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ABSTRACT: The cation structural changes of two 1-butyl-3-methylimidazolium halides,
[BMIM]CI and [BMIM]Br, are investigated by in situ Raman spectroscopy, infrared
spectroscopy, and synchrotron X-ray diffraction as a function of hydrostatic pressure. The
[BMIM]* cations of [BMIM]CI take the TT conformation under ambient conditions,
undergo significant changes at 3.4 GPa, which is related to the potential formations of some
new cation conformations, and take another conformation from 6.8 to 35.6 GPa.
Correspondingly, crystalline [BMIM]CI has a structure transition at 3.4 GPa, originating
directly from the cation conformational changes. The [BMIM]" cations totally transform
into the GT conformer, if the diamond anvil cell-loaded sample is treated at 423 K for 12 h
in a furnace before being cooled down to room temperature. It is the first time to observe
the complete conformational transition from one conformer (TT) to another (GT) for the
[BMIM]* salts in experiments. The cations preserve the GT conformation as pressure
reaches 44.6 GPa for heat-treated [BMIM]CL. As a comparison, without and with the heat
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treatment, the [BMIM]" cations of [BMIM]Br keep the GT conformation at high pressures up to 29.6 GPa, as it is a relatively
stable state. Moreover, a notable photoluminescence emerges at high pressures over 20.0 GPa and is maintained in the
decompression process, as a result of the pressure-induced polymerization of a small portion of the [BMIM]* cations.

B INTRODUCTION

Room temperature ionic liquids (RTILs) have attracted intense
attention in recent years due to their excellent performance as
reaction media, catalysts, extractants, and especially electrolytes
in high-energy-density batteries.'~® Their ions are generally
asymmetric, complex, flexible, controllable, and available in a
wide variety.””'® Moreover, the cations of RTILs usually have
Therefore, the RTILs
usually have relatively low melting points (around room
temperature), negligibly small vapor pressures, and high
thermal stability.””~"” The mechanical and thermodynamic
properties of RTILs depend mostly on the nature and sizes of
both their cation and anion constituents,"*™° so the stacking of
RTILs is influenced not only by the long-range electrostatic
forces, but also by the geometric structures of cations and
anions.

The 1-butyl-3-methylimidazolium cation ([BMIM]*) con-
tains one imidazole-ring and two alkyl-chains, as shown in
Figure 1. The [BMIM]" cation is a prototypical organic cation

delocalized electrostatic changes.14
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Figure 1. Pattern of the [BMIM]* cation with all atoms numbered
(hydrogen atoms are not shown).
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that can generate a variety of RTILs, if combined with different
anions. Therefore, the determination of the cation structures in
both crystal and liquid states is of essential importance in the
studies of the [BMIM]" salts. Previous research has confirmed
the conformational isomerism and crystal polymorphism of two
typical 1-butyl-3-methylimidazolium halides: [BMIM]CI and
[BMIM]Br.>'™*® It is shown that [BMIM]Cl owns two
polymorphs: the orthorhombic system with the melting point
of 315 K (crystal I) and the monoclinic system with the melting
point of 334 K (crystal I1).”"** On the contrary, [BMIM]Br
possesses only one crystal structure, namely, the orthorhombic
system (crystal 1).>>** In the monoclinic polymorph of
[BMIM]C], the n-butyl group of the [BMIM]" cation is the
TT conformer, where the first T stands for the trans conformer
around the C7—C8 bond and the second T for the trans
conformer around the C8—C9 bond, as shown in Figure 1.
However, the n-butyl group holds the GT conformer in the
orthorhombic polymorph of [BMIM]CI and [BMIM]Br, where
G represents the gauche conformer around the C7—C8 bond.
Therefore, it is the conformations of cations that determine the
crystal structures of 1-butyl-3-methylimidazolium halides.”*~>”
Moreover, it was also verified that crystal I is more
thermodynamically stable.”’ In fact, using the ab initio method,
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Hunt et al. predicted that the cations of [BMIM]CI have six
conformers due to the orientation of the n-butyl groups.*
Saouane et al. confirmed that the solid-state [BMIM][PF] has
three polymorphs that can be crystallized as a function of low
temperature or high pressure.”’ The flexibility of the n-butyl
group induces the different crystal structures of the [BMIM]*
salts, which is also affected by external environments.

High pressure has been considered an effective and clean way
to tune crystal structures as well as the orientations of chemical
bonds, especially the branched chain alkyl-group covalent
bonds and the hydrogen bonds. Thus, it would be very
interesting to study the pressure effects on the intermolecular
and intramolecular interactions in the [BMIM]" salts. For
instance, there are many reports on the high-pressure
properties of one class of RTILs, the imidazolium-based
RTILs.'"'>'® Several research groups have explored the
structure transitions of these RTILs at high pressures, mainly
working on the cation structure changes and intermolecular
interactions.”»****™>> Chang et al. concentrated on the
rotational isomers of the [BMIM]" cations coexisting in
different conditions.”* Turner et al. found two local energy
minima for the 1-ethyl-3-methylimidazolium ([EMIM]*)
cations, corresponding to the more stable nonplanar and less
stable planar forms.>” Similarly, Yoshimura et al. reported that
the conformational isomerism of the [EMIM]* cations sharply
changes when pressure reaches 7.2 GPa.** Moreover, Su et al.
showed that [BMIM][BF,] displays non-monotonic pressure-
induced frequency shifts and undergoes four successive
structure transitions at high pressures, and believed that these
transitions might be associated with the conformational
changes in the butyl-chain.*®

In this paper, we investigated the cation conformations and
structure transitions of crystalline [BMIM]Cl and [BMIM]Br at
high pressures and high temperatures. First, the [BMIM]*
cations of [BMIM]CI take the TT conformers under ambient
conditions, with the corresponding crystal structure being
monoclinic. However, as pressure reaches 3.4 GPa, the
conformation of the cations undergoes a significant change,
which is metastable with the coexistence of at least three cation
conformations. Simultaneously, the crystal structure also
undergoes a notable transition at this point. Afterward, the
cations take a new conformation from 6.8 to 35.6 GPa (the
highest pressure in this experiment). Furthermore, the
[BMIM]" cations of [BMIM]CI totally transform into the GT
conformer from the TT one, if the diamond anvil cell (DAC)-
loaded sample is treated at 423 K for 12 h in a furnace before
being cooled down to room temperature. Then, the cations
continuously maintain the GT conformer, as pressure reaches
44.6 GPa (the highest pressure in this experiment). Therefore,
the GT conformation is more stable than the TT one. Second,
for [BMIM]Br, the [BMIM]* cations possess the GT
conformation under ambient conditions and preserve it after
the heat treatment, even at high pressures over 30.0 GPa,
confirming that the GT conformation is extremely stable. It
should be pointed out that there are plenty of hydrogen bonds
between the cations and anions in crystalline [BMIM]CI and
[BMIM]Br,*°~* which, to a certain extent, determine their
crystal stacking. The hydrogen bonds strengthen the
interactions between cations and anions, and thus enhance
the rigidity of the cations, which plays an important role in the
cation conformations and structure transitions. In addition, it is
noteworthy that a photoluminescence emerges at high
pressures over 20.0 GPa and remains in the decompression
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process, which originates from the pressure-induced polymer-
ization of a small proportion of the [BMIM]" cations.””**

B EXPERIMENTS AND COMPUTATIONS

The samples investigated in this paper are the commercially
available products with a purity of 98% (Aladdin). The high-
pressure experiments were performed with a DAC equipped
with a 300 ym diamond culet at the rate of about 1 GPa/min.
The T301 stainless steel gaskets were preindented to 45 ym
with a 120 ym hole to serve as the sample chamber. A ruby ball
was loaded with the sample to perform the in situ high pressure
measurements via the R1 ruby fluorescence band shift,” and it
would not react with the samples or influence the high-pressure
experimental testing. All sample preparations were completed
in a glovebox filled with argon. Both [BMIM]CI and [BMIM]
Br were crystalline initially, and were recrystallized when the
DAC-loaded samples were treated at 423 K for 12 h in a
furnace before being cooled down to room temperature. The
heating rate and cooling rate are about 1 K/min in the furnace.
The Raman spectra were recorded in a backscattering
geometry, with a visible laser excitation of 532 nm (Renishaw
inVia) with power less than SO mW. The infrared absorption
measurements were carried out with Hyperion 2000, giving a
resolution of 2 cm™'. The high-pressure synchrotron X-ray
diffraction (XRD) experiments were performed at the beamline
4W?2 of the Beijing Synchrotron Radiation Facility. The XRD
patterns were collected in an angle-resolved geometry on a
charge-coupled device detector with a focused monochromatic
beam at a wavelength of 4 = 0.6199 A. The diffraction patterns
were analyzed and integrated by using the FIT2D program to
obtain the 1D intensity distribution as a function of the 260
scattering angle.*’

In order to figure out the conformational changes at high
temperatures and high pressures, we assigned the Raman bands
to the corresponding vibrations. The crystal structures of
[BMIM]CI and [BMIM]Br were obtained from refs 21, 22, and
47. The conformers of the [BMIM]* cations were further
optimized at M06-2X/6-311(d,p) level,**’ and their Raman
spectra were also simulated and corrected by a scale factor of
0.983.%° All the calculations were performed with Gaussian 09
program.>'

B RESULTS AND DISCUSSION

Crystal Structures and Cation Conformations of
[BMIM]CI and [BMIM]Br under Ambient Conditions. We
obtained the Raman spectra of [BMIM]Cl and [BMIM]Br
under ambient conditions, as shown in Figure 2. The cations of
[BMIM]CI and [BMIM]Br take the TT and GT conformation,
respectively, which is consistent with the previous work.”' The
different Raman signals originate from the different con-
formations of the n-butyl group. The Raman bands in the
spectral region from S00 to 800 cm™' are the characteristic
bands of the different conformers of the [BMIM]* cations.”* In
order to determine the differences between the two
conformations, we assign these characteristic bands to the
corresponding vibration modes in Table 1. As shown in Figure
2, the TT conformer has two characteristic bands at 628 and
736 cm™!, which represent the symmetric and asymmetric
deformational vibrations of the imidazolium ring coupled to the
C—N stretching of the n-butyl (TT) and methyl groups,
respectively. However, the corresponding vibrations of the GT
conformer exhibit red-shifts to 597 and 700 cm™. In addition,
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Figure 2. (a) Experimental Raman spectra of [BMIM]CI and [BMIM]
Br under ambient conditions, at a 1 cm™" resolution, with a 532 nm
laser used for irradiation; (b) calculated Raman bands of the TT and
GT conformations.

the GT conformer has a new characteristic band at 491 cm™),

representing the C7—C8—C9—C10 deformation of the n-butyl
group. In the Raman experiments, the bands at 626.3 and 730.0
cm™ ! are two of the characteristic bands of [BMIM]CI, and the
bands at 501.5, 602.8, and 699.5 cm™' are three of the
characteristic bands of [BMIM]Br. All these calculated values
are consistent with the experimental data, indicating that the
Raman spectral differences between [BMIM]Cl and [BMIM]Br
originate from the structure variations of the n-butyl groups of
the [BMIM]" cations.

According to the previous work, crystalline [BMIM]CI with
the TT conformation has a monoclinic (P2,/c) system; as a
comparison, crystalline [BMIM]Br with the GT conformation
has an orthorhombic (Pna2;) system.”' Therefore, it is the
conformations of cations that determine the crystal structures
of the [BMIM]" salts. Interestingly, the [BMIM]* cations in all
polymorphs appear in pairs with their mirrors, no matter the
TT or GT conformer, as shown in Figure 3a—d. These figures
show the optimized structures of the TT and GT rotamers and
mirrors of the [BMIM]* cations at M06-2X/6-311(d,p) level.
The calculated results indicate that the TT rotamer stretches
out of the n-butyl group, while the GT rotamer compresses the
n-butyl group, which is in accordance with the experimental
data. Although the interactions between cations and anions via
electrovalent bonds are the primary forces in ionic crystals, the
ionic bonds are very weak in crystalline [BMIM]Cl and
[BMIM]Br due to their relatively large, complex, and
asymmetric cations. Actually, the cations interact with anions
mainly by the hydrogen bonds C—H:--Cl in these two samples,
so their crystal structures and properties are quite different
from those of ordinary ionic crystals.”®

Conformational Transitions of [BMIM]* Cations with
Pressure and Temperature. In order to investigate the
influences of pressure and temperature, both [BMIM]CI and
[BMIM]Br are compressed to about 1 GPa, and then treated at
423 K for 12 h in a furnace before being cooled down to room
temperature. As mentioned already, the [BMIM]* cations of
[BMIM]CI take the TT conformation in the monoclinic crystal
structure under ambient conditions. When pressure reaches 1.0
GPa, all the Raman bands show blue-shifts. This is because the
intermolecular and intramolecular distances are shortened by
pressure, and the ionic and covalent bonds are thus enhanced,
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Table 1. Vibration Assignments (cm™') of the Characteristic Bands of the TT and GT Conformations Optimized at M06-2X/6-311(d,p) Level

assignment

C7—C8—C9—C10 deformation of the n-butyl (GT)

intensity
corrected*0.983  (au.)

GT

assignment

intensity
(au)

corrected*0.983

TT

491 13

597

499
607

0.4
35

434

628

441
639

and methyl groups

(GT)

symmetric deformational vibrations of the imidazolium ring coupled to
the C—N stretching of the n-butyl

6.1

symmetric deformational vibrations of the imidazolium ring coupled to
the C—N stretching of the n-butyl (TT) and methyl groups

0.3

634
660
700

645
671
712

0.5

635
667
736

646
679
749

0.4
2.1

12
2.1

and methyl groups

butyl (GT)

asymmetric deformational vibrations of the imidazolium ring coupled to
the C—N stretching of the n-

butyl (TT) and methyl groups

asymmetric deformational vibrations of the imidazolium ring coupled to
the C—N stretching of the n-

0.9
0.2

746

771

759
785

740 0.3

756

753
769

0.2

butyl (GT) stretching

6.4

0.7
19

819
854
880
895 1.1

833
869
89S
910

butyl (TT) stretching

0.1
0.9
0.9

0

796
862
880
914

810
877
895
930

DOI: 10.1021/acs.jpcc.8b01469
J. Phys. Chem. C 2018, 122, 9320-9331


http://dx.doi.org/10.1021/acs.jpcc.8b01469

The Journal of Physical Chemistry C

a b
C > £
¢ © & &
c ‘ 5 i ?i ©q C
(,1 C

Figure 3. Optimized structures (a and b) of the TT and GT
conformers, and their mirrors (c and d) of the [BMIM]" cations at
MO06-2X/6-311(d,p) level.

so the Raman bands move to high frequencies. Then, the
compressed sample is heat-treated in the same way. It is found
that the characteristic bands of [BMIM]CI present significant
changes, which are completely different from the initial Raman
signals, but are the same as the Raman bands of [BMIM]Br
under ambient conditions, as shown in Figure 4a. Therefore, it
can be concluded that the cations of [BMIM]CI are converted
from the TT conformation to the GT one after the heat
treatment. [BMIM]Br also undergoes the same process, but the
cation conformation does not change before and after the heat
treatment, as shown in Figure 4b. In other words, the cations of

[BMIM]Br always take the GT conformation under ambient
conditions, at 1.0 GPa, and at 1.0 GPa after the heat treatment.

The only difference between these two samples is their
anions, which determine the environment of the [BMIM]*
cations, with the radius of Cl~ and Br~ being 1.81 and 1.96 A,
respectively. According to the previous work,”' the cations in
the monoclinic and orthorhombic crystals have six and seven
closest anions, respectively. In the orthorhombic system, the
cation coordinations are higher and the radius of Br™ is larger,
so the n-butyl (GT) is compressed more significantly by the
surrounding anions and the cations take the GT conformation.
When [BMIM]CI is heated, the n-butyl (TT) is compressed
and then transformed into the GT conformation that is still
preserved as temperature drops to room temperature. There-
fore, the GT conformation is more stable for the [BMIM]*
cations, even though the anions may influence the orientation
of the n-butyl group.

Raman and Infrared Spectra of [BMIMICI and [BMIM]
Br at High Pressures. The Raman and infrared spectra are
very effective methods in analyzing structures of matter. In our
experiments, [BMIM]Cl without and with the heat treatment
(conditions A and B) are both compressed to more than 30.0
GPa, and we collect the in situ Raman and infrared spectra
during these compression processes. As pressure increases, the
Raman and infrared spectral bands of crystalline [BMIM]CI
exhibit blue-shifts, and are weakened and broadened, because
the energies of ionic bonds, covalent bonds, and hydrogen
bonds increase, and the crystal lattices distort.
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Figure 4. Raman spectra of (a) [BMIM]Cl and (b) [BMIM]Br under ambient conditions, at 1.0 GPa, and at 1.0 GPa with the heat treatment, with a

532 nm laser used for irradiation.
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Figure 5. In situ Raman spectra of [BMIM]CI in condition A as a function of pressure at a 1 cm™" resolution, with a 532 nm laser for irradiation,
from (a) 100 to 600 cm™; (b) 600 to 1200 cm™; (c) 1200 to 1700 cm™; and (d) 2800 to 3400 cm™.
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Figure 6. In situ infrared spectra of [BMIM]CI in condition A at different pressures for various bands, at a 2 cm™ resolution, from (a) 600 to 1100

ecm™; (b) 1100 to 1700 cm™Y; and (c) 2700 to 3400 cm™.

First, we investigate the cation conformational changes and
structure transitions for [BMIM]Cl in condition A. In the high-
pressure Raman experiments, the most significant change
occurs at 3.4 GPa, as shown in Figure 5. At least 18 new
vibration bands (marked with asterisk in Figure Sa—d) appear
in the region from 1100 to 3500 cm™ at this pressure. When
pressure reaches 6.8 GPa, the Raman spectrum is quite different
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from the previous one: some bands vanish and some new ones
emerge (marked with solid circle in Figure Sa—d), indicating
the continuous changes of the [BMIM]" cations from 3.4 to 6.8
GPa. For instance, the characteristic band at 626.3 cm™" splits
into three at 3.4 GPa and then merges into one in Figure Sb. In
order to confirm the transitions in the high-pressure Raman
spectra, the infrared spectra from 600 to 3400 cm™' are also
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collected from 0.7 to 312 GPa and back to 1.0 GPa in
decompression process, as shown in Figure 6. When pressure
reaches 3.7 GPa, at least 11 new bands arise (marked with solid
diamond in Figure 6a—c), which are consistent with the Raman
signals. Similarly, the infrared spectrum at 6.1 GPa is also
significantly different from the one at 3.7 GPa (marked with
solid circle in Figure 6a—c).

As we know, the different Raman spectra originate from the
different [BMIM]" cation conformations, so the spectral
changes at 3.4 GPa reflect the conformational variations of
the [BMIM]" cations and the structure transitions in crystalline
[BMIM]CL At 3.4 GPa, the cations are in a metastable state:
several cation conformations coexist, since all these con-
formations have minimal energies. On the contrary, only one
conformation is preserved according to the Raman signals at
6.8 GPa, and the characteristic bands remain unchanged with
pressure, indicating that this cation conformation is stable. In
consideration of the geometry of n-butyl group, the [BMIM]*
cations have 16 different conformations, so it is difficult to
determine the possible conformations at 3.4 GPa, as there is no
effective method to predict the stable one. When pressure
exceeds 23.2 GPa, all the Raman bands become much weaker,
and some are even undetected. Furthermore, at 35.6 GPa,
almost no Raman band can be detected, which is not only
because the Raman bands become extremely weak, but also
because a photoluminescence emerges at high pressures. As a
comparison, the infrared bands are still present at 31.2 GPa,
albeit all the bands have become very broad.

In the Raman experiments, the 532 nm laser excites the
photoluminescence of [BMIM]CIl, whereas in the infrared
experiments, the mid-infrared band energy cannot stimulate the
photoluminescence. This is because a small portion of [BMIM]
Cl polymerizes at high pressures and thus leads to photo-
luminescence.”” >* During the decompression process, the
photoluminescence is also strong, and the Raman bands are still
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undetectable, indicating that the polymerization is irreversible.
More details of the photoluminescence will be discussed later.

In the decompression process, when pressure drops to 1.0
GPa, the infrared spectrum is the same as the initial one at 0.7
GPa, as shown in Figure 6a—c, suggesting that most of the
cation conformation is reversible in decompression. Simulta-
neously, the Raman bands in the region from 100 to 300 cm™
undergo the most complex and remarkable changes with
pressure. The bands in this region are assigned to the bends of
the long chains and the interactions of cations and anions,
which are more susceptible to high pressure, indicating that
crystalline [BMIM]Cl with the TT conformation in the
monoclinic system is not a stable state.

Second, in condition B, [BMIM]CI is also compressed to
44.6 GPa in the high-pressure Raman experiments, as shown in
Figure 7. As mentioned above, the initial TT conformation of
the [BMIM]" cations has been completely transformed into the
GT one by the heat treatment. [BMIM]Cl in condition B keeps
the same characteristic bands with pressure, indicating that the
cations always possess the GT conformation. The Raman band
at 1444.6 cm™" at 10.3 GPa splits into two at higher pressures,
as shown in Figure 7c. More than one vibration mode is
assigned to this band, including the ring in-plane asymmetric
stretching, the CH,(N)CN stretching, and the butyl HCH
symmetric stretching. These stretchings have different
sensitivities to pressure and different rates of movement at
high pressures. It is worth pointing out that some Raman bands
can still be detected at 44.6 GPa, which is obviously distinct
from the case in condition A, because [BMIM]CI in condition
B is better crystallized by the heat treatment. In fact, the Raman
signals are often used to characterize the degree of
crystallization and stressing. If the crystal lattice is perfect, the
spectral peak width is very narrow, and the intensity is very
high. Instead, if crystallization is not good enough, the vibration
energy will be in a relatively large range, so the peak width is
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broad, and the intensity is weak. Actually, the Raman bands of
many crystals become broader at high pressures.

Again, a photoluminescence emerges in condition B when
pressure is over 20.0 GPa, and its intensity increases with
pressure, which has a great impact on the detection of the
Raman signals. Therefore, the Raman bands of initial [BMIM]
Cl almost cannot be detected at 35.6 GPa, owing to the
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interference of strong photoluminescence. However, some
broad and weak Raman signals can still be detected at 44.6 GPa,
since recrystallized [BMIM]CI has better Raman bands. The
emergence of photoluminescence suggests that a small portion
of the sample in condition B also polymerizes at over 20.0 GPa,
which is the same as condition A. In the high-pressure infrared
experiments, although the spectra are sensitive to pressure,

DOI: 10.1021/acs.jpcc.8b01469
J. Phys. Chem. C 2018, 122, 9320-9331


http://dx.doi.org/10.1021/acs.jpcc.8b01469

The Journal of Physical Chemistry C

1700

[~ - LU\.J w}
.1 GP.
a .2 GPa b
- /Mz}g 3
= w =
< 137qPaf S
g 11.8.GPa z\
= 5
£ £
= =
=
600 700 800 900 1000 1100 1200 1300 1400 1500 1600
1 1
Wavenumber (cm ) Wavenumber (cm )
C M
M
~
= 0.2 GPa
S N
.. a
%\‘ 15.7 GPa
§ 11.8 GPa
=
=
1.5 GPa
T T T T T T T Y T T
2800 2900 3000 3100 3200 3300

Wavenumber (cm™)

Figure 10. In situ infrared spectra of [BMIM]Br in condition A as a function of pressure, at a 2 cm™ resolution, from (a) 600 to 1150 cm™; (b)

1150 to 1700 cm™; and (c) 2800 to 3350 cm™.

0.8
a b 335GPa
9G
~ -
:’ 00 GPa : 20.0 GPa
< ) < 16.7 GPa
~ 6.7 GPa ~ et
T T B A
R :
G P e 1028P] = 6.5 GPa
2 6.5 GPa Q
= = 32GPa
=] 3.2 GPa =
0.8 GPa
0.8 GPa
100 200 300 400 500 600 600 700 800 900 1000 1100 1200
. -1 . -1
Raman Shift (cm ) Raman Shift (cm )
0.8 GPa
C 33.5 GPa d 33.5 GPa
~ 239 GPa ~~
= = 20.0 GPa
& 200GPa| S 16,
16.7 GPa 13. a
g\' 13.7 GPa %\‘ 10.2 GPa
g 10.2 GPa qﬁ) 65 GPa
+~ 6.5 GPa +~
'S 3.2 GPa S 3.2 GPa
0.8 GPa 0.8 GPa
1200 1300 1400 1500 1600 1700 2700 2800 2900 3000 3100 3200 3300
. -1 . -1
Raman Shift (cm™) Raman Shift (cm )

Figure 11. In situ Raman spectra of [BMIM]Br in condition B as a function of pressure, at a 1 cm™" resolution, with a 532 nm laser for irradiation,
from (a) 100 to 600 cm™; (b) 580 to 1250 cm™; (c) 1200 to 1700 cm™; and (d) 2700 to 3300 cm™.

[BMIM]CI after decompression to 1.7 GPa has the same
spectra as the one at 2.2 GPa, as shown in Figure 8, indicating
that most [BMIM]Cl in condition B is restored in the
decompression process.

Now, we move on to [BMIM]Br. In condition A, it is also
compressed to 29.6 GPa and then decompressed to 0.5 GPa in
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the high-pressure Raman and infrared experiments, as shown in
Figures 9 and 10. It is intriguing that the Raman and infrared
spectra of [BMIM]Br at different pressures are very similar to
the ones of [BMIM]CI in condition B, as they have the same
GT cation conformation. The most distinct differences lie in
the low frequency region from 100 to 300 cm ™', where their
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different crystal structures induce the different Raman bands.
The Raman spectra of [BMIM]Br in condition B in Figure 11
are also similar to the ones in condition A, because the
conformation is not significantly influenced by the heat
treatment. When [BMIM]Br in condition B is compressed to
33.5 GPa, the Raman characteristic bands are unchanged, as
shown in Figure 11, indicating that the [BMIM]" cations still
hold the stable GT conformation.

XRD Experiments of [BMIM]CI and [BMIM]Br at High
Pressures. Here, we briefly discuss the XRD results of
[BMIM]CI and [BMIM]Br at high pressures. We performed
the in situ XRD experiments on crystalline [BMIM]CI from 2.4
to 4.1 GPa, as shown in Figure 12a. The XRD patterns undergo
an obvious change from 3.2 to 4.1 GPa, indicating a structure
transition of crystalline [BMIM]Cl, and thus confirm the
structure transition at 3.4 GPa in the high-pressure Raman
experiments. By comparing the XRD and Raman spectra, we
find that it originates from the pressure-induced cation
isomerism; in other words, the pressure-induced conforma-
tional changes of cations account for this transition.

Moreover, from the XRD patterns in Figure 12b, we cannot
observe any structure change of [BMIM]Br from 2.2 to 4.4
GPa. At the same time, the cation conformation of [BMIM]Br
maintains the GT one during compression. Altogether, we are
allowed to conclude that the cation conformations play an
important role in determining the crystal structures of 1-butyl-
3-methylimidazolium halides.

Photoluminescence at High Pressures in Compres-
sion and Decompression. Last, we focus on the photo-
luminescence in our experiments. As mentioned earlier, a
photoluminescence emerges at around 20 GPa, regardless of
the heat treatment or not for both [BMIM]CI and [BMIM Br,
as shown in Figure 13a—d. It is found that this photo-
luminescence is preserved in the continuous compression and
subsequent decompression processes. According to our
previous work on 1-ethyl-3-methylimidazolium chloride
([EMIM]CI),” the mechanism for photoluminescence is the
pressure-induced polymerization of the [EMIM]* cations.>”
The chains polymerized from the cations have photo-
luminescent properties, which is common in other organic
synthetic materials.””~>” The infrared spectra of [BMIM]CI
and [BMIM]Br in conditions A and B at about 1 GPa are the
same as the ones at about 1 GPa decompressed from about 30
GPa, indicating that the vibration bands are reversible in the
decompression process. Therefore, we can conclude that only a
small portion of the samples polymerize at high pressures and
are maintained during decompression. In fact, although obvious
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changes take place at high pressures, most of the samples
compressed to about 30 GPa keep the initial structures.

It is interesting to point out that the emission maxima of
[BMIM]CI and [BMIM]Br in conditions A and B continuously
increase, once the photoluminescence appears, as shown in
Figure 13ef. The chains of different lengths have different
photoluminescence frequencies accordingly: the longer the
chain is, the lower the maximal emission energy will be. 587
Since the cations polymerize into chains in different numbers,
the peaks of photoluminescence are very broad. It is
noteworthy that the photoluminescence frequencies of the
polymers of [BMIM]Cl and [BMIM]Br are obviously lower
than those of [EMIM]CL* Besides, it is reasonable that the
photoluminescence frequencies increase with pressure, but it is
unusual that the frequencies still increase during decom-
pression. As a consequence, we believe that the cations also
experience some changes during decompression, ie., some
shorter chains polymerize in this process, which will excite the
high photoluminescence energies. This also explains the fact
that the photoluminescence intensities increase by almost an
order of magnitude during decompression. The differences in
the photoluminescence energies are not obvious for [BMIM]CI
and [BMIM]Br in conditions A and B, as shown in Figure 13e/f.
This is because [EMIM]CI is amorphous in condition A and is
crystalline in condition B. However, both [BMIM]CI and
[BMIM]Br in conditions A and B are crystalline. The
amorphous samples tend to form shorter chains, whereas the
crystalline samples tend to form longer ones.

B CONCLUSIONS

In this paper, we have investigated the conformational changes
of the [BMIM]' cations and the structure transitions in
[BMIM]CI and [BMIM]Br induced by high temperature and
high pressure. First, when compressed to 3.4 GPa, [BMIM]CI
is in a metastable state, with the coexistence of several cation
conformations. However, only one conformation is maintained
with pressure, indicating that the initial TT conformation is
unstable and another conformation transformed at 6.8 GPa is
stable at high pressures. Besides, the cations of [BMIM]CI
totally transform into the GT conformer from the TT one, if
the DAC-loaded sample is treated at 423 K for 12 h in a furnace
before being cooled down to room temperature. This is the first
time to observe the complete conformational changes in
experiments. The heated [BMIM]CI keep the GT conforma-
tion with pressure up to 44.6 GPa, showing that the GT
conformation is more stable than TT one. Second, the cations
of [BMIM]Br possess the GT conformation, and preserve it at
high pressures and high temperatures, indicating that the GT
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Figure 13. Room temperature photoluminescence spectra of (a) [BMIM]CI in condition A; (b) [BMIM]CI in condition B; (c) [BMIM]Br in
condition A; and (d) [BMIM]Br in condition B, with a 532 nm laser used for irradiation. The pressure dependence (e and f) of the maximal peak
frequencies of the photoluminescence energies for [BMIM]CI and [BMIM]Br in conditions A and B.

conformation is extremely stable. Furthermore, the XRD data
show that the crystal structures are transformed together with
the conformational changes. By comparing these aspects for
[BMIM]CI and [BMIM]Br at high pressures, it can be
concluded that the conformational changes play an essential
role in the structure transitions during compression. In
addition, a small portion of the sample polymerizes, leading
to a photoluminescence when pressure is over 20 GPa. The
pressure-induced polymerization is a “green” chemical process,
as the reactions can be performed in the absence of any solvent
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or catalyst, and thus reduces the environmental impacts to the
most extent.
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