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ABSTRACT: The orientational dynamics and microscopic
liquid structure of a protic ionic liquid, 1-ethylimidazolium
bis(triﬂuoromethylsulfonyl)imide (EhimNTf2), and its aprotic
analogue, 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide (EmimNTf2), were studied at various water
concentrations using optical heterodyne-detected optical Kerr
eﬀect (OHD-OKE) spectroscopy, linear infrared spectroscopy,
and atomistic simulations. The OHD-OKE experiments
essentially measure the orientational relaxation of the Ehim+
and Emim+ cations. The experiments and simulations show a
signiﬁcant dynamical and structural change in EhimNTf2
between the 2:1 ion pair:water and the 1:1 ion pair:water
concentrations. The OHD-OKE data show that EmimNTf2/
water mixtures exhibit hydrodynamic behavior at all water concentrations up to saturation. In contrast, EhimNTf2/water mixtures
deviate from hydrodynamic behavior at water concentrations above 2:1. At the 1:1 concentration, the orientational
randomization of the Ehim+ cation is slower than that predicted using viscosity data. Atomistic simulation results reveal the
microscopic ionic structures of dry liquids and the preferential hydrogen bonding of water to the H atom of the N−H of Ehim+
over other sites on the Ehim+ and Emim+ cations. Atomistic simulation results demonstrate that in EhimNTf2 RTIL/water
mixtures there is a substantial jump in the formation of water−water hydrogen bonds in addition to N−H-water hydrogen bonds
upon increasing the water concentration from 2:1 to 1:1. Water−water hydrogen bonding strengthens the spatial coordination of
the H atom of the N−H moiety of Ehim+ to neighboring water molecules through preferential hydrogen bonding. The jump in
the concentration of water−water hydrogen bonds occurs at the Ehim+/water concentration at which the orientational relaxation
deviates from hydrodynamic behavior. This structural observation is conﬁrmed with FT-IR spectra that show asymmetry in the
peak for the O−D stretch that is indicative of water clusters. The formation of water clusters and the strengthening of the N−H···
OH2 hydrogen bonds slow the orientational relaxation of Ehim+ cations as observed by the OHD-OKE experiments.

■

INTRODUCTION
Room temperature ionic liquids (RTILs) are charged species
with melting points below 25 °C. Recently, RTILs have been
widely studied due to their many unique and advantageous
properties, such as low vapor pressure, nonvolatility, nonﬂammability, and thermal stability. These properties have made
RTILs useful for many applications ranging from electrochemistry to synthesis. Ionic liquids are usually composed of an
inorganic anion and an organic cation that have symmetry, size,
or charge delocalization which frustrates the crystallization of
the compound.1,2 There are a vast number of cation and anion
combinations that form ionic liquids with diﬀerent physicochemical properties. The large number of available ions allows
many properties of the RTIL, including viscosity and reactivity,
to be optimized for best performance in an application.
One subclass of RTILs that has been of recent interest is
protic ionic liquids (PILs). PILs are formed through the
reaction of a Brønsted-Lowry acid and a Brønsted-Lowry base
resulting in a cation with a readily available proton.3,4 This
proton enables the cation to have signiﬁcant hydrogen bonding
interactions in addition to the Coulombic interactions and
dispersion forces that aprotic ionic liquids (AILs) have. The
© XXXX American Chemical Society

addition of hydrogen bonding to the intermolecular interactions aﬀects many properties including melting points,
viscosities, and water solubility.5 PILs are often capable of
stronger interactions with water than AILs because they can
become part of water’s hydrogen bonding network. PILs can
generally take up more water than structurally similar AILs.
Research on PILs has increased due to their utility in
electrochemistry,3,6,7 biochemistry,8 and inorganic and organic
synthesis.4 They have also shown promise in increasing the role
of RTILs in carbon capture since ionic liquids with hydrogen
bonds have been shown to dissolve more CO2 than other ionic
liquids.9,10 Additionally, PILs are less expensive and often of
higher purity due to the relative simplicity of their synthesis.
Perhaps, the most signiﬁcant applications of PILs are in energy
conversion devices like batteries and fuel cells. Ionic liquids,
particularly low viscosity RTILs like those containing bis(triﬂuoromethylsulfonyl)imide (NTf2−) anions,11 are useful in
batteries because they are nonﬂammable unlike traditional
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organic solvents. However, PILs have additional beneﬁts
including increasing the mobility of dissolved lithium ions.12
PILs are also useful in fuel cells due to their ability to provide
protons without requiring water as a proton source.13
In practical applications, ionic liquids are rarely neat since
they are generally hygroscopic and readily pick up water from
the environment. To avoid this, RTILs must be desiccated and
kept in a dry environment, which may be time and cost
prohibitive in many applications, particularly on an industrial
scale. Therefore, it is useful to study the eﬀect of water on the
physicochemical and structural properties of ionic liquids. It has
been demonstrated that many properties like viscosity,14,15
diﬀusion coeﬃcients,16 and surface tension17 are very sensitive
to water concentration. In electrochemical applications like
batteries and fuel cells, the conductivity7 and its water
dependence are important considerations. As water is added,
there are two competing factors inﬂuencing conductivity. First,
the viscosity generally decreases as the water concentration
increases which allows greater charge mobility. However, water
also dilutes the charge carriers. Thus, these two factors play oﬀ
each other such that water increases conductivity up to a
point.18 Understanding more about how water inﬂuences the
properties of ionic liquids can help optimize water as a solute in
RTILs. This work aims to address the dynamics and liquid
structures of RTIL/water mixtures, with particular focus on
PILs.
RTIL/water mixtures have been studied using many methods
including nuclear magnetic resonance,19−21 optical Kerr eﬀect
spectroscopy,22,23 and theoretical calculations.24−27 PILs have
been studied using a variety of techniques including ultrafast
methods,28,29 dielectric spectroscopy,30 neutron scattering,31
and molecular dynamics calculations.21,32−34 Despite the wide
range of research, there has not been a study of the bulk
dynamics of PILs and the relationship of the dynamical
properties to microstructures. Bulk dynamics can give insight
into how PILs behave diﬀerently than AILs. Here we present
results that increase understanding of the relationship between
PILs and AILs and the inﬂuence of water by using optical
heterodyne-detected optical Kerr eﬀect spectroscopy (OHDOKE) to study bulk dynamics from the subpicosecond range to
the end of the orientational randomization many decades of
time later. OHD-OKE is a unique ultrafast method because it
allows dynamics to be tracked without the introduction of a
solute to serve as a probe, so it truly tracks pure bulk dynamics.
Linear infrared spectroscopy is used to provide an experimental
observable related to the structural features that contribute to
the dynamics observed in the OHD-OKE experiments.
Atomistic simulations are performed to complement the
experiments by providing microscopic details of the liquid
structures in AILs and PILs at varied water contents.

Figure 1. Chemical structures of 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide (EmimNTf2) (R = CH3) and 1ethylimidazolium bis(triﬂuoromethylsulfonyl)imide (EhimNTf2) (R
= H). In the imidazolium ring, the carbon atom between two nitrogen
atoms is named as CR, and the other two carbon atoms in the same
ring are labeled as CW. The corresponding directly bonded hydrogen
atoms are designated as H5 and H4, respectively. These notations will
be used in the discussions.

previous atomistic simulations.35 EhimNTf2 is identical to
EmimNTf2 except that the methyl group attached to the
imidazolium is replaced by a hydrogen atom. This choice of
liquids permits a direct comparison between a protic and an
aprotic cation. In addition to studying the dry liquids, we
compare both ionic liquids at multiple water concentrations up
to their saturation points. Water does not contribute
signiﬁcantly to OHD-OKE signal because it does not have
substantial anisotropic polarizability. In addition, detailed
calculations demonstrate that the signal, which depends on
the polarizability anisotropy, arises almost exclusively from the
cations.36 Therefore, the experiments are observing the
orientational relaxation of Emim+ and Ehim+ cations.
EmimNTf2 (99%) and EhimNTf2 (97%) were purchased
from Iolitec. Both ionic liquids were dried under vacuum to
remove residual water. The water content of the dried samples
was measured as 5 ppm for EmimNTF2 and 24 ppm for
EhimNTf2 by coulometric Karl Fischer titration (Mettler
Toledo). It has been shown that water contents less than 100
ppm have a negligible eﬀect on the viscosity of EmimNTf2.14
Samples were prepared by mass at ﬁve and seven water
concentrations ranging from dry to saturated solutions for
EmimNTf2 and EhimNTf2, respectively. Water saturation was
determined by adding excess water and mixing such that an
emulsion formed. The mixture was allowed to sit over 24 h
until two distinct layers formed. The water content of the water
saturated ionic liquid was measured as 2.6 ion pairs per water
for EmimNTf2 and 0.65 ion pairs per water for EhimNTf2,
using Karl Fischer titration. All samples were ﬁltered using a
0.02 μm ﬁlter (Whatman Anotop) into 1 cm path length optical
grade cuvettes for use in the OHD-OKE experiments. The
viscosity of each sample was measured using CannonUbbelohde viscometry and pycnometry at the OHD-OKE
experimental temperature of 24.4 °C.
EhimNTf2 was deuterated (the H atom of the N−H moiety
of the Ehim+ cation was replaced by a D atom) to investigate
the chemical environment of the N-D stretch via FT-IR.
EhimNTf2 was mixed overnight with CH3OD (Sigma, 99% D)
in a 1:100 mol ratio. Methanol was evaporated under vacuum
for 3 days until only the deuterated ionic liquid (Ehim-DNTf2)
remained. The N−H is much more acidic than the other
hydrogen atoms that are bonded to the imidazolium ring in
Ehim+, so it was selectively deuterated. FT-IR data were
collected using CaF2 windows and a 150 μm sample path
length on a solution of 5% Ehim-DNTf2 in EhimNTf2. For

■

EXPERIMENTAL PROCEDURES
Sample Preparation. Figure 1 gives the structures of 1ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)imide
(EmimNTf2 ) (R = CH 3) and 1-ethylimidazolium bis(triﬂuoromethylsulfonyl)imide (EhimNTf2) (R = H). The
ring adjacent hydrogens and carbons are labeled in red on this
structure. These labels will be used during the discussions.
EmimNTf2 is a well-studied ionic liquid due to its chemical
stability and low viscosity, which makes it an ideal solvent in
many applications.11 The short alkyl chain of the imidazolium
ring (having an ethyl group instead of a longer chain)
eliminates extensive apolar regions in the liquid as shown in
B
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This is consistent with the basic physics of the processes in
which each process, reﬂected by a diﬀerent functional form in
the decay, gives way to the next process rather than all
functional forms existing over all times. The previous method
can lead to small errors in some circumstances.22,23,41−44
However, all trends previously reported should be the same. Eq
1 is shown for a single power law and an exponential, but the
equivalent form is used if it is necessary to include more power
laws in the data analysis. The parameters n and u determine the
midpoint and width of the crossover region between the power
law caging process and the exponential randomization process.
B and b describe the amplitude and exponent of the von
Schweidler power law. The ﬁnal exponential describes a
Markovian process that should not be dependent on shorter
time scales. C and τ deﬁne this ﬁnal exponential decay. To
minimize the number of ﬂoating parameters in the global ﬁt,
the ﬁnal exponential is ﬁt ﬁrst using a single exponential decay
at long time. This is repeated over multiple time ranges at long
times to ensure the same value of the time constant is obtained.
The reproducibility of the value of τ conﬁrms that the ﬁts are in
the purely exponential region and are not being distorted by the
von Schweidler power law. This time constant is then held
constant in the initial global ﬁt.
Simulation Methodology. Quantum chemistry ab initio
calculations were ﬁrst performed to obtain optimized molecular
geometries of the Ehim+ and Emim+ cations, and their tightly
bounded ion pair structures with the NTf2− anion, respectively,
using the Gaussian 09 package45 at B3LYP/6-311++g(d,p)
level of theory.46,47 The CHELPG48 atomic partial charges on
Ehim+ and Emim+ and NTf2− were calculated at the same level
of theory (the B3LYP hybrid functional and the 6-311+
+G(d,p) basis set).
For the atomistic interaction parameters for the EhimNTf2
and EmimNTf2 ionic liquids, a procedure similar to that
described in previous publications49,50 was followed to develop
force ﬁeld parameters based on the AMBER framework. The
SPC/E water model with constrained covalent bonds is
employed in the current work. The cross interaction parameters
between diﬀerent atom types are obtained from Lorentz−
Berthelot combination rules.
Preliminary atomistic simulations were performed on the
EhimNTf2 and EmimNTf2 ionic liquids at various water
concentrations to validate the force ﬁeld parameters. The
simulation procedures and parameters are described in the
following in detail. The calculated liquid densities of two ionic
liquids, as shown in Figure 2, are consistent with the
experimental data within the water concentration range. This
comparison indicates that the proposed force ﬁeld parameters
can properly describe phase behavior of the two types of ionic
liquids, and thus are used to perform intensive atomistic
simulations for EhimNTf2 and EmimNTf2 with varying water
concentrations. The relative numbers of ion pairs and water
molecules in each simulation system, as listed in Table 1, are
determined to match the experimental RTIL/water mixture
compositions.
Atomistic molecular dynamics simulations were performed
using the GROMACS 5.0.4 package51 with three-dimensional
periodic boundary conditions. The equations of motion were
integrated using a leapfrog integration algorithm with a time
step of 1.0 fs. A cutoﬀ radius of 1.6 nm was set for short-range
van der Waals interactions and real-space electrostatic
interactions. The particle-mesh Ewald summation method
with an interpolation order of 5 and Fourier grid spacing of

solutions with water, a 5% HOD in H2O solution was added to
maintain the same amount of deuteration. FT-IR spectra for
nondeuterated EhimNTf2 were subtracted from the deuterated
samples at the same water concentration. This resulted in
spectra of only vibrations related to the N-D group in the
Ehim-D+ cation and the O−D group in HOD.
Optical Heterodyne-Detected Optical Kerr Eﬀect
Spectroscopy. The OHD-OKE setup has been described
thoroughly previously.22,23 A brief summary follows. Pulses are
generated by an 86 MHz Ti:sapphire oscillator and then
ampliﬁed by a 5.4 kHz Ti:sapphire regenerative ampliﬁer. The
ampliﬁed pulses are beam split into the pump and probe pulses.
The pump beam proceeds directly to the sample and arrives
linearly polarized. The probe beam arrives at the sample
polarized at 45° relative to the pump after passing down a
mechanical delay line. This delay allows data to be collected at
many time points to measure the complete decay. Heterodyne
detection is introduced into OHD-OKE experiments by making
the probe pulse slightly elliptical just prior to the sample. This
creates a collinear local oscillator that ampliﬁes the signal and
enables phase cycling for reduction of noise.37,38
The OHD-OKE experiment is a nonresonant pump−probe
method that tracks the bulk motion of molecules via the timedependent birefringence induced in the sample by an optical
pulse. It provides the unique ability to track the orientational
relaxation of molecules from the subpicosecond range to the
end of orientational randomization many decades later. The
OHD-OKE method measures the time derivative of the
polarizability-polarizability (orientational) correlation function
after very early time when collision-induced perturbations lead
to brief multiparticle contributions to the signal. Extracting
quantitative information (the correlation function) from the
data can be diﬃcult. The correlation function can be modeled
by solving the set of diﬀerential equations that couple the
orientational and density correlation functions with schematic
mode coupling theory (MCT).39 While the MCT solutions ﬁt
the data well and give shapes and time scales of the two
correlation functions, they fail to provide easily comparable
functions for the randomization processes on diﬀerent time
scales that can be readily compared for diﬀerent samples. The
general nature of the decays are several power laws that reﬂect
the short time cage relaxation of molecules followed by a ﬁnal
exponential time decay that is associated with the global ﬁnal
randomization as the molecules return to their original
isotropic orientation.40 This ﬁnal exponential can be related
to many physical properties including the viscosity. Here the
data displays the longest time scale power law, the von
Schweidler power law,40 followed by the long time scale
exponential decay.
To obtain the correct exponential time constant and to
improve determination of the power law exponents compared
to a previous approach using a simple ﬁtting function,22,23,41−44
a new functional form, given in eq 1, was used.
F (t ) =

⎛ (ln(t ) − n) ⎞⎞ −b
B⎛
⎟⎟t
⎜1 − erf⎜
⎝
⎠⎠
2u
2⎝
+

⎛ ln(t ) −
C⎛
⎜1 + erf⎜
⎝
2u
2⎝

n ⎞⎞ −t/ τ
⎟ ⎟e
+ y0
⎠⎠

(1)

The error functions are used to essentially turn oﬀ and turn
on each function such that its inﬂuence does not bleed into
time scales of other relaxation processes in the curve ﬁtting.
C
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nitrogen and oxygen atoms in the NTf2− anion than those in
Emim+. To verify this hypothesis, we calculated the combined
distribution functions of ∠C/N−H···X versus the distances of
H···X between Ehim+/Emim+ cations and NTf2− anions from
atomistic simulation trajectories. The hydrogen atoms are the
ones bonded to carbon or nitrogen atoms of the imidazolium
ring, including the H4 and H5 atoms in the two cations and the
N−H moiety of Ehim+, and X refers to O and N atoms in
NTf2− anions, respectively. The labeling of hydrogen atoms is
shown on the chemical structure in Figure 1. The calculation
results are given in Figure 3.
In EmimNTf2, both the H4 (Figure 3I, H4···O) and H5
(Figure 3J, H5···O) atoms exhibit strong hydrogen bonding
coordination with the O atoms in NTf2−; however, only the H5
atom (Figure 3E, H5···N) has prominent hydrogen bonding
interactions with the N atoms of the NTf2− anions. In
EmimNTf2, the H4 atom (Figure 3D, H4···N) has negligible
coordination with the central N atoms in the neighboring
NTf2− anions due to its weak hydrogen bonding ability relative
to the H5 atom.
Such a coordination feature is evident in Figure 4B which
shows typical spatial distribution functions of N (solid blue
surface) and O (meshed red surface) atoms in NTf2− anions
around a central Emim+ cation. The O atoms in the NTf2−
anions show particular coordination to neighboring H4/H5
atoms on the imidazolium rings of the Emim+ cation, indicating
that the O atoms are localized in the ﬁrst solvation shell of the
H4 and H5 atoms and vice versa. The N atoms in the NTf2−
anions exhibit two distinct distribution domains along the CRH5 vector, in which the one close to the H5 atom is overlapped
with that for the O atoms. This contributes to the hydrogen
bonding interactions between the H5 and N atoms. The second
coordination region of N atoms around the H5 atoms and the
distribution of N atoms around the CW-H4 vector are observed
at further distances. These longer range interactions do not
contribute to hydrogen bonding but are mainly due to the local
chemical structure of the N and O atoms that are bonded to S
atoms in the NTf2− anions. The methyl and ethyl groups tend
to exclude the N and O atoms of NTf2− anions due to their
hydrophobic nature.
In Ehim+, the replacement of the methyl group by a
hydrogen atom on the imidazolium ring leads to distinct
hydrogen bonding coordination patterns of the N and O atoms

Figure 2. A comparison of liquid densities of EhimNTf2 and
EmimNTf2/water mixtures calculated from atomistic simulations and
experimental measurements at various water concentrations.

0.12 nm was employed to handle long-range electrostatic
interactions in reciprocal space. All simulation systems were
ﬁrst energetically minimized using a steepest descent algorithm,
and thereafter annealed gradually from 800 to 300 K within 10
ns. The annealed simulation boxes were equilibrated in the
NPT (isothermal−isobaric) ensemble for 40 ns maintained
using the Nosé−Hoover chain thermostat and the Parrinello−
Rahman barostat with time coupling constants of 500 and 200
fs, respectively, to control the temperature at 300 K and
pressure at 1 atm. Canonical ensemble simulations were further
performed for 50 ns for all RTIL/water mixtures, and the
simulation trajectories were recorded at an interval of 100 fs for
further structural and dynamics analysis.

■

RESULTS AND DISCUSSION
Viscosity of Neat Ionic Liquids. Hydrogen bonding in the
protic ionic liquid signiﬁcantly alters the liquid structure even in
the absence of water. This is readily apparent by comparing the
viscosities of the two neat liquids, as given in Table 1.
EhimNTf2 is ∼1.5 times more viscous than EmimNTf2. This is
likely due to the ability of hydrogen atoms on the imidazolium
ring of Ehim+ to form stronger hydrogen bonds with the

Table 1. OKE, Viscosity, and Simulation Parameters for EmimNTf2/Water and EhimNTf2/Water Solutions
experimental data

EmimNTf2

EhimNTf2

a

ion
pair:water

water mole
fraction

dry
16:1
8:1
4:1
2.6:1
dry
16.1
8:1
4:1
2:1
1:1
0.65:1

0
0.059
0.111
0.200
0.278
0
0.059
0.111
0.200
0.333
0.500
0.641

simulation parameters

τ (ps)

viscosity (cP)
(24.4 °C)

±
±
±
±
±
±
±
±
±
±
±
±

36.3
28.9
26.0
21.9
18.2
57.1
50.8
44.9
32.7
24.1
15.8
11.2

376
290
263
239
184
491
429
367
287
194
175
119

11
8
6
5
6
14
9
8
3
3
7
8

a

friction

no. of ion
pairs

no. of water
molecules

total no. of
atoms

±
±
±
±
±
±
±
±
±
±
±
±

370
360
360
360
360
400
400
400
392
384
370
350

0
23
45
90
150
0
25
50
98
192
370
540

12580
12309
12375
12510
12690
12400
12475
12550
12446
12480
12580
12470

1.42
1.38
1.39
1.49
1.39
1.53
1.50
1.46
1.56
1.43
1.97
1.89

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02

Error bars are within ±1%
D
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Figure 3. Combined distribution functions of ∠C/N−H···N/O versus the distance of H···N/O between the Ehim+/Emim+ cations and NTf2−
anions in the two neat ionic liquids. Panels A−E look at interactions with the N in NTf2− (∠C/N−H---N) while panels F−J look at interactions with
the O in NTf2− (∠C/N−H---O.) Panels A−C and F−H are combined distribution functions for EhimNTf2. Panels D−E and I−J are combined
distribution functions for EmimNTf2.

near H4 atoms. It should be noted that the F atoms in the
NTf2− anions are not involved in intermolecular hydrogen
bonding interactions. The formation of a hydrogen bond
network between the Ehim+ cations and the NTf2− anions with
multiple varying magnitudes of interactions tightens the local
ionic structure and therefore contributes to slowing the
diﬀusion of the Ehim+ cations in the ionic liquid matrix. This
hydrogen bonding network is of greater magnitude and
complexity than that seen in EmimNTf2. This microstructural
change contributes to EhimNTf2 having a greater viscosity than
EmimNTf2 and aﬀects other dynamical properties as discussed
in the following subsections.
OHD-OKE. Before analyzing the OHD-OKE data, one must
consider which parts of each sample are contributing to the
signal. In the samples studied here, there are water, anions, and
cations. OHD-OKE measures the derivative of the polarizability-polarizability correlation function, which is akin to the
orientational correlation function, after very early time. Thus,
any molecule with anisotropic polarizability will contribute to
the signal. Water does not have signiﬁcant anisotropic
polarizability relative to the ionic liquid, so its contribution is
negligible after very early time.52−54 Thus, the signal is
dominated by the RTIL, and we can analyze which RTIL
structural features have the most signiﬁcant contributions. In
previous OHD-OKE studies of imidazolium-based ionic liquids,
the corresponding anions, Cl− and BF4−,22,23 did not have
single particle polarizability anisotropy. Very short time
collision-induced interactions can generate a small polarizability
anisotropy, but at longer times, ions like these will have zero
contribution to the signal. The asymmetric NTf2− anion will
have an anisotropy polarizability; the question is how large is it
compared to the imidazolium. The Wynne group calculated the
square of the derivative of the polarizability anisotropy for
imidazolium NTf2− ionic liquids.36 The results demonstrated
that the contribution of the NTf2− anions to the signal is
negligible relative to the signal produced by the imidazolium
cations. Therefore, the OHD-OKE experiments are essentially
comparing the motions of the Emim+ and Ehim+ cations.
The OHD-OKE decays for EmimNTf2 at ﬁve water
concentrations and EhimNTf2 at seven water concentrations
are plotted in Figure 5. The data have been vertically oﬀset for
clarity and both axes are logarithmic. All decays have been ﬁt
using eq 1, and a sample ﬁt is shown by a dashed red curve
through the data for the water saturated EmimNTf2 sample
(Figure 5A, bottom curve). Fits of the data for all samples were

Figure 4. Three-dimensional probability distributions of N (solid blue
surface) and O (meshed red surface) atoms in NTf2− anions around
(A) Ehim+ and (B) Emim+ cations in the neat ionic liquids obtained
from atomistic simulations at 300 K. In each case, the solid blue and
meshed red contour surfaces are drawn at 4.0 times the average density
of corresponding atoms in the bulk region.

in NTf2− anions around Ehim+ cations, as shown in the six
leftmost panels of Figure 3. The H4 and H5 atoms in the
Ehim+ cations have comparable hydrogen bonding interactions
with the N and O atoms of the NTf2− anions as those with
Emim+ cations, as clearly shown in Figure 3A (H4···N), 3B
(H5···N), 3F (H4···O), and 3G (H5···O), respectively. The H
atom of the N−H of the Ehim+ cation exhibits stronger
coordination with O atoms (Figure 3H) than N atoms (Figure
3C) in the ﬁrst solvation shell, but shows the opposite feature
in the second solvation shell in coordinating neighboring NTf2−
anions. The spatial distribution functions shown in Figure 4A
indicate that the O atoms in the NTf2− anions prefer to form
multiple hydrogen bonds with all hydrogen atoms (H4, H5 and
N−H) on the imidazolium rings leading to their diﬀusive
feature around the imidazolium ring in the Ehim+ cation. The
N atoms in the NTf2− anions are mainly localized around the
N−H and H5 sites, thus resulting in their discrete distributions
E
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related to the ﬁnal exponential measured in the OHD-OKE
experiment by the generalized Debye−Stokes−Einstein (DSE)
equation which is given as eq 2
τself =

η(T )Vfθ C
kBT

(2)

where τself is the rotational self-diﬀusion time for a symmetric
top, η is the shear viscosity, V is the molecular volume, k is the
Boltzmann constant, and T is the temperature. The parameter
fθ is a shape factor used to account for the deviation from
sphericity of the rotator. Its functional form has been calculated
by Perrin56 and ranges from 1 for a perfectly spherical rotator
to increasingly greater than 1 as the rotator becomes more
elongated. C is an interaction factor that accounts for the
interaction of the rotator with adjacent molecules.57 C ranges
from 0 for a sphere under slip boundary conditions to 1 for any
rotator under stick boundary conditions, Together, C and fθ
describe the friction experienced by the rotator.
τself can be related to τ, the bulk diﬀusion measured with
OHD-OKE and other experiments. The relationship is given in
eq 3
g
τ = 2 τself
j2
(3)
where g2 is the static orientational correlation factor and j2 is the
dynamic orientational correlation function. g2 is often taken to
be 1 for isotropic phases where there is no time independent
orientational correlation as would be found, for example, in the
nematic phase of a liquid crystal. j2 has been shown to be
approximately 1 for a multitude of liquids.58−60 Thus, in most
cases, eq 2 can be used without modiﬁcation to describe bulk
dynamics.
To test whether the RTIL/water mixtures obey eq 2, the ﬁnal
exponential time was plotted versus viscosity in Figure 6. The

Figure 5. OHD-OKE data for (A) EmimNTf2 and (B) EhimNTf2 at
various water concentrations ranging from dry (red) to water saturated
(black). The data are vertically oﬀset for clarity. A sample ﬁt using eq 1
is shown by the dashed line on the saturated EmimNTf2 data. Fits of
all data sets were of similar quality.

of similar quality. For both ionic liquids, the value of b is
independent of water concentration which suggests that the
addition of water does not aﬀect the short time caged motions
of the ions. However, the change in cation did slightly impact
the value of b. For EmimNTf2, b = 0.61 ± 0.01 while, for
EhimNTf2 b = 0.58 ± 0.02. The diﬀerence, which is on the
edge of overlapping error bars, may suggest that the
nondiﬀusive dynamics are slightly diﬀerent in the two liquids.
The power law region precedes a single exponential for all
the samples measured. In previous OHD-OKE studies of
imidazolium-based ionic liquid/water solutions,22,23 biexponential decays were observed at high water concentrations for
cations with long alkyl chains. The biexponentials occurred as
the systems approached the formation of gels at high water
concentration. Single exponential decays were observed here
for two reasons. First, the ethyl chain oﬀ the imidazolium is not
long enough to have an apolar region in the liquids, which was
necessary for gel formation.22,23 Second, NTf2− ionic liquids
become water saturated before the concentration range where
biexponential decays were observed previously. The ﬁnal single
exponential time, τ, which describes the complete randomization of the cations, shows a clear water concentration
dependence that can be systematized by comparing the results
to changes in the viscosity. Values of τ are given in Table 1.
Increasing the water concentration in RTILs usually
decreases the viscosity because the water inﬁltrates the ionic
regions and decreases the Coulombic attraction of the cations
and anions. This weakened attraction allows the molecules to
move more readily and the viscosity to decrease.55 This
expected trend is seen in both EmimNTf2 and EhimNTf2. For
samples that display hydrodynamic behavior, the viscosity is

Figure 6. Debye−Stokes−Einstein plot for EmimNTf2/water mixtures
(black) and EhimNTf2/water mixtures (red). Lines are linear ﬁts to
the data. For EhimNTf2 ﬁts were from the neat through 2:1 samples
only.

lines are ﬁts to the Emim+ data (black) and the 5 lowest water
content Ehim+ data points (red). The red line was extended.
For the EmimNTf2 samples, all the time constants fall on a line,
indicating that EmimNTf2/water mixtures exhibit DSE (hydrodynamic) behavior and that the addition of water does not
fundamentally alter the nature of the dynamics experienced by
F
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Theoretical dimensionless frictional coeﬃcients have been
tabulated for slip boundary conditions for oblate and prolate
spheroids as a function of the axis ratio, ρ.61,62 To determine ρ,
both cations were modeled as prolate spheroids. For Emim+,
the long axis was calculated as the nuclear distance between the
farthest hydrogen atom on the ethyl group and the farthest
hydrogen on the methyl group plus two times the hydrogen van
der Waals radius. In Ehim+, the long axis was determined in the
same manner except for a hydrogen atom replaced the methyl
group. The van der Waals radius for a hydrogen atom in a C−H
bond is 1.09 Å.63 The short axis of both cations was determined
to be the component of the distance between the hydrogen
atoms bound to CR and CW (as labeled in Figure 1) that is
perpendicular to the long axis. Again, van der Waals radii were
taken into account. This procedure resulted in volumes similar
to the volumes obtained from quantum chemical calculations.
For Emim+, the long axis was 9.94 Å and the short axis was 6.00
Å. This resulted in ρ = 0.60. The tabulated friction coeﬃcient
was λslip = 1.13 for a prolate spheroid with ρ = 0.60 under slip
boundary conditions.61,62 For Ehim+, the long and short axes
were 8.74 and 6.00 Å, respectively. The axis ratio was
determined to be ρ = 0.69 which resulted in λslip = 0.61 for
slip boundary conditions. By comparing eqs 2 and 4, it is clear
that λi = 6fθC. For a rotator under stick boundary conditions, C
= 1,57so λstick can be determined through the calculation of the
shape factors using the Perrin equations.56 The λstick value is
7.02 for Ehim+ and 7.74 for Emim+, respectively.
To calculate the experimental friction coeﬃcients, the
volume of each cation was taken from simulations. This
volume, along with experimental values of η, τ, and T were used
to calculate friction coeﬃcients with eq 4. The results are given
in Table 1. For both cations, the experimental friction
coeﬃcients are much closer to λslip than to λstick but fall
between the two extremes. To compare the two cations, λ was
then normalized to λslip. This allowed the deviation from slip
boundary conditions to be compared, and these results are
plotted in Figure 7. The dashed lines are horizontal ﬁts to the
Emim+ data (black) and the 5 lowest water content Ehim+ data
points (red). The red line was extended. Although the points
jump around to some extent, for EmimNTf2, the friction

the cation. The rotational diﬀusion times (as measured by
OHD-OKE) decreased linearly with the decrease in viscosity.
The plot for EhimNTf2 displays linear behavior through the 2:1
sample as shown by the red line. However, the 1:1 sample and
the saturated sample do not fall on the hydrodynamic line. The
red line has been extended beyond the data points to help
visualize the deviation. This deviation from linearity occurs at
the viscosity where EmimNTf2 reaches its saturation point. It
should be noted that this deviation from hydrodynamic
behavior has not been observed in short-chained aprotic ionic
liquids that can reach <2:1 concentration.23 This deviation
suggests that the protic nature of the Ehim+ cation alters its
interactions with water molecules. As discussed in detail below,
there is a signiﬁcant change in the manner in which water
interacts with the protic ionic liquid between the 2:1
EhimNTf2:water and the 1:1 EhimNTf2:water solutions. This
change results in slower dynamics than expected from the bulk
viscosity and the DSE equation, and also allows more water to
be added before reaching the saturation point.
Another interesting result from this plot is that while the
slopes of both lines in Figure 6 are the same within
experimental error, the intercept for EmimNTf2 is actually
larger. This means that an EmimNTf2/water sample, at the
same viscosity as an EhimNTf2/water sample, will actually
undergo orientational randomization more slowly despite the
ability of Ehim+ to form strong hydrogen bonds with water
resulting in a greater value of C in eq 2. The relatively slow
orientational relaxation of an Emim+ sample compared to
Ehim+ at the same viscosity may be caused by the Emim+
methyl group that increases the volume (V) as well as the shape
factor (fθ) due to the increased elongation of the rotator. It
should be noted that signiﬁcantly more water must be added to
EhimNTf2 to reach the same viscosity.
It is clear from the DSE plots (Figure 6) that viscosity greatly
inﬂuences the dynamics of the system. Another way of
analyzing the data is by calculating friction, which provides
information on changes in liquid structure independent of
viscosity. The friction coeﬃcient for rotation about the ith axis,
λi, is given by

λi =

kT
ηVDi

(4)

where k is the Boltzmann constant, T is the temperature, V is
the volume of the rotator, η is the viscosity, and Di is the
orientational diﬀusion coeﬃcient. The diﬀusion coeﬃcient is
equal to 1/6τ where τ is the ﬁnal randomization time constant
from ﬁtting the data with eq 1. Since the cation is the source of
most of the OHD-OKE signal, the Emim+ and Ehim+ cations
are the rotators for these calculations.
Friction coeﬃcients are often compared to theoretical slip
and stick boundary conditions. Slip boundary conditions
generally apply to a rotating molecule that is small compared
to the solvent. The small molecule does not drag solvent
molecules with it when it rotates. Friction arises from a
nonspherical molecule’s swept volume as solvent has to move
out of the way of the rotator. Stick boundary conditions
generally apply when the rotating molecule is comparable in
size or large compared to the solvent molecules; the rotator is
dragging other molecules with it as it rotates and this is the
source of friction. Molecules with friction coeﬃcients between
the two extremes have contributions from both sources of
friction.

Figure 7. Friction normalized to the friction under slip boundary
conditions is plotted as a function of water content for EmimNTf2
(black) and EhimNTf2 (red). The theoretical friction coeﬃcient under
slip boundary conditions is 1 on this plot. The dashed lines are
horizontal ﬁts to the data. For EhimNTf2 ﬁts were from the neat
through 2:1 samples only.
G

DOI: 10.1021/acs.jpcb.7b06376
J. Phys. Chem. B XXXX, XXX, XXX−XXX

Article

The Journal of Physical Chemistry B

Figure 8. Combined distribution functions of the distance of N−H···O(water) between a reference water molecule and a neighboring Ehim+ cation
versus the distance of water O−H···N/O between the reference water and neighboring NTf2− anion. A−C show typical ionic structures of
Ehim+,H2O, an NTf2− complexes. The distribution functions in D−F and G−I are obtained from EhimNTf2 ionic liquid/water mixtures with the ion
pair:water ratio of 1:1 and 2:1, respectively. Panel F shows the onset of water−water hydrogen bonds at an ion pair/water concentration of 1:1.

condition, it suggests that the cation is experiencing stronger
interactions with the surrounding ions. This result leads to
questions of what interactions Ehim+ experiences and how
water impacts these interactions, particularly what changes at
the 1:1 concentration. To answer these questions, atomistic
simulations of the two ionic liquids were conducted for the
range of water concentrations studied experimentally to
investigate the detailed changes of local microscopic ionic
structures upon increasing the water concentration in the ionic
liquid/water mixtures.
Atomistic Simulations. In the EhimNTf2 RTIL/water
mixtures, the atomistic simulation results demonstrate that
water molecules preferentially reside in cavities between the
Ehim+ cations and the NTf2− anions. The dispersed distribution
of water among ionic species tends to break the directional
hydrogen bonds between the Ehim+ cations and the NTf2−
anions, and thereafter form new hydrogen bonds between
water molecules and neighboring ionic species, as shown in the
typical ionic structure of the Ehim···H2O···NTf2 complex in A
and B of Figure 8. The O atoms in water molecules are strongly
coordinated with hydrogen atoms that are directly bonded to
the imidazolium ring in the Ehim+ cations. In addition, the
hydrogen atoms of these same water molecules are weakly
hydrogen bonded to the N and O atoms of neighboring NTf2−
anions. Water molecules serve as a bridge between the
EhimNTf2 ion pairs previously in close contact. This
complicates the local ionic environment as increasing amounts
of water are added, resulting in new hydrogen bond networks
forming among ionic groups.
In the 2:1 EhimNTf2:water sample, almost all water
molecules are isolated single molecules located between
Ehim+ cations and neighboring NTf2− anions. The further
introduction of water molecules into this sample leads to the
distinct aggregation of water molecules in ionic cavities. As
discussed below, water−water hydrogen bonds are observed in
the EhimNTf2/water sample with the ratio of 1:1 ion

coeﬃcients remain essentially constant regardless of water
content, which is expected for a liquid that obeys the DSE
equation, i.e., it behaves in accord with hydrodynamics. As
discussed above, the OHD-OKE experiment mainly measures
the orientational relaxation of the cation. However, Emim+ will
interact strongly with neighboring ionic species as reﬂected by
the deviation of λ from λslip. The details of the interactions are
discussed below. The constant friction coeﬃcient with varying
water content demonstrates that water does not change the
essential nature of local ionic structures in EmimNTf2 RTIL/
water mixtures.
The situation is quite diﬀerent for EhimNTf2. The friction
coeﬃcients deviate from slip boundary conditions more
signiﬁcantly than those for Emim+, but they are basically
constant, within the scatter, up to an ion pair/water ratio of 2:1.
So for the lower water concentrations, Ehim+ like Emim+
experiences little change in nature of its interactions with
neighboring species in the ionic liquids. The increase in the
friction coeﬃcient for Ehim+ relative to Emim+ is related to the
diﬀerences in hydrogen bonding. As discussed in connection
with the viscosity in theViscosity of Neat Ionic Liquids Section,
the N−H group in Ehim+ readily hydrogen bonds with both the
N and O atoms of the anion. Since Emim+ lacks a strong
hydrogen bond donor, it interacts more weakly with the anion.
The increase in hydrogen bonding between Ehim+ and NTf2−
can lead to greater friction.
However, for the samples with more water (1:1 and 0.65:1)
there is a large jump in the Ehim+ friction coeﬃcients that is
well outside of experimental error. This sudden change
corresponds to the deviation from the DSE hydrodynamic
behavior in Figure 6 (red line) at high water content. The
substantial increase in friction coeﬃcients when the sample
reaches 1:1 ion pair:water demonstrates a fundamental change
in the manner in which the Ehim+ cation interacts with
neighboring ionic groups in its local environment. Since the
friction coeﬃcients move further away from the slip boundary
H
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from 2:1 to 1:1 ion pair:water shown in Figure 6 (orientational
relaxation time constants) and Figure 7 (friction coeﬃcients) is
caused by the abrupt onset of water−water hydrogen bonding
between dispersed water molecules in the local ionic environment.
When a water−water hydrogen bond forms, as shown in
Figure 8C, one hydroxyl of the water that has its oxygen bound
to the H atom of the N−H moiety makes a hydrogen bond to
another water. For these two water molecules, the remaining
three hydroxyls will make hydrogen bonds to neighboring
NTf2− anions. The quantum chemistry simulations show that
the oxygen H-bond to the H (N−H···O) becomes stronger
when one of the water’s hydroxyl groups is H-bonded to
another water molecule. The increase in strength is shown by
the decrease in length of the H-bond. When there is a single
water molecule, the H-bond length of N−H···O is ∼1.7 Å.
However, when the hydroxyl of this water oxygen is bound to
another water oxygen rather than to a neighboring NTf2−
anion, the N−H···O hydrogen bond length is reduced to 1.64
Å. This substantial decrease in length indicates a signiﬁcant
increase in the H-bond strength.
The OHD-OKE experiment essentially measures the
orientational relaxation of the Ehim+ cations. In the absence
of water, the Ehim+ cations directly interact with surrounding
NTf2− anions. Figure 7 shows that for Emim+ and Ehim+ at the
lower water concentrations, the friction coeﬃcients are closer
to slip boundary conditions than stick boundary conditions.
The reorientation of a cation does not involve dragging large
clusters of ions with it. At low water content, some close
contact ion pairs will be separated by a single water molecule.
When a single water molecule intervenes, the Coulombic
interactions between ions are reduced, but hydrogen bonding
occurs. The reduction in the Coulombic interactions replaced
by weak hydrogen bonding results in faster cation reorientation.
Comparing Figures 8I and 8F, the onset of water−water
hydrogen bonding occurs at ∼1:1 concentration. This is the
concentration at which the reorientational dynamics of Ehim+
cations slow relative to what would be predicted by
hydrodynamics as shown in Figures 6 and 7. With the
formation of water−water hydrogen bonds, the H-bonding of
the H of the N−H moiety of Ehim+ to water becomes stronger
and there are strong H-bonds between water molecules. These
water pairs and clusters, which will be even more prevalent at
the 0:65:1 concentration, will further reduce the Coulombic
interactions among cations and anions, lowering the overall
viscosity. However, it is likely to make it more diﬃcult for the
Ehim+ cations to break free from the water hydrogen bond
network, causing the cation orientational relaxation not to
speed up as much as would be expected from the decrease in
viscosity.
Linear Infrared Spectra. Additional information that sheds
light on the structural changes in the EhimNTf2 PIL as water is
added can be obtained from FT-IR spectra. This also helps
validate results of the simulations. As discussed in the Sample
Preparation Section, the N−H was partially deuterated (5%)
and then 5% HOD in H2O was added to make the IL-water
mixtures. By using 5% HOD, the N-D concentration was not
changed with the addition of water and a single O−D local
mode of the water could be observed, which somewhat
simpliﬁed the complex spectrum of the N-D/O−D stretching
modes. For each spectrum, the equivalent nondeuterated
spectrum was subtracted to yield, within subtraction error,
only the deuterated peaks.

pair:water. This observation indicates that in the EhimNTf2
samples both dispersed water molecules and small water
aggregates tend to reside in pockets between neighboring ionic
species. This computational result is consistent with that
observed in BmimNO3-D2O samples with small-angle X-ray
scattering and neutron scattering experiments.64 This observation is in contrast to many nonionic liquids with hydrogen
bonding capabilities. For instance, OHD-OKE and 2D IR
spectroscopy have been used to study binary mixtures of
dimethyl sulfoxide (DMSO) and water. 65 This study
demonstrated that even at very low water concentrations,
water−water hydrogen bonds and the formation of water
clusters were preferred over the water molecules being widely
dispersed and hydrogen bonding mainly to DMSO.
The lack of formation of water−water hydrogen bonds in the
low water concentration EhimNTf2 solutions shows that the
hydrogen bonding to the ions, particularly bonding of the water
oxygen to the nitrogen-bound hydrogen atom of Ehim+ is
comparable in strength to the bonding of a water hydroxyl to a
water oxygen. At low water content, the number of N−H
groups substantially outnumbers the water hydroxyls; therefore
the water oxygens will be bound to the H atoms of the N−H
moiety. The hydroxyl groups will make weak hydrogen bonds
to the neighboring NTf2− anions. However, for the 1:1 mixture,
if the hydrogen bonding of the H of N−H to a water oxygen is
approximately equally favorable as the oxygen bonding to
another water’s hydrogen, statistically there will be a signiﬁcant
number of water−water hydrogen bonds. For no water−water
hydrogen bonds to form in the 1:1 mixture, every water oxygen
would have to be bound to every N−H in every Ehim+ cation.
This would only occur if the oxygen hydrogen bonding to these
Hs was overwhelmingly more favorable than bonding to
another water hydroxyl. The other extreme would be that
forming a water−water hydrogen bond is vastly more favorable
than the bonding of the water oxygen to the H of N−H; then,
water−water hydrogen bonds would form at low water
concentrations as happens in DMSO.
To characterize the local ionic structural changes in
EhimNTf2 as the water concentration increases from 2:1 to
1:1, the combined distribution functions of the distance of (N)H···O(water) versus the distances of H(water)···N(NTf2−),
H(water)···O(NTf2−), and H(water)···O(water) were calculated. Schematic molecular structures and distribution functions
are shown in Figure 8. Figure 8D and 8G shows these
distribution functions for a single water molecule embedded
between a close contact Ehim+ cation and the nitrogen atom in
the NTf2− anion as illustrated in Figure 8A. During statistical
analysis, both the cis and trans conformations of the NTF2−
anions in coordination with the Ehim+ cations were considered.
Figure 8E and H shows the combined distribution functions for
a single water molecule conﬁned between an Ehim+ cation and
the oxygen atoms in a neighboring NTf2− anion as displayed in
Figure 8B. The distribution features are comparable in these
two EhimNTf2 ionic liquid/water mixtures showing that these
structures do not make a substantial change in going from 2:1
to 1:1. However, increasing the water concentration from 2:1 to
1:1 ion pair:water, there is a dramatic change as is seen by
comparing Figure 8I to Figure 8F. There are few water−water
hydrogen bonds in 2:1 sample (Figure 8I), but a substantial
increase in the number of water−water hydrogen bonds is
observed in the 1:1 sample (Figure 8F). The water−water
hydrogen bonding is illustrated in Figure 8C. These results
indicate that the break in the nature of the dynamics in going
I
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than the coordination of the H atom of the N−H moiety to the
nitrogen atom of a neighboring NTf2− anion. Additionally, the
H-bond formed between the H atom and the nitrogen atom in
the NTf2− anion with the trans conformation is much stronger
than it is with the cis conformation. From these qualitative
considerations, the blue shoulder may be overlapping N-D
stretches with deuterium hydrogen bonded to the oxygen atom
in either the cis or trans conformation of the NTf2− anion. The
central peak is the N-D stretch bound to the nitrogen in the cis
conformation of NTf2− and the red shoulder is for the trans
NTf2− conﬁguration.
Figure 9B shows spectra of the dry sample (black), the 4:1
sample (red), and the result of subtracting the dry spectrum
from the 4:1 spectrum (blue). The blue-colored band occurs
once HOD/H2O is added. It is centered at ∼2625 cm−1. Note
that the band is not symmetrical. It is broader on the red side of
the spectrum. As the amount of water is increased from 16:1 to
4:1, the band amplitude increases linearly with water
concentration within error. The blue-colored band in Figure
9B is the OD stretch of HOD weakly hydrogen bonded to the
NTf2−. This type of band has been observed previously when
HOD is added to other ionic liquids. The OD stretch in 1butyl-3-methylimidazolium hexaﬂuorophosphate (BmimPF6)
has a peak position of 2678 cm−1.67 The band is symmetrical.
The OD hydrogen bond is very weak as shown by the very high
frequency of the stretching mode. For comparison, the OD
stretch of HOD in bulk H2O peaks at 2509 cm−1.68 The OD
stretch of HOD in EmimNTf2 is at 2648 cm−1 and is somewhat
broader on the red side of the band.69 The OD stretch in
EmimBF4 has its peak at 2645 cm−1.70 This band is symmetrical
at very low water concentrations. As the water concentration is
increased a broad band grows in centered at ∼2550 cm−1. This
band arises from ODs H-bonded to the oxygen of water
molecules in the mixture with the RTIL. Stronger H-bonds red
shift the OD stretch. The observed OD stretch in EhimNTf2
compared to EmimNTf2 shows that the OD H-bond to the
NTf2− is somewhat stronger when the cation is Ehim+ than
Emim+. The asymmetry of the band is likely caused by the
variety of H-bonding sites to NTf2− compared to PF6− or BF4−.
Figure 9C displays the spectra of the Ehim-DNTf2/water
mixtures for four ion pair:water mixtures with the dry spectrum
(Figure 9A) subtracted. The concentrations are 0.65:1, 1:1, 2:1,
and 4:1. The 4:1 spectrum in Figure 9C is the same as the blue
curve in Figure 9B. The 16:1 and 8:1 spectra with the dry
spectrum subtracted look the same as the 4:1 spectrum (blue)
except for their amplitudes, which increase with increasing
water concentration. The important feature of Figure 9C is the
large wing on the red side of the line for the 0.65:1 and 1:1
spectra. In a study of water dynamics in 1-alkyl-3methylimidazolium tetraﬂuoroborates as a function of alkyl
chain length and water concentration,70 at low water content
there is a narrow symmetric peak 2645 cm−1 from the OD
stretch of HOD bound to the BF4−. As the water concentration
is increased a broad band grows in on the red side of this peak.
This peak becomes very large at the high water concentrations
that are possible in EmimBF4/water mixtures because the
components are inﬁnitely miscible. This band arises from OD
bound to the oxygen of another water molecule. For EmimBF4
at a 1:1 water concentration, the broad band is ∼35% in
amplitude of the 2645 cm−1 peak and is centered at ∼2540
cm−1. In EmimBF4, the 2645 cm−1 peak is relatively narrow and
symmetric resulting in the broad band being quite well
resolved. For EhimNTf2, the band overlaps substantially with

Figure 9. Background-subtracted FT-IR spectra of the N-D stretch of
5% D Ehim-DNTf2 and with the addition of 5% HOD/H2O. (A) The
dry spectrum of the imidazolium N-D stretch shows several
overlapping bands caused by the multiple hydrogen bonding
conﬁgurations of the N-D with the anion. (B) The red curve shows
the spectrum of the 4:1 ion pair/water concentration. The blue curve
is the spectrum after subtraction of the dry spectrum (black curve).
Lower water concentrations show the same feature as the blue curve
but with lower amplitude. (C) Normalized spectra with the dry
spectrum subtracted for four ion pair/water concentrations: 4:1
(blue), 2:1 (green), 1:1 (red), and 0.65:1 (black). At 1:1, a new broad
shoulder appears on the red side of the line that is attributed to the
onset of the OD stretch of HOD hydrogen bonded to the oxygen of
another water molecule.

Figure 9A is the spectrum of dry Ehim-DNTf2. The main
band is the N-D stretching mode. The spectrum has three
components but is most likely composed of at least four
overlapping bands. The simulations show that in the absence of
water, the N-D will be weakly H-bonded to the NTf2−. It has
been previously shown that the NTf2− ion has cis and trans
conformations in the liquid phase.66 In addition, from the
current quantum chemical simulations, four conﬁgurations were
identiﬁed, N-D bound to either oxygen or nitrogen in the cis or
trans conﬁgurations of the NTf2− anions. These four
conﬁgurations have diﬀerent H-bond strengths which will
shift the N-D stretch frequency. A shorter hydrogen bond is
stronger. A stronger H-bond will shift the N-D stretch further
to the red (low frequency). The quantum chemical calculations
with explicit inclusion of empirical dispersion terms show that
the hydrogen bonding interaction between the N-D site and the
O atoms in neighboring NTf2− anions in the cis conformation
is about the same strength as that in the trans conformation.
These two types of hydrogen bonding interactions are weaker
J
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the peak at 2625 cm−1 and is not well resolved. The peak of the
broad shoulder is located at ∼2625 cm−1.
The important aspect of the data is that the broad feature is
akin to that observed in the EmimBF4/water study. We,
therefore, assign the broad feature in the 1:1 and 0.65:1 spectra
as arising from the OD stretch of HOD bound to the oxygen of
another water molecule. While there may be an initial change in
the 2:1 spectrum centered around 2500 cm−1, this may also be
an artifact of the several spectral subtractions needed to obtain
the spectra. The major change in the spectra occurs at the 1:1
water mixture and increases in the 0.65:1 mixture. The 1:1
concentration where the broad feature appears is consistent
with the simulation results (see Figure 8) that show the abrupt
onset of water−water hydrogen bonding at the 1:1 water
concentration. This concentration is also the concentration at
which there is a discontinuity in the nature of the dynamical
data shown in Figures 6 and 7. Thus, three methods conﬁrmed
that a signiﬁcant change occurs at the 1:1 concentration. As
argued above, the structural change evidenced in the FT-IR
spectra and the simulations is responsible for the dynamical
change observed in the OHD-OKE data.

the N−H group in Ehim+ experiencing stronger hydrogen
bonds.
The data presented here demonstrate that in the absence of
water, EhimNTf2 and EmimNTf2 are signiﬁcantly diﬀerent.
Atomistic simulations demonstrated that the Ehim+ and Emim+
cations experience diﬀerent anionic interactions based on
hydrogen bonding strength. The stronger interactions between
cations and anions result in EhimNTf2 having a higher viscosity.
At low water content, water has little impact on the chemical
environment of the Ehim+ cation. However, at the 1:1
concentration, the liquid structure of EhimNTf2 fundamentally
changes due to preferential water−water interactions changing
the cationic environment. This is in contrast to EmimNTf2,
which has limited water interactions at all water concentrations.

CONCLUDING REMARKS
Protic ionic liquids are an increasingly important area of study
due to their many applications throughout the ﬁelds of energy,
biochemistry, and synthesis. Their relatively hygroscopic nature
means that studying their interactions with water is useful
because maintaining dry ionic liquids on an industrial scale is
generally exceedingly costly both in time and money.
Additionally, in energy applications, water has been shown to
be a beneﬁcial cosolvent due to its ability to decrease ionic
liquid viscosity. In this work, we have used three methods to
study a protic ionic liquid, EhimNTf2, and its structurally
analogous aprotic counterpart, EmimNTf2. The liquid structure
of both ionic liquids was investigated at water concentrations
ranging from dry to saturated.
Optical heterodyne-detected optical Kerr eﬀect experiments
were used to examine the orientational dynamics from
picoseconds to nanoseconds. FT-IR spectra were used to
examine the hydrogen bonding of the N-D group in the
deuterated Ehim+ cation. The experimental data were
complemented by atomistic simulations that provided increased
insights into the intermolecular interactions experienced by
both cations.
All three methods showed a dramatic change in liquid
structure in EhimNTf2 between the 2:1 ion pair:water and 1:1
solutions. Friction coeﬃcients calculated from the OHD-OKE
data showed that EmimNTf2 exhibited hydrodynamic behavior
at all water concentrations. EhimNTf2 was also hydrodynamic
up to the 2:1 concentration, although the friction coeﬃcients
were somewhat higher than those observed in EmimNTf2. The
diﬀerence was caused by the ability of Ehim+ to make a
reasonably strong hydrogen bond with the NTf2− anion. This
was conﬁrmed by atomistic simulations. At 1:1, the EhimNTf2
friction coeﬃcient increased greatly, which was indicative of a
signiﬁcant structural change. The N-D peak of the FT-IR
spectrum remained largely unchanged for all spectra drier than
2:1. Once the 1:1 concentration was reached, an additional
broad band appeared and became larger at higher concentrations. In analogy with previous studies of water in RTILs,
this band is assigned to the onset of the formation of water−
water hydrogen bond. Atomistic simulations showed that 1:1
marked the onset of water−water domains which resulted in

Notes
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