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Crystal polymorphs of fluorinated ionic liquids (fILs) were examined at low-temperature (LT) by Raman spec-
troscopy. The fILs were 1-alkyl-3-methylimidazolium perfluorobutanesulfonate, [C,mim][PFBS] (n = 4, 6, and
8). The cations and anions possess conformational degrees of freedom. Various LT phases were derived from the
conformational polymorphs of the cations and the anions. Conformational flexibility depended on alkyl chain
length. The crystal polymorphs in the fILs were sensitive to molecular conformations and flexibility.
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1. Introduction

Molecular conformations in molecular systems have provided various
crystal phases [1-6]. Degrees of freedom of molecular conformers are
derived from intrinsic molecular structures and molecular flexibility
(MF). MF is represented by a low-energy barrier on the potential energy
surface [7]. Conformational polymorphs are directly connected with
crystal polymorphs. Recently, to interpret crystal polymorphs, a crystal
energy landscape (CEL) was introduced as a new concept [7-11]. Simi-
lar to the free energy landscape for supercooled liquid and amorphous
[12], the CEL is expressed by comparable crystal energies in crystal
polymorphs. Further, the crystal structure prediction using CEL is indis-
pensable for screening pharmaceutical polymorphs [13-16]. Crystal
polymorphs cause different physicochemical properties. Thus, crystal
polymorph screening is an urgent issue to prevent changing drug prop-
erties.

Ionic liquids (ILs) have been used in designing structures and prop-
erties [17,18]. Novel functions such as nearly-zero vapor pressure for
industrial applications were optimized from various combinations of
cations and anions. Molecular conformations were determined by Ra-
man spectroscopy (RS) combined with density functional theory (DFT)
calculations [19]. In vibrational spectroscopy and DFT, liquid and crys-
tal stabilities were clarified at low temperature (LT) and high pressure
(HP). Particularly in the ILs, ionic interactions and packing efficiency
associating with the molecular conformers were distinguished using the
above powerful tool. Moreover, anion conformations having fluorina-
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tion of the end groups have been examined from the design concept
[21]. MF was estimated by nuclear magnetic resonance, X-ray diffrac-
tion (XRD) and computer-aided three-dimensional potential energy sur-
face. The representative cation is 1-alkyl-3-methylimidazolium,
[C,mim] *, where n reveals the alkyl chain length. Stable conformers of
[C,mim]*+ were calculated using DFT calculations [22-24]. By XRD,
the crystal polymorphs of ILs were examined at LT and HP [25-37]. The
LT crystal polymorphs differed from the HP ones. Moreover, multiple
pathways of phase transitions (PTs) were observed in specific ILs at LT
and HP.

The liquid structures of fluorinated ILs (fILs) were calculated using
MD simulations [38]. The fILs were 1-alkyl-3-methylimidazolium per-
fluorobutanesulfonate ([C4F9SO3]7), [C,mim][PFBS] (2 < n < 12). The
hydrogenated and fluorinated chains of the fILs caused nanohetero-
geneity, and polar and nonpolar nanodomains were visualized by the
MD simulations. Resembling [C,FoBF3]~ [39], [PFBS]~ possesses two
stable conformations trans and gauche based on DFT calculations [33].
The PTs [C,mim][PFBS] were examined at LT [33,40,41] and HP [36,
371. The PTs were characterized by crystal polymorphs. The fILs crys-
tallizations imply that the molecular interaction between [C,mim]*
and [PFBS]- is predominant.

In this study, we investigated the relationship between the molecu-
lar conformational and crystal polymorphs of [C,mim][PFBS] (n = 4,
6, and 8) at LT. Various molecular conformations of both cations and
anion were clarified by RS.

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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2. Experiments and simulations

The fILs used in this study were [C4mim][PFBS] (FUJIFILM Wako
Pure Chemical Co.) and [C,mim][PFBS] (n = 6 and 8) (Kanto Chem.
Co.). The molecular structures of [C,mim]* cations and [PFBS]~ anion
were optimized by DFT (Fig. 1). Water in the fILs was removed by vac-
uum drying for a few days.

Raman spectra were measured using Via Reflex (RENISHAW). A
785-nm diode laser was used as an excitation source with a 0.35-mW
power. Helium flow cryostat (Microstat He, Oxford) was installed to
cool samples. The resolution of Raman spectroscopy was 1 cm~1.

DFT calculations were performed to investigate the conformations
and Raman bands of [C,mim]* (n = 4, 6, and 8). All DFT calculations
were performed using the B3LYP hybrid functional and 6-31 + + G(d,p)
basis set of the Firefly package [42,43].

3. Results and discussion

The LT crystal polymorphs of [C,;mim][PFBS] were examined using
simultaneous XRD and differential scanning calorimetry (DSC) mea-
surements [33]. A series of PTs such as liquid - a - p - y - p — lig-
uid phases was clarified. Upon cooling, T¢; (=267 K), Tc, (=266 K),
and Tc¢3 (=249 K) were determined by the DSC thermal trace and XRD
patterns. Upon heating, the inverse PT temperature (Tc3 = 265 K) and
melting point (T, = 297 K) were probed. Obviously, hysteresis of the
PTs appeared in the thermal cycle of [C,mim][PFBS] [33] (Fig. S1).
[Csmim]* has four stable conformers [23] ntt, ngt, ng't, and ng'g' (Fig.
1) where n, t, g and g' denote nonplanar, trans, gauche and gauche', re-
spectively. A ring deformation mode of [C;mim]* appeared at around
600 cm~! [44]. In the detailed DFT calculations [23], ntt, ng'g, ng't,
and ngt were identified at 624.7, 597.7, 595.7, and 591.0 cm~1, respec-
tively. The energetical order was ng't < ng'g' < ngt < ntt [23]. More-
over, two conformers of [PFBS]- were optimized by DFT [33]. In
[PFBS]-, the Raman bands of the -SO3; wagging mode were used to as-
sign trans and gauche at 380.9 and 369.5 cm~!, respectively (Fig. 1)
[33]. Fig. 2 indicates the temperature dependences of Raman bands in
[C4mim][PFBS] upon cooling and heating using 785 nm. Upon cooling
at 290 and 275 K, [C;mim][PFBS] was in the liquid state, which was
characterized by broad trans and gauche Raman bands of [Cymim]™*.
The trans and gauche conformers coexisted in the liquid state. [PFBS]-
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Raman bands in the liquid state were relatively sharp (Fig. 2). From the
intensity ratio of the [PFBS]- Raman bands, the trans conformer was
more favorable than the gauche conformer. By optical microscopy, crys-
tallization occurred at 260 K. In the previous study [33], the DSC ther-
mal trace indicates that T¢; (=267.1 K) and T, (=265.6 K) were close
(Fig. S1). Thus, in the X-ray diffraction patterns, an o phase
(Tcy £ T < T¢p) was not detected due to the rapid a-f PT. In this study,
the crystal at 260 K was in a p phase. At 260 K, sharp ntt, ngt, and ng't
Raman bands were clearly decomposed by asymmetric profile fitting
using the pseudo-Voigt function. Moreover, the gauche conformer of
[PFBS]- increased in the f§ phase. By further cooling, a y phase appeared
at 230 K (Fig. 2). Below Tcs, the ntt conformer decreased drastically,
whereas the ng'g' conformer became predominant. The ng'g' of
[C4mim] * is the typical folding conformer (Fig. 1). The smallest ntt Ra-
man band (all trans) means that non-all trans (NAT) conformers were
energetically selected at 230 K (Tyat). Moreover, the gauche conformer
of [PFBS]- almost vanished in the y phase. Hence, the packing effi-
ciency entirely differed in the gauche cation and trans anion of the y
phase. Compared with the HP crystal polymorph of [C4ymim][PFBS]
[36], packing efficiency-preferred gauche [PFBS]- was detected slightly
below 230 K. At ambient pressure, the NAT alkyl chain of [C;mim]+
could be well matched with trans [PFBS]-. At 175 K, the Raman inten-
sity ratio of [C;mim][PFBS] changed extensively. Particularly, the ntt
and the ng'g' Raman bands increased further, whereas the ngt band de-
creased. Because the minimum temperature (Ty,;,) in a previous study
[33] was 178 K, the above phase behavior was unobserved. Without
XRD patterns, it is unclear whether the conformational change at 175 K
corresponds to a PT. In addition, another conformational change was
induced at 150 K. A small portion of the gauche [PFBS]- conformer re-
mained, even at 100 K. The ntt Raman band of [Cymim]+ became the
smallest at 100 K (Fig. 2). For [C4mim][PF¢] [45], the NAT conformers
also appeared in the crystals at lower temperatures. Thus, the NAT con-
formers of [C;mim]* could be preferred at LT for higher packing effi-
ciency. Moreover, the MF of cations and anion was clarified at LT. The
NAT conformers of [Cymim] * and trans dominant [PFBS]- at 100 K sug-
gest that [C;mim]* is more flexible than [PFBS]-. At least, upon cool-
ing, the complicated conformational polymorphs of both cations and
anion in [C4,mim][PFBS] were obtained directly by RS. Meanwhile,
upon heating, a distinct conformational change on the Raman spectra
was detected at 260 K (Fig. 2). Apparent peak broadening occurred,
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Fig. 1. Molecular conformations of [C,mim]* (n = 4, 6, and 8) and [PFBS]-, where n, t, g, and g' indicate nonplanar, trans, gauche, and gauche', respectively.
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Fig. 2. Temperature dependences of Raman spectra of [C;mim][PFBS] upon cooling and heating. Spectrum changes correspond to low temperature (LT) crystal poly-

morphs. The numbers in the figure indicate temperatures.

and the gauche conformer of [PFBS]- increased above 260 K. These
modulations of the Raman profiles correspond to the reverse PT from
the y to B phase. Because T, was 297 K, melting was unobserved in this
study.

[Cemim][PFBS] also indicated complicated LT crystal polymorphs
[33]. In the DFT calculations, stable conformers of [Cgmim]*+ were
found to be 15 [23]. In the previous study [22], energy difference (AE)
was defined when ntttt is set to be 0 kJ/mol. For instance, conformers
of AE < 0 are ngttt, nggtt, nggtg, ng'ttt, ng'ttg, ng'ttg', ng'tgt, ng'tg't,
ng'tg'g', ng'g'tt, ng'g'tg', and ng'g'g't (12 conformers). However, the cal-
culated wavenumbers of some conformers are different from the ob-
served ones. Even in 0 < AE, the wavenumbers of ntttt, ntgtt, and ntg'tt
coincided with the observed ones. Among them, [Cgmim] * is classified
into two: trans-like (ntg'tt, ntttt, and ntgtt) at around 625 cm~1, and
gauche-like (ng'g'tt, ng'g'tg', and ng'ttt) at around 600 cm~!. The latter is
much more stabilized than the former [23]. In the liquid state at 290 K,
broad trans and gauche bands of [Cgmim]+ were located at 625 and
600 cm~1, respectively (Fig. 3). In addition, weak and broad Raman
band existed in between them. The intermediated band, i, was not seen
in [C4mim] *, and could be originated from the trans and gauche mixing
conformers, such as ng'g'tt. One possible reason is that some additional
fluctuations are superimposed by the crossover alkyl chain length
(n. = 6) from ionic to organic nature. In fact, the crossover behavior
was enhanced in ILs-based mixtures [46,47]. Meanwhile, in the liquid
state, the [PFBS]- conformer ratio in [Cgmim][PFBS] was comparable
to that in [C4mim][PFBS]. At 275 K, [Csmim][PFBS] crystallized and
crystal domains were observed by optical microscopy. One broad trans
band was decomposed into three sharp bands: ntg'tt, ntttt, and ntgtt
(Fig. 3). On the contrary, ng'g'tt, ng'g'tt, and ng'ttt bands at around

600 cm~! were quite weak. In an o phase, the trans-based [Cgmim]~*
conformers occupied a unit cell. Upon cooling to 100 K, this tendency
did not change on the Raman spectra. At 200 K, there was a drastic
change in Raman bands at around 625 cm~!. The ntg'tt conformer in-
creased, and the peak became sharper. The gauche [PFBS]- conformer
in [Cgmim][PFBS] completely vanished at 200 K, although the weak
gauche band was obtained in [C,mim][PFBS], even at 100 K. Thus, the
trans [PFBS]- conformer was preferred in [Cgmim][PFBS] below 200 K.
In the simultaneous XRD and DSC [33], T, was 178 K due to the cool-
ing limit (Fig. S1). From 200 K to 178 K, a distinct PT was not observed
in the XRD patterns [33]. Hence, at 200 K, both cation and anion con-
formational changes occurred without a PT. By further cooling, the
cation conformations drastically varied at 175 K, whose temperature
was lower than Tp,;, in XRD [33]. Thus, it is not confirmed that the con-
formational change is connected with a PT. Similar to [C;mim][PFBS],
below 175 K, the characteristic feature of the [Cgmim]* cation is rep-
resented by the smallest Raman band of ntttt (all trans). The NAT
[Cemim] * conformers occupied a unit cell below 175 K (Tyat). Because
the Tyar of [Csmim]* was lower than that of [C;mim] *, the alkyl chain
bending or folding occurred more easily in [C;mim][PFBS]. Upon cool-
ing to 100 K, no conformational changes in [Cgmim][PFBS] were ob-
served. Upon heating, the Raman bands at around 625 cm~! obviously
changed at 230 K (Fig. 3). Particularly, the ntttt band became the
largest. Nevertheless, a PT at 230 K was undetected by XRD [33]. Fur-
ther heating caused PT at T¢3 (=260 K). The y phase was induced upon
heating, although the y phase was not formed upon cooling [33]. More-
over, above Tcs, the gauche [PFBS]- band was recovered. At Tcq4
(=275 K), a & phase, which differed from the a phase upon cooling
[33], appeared. The ntgtt band was weakened at T¢4. Compared with
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Fig. 3. Temperature dependences of Raman spectra of [Csmim][PFBS] upon cooling and heating. Spectrum changes correspond to LT crystal polymorphs. The num-

bers in the figure indicate temperatures.

the Raman profile at 275 K upon cooling (« phase), the § phase upon
heating was expressed by a different Raman profile.

[Cemim][PFBS] was a supercooled state at 290 K [33]. The gauche
Raman band of [Cgmim]* at around 600 cm~! was unobserved in the
supercooled liquid (Fig. 4), implying that nonpolar nanodomains in su-
percooled [Cgmim][PFBS] comprise only the trans-like [Cgmim]* con-
former. In the DFT calculations [24], stable ntttttt at 625.9 c¢cm™!,
ng'ttttt at 597.0 cm~!, and ngttttt at 592.3 cm~! were evaluated. How-
ever, the ng'ttttt and ngttttt Raman bands did not exist in the super-
cooled liquid state. Therefore, the gauche-dominant conformers of
[Cgmim]+ were excluded at 290 K. In addition, trans—gauche conformer
ratio of [PFBS]- differed from those of [C;mim][PFBS] and [Cgmim]
[PFBS] in the supercooled liquid state. Therefore, no gauche-like
[Cgmim]+ bands and a small portion of the gauche [PFBS]- bands re-
vealed the specific features in the supercooled liquid state of [Cgmim]
[PFBS]. The sudden profile change at 275 K (< T¢;) indicates the crys-
tallization upon cooling, accompanied by the morphological change
via optical microscopy. The o phase was characterized by a 2.4-nm-
long lattice constant [33]. The broad 625-cm~! band was split into
three components at 275 K. By the DFT calculations, the ntg'tttt band
at 627.0 cm~1, ntttttt band (all trans) at 625.9 cm~1, and ntgtttt band at
625.3 cm~! were assigned (Fig. 1). Both ntg'tttt and ntgtttt bands are
regarded as the bending conformers (Fig. 1). Because the Raman bands
at around 600 cm~! were quite weak, the gauche-dominant conformers
of [Cgmim] * existed slightly in a unit cell. At 215 K (< T¢y), the peak
splitting of ntg'tttt and ntttttt was enlarged, and the gauche [PFBS]-
band completely disappeared owing to an a-f PT [33]. Moreover, at
215 K, the all trans ntttttt band was sufficiently large. In the p phase of

[Cgmim][PFBS], the trans conformers in both [Cgmim]* and [PFBS]-
occupied mainly unit cells. The § phase structure possessed an ex-
tremely long lattice constant of 5.2 nm, and the f crystal structure of
[Cgmim][PFBS] was distinguished from others. To emphasize the peak
splitting, the temperature dependences of the peak positions are plot-
ted in Fig. 5. Obviously, the ntg'tttt band shifted to a higher wavenum-
ber with decreasing temperature. Generally, under HP, molecular hard-
ening was estimated using higher wavenumber shifts [25,36]. There-
fore, the ntg'tttt conformer was extensively losing MF at LT. Mean-
while, there was no conformational change in the p—y PT upon cooling
at Tz (=183 K). Despite monoclinic-triclinic PT, the conformational
changes were suppressed. In this study, we deduce that PT occurred
only with molecular orientational and positional orders. Another possi-
ble reason is that the ntg'tttt hardening had a pinning effect to prevent
conformational changes. In [Cgmim][PFBS], the nanoheterogeneous
hardening and softening in a unit cell could be realized considering the
temperature dependences of the Raman band shifting (Fig. 5). With the
temperature decreasing to 100 K, both the crystal structures and mole-
cular conformations were unchanged. Upon heating, an increase the all
trans band was observed at 200 K (> T¢3), and a y-f PT occurred re-
versely [33]. Similar to thep-y PT upon cooling, the conformers did not
change at 200 K upon heating. Thus, a reversible -y PT could be ex-
plained by the molecular orientational and positional orders without
conformational changes. Notably, the & phase, which was not formed
upon cooling, appeared with additional Bragg reflections at T4 [33].
On the Raman spectra, there were trivial changes at 230 K (> T¢y4).
Thus, it is considered that the -8 PT is derived only from molecular re-
orientations and position shifting. The heating-inherent § phase caused
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a §-a PT at 290 K (>T,,) accompanying the conformational changes
(Fig. 4). At room temperature, the MF recovered and the gauche
[PFBS]- band partially existed. We notice that gauche [PFBS]- is re-
garded as an indicator of the MF.

The LT phase behaviors of [C,mim][PFBS] (n = 4, 6, and 8) are
summarized in Table 1 and Fig. 5. The conformational traces in Fig. 6
are significant to interpret the conformation-driven LT crystal poly-
morphs. Not only in the solid state but also in the liquid state, we can
extract the intrinsic properties of the cation conformers. In [Cymim]*,
the trans and gauche liquid conformers contributed to the LT crystal
polymorphs. An additional intermediate conformer of [Cgmim]* was
first observed as the crossover behavior from the ionic to organic na-
ture. However, only trans conformer was attributed to the LT crystal
polymorphs. Meanwhile, only the trans conformer of [Cgmim]+ was ob-
servable in the supercooled liquid state. Reflecting the long alkyl chain
length, the conformational changes in [Cgmim]*+ were restricted at LT.
In addition, the Tyar values in Table 1 indicate the MF. In this study,
based on XRD and DSC [33], we can clarify the phase varieties of
[C,mim][PFBS], which were driven by conformational polymorphs.

4. Conclusions

Cation and anion conformations of [C,mim][PFBS] (n = 4, 6, and
8) were identified by RS, relating to LT crystal polymorphs. In the su-
percooled liquid state of [Cgmim][PFBS], both specific cation and anion
conformers were observed. Complicated conformational variances with
PTs appeared in [C,mim][PFBS] upon both cooling and heating. The
alkyl chain length effect for crystal polymorphs was clearly extracted:
(i) conformational varieties of [C4ymim] ™ having a short alkyl chain cor-
respond to MF, (ii) the trans dominant [Cgmim]* with a long alkyl
chain length excluded gauche-like formations permitting partial harden-
ing at LT, and (iii) [Cgmim] * possessing a crossover alkyl chain length
indicated intermediate phase behaviors at LT. The complicated LT crys-
tal polymorphs of [C,mim][PFBS] originated from conformational
polymorphs, MF, and molecular packing efficiency.
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Table 1
Conformational features of both cations and anion in the liquid and solid
states. The non-all trans (NAT) bands exceeded the all trans bands at Tyu-
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