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Interactions of ionic liquids (ILs) with water are of great interest for many potential IL applications. 1-
Ethyl-3-methylimidazolium (emim) acetate, in particular has shown interesting interactions with water
including hydrogen bonding and even chemical exchange. Previous studies have shown unusual behavior
of emim acetate when in the presence of 0.43 mol fraction water, and a combination of NMR techniques
are used herein to investigate the emim acetate/water system and the unusual behavior at 0.43 mol
fraction water. NMR relaxometry techniques are used to describe the effects of water upon the molecular
motion and interactions of emim acetate with water. A discontinuity is seen in nuclear relaxation behavior
at the concentration of 0.43 mol fraction water, and this is attributed to the formation of a hydrogen
bonded network. EXSY measurements are used to determine the exchange rates between the H2 emim
proton and water, which show a complex dependence on the concentration of the mixture. The findings
support and expand on our previous results which suggested the presence of an extended hydrogen
bonding network in the emim acetate/water system at concentrations close to 0.50 mole fraction of H,O.

1. Introduction

Ionic liquids (ILs), the class of salts with melting points below
100°C, have attracted great attention in recent years as
replacements for conventional molecular solvents'. Consisting
generally of a bulky, organic cation and a smaller organic or
inorganic anion, these liquids have great tunability of their
properties through the choice of ions and functionalization of
these ions'. The added complexity of a solvent consisting of both
a cation and anion, in addition to the fact that in many cases ILs
may be behaving not simply as “innocent” solvents, but instead
reacting chemically towards solutes?, makes important the study
of ionic liquids and their mixtures. An understanding of possible
solvent-solute interactions is necessary to ensure the proper
choice of an ionic liquid as the solvent for a given application, so
that favorable solvent-solute interactions can be selected and
undesired interactions minimized.

The IL 1-ethyl-3-methylimidzolium acetate (emim acetate, fig
1) has attracted attention as a task-specific solvent, especially for
the solvation of carbon dioxide® and cellulose® °. The solvent
properties of emim acetate and other 1,3-alkylimidazolium
acetate ILs, have been attributed to specific interactions with its
solutes, and even reversible chemical reactions® . As emim
acetate is completely miscible with water in all concentrations
and is extremely hygroscopic'®, water will be present in all
samples except those which are highly purified and handled with
rigorously water-free techniques. Thus, understanding the
interactions between emim acetate and water is valuable not only

ss fractions.'

from the perspective of fundamental understanding of emim
acetate/water mixtures themselves, but also because these same
interactions will be present in any practical utilization of this IL.
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Fig.1 Structure for emim acetate with numbering of imidazolium ring.

A number of studies of emim acetate/ water mixtures have
already been carried out.'"""* Water has been shown to affect the
solvent properties of emim acetate, even in low weight
The macroscopic properties of binary emim-
acetate/water mixtures have previously been shown to deviate
from ideal mixing behavior,'" and a previous study has shown an
extremely concentration-dependent deviation in the self-diffusion
behavior for 0.44 mole fraction water mixtures.'> Our motivation

e for the studies described in this work was to continue the study

the non-linear concentration dependence of the behavior of emim
acetate/water mixtures on the microscopic level. We report here
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two nuclear magnetic resonance (NMR) investigations of the
microscopic  interactions of emim acetate and water.
Concentrations ranging from 0.05-0.79 mole fraction water are
investigated, with particular focus on one sample at a
concentration of 0.43 mole fraction water which shows aberrant
behavior.

In the first part of the work, we employ NMR relaxometry
measurements to determine the nuclear magnetic relaxation
properties of emim acetate/water mixtures. The relaxation times
of nuclear spins are sensitive to both intra- and intermolecular
relaxation mechanisms.'® High-resolution NMR relaxometry
measurements can determine the spin-lattice (T;) and spin-spin
(T,) relaxation rates of each nucleus in the system, creating a
relaxation “map” of the molecule.”” When two NMR-active
nuclei form a bond, the rate of rotation of the bond vector, or
rotational correlation time (t.) can be determined from the spin-
lattice relaxation times (T;) of the nuclei and Nuclear Overhauser
Enhancement (NOE) factor between the nuclei.'* We report
and discuss the concentration-dependence of the relaxation times
and rotational correlation times, which exhibit a discontinuity at
0.43 mole fraction water.

In the second part of this work, we measure a specific
chemical interaction between emim acetate and water, proton
exchange, using 2D Exchange Spectroscopy (EXSY) NMR.
EXSY is a technique which measures the transfer of
magnetization due to chemical exchange, allowing determination
of the exchange rate.”* The weak carbon acidity of 1,3-substituted
imidazolium compounds is well documented,”?° and the
concentration dependence of the rate of the imidazolium-water
proton exchange has been used previously to probe the water-
anion interactions in an IL.*® As the pK, of acetate is relatively
low, acid-base equilibrium is likely to play a significant role in
this interaction. We show that as expected, the proton exchange
rate is much greater in emim-acetate water mixtures than in
previously studied mixtures of water and other imidazolium ILs
with less basic anions, and that the concentration dependence of
the exchange rate is complex.

2. Experimental

Emim acetate was purchased from Sigma Aldrich and used as
received. NMR samples were prepared in medium-walled NMR
tubes. A sealed capillary containing DMSO-d6 was added to each
NMR sample to allow for calibration of chemical shift values.
Shortly after preparation, each NMR tube was sealed with a
flame to prevent concentration change due to evaporation of the
sample or absorption of atmospheric water. Six samples,
containing mole fractions of water, 0.05, 0.24, 0.40, 0.43, 0.62,
and 0.79 were prepared. To avoid errors in concentration caused
by possible evaporation during the sealing process, the mole
fractions of emim acetate and water in the samples were
determined by integration of the 'H proton spectra under
quantitative conditions.

'H and EXSY NMR experiments were performed on a Bruker
Avance III 600MHz NMR spectrometer operating at a 1H
frequency of 600.71 MHz, equipped with an inverse probe.
Sample temperature was controlled by the incorporated heating
element of the probe and a flow of dry air at 535 I/h from an
external refrigeration unit. The temperature readings from the

S

&

S

100

10.

1

a

internal probe thermocouple were calibrated using the difference
in CH; and OH chemical shifts of a sample of 80% ethylene
glycol in DMSO-d6. The temperature was equilibrated for at least
30 minutes prior to any data acquisition. Shimming was
performed on the 'H signal of greatest intensity using the 3D
Topshim gradient shimming algorithm incorporated in Bruker
Topspin (Bruker Biospin, Billerica, Massachusetts, USA)
software. The experiments were carried out without deuterium
field lock due to the poor signal-to-noise ratio of the lock signal.

The 2D EXSY spectra were acquired using the non-gradient
selected, phase-sensitive program noesyph included in Bruker
Topspin. A total of 2048 (f2) x 64 (f1) points were acquired for
each spectra, with 16 scans being acquired for each experiment.
A relaxation delay of 6s was used. Data were acquired for each
concentration using mixing times of Oms and 100ms at 60°C,
70°C, and 80°C. The 100ms spectrum for each temperature point
for each concentration was repeated three times. The spectra were
phase-corrected manually in the f2 dimension and automatic
baseline correction was applied to both the f2 and f1 dimensions,
and the volumes of the H2 and H,O diagonal and cross-peaks
were integrated. All processing operations were carried out using
the Bruker Topspin software package (Bruker Biospin, Billerica,
Massachusetts, USA).

NMR relaxometry measurements were performed using a
Bruker Avance III 600MHz NMR spectrometer operating at a 1H
frequency of 600.71 MHz. The employed probe was a direct-
observe BBFO plus (broadband including fluorine) probe.
Relaxation measurements were carried out with relaxation delays
at least five times T), and the instrument was carefully tuned,
shimmed, and the 90 degree pulse calibrated before each
measurement. T, relaxation measurements were done with an
inversion recovery pulse sequence. *C T, relaxation
measurements were done with 'H decoupling throughout the
relaxation time, to prevent any cross relaxation effects.'® ' #* T,
measurements were made using a CPMG pulse sequence.

Measured *C NOE enhancement factors were calculated as in
equation 1, where Npeasurea 1S the NOE enhancement factor, Ny is
the number of protons directly bound to the carbon atom being
measured, Ipg is the intensity of the peak resulting from full NOE
enhancement by polarization transfer from protons in a power
gated experiment, and Ijg is the intensity of the peak resulting
from an inverse gated experiment, experiencing no NOE
enhancement by proton polarization transfer.'® Pulse sequences
used are included as text files in the supporting information.
Nmeasured = (II:,_: —1)/Ny (D
Calculations of rotational correlation times were performed by
the method developed by Carper et al."®*" ?? and are included in
the supplemental information. Iterative calculations were
performed using the Goalseek™ function of Excel®.

3. Results and Discussion
3.1 NMR Relaxometry Measurements

Relaxation measurements of emim acetate were used to
characterize segmental motions and molecular interactions. Spin-
lattice relaxation times (T) and spin-spin relaxation times (T,)
were measured using NMR spectroscopy. These relaxation times
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are known to be sensitive to several factors such as electronic
effects, mobility, and intermolecular interactions.>*

Magnetic field fluctuations are the major cause of nuclear spin
relaxation. Localized association of nuclear spins can cause
increased relaxation rates; in this way relaxation measurements
and NOE factors can be used as evidence of localized
interactions.’'** Rotational correlation times are calculated from
relaxation measurements and NOE enhancement measurements,
and are used to represent motions of molecule segments.
Segmental motion can be very important for interactions with
small molecules and for understanding interactions related to the
physical properties of ionic liquids.

NMR has previously been used to characterize the molecular
interactions of emim acetate with water by Hall, et al. with a
focus upon high concentrations of water. These studies, however,
measured the relaxation of the entire molecule rather than
relaxation of the individual nuclei present.'" Previous diffusion
and computational studies have shown the formation of a
hydrogen bonded network in emim acetate/water mixtures,'> and
the formation of this hydrogen bonded network should have
significant effects upon nucleus spin relaxation.

4 -
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'H R, Relaxation rate (1/s)
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Fig. 2 "H R, spin-lattice relaxation rates as a function of emim acetate to
water molar ratio show a peak in relaxation rates at 0.24 mole fraction
water. This is attributed to the competing effects of changes in viscosity
and the propensity for water to cause dipolar relaxation with neighboring
molecules. The graph including is discontinuous at 0.43 mole fraction
water. This discontinuity is taken to represent the concentration where a
network of hydrogen bonds is forming.

The main effects acting upon relaxation rates due to the
addition of water are:

1. Increasing water

molecular motion.

2. Increasing water increases available dipolar relaxation

decreases  viscosity, increasing
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pathways.
3. Water increases the availability of hydrogen bonding,
which can slow rotation.
Proton spin-lattice relaxation rates (R;) are plotted against molar

40 concentration of emim acetate in fig 2. The addition of water

causes large increases in emim acetate molecular motion, as
water is much less viscous than emim acetate. Increased motion
causes faster molecular tumbling, which slows the spin-lattice
relaxation rate. At the same time, however, the addition of water
to the ionic liquid emim acetate enables more dipolar relaxation
with nearby water molecules. This dipolar relaxation through
water molecules causes faster spin-lattice relaxation, and the two
competing effects result in a peak at 0.24 mole fraction water in
fig. 2. The very fast relaxation rate of water in the sample is
expected due to the prevalence of hydrogen bonds occurring with
water. The deviation from expected behavior in 0.43 mole
fraction sample is taken as evidence of an extended hydrogen
bonded network."

'H R, Relaxation rate (1/s)

0 + T \
0 03 0.6 0.9
mol fraction water
e 1 H #2 e |H #5 ey | H #4
et Ethy| CH2 s Methyl CH3 »Acetate CH3
s Ethy | CH3

Fig. 3 "H R, spin-spin relaxation rates as a function of emim acetate to
water molar ratio show a peak in relaxation rates at 0.24 mole fraction
water. This is attributed to the competing effects of changes in viscosity
and the propensity for water to cause dipolar relaxation with neighboring
molecules. A dip in the graph is clearly seen with the 0.43 mole fraction
water sample, showing the change in dynamics that occurs at this
concentration.

Spin-spin relaxation of 'H nuclei (fig. 3) shows similar trends
to the spin-lattice relaxation of 'H nuclei. The CH, of the ethyl
group shows fast relaxation, an order of magnitude greater than
that expected for the group. The fast spin-spin relaxation of the
ethyl group is surprising and may indicate some kind of
interaction, though it is premature to suggest what kind of
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interaction may be occurring at that site. Water, as expected,
shows very fast relaxation due to the prevalence of hydrogen
bonds (See fig S2 of supplementary data).
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Fig. 4 ®C R, spin-spin relaxation rate as a function of emim acetate to
water molar ratio is shown. The graph shows a significant dip at the
sample with 0.43 mole fraction water. As carbon relaxation is dominated
by through-bond dipolar relaxation with protons, a consistent peak is not
seen for maximal relaxation rate of carbon nuclei.

Figs 4 and 5 show that *C spin-lattice and spin-spin relaxation
rates increase as water concentration decreases. The increase in
relaxation rates is due to the decreased level of molecular motion
when less water is present. Relaxation rates for CH, and CH
groups show increased dependence upon water concentration
when compared with CH; groups and the anion due to hindered
rotational motion. CH and CH, groups are more dependent upon
molecular tumbling and rotation of the whole molecule when
compared with CH; groups. CH; groups also show much slower
relaxation due to their fast rotational motion. Spin-spin relaxation
(fig 5) of the carboxylic group does not seem to be correlated
with water concentration, which is likely due to the lack of
directly bound hydrogen nuclei, decreasing the level of dipolar
relaxation. Carboxylate group relaxation is also very slow, which
is due to the combination of it lacking directly bound protons for
dipolar relaxation, and the very fast molecular tumbling
experienced by being a small molecule.
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Fig. 5 "C R, spin-spin relaxation rates as a function of emim acetate to
water molar ratio show no consistent peak in relaxation rates. This is
attributed to the effect of dipolar relaxation with neighboring molecules
being the dominant relaxation pathway. The discontinuity in the graph
occurs at 0.43 mole fraction water, where it is postulated that a significant
increase in hydrogen bonding is occurring.

3.2 Segmental Dynamics

Relaxation of spin %2 nuclei is highly dependent upon motion. For
carbon atoms directly bound to hydrogen atoms, careful design of
relaxation experiments allows for measurement of T; relaxation
times which almost exclusively represent relaxation through the
dipolar relaxation mechanism.'*?* 2 The dipolar coupling
constant can then be calculated using equation 2:
Dij = ycyy irif )

4T 2n
where Dj; is the dipolar coupling constant, L, is the permeability
of a vacuum, yc is the gyromagnetic ratio of carbon, yy is the
gyromagnetic ratio of hydrogen, h is the reduced Planck’s
constant, and rj; is the length of the bond between carbon i and
proton j (estimated by computational methods). Dipolar
relaxation can be related to both the rotation rate of the vector
between the spin systems (rotational correlation time, t¢) and the
NOE factor by equation 3:

10 1 3 6

= 2
Ty, (27Dy)) (1+(wc—wH)2‘ré 1+ w72 1+(wctwy)?T

¢ i 3
c

where tc represents the rotational correlation time (The time it
takes for the vector defined by the C-H bond to rotate by one
radian), Ny is the number of directly bound protons, and wy and

oy are the Larmor frequencies of carbon and hydrogen,

Page 4 of 8
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respectively. tc, found iteratively from inserting equation 2 into
equation 3 can be corrected using the measured and theoretical
maximum NOE factors (Nmeasueda 80d Mmax, respectively) by
equations 4 and 5.2

127¢ 27¢
1+(wctwy)?té 1+ (wc-wp)?T

TDD 2
Mmax = Nu (G572 (2Dy) D (@)

Dipolar __ Mmeasured measured
RYPOIT = (lmessurety

&)

An example of the rotational correlation time calculation can be
found in table S1; values of constants are included as table S2.
Rotational correlation times have been calculated for all C-H
bonds which have unambiguously assigned '*C resonances,
except those involving the bond between a ring carbon and a
proton.'®2% 22 35 These atoms are labeled as in fig 1. The C-H
bonds at positions 2, 4, and 5 were not calculated because of
likely hydrogen bonding occurring at these sites, which
invalidates these calculations by providing a significant
contribution to dipolar relaxation. The CH; from the methyl
group and the acetate group show expected tendencies, with very
fast rotational correlation times (10-20 ps). The CH; from the
ethyl group, however; shows significant rotational slowing to
correlation times in the 40-70 ps range. This rotational slowing is
also seen in the CH, from the ethyl group, with correlation times
at ~120-155 ps. The rotational slowing of the CH, portion of the
ethyl group can easily be explained by its attachment to the
imidazolium ring, though the significant rotational slowing of the
CHj; portion of the ethyl group is less clear. The rotational
correlation times for the imidazolium ring C-H bonds were not
calculated, as the bond lengths are known to change due to
hydrogen bonding with water, invalidating the calculations.'*2* %

Nmax

Table 1 Rotational correlation times (t.) for the molecule emim acetate®

Mole fraction Ethyl Acetate Methyl Ethyl
Water CH; CH; CH; CH,
0.052 71 14 16 134

0.24 61 16 19 145
0.40 67 15 19 153
0.43 52 12 15 130
0.62 62 14 21 156
0.79 39 11 18 122

“ Aromatic C-H bonds were not considered viable for 1. calculations, as
the potential for hydrogen bonding invalidates the calculation.
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3.3 Determination of Proton Exchange Rates by EXSY

The acidity of the H2 proton of the 1,3 —substituted imidazolium
cation has been widely studied,”® * with reported pKa values
ranging from 21.2 for the 1,3-bis-((S)-1-
phenylethyl)benzimidazolium cation in aqueous solution? to 24
for 1,3-diisopropyl-4,5-dimethylimidazolium in DMSO-d¢.” The
reactivity of 1,3-substituted imidazolium cations towards water
has also been studied in dilute aqueous solutions of imidazolium
salts.”® 27 However, to the best of our knowledge, only two
reports of the proton exchange rates in concentrated IL/water
mixtures have been published.**

The rates of proton exchange between the H2 proton of the
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emim cation and water were determined using 2D EXSY. The
2D-EXSY spectra showed no strong cross peaks other than those
between water and the H2-proton of the imidazolium cation,
indicating that this is the only exchange process occurring on the
slow to medium NMR timescale for the emim acetate/water
mixtures studied. After a preliminary study at temperatures
between 30°C and 100°C, the temperature range between 60°C
and 80°C was chosen for extensive study, as at these
temperatures the exchange cross peaks were intense enough to
give reliable integrations, while being well below the boiling
point of the lower-boiling component of the mixture, water.

The rate constants of magnetization transfer between the two

sites were determined from the peak volumes of the 2D EXSY
spectra. Representative 1D 'H spectra for each sample and
temperature can be found in figures S3-S8 along with
representative EXSY spectra in figures S9-S26. Values of the
EXSY peak volumes can be found in tables S3-S8.
Evaluation of the rate constants was carried out by full matrix
analysis with the EXSYCalc software package (Mestrelab
Resesarch, Santiago de Compostela, Spain), using the
mathematical treatment for a two-site exchange with unequally
populated sites. Briefly, this method is based on the fact that
intensities of the cross and diagonal peaks of exchanging sites in
a 2D EXSY spectrum are related to the rate of magnetization
exchange between the sites and to the experimental mixing time.
By obtaining the initial intensities of the diagonal peaks at zero
mixing time and the intensities of the diagonal and cross peaks
after a short mixing time (on the order of hundreds of
milliseconds), the rate of magnetization transfer between the two
sites can be calculated. A full mathematical description of this
analysis method has been published by Macura et al.*’ The
forward and reverse rate constants, denoted as kyg and kga,
respectively, of the pseudo-first-order exchange reaction were
defined according to fig 6 below.

*

"y
* e
RRZ R — HOH*
\—/ e
A B

Fig. 6 Pseudo-first order reaction of magnetization transfer measured by
2D-EXSY

The rates of the proton exchange reaction can be calculated
from the pseudo-first-order rate constants of magnetization
transfer by the relationships given in equations 6 and 7. The
factor of two in equation 7 represents the two exchangeable
protons of the water molecule. The calculated exchange rates for
each temperature and concentration studied are summarized in
table 2.

Vap = kap[emim] * (6)
@)

For nearly all mole fractions and temperatures, the forward and
reverse rates of the exchange are equal within experimental error,

Vpa = 2kpa[H;0]

This journal is © The Royal Society of Chemistry [year]
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as would be expected for a two site exchange. The exceptions are
the exchange rates of the 0.05 mole fraction water sample at 60°C
and 80°C; however, these discrepancies can be attributed to
overlap between resonances of water and the resonances of the

5 13C satellites of the H4 and H5 protons at these temperatures (see
figures S9-S11).

The rates observed for this system are considerably faster than the
rates observed for other concentrated IL/water mixtures reported
in the literature. For the system 1-butyl-3-methylimidazolium
10 chloride/water, the initial rate of H/D isotope exchange between
the H2 proton and water at 50°C was lower than SE-05 M/s for

Table 2 Exchange rates of the H2 and H,O protons of emim acetate and water at different temperatures

60°C

70°C 80°C

Mole Fraction

H,O VAB VBaA VAB VBA VAB VBA
-1\a -1\a -1\a -1\a -1\a -1\a
s (s s s s s
0.052 0.06 +.03 0.15+.08 0.22+.01 0.22+.03 0.37+.02 0.67+.14
0.24 0.49+.02 0.51+.03 1.18+0.4 1.22+.07 2.64+.06 27112
0.40 0.37+.02 0.37+.03 0.96+.05 0.95+.04 2.15+.06 2.15+.09
0.43 0.67+.03 0.66+.03 1.62+.07 1.55+.08 3.64+.21 3.40+.21
0.62 0.31+.05 0.29+.08 0.81+.13 0.74+.22 1.95+.25 1.80+.46
0.79 0.16+.02 0.12+.02 0.39+.06 0.32+£.05 0.98+.07 0.89+.11

“ Units of the exchange rate are given in mole fraction per second (ys™).

samples in the concentration range reported for the current
15 system.’® Ohta et al. performed a similar H/D isotope exchange

experiment using 1-butyl-3-methylimidazolium

tetrafluoroborate/water mixtures®®; although unfortunately rate

data was not reported, from fig 4 of that reference, the exchange

rate at about 0.45 mole fraction water can be estimated as
20 approximately 9.6E-05 mole fraction/s at 75C.*

*

H %
)\ ~ R e)\ R
e ~ - *
ARZ NP L HO NZ SN-T HOH
\=/ Kebs \=/

Fig. 7 Assumed second-order scheme for the analysis of the exchange
reaction

»s The observed rate constants for the exchange for each
concentration were then calculated according to the second-order
reaction scheme presented in fig 7 and equation 8 below.
Following the approach described by Yasaka and coworkers for
the 1-butyl-3-methylimidazolium chloride/water system,*® the

30 constant ks was plotted using both the “forward” and “reverse”
rate constants kap and kga; plots of ks at each temperature and
concentration measured are shown in fig 8 below.

For an ideal bimolecular exchange reaction, occurring by a
concerted mechanism with the activity of both reactants equal to

35 1, the exchange rate k,,; would be constant for all concentrations.
Relative deviations of the apparent second-order rate constant
from this ideal behavior indicate deviation of the exchange
behavior from the ideal, either due to the reaction proceeding
through a mechanism other than the proposed rate law, or

40 interactions within the solution inhibiting the activity of one or
both of the reactants, or a combination of both factors.

Vex = kops [emim]+[H20] 3

It is clear from the non-constant values of k., that the rate of
exchange is not proportional to the product of [emim]‘[H,0], and
45 thus that the mechanism of proton exchange between emim and

water cannot be approximated through a concerted bimolecular
exchange mechanism. It is also clear that the mechanism of
proton exchange in the emim acetate/water system is quite
different than that of the bmim Cl system studied by Yasaka, in
so which the exchange rate was seen to increase linearly once a
critical concentration of water was present; this behavior was
explained through deactivation of water at low concentrations
through strong hydrogen bonding with the chloride anion™.
While hydrogen bonding deactivation, either between the acetate
ss and water, or between acetate and the H2 proton of the cation,
could account for the reduced exchange rate of the 0.05 mole
fraction H,O sample compared to that of the 0.20 mole fraction
H,0 sample, it does not explain the decrease in rate constant with

increasing water concentration which occurs at water
6 concentrations greater than 0.43 mole fraction.

16

14

12

N \

8

6

4

’ //lﬁ»\ﬁ/).\

[ —
0
0 0.2 0.4 0.6 0.8 1

Mole Fraction H,0
Fig. 8 Plot of apparent second-order rate constant kg vs. mole fraction of
H,O for the samples studied, at m 60°C, ® 70°C, A 80°C. Only data
calculated from vupare shown. Error bars are within the diameter of the

65 markers. Lines are included as guides for the eye.

X

As neither a concerted bimolecular exchange reaction, nor
deactivation of water by anion-water hydrogen bonds, are
sufficient explanation for the deviation of the exchange rates, an

70 alternative explanation must be sought. Given the great similarity

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 8



Page 7 of 8

Physical Chemistry Chemical Physics

of the emim cation to the bmim cation studied previously, the
difference in cation effects between the two should be negligible,
and thus the role of the anion should be considered. The proton

(0]
»:«H/ \H

exchange behavior of the imidazolium cation has been previously
s reported as a base-catalyzed solvent exchange through the Eigen
mechanism pictured in fig 9.2

Fig. 9 Proposed base-catalyzed proton exchange reaction with the hydroxide ion as the base. Catalysis by acetate is also possible, followed by rapid proton
transfer to water, to give the same overall reaction scheme observed by EXSY.

10 Emim acetate/water mixtures have been reported to be quite
basic, with pH decreasing from a maximum of 14.2 in pure emim
acetate, to 12.5 in 10% (w/w) (corresponding to a roughly 1:1
emim acetate:H,O mole ratio) to 10.9 at 25% w/w H,O (
corresponding to a ~0.70 mole fraction H,O solution)."

15 Additionally, in an exchange study of 1-butyl-3-
methylimidazolium tetrafluoroborate/D,O system, Ohta and
coworkers found that at certain mole ratios the H/D proton
exchange was strongly inhibited by the presence of hydrofluoric
acid, formed as a product of hydrolysis of the anion , but

20 proceeded to equilibrium within five minutes after the solution
pH was increased to 11-12 using NaOD.*® The great increase in
the rate of the proton exchange reaction of emim acetate as
compared to the exchange rates observed for imidazolium ILs
with neutral or acidic anions, as well as the decrease of the

25 observed rate constant with increasing water content of the emim
acetate/water mixtures, is therefore tentatively attributed to the
extremely basic environment.

A second point worthy of discussion is the large discrepancy
between the exchange rates of the 0.40 and 0.43 mole fraction

30 H,O samples. The aberrant relaxation behavior reported earlier in
this work, as well as the previous report of hydrogen bond
formation, suggest that there is a fundamental change in the
solution structure at this concentration, which may enhance the
exchange rate by increasing the concentration or activity of basic

35 species in the solution. However, on the basis of the present data,
the alternative possibility of deactivation of the exchange at 0.40
mole fraction H,O cannot be eliminated.

A quantitative analysis of the effects of the concentration of
basic species is not possible from the NMR data. Separate

40 resonances belonging to the hydroxide ion or the carbene
conjugate base of emim intermediate predicted by the Eigen
mechanism were not observed. However, this does not rule out
the presence of these species in the solution, as fast exchange on
the NMR timescale with water and the emim cation respectively

4s would result in averaged signals. Nor was any carboxylic acid
signal observed from acetic acid, a species whose formation in
emim acetate and its mixtures with water has been suggested*®
and which must be present in some concentration if base-catalysis
of the exchange reaction is occurring; this can also be attributed

so to fast exchange and a low equilibrium population.

4. Conclusions

A discontinuity in both NMR relaxation times and NMR

exchange rates was seen in the emim acetate/water system at a
concentration of 0.43 mole fraction H,O, consistent with a
previous report of enhanced hydrogen bonding at this
concentration. NMR relaxometry studies showed concentration
dependent trends which were discontinuous at this concentration
for all measured carbon and hydrogen nuclei. Exchange
spectroscopy also showed discontinuous behavior at this
e concentration; with a large increase in exchange rates. This
strongly supports the findings of Shi, et al. by computational and
NMR diffusion measurements'”.

Relaxation measurements showed the competing effects of
viscosity and increased availability of protons for dipolar
relaxation when looking at different water concentrations in
emim acetate. Trends showed a relaxation rate maximum for
protons at 0.20 mole fraction water, where water is providing
additional protons for dipolar relaxation, but where the solution is
also still viscous enough to inhibit molecular motion. "*C
70 relaxation rates are more dependent upon through bond dipolar

relaxation, and so did not show the competing effect of increasing

relaxation rate from increased available protons. Instead, '*C
relaxation rates increased with decreasing water concentration.

Rotational correlation times were calculated for all non-aromatic
75 C-H bonds. These correlation times were used to give indications

of segmental motion of emim. The CH; groups showed expected

fast rotation with the exception of the CHj; of the ethyl group. It is

yet unexplained, but both the CH, and CHj; of the ethyl group

showed hindered rotation, which was also evidenced by fast
so nuclear spin relaxation.

The rate of proton exchange between the H2 position of the
imidazolium cation and water has been determined for emim
acetate/water mixtures ranging between 0.05-0.79 mole fraction
water. The rate of the exchange is found to be much greater than
reported for 1,3-alkylimidazolium-based ILs with neutral or
acidic anions, which is consistent with the base-catalysis of the
exchange reaction previously observed in dilute aqueous
solutions of 1,3-alkylimidazoliums, and previous reports of pH
dependent exchange behavior in bmim BF,. The exchange rate
o0 does not show a simple second-order dependence on the

concentration of the reactants, but may be consistent with a base-

catalyzed exchange mechanism if the increase in exchange rate at

0.43 mole fraction water is considered anomalous. The activities

of the reactants and the concentrations of the potential
os intermediates are mediated by a complex interplay between non-

covalent interactions and acid-base equilibria at different mole
fractions of water.
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