Compression Observed by
113 High-Pressure X-ray Diffraction. In-situ observation of high-
114 pressure X-ray diffraction was performed at room temperature
115 in order to find the new high-pressure phase of [C4mim][PF6].
116 Figure 1 exhibits the X-ray diffraction patterns under high
117 pressure, where the scattering wave vector, Q, is represented as
118 4π·(sin θ)/λ [Å−1]. Liquid samples easily crystallize at 0.3 GPa
119 (=Pc). The black and red solid curves in Figure 1 indicate the
120 observed and calculated X-ray diffraction patterns, respectively.
121 The calculated patterns are obtained by FOX.24 Crystallo-
122 graphic data from the present and previous studies22 are
123 summarized in Table 1. As can be seen from the data, the
124 crystal structures of the high-pressure and low-temperature α
125 phases are equivalent. Further compression led to the discovery
126 of a monoclinic crystal structure above 1 GPa (=P1), coexisting
127 with the α phase. This monoclinic phase had no relation with
128 the low-temperature crystals such as orthorhombic α and
129 triclinic β and γ phases.22 Herein, we denote this phase as the δ
130 phase to distinguish it from the α, β, and γ crystals (Figure 2).

131The space group of the δ phase is found to be monoclinic
132P2/m (Z = 4), where Z stands for the number of molecules per
133unit cell.
134Subsequently, structure analysis at around 3 GPa (=P2)
135suggests that the second solid−solid phase transition occurred
136with the coexistence of two phases. Intriguingly, the high-
137pressure crystals of the monoclinic P2/m (Z = 1) appeared at
138P2 (Figure 2); the phases of these crystals are henceforth
139referred to as the δ′ phase. To the best of our knowledge, the
140“Z = 1” lattice of the high-pressure crystal was discovered first
141in imidazolium-based RTILs. Therefore, it remains unclear
142as to why the δ′ phase exhibits the Z = 1 lattice. Despite the
143coexistence of two phases, there still exist sharp Bragg peaks at
1443.6 GPa (Figure 1). This implies negligible little lattice distortions
145or external hydrostatic pressure applied to the crystal.
146Under high pressure, competitive interactions might be
147effective in the crystal state of the imidazolium-based cation.
148One such interaction is the repulsive π−π interaction, as seen in
149aromatic materials, while the other is the dipole−dipole interac-
150tion in ionic crystals, such as alkali cyanides. In the case of the
151former, the geometrical constraint in a zigzag stacking sequence,
152based on the π−π interactions such as benzene (Z = 4),25

153naphthalene (Z = 2),26 and anthracene (Z = 2),26 should be
154satisfied by a large unit cell (Z ≥ 2). On the other hand, the
155latter behavior is well-known to occur in typical nonsymmetric
156molecules such as alkali cyanides. Alkali cyanides exhibit
157polymorphism (Z ≥ 2) upon varying the orientational order of
158CN ions by application of pressure. At ambient pressure,
159cyanides exhibit pseudocubic lattice structure (Z = 4) owing to
160free rotation of the CN ions.27,28 As one exception, the tetra-
161gonal phase IV (P4mm, Z = 1) in NaCN appeared above a
162pressure of 15 GPa, where perfect ordering of CN develops
163along the c direction.27 In contrast to alkali cyanides that exhibit
164only one molecular conformation, the conformational variety of
165the C4mim

+ cation can be used to explain the Z = 1 lattice of
166the phase as follows: its orientational disorder at the lattice sites
167satisfies the P2/m symmetry.
1683.2. Amorphization upon Compression Observed by
169High-Pressure X-ray Diffraction. Upon further compression,
170we noticed a significant feature at 5.8 GPa (=Pg), which was
171quite different from the solid−solid phase transitions at P1 and
172P2. This feature signifies the “pressure-driven amorphization

Figure 1. High-pressure X-ray diffraction patterns during the
compressing process. The pressure unit is GPa. Pc is the crystallization
pressure. P1 and P2 stand for the first and second solid−solid phase
transition pressures, respectively. Pg is the amorphous appearance
pressure. Above 6 GPa, the low q component, which is indicated by
the arrows, increased.
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173 from crystal” without polymerization25,29−33 or dissocia-
174 tion,34−40 wherein typical topological frustration is induced
175 with breaking the periodic array of ions. Generally, pressure-
176 induced amorphization in molecular systems occurs accom-
177 panying the molecular damages. Polymerization under high
178 pressures is generally irreversible after decompression, once the
179 pressure-induced polymeric phases appear. In contrast to the
180 polymerization, molecular dissociations are driven by high
181 pressure, accompanied by an insulator to metallic transition.
182 Focusing on amorphization in ionic systems, the pressure-
183 induced irreversible CN polymerization of NaCN appears at
184 around 38 GPa.27 The unexpected amorphization observed
185 in the present study can be explained based on the following
186 experimental facts: (i) the broad diffraction halo gradually
187 increases above 5.8 GPa, (ii) peak broadening and a decrease in
188 the intensity of Bragg reflections can be observed, (iii) the low
189 Q component, which is indicated by the arrows in Figure 1,
190 increases above 5.8 GPa, and (iv) the sample is transformed
191 to a partial transparent state, as observed by using optical
192 microscopy (insets of Figure 2). On the basis of the results (i)−
193 (iii), it can be assumed that amorphization and grain refining of

194the crystal occurs simultaneously. According to fundamental
195diffraction theory,41 the halo pattern would have originated
196from molecular orientational/positional disorder, and fine
197particles contribute to both small-angle X-ray scattering and
198peak broadening of the Bragg reflections in X-ray diffraction
199patterns. The result (iv) implies the state change of the sample
200at the macroscopic level (optical microscopic image shown as
201an inset in Figure 2). Before compression, the transparent
202sample in the liquid and ruby balls can be monitored clearly.
203Here, it is highly advantageous to determine the crystallization
204from liquid. Direct visual determination by using optical
205microscopic images can distinguish not only the liquid−solid
206phase transition but also the solid−solid phase transitions. The
207movements of the crystal domains could be easily observed
208using the optical microscope. After crystallization, the crystal
209domain boundaries in the optical image become darker. Above
210Pg, the gradual appearance of the amorphous phase inside of
211the crystal is indicated by the partial brightness in the sample.
212This optical transparency of the amorphous phase is based on
213the concept of a homogeneous and nonboundary state of the
214amorphous phase. Therefore, results (i)−(iv) substantiate the
215high-pressure-induced amorphization in the crystal, both
216microscopically and macroscopically.
217In general, pressurized ionic crystals tend to be energetically
218stabilized on the periodic lattice due to a shorter molecular
219distance under high pressure. Despite the simplicity of the
220molecular system, the periodic array of the cation and anion is
221broken under high pressure. This can be resolved by con-
222sidering that it is the Z = 1 monoclinic lattice just below the
223glass transition pressure. The Z = 1 lattice is characterized by the
224orientational disorder of the cation, with disappearance of the
225positional/orientational modulations of the δ phase (Z = 4). As a
226precursor phenomenon of the amorphization, a π−π stacking
227sequence between the imidazolium rings is completely lost.
2283.3. Molecular Conformations upon Compression. It is
229of significant importance to understand whether [C4mim][PF6]
230is retrieved or not after the decompression. Molecular damages
231can be easily examined by using Raman spectra. Raman spectra
232of liquid states before/after compression are measured in
233the high and low wavenumber regions (Figure 3a and b), where

Table 1. Crystallographic Data Obtained from the Previous and Present Studies22a

T (K) P (GPa) space group a (Å) b (Å) c (Å) β (deg) Z ρ (g/cm3) wR R

Previous Work

298 ambient liq. 1.373
193 ambient Pbca 9.4924 9.8406 26.8817 90 8 1.503 0.155 0.048

99.219(α)
293 0.07 P1̅ 9.5818 9.5826 14.5801 99.252(β) 4 1.477 0.2113 0.074

99.667(γ)
Present Work

293 0.3 Pbca 9.365 9.731 27.031 90 8 1.532 0.308 0.288
293 1.2 Pbca 9.416 9.706 26.806 90 8 1.541 0.294 0.364
293 1.2 P2/m 11.965 7.802 13.109 109.7 4 1.638 0.208 0.217
293 2.6 P2/m 11.997 7.837 13.057 109.6 4 1.632 0.260 0.317
293 3.6 P2/m 12.005 7.822 13.016 109.5 4 1.639 0.128 0.141
293 3.6 P2/m 6.004 7.822 6.579 109.0 1 1.615 0.175 0.192
293 4.6 P2/m 5.967 7.822 6.575 109.6 1 1.632 0.196 0.167
293 5.8 P2/m 5.821 7.970 6.494 106.9 1 1.637 0.152 0.182
293 6.4 P2/m 5.683 7.976 6.388 105.1 1 1.688 0.132 0.156
293 6.8 P2/m 5.573 7.961 6.297 103.0 1 1.733 0.0629 0.060
293 8.1

aThe weighted reliability and conventional factors are expressed as wR and R, respectively.

Figure 2. Schematic pressure−temperature diagram relating to the
crystals combined with the previous studies. A stands for amorphous.
The direct optical microscope images are provided as insets in the
figure. The left optical microscope image in the liquid is transparent.
The partial transparent right picture reveals partial amorphization
above Pg.
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234 the maximum pressure, Pmax, is 8.2 GPa. The similarity of the
235 spectra before/after compression proves that the [C4mim]-
236 [PF6] is completely recovered without molecular damage under
237 high pressure.
238 In addition to the molecular arrangements determined by
239 X-ray diffraction, molecular conformation is a key to explore
240 hidden conformational frustration in a molecular system. A
241 direct correlation between the conformational equilibrium and
242 phase transition is so far well-documented.8,9 In the C4mim

+

243 cation, α, β, and γ crystals of [C4mim][PF6] at low temperature
244 and ambient pressure are characterized by a portion of the
245 gauche−trans (GT), trans−trans (TT), and gauche′−trans
246 (G′T) for the butyl chain, respectively (Figure 4a−c).14−16 At
247 first, we mention the liquid state of [C4mim][PF6] as seen in
248 the bottom spectrum in Figure 5a. In the liquid, it is also
249 established that the ∼625 and ∼600 cm−1 peaks in the CH2

250 rocking mode are assigned to be trans (T) and gauche (G)
251 conformers relating to NCCC rotation, respectively.42,43 In
252 the spectrum in Figure 5a, red and black peaks, which are
253 obtained by the curve fitting analysis method, reveal trans and
254 gauche conformers. Furthermore, the 560 cm−1 peak is assigned
255 to the PF6

− vibrational mode, which is denoted by an open
256 circle in the figure.
257 Our next step is to investigate the conformation changes
258 against pressure from Raman CH2 rocking spectra. At 0.6 GPa
259 (=Pc), crystallization occurs accompanied by domain wall
260 movement, as observed in the optical microscope. Concordant
261 with the peak changes, the trans conformer in the Raman
262 spectrum decreases drastically at Pc. In the first solid−solid phase
263 transition at around 1 GPa (=P1), a broad peak of the PF6

−

264 vibrational mode separates into two peaks, which are marked by
265 two open circles. The peak splitting has a connection with the δ
266 phase (Z = 4), where the lattice is explained by two different
267 sites of the PF6

−.
268 Above 3 GPa (=P2), the Raman spectra intriguingly exhibited
269 a new peak at 605 cm−1 (3.5 GPa), as drawn by the blue peak in
270 the Figure 5a. This was observed for the first time in this study.
271 This new peak with lower wavenumber may be attributed to the
272 gauche conformer rather than trans one, such as the partially

273constrained gauche at high pressure. We support that the new
274peak might be related to the gauche conformer, such as the
275spatially constrained gauche conformer at high pressure. Here,
276we tentatively name the new peak as Gc. In section 3.4, we will
277explain in more detail about the new peak. At the same time, the
278trans conformer almost disappears within experimental error.
279Instead of the trans conformer (having a straight alkyl chain),
280the new pressure-induced peak (Gc) mainly occupies above P2.
281Therefore, at P2, the crossover from T to Gc which corresponds
282to a crystal polymorph from δ (Z = 4) to δ′ (Z = 1), occurs as
283determined by X-ray diffraction. This suggests that Gc can be
284regarded as one of the factors of the Z = 1 lattice.

Figure 3. Raman spectra before/after compression at the (a) CH stretching region and (b) low wavenumber region. After compression up to
8.2 GPa, the sample completely recovered without polymerization or dissociation.

Figure 4. C4mim
+ conformations of (a) TT, (b) GT, and (c) G′T.
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285 Above 6 GPa (=Pg), two significant experimental facts were
286 obtained clearly. One is that the peak intensity of the new peak
287 increased drastically. The other is that peak splitting of the PF6

−

288 vibrational mode completely disappeared. Considering the
289 observed Raman spectra on the compression process, distinct
290 changes appeared at Pc, P1, P2, and Pg, whose pressures cor-
291 respond to phase changes determined by X-ray diffraction. For
292 a further understanding of the results, a variety of conforma-
293 tions should be analyzed quantitatively. Focusing on the
294 C4mim+ conformer, we calculated the intensity fraction of the
295 i component, f i (Figure 5b), where i stands for the trans (T),
296 gauche (G), and spatially constrained gauche (Gc) conformers.
297 Here, f i (i = T, G, and Gc) is introduced as21

=
+ +

f
I

I I Ii
i

T G Gc298 (1)

299 where IT, IG, and IGc indicate the relative Raman intensity of the
300 trans (T), gauche (G), and spatially constrained gauche (Gc)
301 conformers, respectively. In the quantitative plot (Figure 5b),
302 Pc, P2, and Pg are clearly provided by discrete changes of f i. On
303 the other hand, P1 in the Raman spectra is characterized by the
304 peak splitting of the PF6

− vibrational mode. A comparison of

305the X-ray diffraction patterns and Raman spectra suggests that
306the hidden frustrations are extracted exactly by molecular con-
307formations and crystal structures, depending on the molecular
308distance under high pressure. Similar to the optical observation
309results during X-ray diffraction, the optical observation during
310Raman analysis indicates the appearance of the partially
311transparent part in the sample above Pg.
3123.4. Simulation Correlating the X-ray Diffraction
313Patterns. Recent computer-aided analysis using X-ray dif-
314fraction patterns can evaluate molecular conformations on the
315lattice sites. In the simulation box, the possible conformers of
316C4mim

+ cations are determined by ab initio calculation. In
317order to resolve the amorphization inside of the Z = 1 lattice,
318Monte Carlo simulations were carried out using FOX.24

319Molecular decorations and conformations on the lattice sites
320are optimized referring to the observed diffraction patterns
321(sin(θ)/λ < 0.25 Å−1). In the simulations, a simple antibump
322constraint is employed as a penalty between a cation and an
323anion to prevent molecular overlapping. Also, hydrogen of the
324C4mim

+ cation is taken into account in the constraint not to
325overlap with an anion, although hydrogen is not sensitive in
326X-ray diffraction. Under the above-mentioned conditions, no
327two molecules are closer than the minimum distance. In
328addition, conformations of cation and anion are flexible in the
329simulations, while the fixed occupation probabilities, pi (i = G
330and Gc), are set at each pressure.
331In order to clarify the amorphous contribution to the Z = 1
332lattice, simulations are carried out using the observed data at
3334.6 (P < Pg), 5.8 (P ≈ Pg), and 6.4 GPa (Pg < P). At 4.6 GPa
334(P < Pg) without an amorphous phase, we prepare the gauche
335conformer (pG = 0.92) and spatially constrain the gauche
336conformer (pGc = 0.08), where pi is obtained by the intensity
337fraction, f i, in Raman spectroscopy (Figure 5b). After 107

338iterations, relative positions between the cation and anion at
3394.6 GPa are optimized (Figure 6a). Hydrogen is not visualized
340to emphasize the butyl chain. In the gauche conformer, the
341butyl chain is folded, as predicted theoretically.10 In the actual
342lattice, molecules having the gauche and spatially constrained
343gauche conformers are superimposed by each occupation
344probability in the unit cell, satisfying the P2/m symmetry. Here,
345we noticed that two different kinds of intermolecular distances
346between cation and anion (Table 2) express the molecular
347packing efficiency and a collapse of the charge network under
348high pressure. Thus, we define that the distance, ri (i = G
349and Gc), corresponds to a length between the center of the
350imidazolium ring and the phosphorus. The calculated ri are
351summarized in Table 2. At the same time, the average distance,

352rave, is given as pGrG + pGc
rGc
. Below Pg, each ri (i = G, Gc, and

353ave), is comparable.
354At 5.8 GPa (P ≈ Pg), the occupation probabilities are pG =
3550.87 and pGc

= 0.13. The further folding gauche conformer is
356also favorable with shorter distance (rG) in the simulation box
357(Figure 6b). Despite lattice shrinking under high pressure, rGc

358becomes larger. The anion is shifted away from the imidazolium
359ring of the spatially constrained gauche conformer. This means
360that under high pressure, the charge network between the
361cation and anion is partially broken at Gc.
362Proportional to the progress of amorphization, the above
363tendencies are enhanced at 6.4 GPa (Pg < P), as shown in
364Figure 6c. In the simulations at 6.4 GPa, the fixed pG = 0.81
365and pGc

= 0.19 are used. A picture of much shorter rG and a
366further folding gauche conformer enables it to introduce the

Figure 5. Raman spectra under high pressure. (a) Pressure
dependence of CH2 rocking modes of the C4mim

+ cation and (b)
intensity fraction, f i, of T, G and Gc conformers. Open circles reveal
the PF6

− vibrational mode. Closed blue circles reveal the pressure-
induced Gc conformer. Red and black peaks correspond to T and G
modified by highly packed circumstances.
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367 “ion pairing” of the cation and anion. It seems that the anion is
368 captured between the alkyl chain and the imidazolium ring of
369 the cation. The nearly spherical ion pairing disturbs the stacking
370 sequence of the imidazolium ring. Electrostatically, positive and
371 negative charge is compensated for locally in the ion pairing.
372 Geometrically, the spherical pairing causes the orientational
373 disorder on the lattice site. Therefore, nonionic crystal-like
374 characteristic might be realized. On the other hand, the off-
375 positioning of the anion is promoted considering the relatively

376 larger rGc
at 6.4 GPa. Therefore, we deduce that charge com-

377 pensation (shorter rG) and charge network breaking (longer

378 rGc
) occur simultaneously above Pg.

379 3.5. Competitive Disorder Factors Induced by High
380 Pressure. Over the whole pressure region, high-pressure-
381 induced crystallization and amorphization in [C4mim][PF6] are
382 comprehended based on the conformational variety of the

383C4mim
+ cation. The representative trans (liquid-like) and

384spatially constrained gauche (amorphous-like) conformers are
385proposed as competitive disorder factors on the pressure scale
386(Figure 7). A series of the frustrations is expressed by a com-
387bination of charge, orientation, and lattice based on the T and
388Gc. To gain further insight into the effect of conformation, the
389experimental results are interpreted based on the orientational
390glass in mixed systems of alkali cyanides at ambient pressure
391and low temperature.44−46 In (KCN)x(NaCN)1−x having
392unique conformation, the glass is induced by freezing of the
393randomly oriented CN ions. However, the glass in the mixed
394system is suppressed under high pressure. Only by the orienta-
395tional frustration, high-pressure glass cannot be realized due to
396well-arrayed molecules for dense packing.
397Above Pg, different competition occurred due to the highly
398dense packing. According to the ab initio simulation referring
399to X-ray diffraction, the ion pairing (orientational disorder)
400and the “off-positioned anion” (positional disorder) disturb
401the long-range well-balanced charge network. Furthermore,
402inhomogeneous coexistence of gauche conformer (charge com-
403pensation with shorter rG) and constrained gauche conformer
404(charge network breaking with longer rc) enables it to develop
405the disorder.
406Recent results of the N,N-diethyl-N-methyl-N-(2-methox-
407yethyl) ammonium tetrafluoroborate ([DEME][BF4]) system
408also support the connection of cation folding and “antiparallel
409pairing” of the cation with phase instabilities of both low-
410temperature and high-pressure crystals.47 We prove that, in the
411metastable crystals, the positive and negative charge network
412was interrupted at the cation pairing.

4. CONCLUDING REMARKS
413We have succeeded to demonstrate the novel pressure-induced
414frustration−frustration process in one system only with a case
415of [C4mim][PF6]. Under high pressure, a variety of C4mim

+

416conformations causes the successive frustrations, charge
417(scalar), orientation (vector), and coordination number

Figure 6. Simulated molecular conformations correlating the X-ray
diffraction patterns. (a) G and Gc conformers at 4.6 GPa (P < Pg), (b)
Gr and Gc conformers at 5.8 GPa (P ≈ Pg), and (c) G and Gc
conformers at 6.4 GPa (Pg < P). To emphasize folding of the butyl
chain, hydrogen is not displayed, although hydrogen is used in the
simulations to not overlap with the anion.

Table 2. Intermolecular Distance between the Cation and
Anion Calculated by Global Optimizationa

P (GPa) pG pGc rG (Å) rGc (Å) rave (Å)

4.6 0.92 0.08 4.755 4.533 4.738
5.8 0.87 0.13 3.956 4.807 4.067
6.4 0.81 0.19 2.777 4.869 3.174

aThe distance, ri (i = G, Gc, and ave), is measured from the central
phosphorus to the center of the imidazolium ring. By Raman spectra,
pi (i = G and Gc) is obtained from the intensity fraction, f i, in Figure 5b.

Figure 7. Schematic illustration of molecular conformations and
frustrations on the pressure scale. T is a conformer that is derived
from a liquid disorder, while Gc, which has the off-positioned PF6

− anion
from the imidazolium ring, might be regarded as solid disorder on a
high-pressure amorphous conformer. The two different kinds of
disorder factors depend on the loosely or densely packed circumstances.
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418 (topology). On the basis of the results, we introduce “confor-
419 mation glass” of the C4mim+ cation as a new concept. The
420 potential impact of the findings presented in this study has an
421 implication on the free-energy landscape48 at a nonequilibrium
422 state and fills in gaps to the relation between degrees of freedom
423 of motions and entropic stabilization in condensed matter
424 physics.
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