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ABSTRACT: Spontaneous room-temperature crystallization of 1-ethyl-3-methylimidazo-
lium acetate ([C,mim][OAc]) was observed upon removal of trace water. Sample purity was
confirmed using analytical nuclear magnetic resonance spectroscopy to ensure that trace
water or other contaminants did not produce this observation. Raman spectroscopy and
simultaneous quartz crystal microbalance/infrared spectroscopy measurements were used to
study molecular reorganization during crystallization and decrystallization using trace water
in the form of atmospheric moisture. These experimental results were supplemented with
density functional theory calculations that indicate imidazolium cation ring stacking and side
chain clustering with an exclusive arrangement of the acetate anion in the cation ring plane
upon water removal. Crystal structure formation was confirmed using two-dimensional wide-
angle X-ray scattering. This natural crystallization is attributed to the removal of trace water
over extended periods of time and calls attention to the molecular-level role of water in the
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structure of hygroscopic ionic liquid systems.

B INTRODUCTION

Ionic liquids (ILs) are salts with melting temperatures below
100 °C, although often below room temperature, with
desirable material properties that include low vapor pressure,
nonflammability, and chemical and thermal stability. These
unique properties have made ILs of interest to many
application spaces, including electrochemistry, sensing, nano-
particle synthesis and transport, and material processing. The
thermodynamic properties of ILs remain an ongoing area of
scientific study due to their unique behavior, which includes
their crystallization ability. Several ILs are reported as being
unable to crystallize at all and instead form amorphous glasses
upon solidification at sufficiently low temperatures. For
example, 1-ethyl-3-methylimidazolium acetate ([C,mim]-
[OAc]) has an experimentally measured glass-transition
temperature ranging between 193.5 and 207.0 K. The
variation in the reported glass-transition temperature has
been attributed to water contamination, which is nearly
impossible to eliminate in extremely hygroscopic ILs such as
[C,mim][OAc].

We report the room-temperature crystallization of [C,mim]-
[OAc] under sufficiently dry conditions associated with long-
term storage under ultra-dry argon (Ar). Crystallized
[C,mim][OAc] was characterized using nuclear magnetic
resonance (NMR) spectroscopy, Raman spectroscopy, infrared
(IR) spectroscopy, quartz crystal microbalance and dissipation
(QCMD) measurements, polarization modulation-infrared
reflection absorption spectroscopy (PM-IRRAS), and wide-
angle X-ray scattering (WAXS). NMR confirmed the sample
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purity and identified excess water. Raman spectroscopy
measured conformational shifts associated with transitioning
crystallinity. Combined QCMD and IR measurements were
used to deconvolute decrystallization from water uptake in
conformational shifting. Peak assignments for both Raman and
IR were completed using a combination of literature references
and density functional theory (DFT) calculations. WAXS
measurements confirmed IL crystallization. These measure-
ments confirm the ability of [C,mim][OAc] to crystallize
under appropriate conditions and emphasize the need for more
quantitative investigation of trace water effects in hygroscopic
IL systems.

B EXPERIMENTAL METHODS

General. Equipment and materials are identified in the
article to adequately specify the experimental details. Such
identification does not imply recommendation by the National
Institute of Standards and Technology, nor does it imply that
the materials are necessarily the best available for the purpose.

NMR Characterization. NMR experiments were carried
out using a Bruker Avance II 600 MHz spectrometer (Bruker
Biospin, Fallanden, Switzerland) operated with Bruker Top-
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Figure 1. Schematic of QCMD/PM-IRRAS setup. Features of the QCMD cell include inlet and outlet ports for controlled gas flow as well as
windows on either side of the cell, which allow an IR beam to pass through the cell and interact with the sample before reaching the detector. For
PM-IRRAS analysis, the IR source passes through a photoelastic modulator (PEM) before reaching the sample and the detector. Dry and humid Ar
were controlled with mass flow controllers (MFC) supplied by an Ar tank. Humid Ar was achieved through water bubbling. A switching valve was

used to control which Ar stream flowed into the QCMD.

spin 3.2. The 1D 'H spectra were collected using a 30° pulse
angle (zg30), 2.73s acquisition time, 20 ppm spectral width,
6.175 ppm transmitter frequency offset, and 16 scans using
acetone-dq as a reference. The 1D *C spectra were collected
using a 30° pulse angle (zgpg30), 0.91 s acquisition time, 239
ppm spectral width, 99.99 ppm transmitter frequency offset,
and 1024 scans using acetone-dg as a reference.

QCMD/PM-IRRAS Characterization. Tandem quartz
crystal microbalance and dissipation (QCMD) and polar-
ization modulation-infrared reflection-adsorption spectroscopy
(PM-IRRAS) measurements were performed using a custom
QCMD cell (AWSensors, Valencia, Spain) within the PM-
IRRAS accessory of a Nicolet iS50 IR spectrometer (Thermo
Scientific, Waltham, MA). This measurement simultaneously
assessed the adsorption of water vapor onto the IL film by
measuring the mass change of the sample upon exposure to
water vapor as well as by monitoring the degree of crystallinity
in the IR spectra. Measurements were made using 1 in
diameter S MHz gold-coated AT quartz crystals (AWSensors).
Gold-coated crystals were necessary in order to provide an IR-
reflective surface for PM-IRRAS testing.

The gold-coated crystals were cleaned by sonicating for 10
min in acetone and then isopropanol. The crystals were dried
using compressed nitrogen and ultraviolet-ozone (UVO)
treated for 10 min prior to testing. Background QCMD
measurements were performed with the clean crystal to obtain
the baseline frequency and dissipation values of the crystal.
The gold-coated crystals were then functionalized with (3-
aminopropyl)triethoxysilane (APTES, Sigma-Aldrich) accord-
ing to the procedure outlined by Restolho et al.> QCMD
crystals were cleaned by sequential rinsing in deionized (DI)
water (R = 18.2 MQ), acetone, then ethanol, followed by
drying under nitrogen gas flow. The clean crystal was dried
overnight under vacuum (6.67 to 13.33 Pa). After drying, the
crystal underwent 10 min of UVO surface treatment, followed
by a DI water rinse, drying under nitrogen gas flow, and then a
second 10 min UVO treatment. The oxidized crystal was
submerged in 20 mL of a 5 w/w % solution of APTES in
toluene overnight. After functionalization, the crystal was
rinsed in toluene, acetone, and then water. The cleaned surface
was dried under nitrogen gas flow, then dried for 2 h under
vacuum (= S0 mTorr). A thin film of [C,mim][OAc] on the
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functionalized QCMD crystal was achieved by spin coating =
0.2 mL of a 26 mg/mL solution of crystalline [C,mim][OAc]
in ethanol at 2000 rpm (1 rpm = 27/60 rad/s) for 40 s. The
coated crystals were placed within the QCMD cell and dried
under 1000 SCCM Ar flow for S days prior to testing. The
sample was kept at 25 °C throughout testing.

The following details the experimental setup for controlling
the flow of gas into the QCMD cell, schematically shown in
Figure 1. Two mass flow controllers (Alicat Scientific)
controlled the flow of dry Ar and water-saturated Ar. The
water-saturated Ar was obtained by bubbling Ar through a
water bath. These two lines were connected to a 4-way
switching valve (VICI Valco Instruments), which led into the
QCMD cell. The experiment followed the following steps: (1)
flow of dry Ar at 200 SCCM into the QCMD cell for S min,
(2) switching flow to that of water saturated Ar at the same
flow rate for 1S min, and (3) returning flow to dry Ar for 2
min. The normalized frequency shift, AF, and the dissipation,
AD, were recorded against time for the n = 3, 5, 7, and 9
harmonics. The humidity of the humid Ar flow was measured
at 80 % RH.

During the QCMD measurements, IR scans were collected
using PM-IRRAS. A wavelength of 2500 cm™" was used for the
photoelastic modulator. Samples were scanned five times per
measurement over a range of 1000 to 4000 cm™'. Each
measurement required S s to complete, with 1 s intervals being
used between each measurement. Scans were measured for the
entirety of the experiment.

ATR-FTIR Characterization. The Nicolet iS50 IR
spectrometer was used with a diamond crystal Smart iTX
accessory in order to perform attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. A
pressure device was used to press both solid and liquid
samples onto the ATR crystal. Samples analyzed include
crystalline, liquid, a mixture of crystalline and liquid, and IL
within a 20% mass fraction water solution. Each sample was
scanned 16 times per measurement over a range of 400 to
4000 cm™! wavenumbers.

WAXS Characterization. Samples were prepared for X-ray
scattering by encapsulating [C,mim][OAc] crystals in washer
wells (0.049 in thickness, 5/32 in inner diameter, 3/8 in outer
diameter) using 0.0025 in thick Kapton tape in an Ar
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Figure 2. Raman spectroscopy of liquid (black), an amorphous and crystalline blend (red), and crystalline (blue) [C,mim][OAc]. (a) Full Raman
spectra where known peak assignments are indicated by dashed reference lines. Peak assignments unique to crystalline [C,mim][OAc] are
indicated by the orange and green dotted lines. (b) Magnified spectral region of the 1140 cm™' peak unique to crystalline [C,mim][OAc]
highlighted by the orange rectangle. (c) Magnified spectral region of the 1393 cm™" shoulder unique to crystalline [C,mim][OAc] highlighted by

the green rectangle.

environment. X-ray scattering data was collected in a
transmission geometry at the 11-BM CMS beamline at
NSLS-II using 13.5 keV beam energy. The sample-to-detector
distance and beam center were determined from a silver
behenate standard. The collected data was analyzed in Nika for
Igor Pro.*

Raman Characterization. Samples were loaded into
sealed scintillation vials in a glovebox under an Ar environ-
ment. Raman spectroscopy measurements were conducted
using a rheo-Raman microscope (Thermo Fisher) with a 532
nm excitation wavelength at 10 mW focused through a 10x
objective into the sample while still sealed in the original
scintillation vial. Two 15s exposures were averaged together to
generate the spectrum.

DFT Calculations. DFT calculations for electron distribu-
tion, NMR, Raman, and IR spectra were calculated using
Spartan software with B3LYP-D3 and 631G* for a cation/
anion pair dimer.

B RESULTS AND DISCUSSION

Storage under consistent low-flow Ar in a dry box for several
months was found to naturally crystallize [C,mim][OAc]. This
lengthy crystallization time could be reduced by adding small
amounts of these crystals to liquid [C,mim][OAc] under low-
flow Ar in a dry box. Crystallization appeared to occur more
readily for ILs that have been allowed to dry under these
conditions for longer periods of time. Upon removal from this
dry box environment and left in ambient conditions, the
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hygroscopic [C,mim][OAc] crystals would liquefy as they
absorbed atmospheric water to form an amorphous and
crystalline blend before eventually becoming an amorphous
liquid. The highly hygroscopic nature of [C,mim][OAc]
combined with the carboxyl present in the acetate group and
low water content of the samples interfered with standard Karl-
Fisher titration techniques typically used for these applications.
'H and C NMR shown in Figures SI and S2 confirm the
molecular structures of the amorphous liquid and crystalline
[C,mim][OAc]. The strong water peak seen in the amorphous
liquid is notably absent from the crystalline sample. A small
impurity peak at & 3.2 ppm is observable in both spectra.
Additionally, the acidic C(2)H imidazole proton is shifted
downfield in the crystalline [C,mim][OAc]. This shifting is
caused by competitive interactions between water molecules
and the acetate anion to position themselves near the C(2)H
imidazole proton.” Water forms weakened intermolecular
interactions with the imidazole cation, leaving the acetate
anion to create strong hydrogen bonds with water.”® Thus,
water additions leave the cation ring protons and subseguently
increase the electron density on the hydrogen atoms.™
Raman spectroscopy shown in Figure 2 compares the
vibrational spectra of liquid, an amorphous and crystalline
blend, and crystalline [C,mim][OAc] samples. The spectrum
of the liquid is consistent with similar measurements reported
in the literature.” The peaks generally grow sharper and higher
in intensity as the crystallinity increases, which is expected for
Raman measurements of amorphous to crystalline transitions.
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Figure 3. (a) Overlay of Raman spectra. The measured spectrum for dry solid [C,mim][OAc] (black) showing characteristic peaks of interest, the
calculated Raman spectrum for a dimer of [C,mim][OAc] ion pairs in vacuum (red), and the calculated spectrum for a [C,mim][OAc] lone ion
pair in vacuum. (b) Minimized geometry for [C,mim][OAc] ion pair dimer. (c¢) Minimized geometry for the acetate-imidazolium ion pair. All
calculations were performed using the B3LYP-D3 6-31G* model and basis set.

Peak shifting as well as the emergence of peaks unique to the
crystalline state are also observed. The peak positions and their
assignments are summarized in Table S1. Although the Al
peak associated with in-plane COO bending of the acetate
anion is generally exclusive to IR measurements,’ anion
orientation unique to crystallization and/or decrystallization
could result in Raman active modes compared with previously
measured and calculated structures that are not Raman active.
The A2, A3, C2, C3, and C8 peaks shift to higher
wavenumbers as the crystallinity increases, which are reflective
of shifts in the hydrogen bonding between the cation and
anion as the packing structure is changed during the moisture
absorption process. Additionally, a peak unique to the
crystalline IL state is observed at 1140 cm™' in the
amorphous/crystalline blend, then shifts to 1143 cm™' (CH
wagging) in the fully crystalline sample (Figure 2b). A shoulder
on the AS/C10 peak also appears at 1393 cm™" in only the
crystalline sample (Figure 2c). This A8 vibrational mode at
1393 cm™ is associated with symmetrical wagging of the
acetate ion methyl groups as determined by DFT in Figure 3.
This suggests that both unique peaks for the solid phase can be
attributed to the acetate counterion’s in-plane association with
the 7-stacked imidazolium structure (Figure 3). The calculated
spectra for the acetate/imidazolium ion pair did contain these
vibrational modes at lower wave numbers; however, the dimer
was in much better agreement with the experimental spectrum.
Previous studies of [C,mim][OAc]/water solutions containing
2.8 to 89.8 % mol fraction water resulted in the shifting of the
A2, A3, A4, AS, A6, C9, C10, and C13 Raman peaks to higher
wavenumbers along with reduced intensity with increasing
water concentration.” These shifts are generally attributed to
electron redistribution on either the anion or cation as a result
of the dynamic anion—cation interactions that control
molecular packing.”*

ATR-FTIR was also used to assess vibrational mode shifts
associated with crystallinity changes in the IL (Figure 4). This
technique is advantageous for measuring water modes not
detected in the Raman spectra. Broad —OH stretches in the
3000 cm™' region associated with water are observed in the
amorphous liquid IL and 20 % mass fraction of water in the IL
solution. This dominant broad stretch is not present in the
amorphous/crystalline blend and crystalline IL samples,
allowing for the measurement of the sharper peaks associated
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Figure 4. Offset ATR-FTIR of crystalline [C,C,Im][OAc], an

amorphous/crystalline blend of [C,C,Im][OAc], amorphous
[C,CIm][OAc], and a 20 wt % water in [C,C,Im][OAc] solution.

with aliphatic stretching. Aside from the elimination of the
water peak, some increased peak sharpness and intensity, along
with peak shifting to lower wavenumbers (Table S1), are
generally observed with increasing crystallinity. This is
consistent with the Raman and NMR results suggesting that
the elimination of water is the cause of [C,mim][OAc]
crystallization.

Simultaneous QCMD/PM-IRRAS measurements were
performed on gold-coated QCMD crystals spin-coated with
IL. After spin coating, the IL sample was loaded into the
QCMD cell to begin drying under a continuous flow of dry Ar
at 200 SCCM. The initial sample showed a high presence of
water, as confirmed by the peak at 1650 cm™ in the IR spectra,
shown in Figure S3. The sample required extensive drying to
fully remove this peak, as it remained after 1 day of drying. The
sample was dried for 3 additional days. There was no change in
the spectra after an additional day of drying, indicating that the
sample had reached a steady state.

The normalized frequency (AF/n), which corresponds to
mass change, and dissipation (AD), which corresponds to
viscoelastic contribution, of the IL-coated crystal were
measured while the sample was exposed to dry Ar, humid
Ar, and dry Ar again. These results are shown in Figure S4.
The initial 5 min of the test was exposure to dry Ar, and the

https://doi.org/10.1021/acs.jpcb.3c02735
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AF/n values shown during were very consistent for each 200 T T T T T T T T
overtone. This highlights that the IL sample is a rigid film, as 2;2
there is no overtone dependence on AF/ n’ Upon exposure to 150k gfg ]

humid Ar, a frequency drop occurs, corresponding to an
uptake in the mass of the sample. This increase in mass is
attributed to the water absorbed by the sample. The AF/n
values for each overtone during humid exposure are not
consistent with each other, indicating that a transition to a
viscoelastic film occurs as a clear overtone dependance is seen
in this time frame. When the humid Ar is replaced by dry Ar,
the AF/n values instantly increase and begin to return to the
initial dry values. As the AF/n values in this region
immediately return to an overtone-independent nature, it
demonstrates that the IL sample becomes rigid again as soon
as the humid Ar is removed. Most frequency gain occurs
instantaneously upon returning to dry Ar, but a slower increase
in gain is seen within the first S min post-humid Ar. This may
show that the bulk of the water absorbed into the sample is
removed immediately as the sample transitions from a
viscoelastic film to a rigid film, but that water continues to
be removed while the sample exhibits rigid behavior.

The dissipation results also support this conclusion. During
exposure to humid Ar, the dissipation values increase when
compared to the dry dissipation values. This denotes a
decrease in rigidity of the sample, which increases rapidly at
the initial introduction of humid Ar and continues to grow
during the entire humid exposure time frame. Returning to dry
Ar results in a decrease and return to the initial dissipation
values seen at the start of the experiment, indicating that the
film regains its rigidity upon the removal of water vapor from
the system.

An additional way to evaluate these results is to examine the
IAD/AFI. It has been shown that a value of IAD/AF| > 1 X
107® Hz ™" indicates that a viscoelastic model should be used to
evaluate the film.'” As shown in Figure SS, the value of IAD/
AFl is greater than 1 X 10™® Hz™' only during humid Ar
exposure. This further highlights that the IL is a rigid film
during the initial dry Ar exposure, transitions to a non-rigid,
viscoelastic film during humid Ar exposure, and returns to a
rigid film when dry Ar is returned.

The separation of overtones under humid conditions
indicates that a change in rheological properties has occurred.
This can be analyzed by evaluating the ratio of the storage
modulus to the loss modulus, G’/ G”."' This ratio has been
derived and can be calculated as

i/__ n

G//

AF + n<£>
extrap

AT )
where (AF/n)eymp is the normalized frequency change
extrapolated to the zero overtone and I' = DF/2, in which
AT is the difference in I" between the coated sample and the
bare crystal."’

(AF/1) trap was determined by plotting AF/n vs n” at time
intervals that corresponded to initial dry Ar, humid Ar, and
final dry Ar. These resulted in varied y-intercepts, but all
resulted in similar G’/G” plots, with the same trends seen in all
and only small shifts along the y-axis being different. The
dependence of G'/G” vs time is shown in Figure 5. The
decrease in storage/loss modulus that approaches zero upon
humid Ar exposure indicates that the film becomes a viscous
fluid instead of a crystal solid. The transition from humid back
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Figure S. G'/G” analysis of the IL sample for 3, 5, 7, and 9 overtones.
Dry Ar was flowed over the sample from start until minute S, at which
point humid Ar was introduced. This was maintained until minute 20,
after which dry Ar was reintroduced.

to dry Ar is slower than the initial change. This may be due to
a slower reorganization from liquid back to crystalline solid.

Coupling IR experiments with the QCMD results presented
thus far helps complete the picture of the IL transition from
crystalline to liquid upon humidity exposure and the return to
a crystalline solid when dry Ar is reintroduced. PM-IRRAS is a
useful technique for evaluating thin films, as the measurement
is independent of the ambient environment above the surface
and provides a clean IR spectrum of the material. IR spectra
were collected simultaneously during the QCMD experiment
by using a custom QCMD cell, which allowed for the passage
of an IR beam through the cell and onto the PM-IRRAS
detector. Figure 6 shows the IR spectra of the IL sample at
three time points, as well as the peak intensities of five key
peaks during the entire experiment.

When the IL sample is exposed to humid Ar, three things
change within the IR spectra. First, a peak at 1650 cm™" forms
due to the water exposed to the sample. Second, the peak at
1583 cm™ shifts to 1567 cm™". Third, the peak at 1389 cm™
shifts to 1409 cm™". The peak intensity vs time plot shown in
Figure 6b highlights that these peak shifts result in a decrease
in peak intensity at the initial wavenumber and an increase in
peak intensity at the now shifted wavenumber.

The rapid shifts seen in the IR spectra when the exposure
environment transitions from dry to humid and then back from
humid to dry are further highlighted in Figure 7. The first four
IR spectra collected after each transition are shown,
corresponding to the first 20 s after the transition. Also
shown are the IR spectra measured 1 and 2 min after the
transition. As water vapor is introduced into the system, the
1650 cm™" peak is present within S s and continues to increase
over time. The peak shifts from 1583 to 1567 cm™" and 1389
to 1409 cm™! are also seen within the 5 s scan. Transitioning
back to dry Ar results in slower changes. The 1650 cm™ peak
begins to decrease, but a shoulder remains present after the
first 2 min of dry Ar. The peak shifts are also slower. This is
shown in Figure 7b as well, in which the decrease in peak
intensity of 1409 and 1567 cm™' is much slower than the
increase seen during the introduction of water vapor. This may
indicate that the reorganization of the IL liquid into a
crystalline solid requires additional time. There may still be
water present within the film, as shown in the remaining 1650
cm™! shoulder and the QCMD results.

WAXS measurements were performed on multi-crystalline
samples using a 2D detector to confirm whether the solidified
IL had formed crystals or an amorphous molecular glass. A

https://doi.org/10.1021/acs.jpcb.3c02735
J. Phys. Chem. B 2023, 127, 4595—4601


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c02735/suppl_file/jp3c02735_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02735?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02735?fig=fig5&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article
T T T T T T T T T
a Return to Dry»:vwnn 35 min)| " ' ! I: ' b gl El &l gl )
e Humid Argon (15 min) ] 1 | [— 1650 cm™ — 1583 cm™" — 1567 cm” — 1409 cm”’ —— 1389 cm
e Dry Argon (0 min) | \ |
‘
v |
— I i -
o ‘ ' S T
N 1 I} 1 ~
8 Wi : 8
g oA g
= Ny | S e e ]
TN
2 ! 2
S R ! S
g Iy I S o
D
< o A <
1 1
& i m‘
. ; ; 1 1 1 1

! | 1 1
1600 1400 1200

Wavenumber (cm™)

1
2000 1800

1000

1 1 1 1
20 25 30 35 40 45

Time (min)

0 5 10 15

Figure 6. (a) Offset single IR spectra of the IL sample when exposed to dry Ar (black, 0 min), humid Ar (gray, 15 min), and dry Ar (light gray, 35
min). Five peaks were highlighted from these spectra: 1650, 1583, 1567, 1409, and 1389 cm™". (b) Offset peak intensity vs time for these five peaks

during the experiment.

I 1 I T T T T T T T
a 2min  —— 1 min b 2min = 1 min
- 20 sec = 15 sec — 20 sec - 15 sec
- 10 sec = 5 sec = 10 SeC == 5 sec
- 0 sec - 0 sec
3 - 3
& &
(O] [0
o o
| = c
© @
£ £
2 2
o o
< <
1 1 1 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Wavenumber (cm”)

Figure 7. Offset IR spectra of the transition from (a) dry to humid Ar and (b) humid to dry Ar. Scans are shown for 55, 10's, 155, 20 s, 1 min, and
2 min after the transition. The negative feature at 3500 cm™" arose when the sample was exposed to humidity and is an artifact of the PM-IRRAS

background subtraction.

representative image is shown in Figure S6, where several high-
intensity diffraction points are measured, confirming the
crystallinity of the [C,mim][OAc] sample. Due to the inability
to isolate a single crystal, the 1D diffraction pattern is highly
directional-dependent with no single representative spectra.
Combined with the lack of available reference crystal structure
data, additional experiments that incorporate sample rotation
are required to identify the crystal structure and will be the
subject of future work.

In support of these results, ab initio molecular dynamics
calculations of [C,mim][OAc] have shown ordering in the
neat IL that is gradually disrupted as water is added to the
system.'” Pure [C,mim][OAc] is dominated by z—rx
interactions and London dispersion interactions, which result
in imidazolium cation ring stacking and side chain clustering
and the exclusive arrangement of the acetate anion in the
cation ring plane. In this orientation, cations were preferen-
tially rotated so that the side chains of one ring were located
above the ring hydrogen atoms of another, and the anions were
positioned with either the carboxyl or methyl group pointing
toward the ring center, with two different anions being
coordinated with any of the hydrogen ring cation atoms. We
performed similar DFT calculations with a cation/anion pair
dimer and found the minimized geometry to be similar (Figure
3).

4600

This preferential ordering is completely disturbed in the
presence of water. Water shells begin to form around both the
cations and anions as a sufficient amount of water is added to
the system. With small water additions, the anion is no longer
exclusively arranged in the ring plane but is also found above
the cation, and two or more anions may be bridged together by
a water molecule. Large amounts of water completely eliminate
anion arrangements in the ring plane. Additional molecular
dynamics simulations have also reported the potential for pure
[C,mim][OAc] crystallization in a suitable environment."

B CONCLUSIONS

In conclusion, [C,mim][OAc] has been observed to naturally
crystallize at room temperature under several months of
consistent low flow Ar exposure in a dry box environment.
Increased relative humidity was used to introduce trace water
into the IL system, returning the crystals to a liquid state.
Raman spectroscopy measured 1143 and 1393 cm™' peaks
unique to the crystalline state associated with in-plane
imidazolium bending and symmetric acetate methyl group
wagging, respectively, that occur as the result of imidazolium
cation ring stacking and side chain clustering with an exclusive
arrangement of the acetate anion in the cation ring plane upon
water removal. Simultaneous IR/QCMD measurements were
used to confirm the crystallization of liquid IL during the
drying process, along with decrystallization as water was
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reintroduced. IR spectral monitoring of the 1650 cm™ water
peak along with peak shifts associated with water interactions
with the cation and/or anion were observed during storage/
loss modulus transitions between a viscous fluid and a
crystalline solid. Finally, 2D WAXS confirmed the formation
of a crystalline solid as opposed to an amorphous glass. This
novel finding emphasizes the role of even trace amounts of
water contamination in hygroscopic IL systems and the need
for further investigation.
The authors have no conflicts of interest.
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