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ABSTRACT: The dynamics of imidazole (IM) and 1methylimidazole (1-MeIM) in the liquid phase at 95 °C
were studied by IR polarization selective pump−probe and
two-dimensional IR (2D IR) spectroscopies. The two
molecules are very similar structurally except that IM can be
simultaneously a hydrogen bond donor and acceptor and
therefore forms extended hydrogen-bonded networks. The
broader IR absorption spectrum and a shorter vibrational
lifetime of the vibrational probe, selenocyanate anion
(SeCN−), in IM vs 1-MeIM indicate that stronger hydrogen
bonding exists between SeCN− and IM. Molecular dynamics
(MD) simulations support the strong hydrogen bond
formation between SeCN− and IM via the HN moiety.
SeCN− makes two H-bonds with IM; it is inserted in the IM H-bonded chains rather than being a chain terminator. The strong
hydrogen bonding inﬂuenced the reorientation dynamics of SeCN− in IM, leading to a more restricted short time angular
sampling (wobbling-in-a-cone). The complete orientational diﬀusion time in IM is 1.7 times slower than in 1-MeIM, but the
slow down is less than expected, considering the 3-fold larger viscosity of IM. The jump reorientation mechanism accounts for
the anomalously fast orientational relaxation in IM, and the MD simulations determined the average jump angle of the probe
between hydrogen bonding sites. Spectral diﬀusion time constants obtained from the 2D IR experiments are only modestly
slower in IM than in 1-MeIM in spite of the signiﬁcant increase in viscosity. The results indicate that the spectral diﬀusion
sensed by the SeCN− has IM hydrogen bond dynamics contributions not present in 1-MeIM.

I. INTRODUCTION
Imidazole (IM) is a ﬁve-membered heterocyclic ring with two
N atoms at the 1 and 3 positions, one of which (1 position)
has an H atom covalently bound to it. This simple molecule is
one of the principal components in nucleophilic and general
base catalysts.1 It is also the functional group of the amino acid
histidine, the precursor to histamine that is commonly
associated with the protein subunits that participate in proton
transfer processes.2−5
IM, like alcohols and water, can act as both an H-bond
donor and accepter owing to its two N atoms, one with and
one without an H atom. It can form long hydrogen-bonded
chains through these sites, as observed in pure IM crystals.6,7
This is known to be responsible for IM’s high proton
conductivity, which is comparable to that of water.8 Therefore,
the local structure and hydrogen bond character of the pure
IM system have been of considerable interest for understanding its proton transport mechanism.9−16 It was proposed
that the proton transport in pure IM occurs through the
Grotthuss-type proton diﬀusion and reorientation of the IM
ring,9−11,17 i.e., proton shuttling in the hydrogen bond network
followed by the reorganization of hydrogen bonds via rotation
of the IM molecule. The dynamics of IM and its hydrogen
bonding network play a central role in the proton transport in
© 2019 American Chemical Society

pure IM. Most of the experimental studies done on the pure
IM system have used linear vibrational spectroscopy,18−21 Xray and neutron diﬀraction methods,6,7,22 and solid state
NMR.23−25 However, the hydrogen bond dynamics and
reorientation of small molecules usually happen on very fast
time scales, on the order of picoseconds; direct observation of
dynamics on the relevant time scale is beyond the ability of
these experimental methods.
In this study, the dynamics of IM liquid were investigated
with ultrafast vibrational spectroscopies, IR polarization
selective pump−probe (PSPP) and two-dimensional IR (2D
IR) techniques, along with molecular dynamics (MD)
simulations. The eﬀects of hydrogen bonding on the IM’s
dynamics were elucidated by comparing the results to those of
1-methylimidazole (1-MeIM), a simple IM derivative that
cannot donate a hydrogen bond. Figure 1 shows the structures
of 1-MeIM and IM. Because the pure IM is solid at room
temperature and has a melting point of ∼90 °C, both 1-MeIM
and IM were heated to 95 °C, slightly above the melting point
of IM, to make valid comparisons of their liquid dynamics. The
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II.II. Time-Resolved Ultrafast Infrared Experiments.
The details of the experimental set-up have been described
previously.30 Brieﬂy, a Ti:Sapphire regenerative ampliﬁer
pumped a home-built optical parametric ampliﬁer for diﬀerence frequency generation, resulting in mid-IR pulses centered
at 2065 cm−1 with ∼6 μJ pulse energy. The mid-IR beam was
split into two beams, a stronger pump pulse and weaker probe
pulse. The pump pulse was passed through an acousto-optic
mid-IR Fourier-domain pulse shaper. In the PSPP experiments,
the pulse shaper chopped the pump pulse to obtain transient
absorption signals, whereas in the 2D IR experiments, the pulse
shaper generated two excitation pulses and controlled the delay
time (τ) between them. In addition, the pulse shaper
controlled the phases of the pulses, and a four-shot phase
cycle was used to overcome light scattering.30 A mechanical
delay stage in the probe pulse path controlled the time delay
between the pump and probe pulses in the PSPP experiments
or the time delay (waiting time, Tw) between the second
excitation pulse and the third excitation pulse (probe pulse) in
the 2D IR experiments. The pulses were focused into the
sample with a small crossing angle for both experiments.
After passing through the sample, the probe pulse was
directed into a spectrograph. The spectrograph dispersed the
probe pulse, which was then detected in the frequency domain
by a 32-pixel HgCdTe (MCT) IR array detector. The 2D IR
signal is collinear with the third pulse (probe pulse), which also
acts as the local oscillator for heterodyne detection of the
signal. For both PSPP and 2D IR measurements, the probe
polarization was set to horizontal (in the plane of the optical
table), and the pump polarization (both the ﬁrst and second
pump polarizations in the 2D IR experiments) was set to 45°
with respect to the probe pulse. After the sample, a polarizer
mounted in a computer-controlled rotation stage alternately
resolved the probe pulse at +45° (parallel to the pump) and
−45° (perpendicular to the pump) relative to the incident
polarization (horizontal). In the 2D IR experiments, the two
polarization conﬁgurations are noted as ⟨XXXX⟩ (parallel) and
⟨XXYY⟩ (perpendicular). Since the response of the spectrograph grating is polarization-dependent, another horizontal
polarizer was placed in front of the spectrograph’s entrance slit
to ensure that there is no bias in the detection of the
polarizations.
II.III. Ionic Models and Computations. Quantum
chemical calculations were performed to optimize molecular
geometries of 1-MeIM and IM molecules using the Gaussian
09 package31 at B3LYP/6-311+G(d,p) level of theory with the
inclusion of Grimme dispersion corrections. Harmonic
frequency analysis was further performed to verify that the
optimized molecular structures were at the global minima in
the corresponding energy landscapes. Atomistic force ﬁeld
parameters for l-MeIM and IM molecules were developed
based on the AMBER framework using the procedure
described previously.32,33 The CHELPG atomic partial charges
on 1-MeIM and IM molecules were calculated at the same
level of theory (the B3LYP hybrid functional and the 6311+G(d,p) basis set). The force ﬁeld parameters for K+ and
SeCN− were obtained from AMBER force ﬁeld and work of
Dhungana et al.,34 respectively. The cross-interaction parameters between diﬀerent atom types were obtained from the
Lorentz−Berthelot combination rules.
Each simulation consists of 2000 1-MeIM (or IM)
molecules and 50 KSeCN ion pairs. Atomistic simulations
were performed using the GROMACS package with cubic

Figure 1. Molecular structures of 1-methylimidazole (1-MeIM, left)
and imidazole (IM, right).

CN stretch of the vibrational probe molecule, selenocyanate
anion (SeCN−), was used for the measurements; SeCN− is a
useful probe that has been employed in studies of other
systems,26,27 including hydrogen bond dynamics of water.28,29
Relative to 1-MeIM, a broader CN stretch absorption band
and shorter CN vibrational lifetime were observed in IM.
These features indicate strong hydrogen bond formation
between SeCN− and IM. The radial distribution function
(RDF) from MD simulations also supports the formation of
strong hydrogen bonds between SeCN− and the HN site of
IM. This hydrogen bonding interaction aﬀects the orientational relaxation of SeCN− measured with PSPP experiments,
leading to more restricted wobbling-in-a-cone motions
followed by jump reorientation. Finally, the three spectral
diﬀusion time constants observed in the 2D IR experiments
were only somewhat slower in IM than in 1-MeIM. The
spectral diﬀusion of SeCN− in IM is inﬂuenced by H-bonding
dynamics of the extended H-bond network of IM. The results
provide a detailed picture of the liquid dynamics of IM, which
play a fundamental role in proton transport.

II. EXPERIMENTAL AND THEORETICAL METHODS
II.I. Sample Preparation and Linear IR Spectroscopy.
Potassium selenocyanate (99% purity) was purchased from
Fisher Scientiﬁc (Acros Organics brand) and dried under
vacuum (∼100 mTorr) at 60 °C for 1 week. 1-Methylimidazole (≥99%, puriﬁed by redistillation), imidazole (≥99%,
anhydrous), and deuterated imidazole (imidazole-d4, 98 atom
% D) were purchased from Sigma-Aldrich and used as
received. All of the chemicals were stored in a nitrogen
glovebox to prevent contamination from water and oxygen. To
prepare the SeCN− sample, KSeCN was dissolved in 1-MeIM
and IM at a molar ratio of 1:100 ion pairs to solvent molecules.
Since imidazole is solid at room temperature, KSeCN and
imidazole were mixed in solid state, and the mixture was
melted at 95 °C to dissolve the KSeCN. Samples were
sandwiched between two 3 mm thick, 1 in. diameter CaF2
windows separated by a 56 μm poly(tetraﬂuoroethylene) ring
spacer. For the imidazole sample, the solid mixture was
sandwiched between the windows and melted on a hot plate.
The sample preparation and sample cell assembly were
conducted in a glovebox to prevent contamination. A cartridge
heater connected to a variable alternating current voltage
controller was used to heat the sample cell and to maintain the
sample temperature at 95 °C for the high-temperature
experiments. The room-temperature experiments were performed at 21.6 °C without heating. Linear IR spectra were
recorded using a Thermo Scientiﬁc Nicolet 6700 Fourier
transform infrared (FT-IR) spectrometer, which was purged
with CO2 and H2O free air. The absorption spectrum of the
pure solvent was subtracted from the spectrum of the probe
containing samples to obtain the absorption spectrum of the
CN stretch of SeCN−.
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CN−, which has a pure triple bond, absorbs well to the blue
of SeCN−, and has a much smaller transition dipole. The blue
shift of the CN of SeCN− with stronger H-bonding can be
qualitatively understood in terms of changes in the
contributions of two SeCN− resonance structures, [Se−C
N]− and [SeCN]−. When the lone pair of the nitrogen
atom in SeCN− forms a hydrogen bond, electron density shifts
to the nitrogen atom, inducing more contribution from the
[Se−CN]− resonance structure, which absorbs at a higher
frequency (more like CN−).29 Stronger hydrogen bonds will
increase the contribution from this resonance structure. Recent
simulations of SeCN− in D2O also found that a strong, axial
hydrogen bond, in which the hydrogen donor points nearly
parallel to the SeCN− axis, causes frequency blue shifts within
the CN band.28 Thus, the small blue shift and larger line width
observed in IM indicate hydrogen bonding of SeCN− to IM.
The variation in the hydrogen bond strengths results in an
increased inhomogeneity of the absorption band relative to
that of SeCN− in 1-MeIM.
Fitting Voigt line shape functions to the blue side of the
peaks and extending the ﬁts to the entire absorption bands
revealed the asymmetry of the SeCN− band, especially in IM at
95 °C, as displayed in Figure 2B. The experimental absorption
bands exhibit more absorption on the red side, deviating from
the Voigt ﬁt. A similar red wing has been observed for SeCN−
in bulk D2O where SeCN− forms hydrogen bonds to
water.28,29 The broadening on the red side of the line is
attributed to the non-Condon eﬀect (frequency-dependent
transition dipoles). Weaker hydrogen bonds reduce the [Se−
CN]− contribution and shift the spectrum to the red.
Therefore, the red side of the SeCN− absorption line has a
larger transition dipoles than the blue side because of the
reduced contribution of [Se−CN] − , i.e., less CN −
character.28,29 The asymmetry of the SeCN− band in IM is
ascribed to this non-Condon eﬀect. On the other hand, the
spectrum of SeCN− in 1-MeIM is almost symmetric, indicating
less non-Condon eﬀect and weaker H-bonds. As shown below
by the MD simulations, there are a small number of very weak
H-bonds between SeCN− and the H on the ring carbon
between the two nitrogens of 1-MeIM. In contrast, SeCN−
makes a large number of strong H-bonds of varying strengths
to the HN of IM.
III.II. PSPP Measurements: Population Decay and
Orientational Relaxation. In the PSPP experiments, the
probe signals are polarization-resolved parallel (S∥) and
perpendicular (S⊥) to the pump polarization and can be
expressed as36,37

periodic boundary conditions.35 The equations for the motion
of all atoms were integrated using a classic Verlet 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 0.20 nm was employed to handle longrange electrostatic interactions in reciprocal space. All systems
were energetically minimized using a steepest descent
algorithm and annealed gradually from 800 to 370 K within
15 ns. The 1-MeIM/KSeCN system was further annealed to
300 K within 10 ns. The annealed systems were equilibrated in
an isothermal−isobaric ensemble for 40 ns under controlled
temperature and pressure (1 atm) by the Nosé−Hoover
thermostat and the Parrinello−Rahman barostat with time
coupling constants of 400 and 200 fs, respectively. Canonical
ensemble simulations were executed for all systems up to 100
ns. Corresponding simulation trajectories were recorded with
100 fs intervals to analyze microstructures and dynamics.

III. RESULTS AND DISCUSSION
III.I. Linear IR Absorption Spectra. Figure 2A shows the
FT-IR spectra of SeCN− in 1-MeIM and IM. The CN

Figure 2. Background-subtracted FT-IR spectra of (A) SeCN− in 1MeIM and IM at room temperature and 95 °C and (B) spectra with
Voigt ﬁts.

stretching band of SeCN− appears at 2065.2 cm−1 with a full
width at half-maximum (FWHM) of 13.5 cm−1 in 1-MeIM at
room temperature. At 95 °C, the band slightly broadens
without a peak shift, with a FWHM of 14.4 cm−1. In IM at 95
°C, however, the center frequency slightly shifts to the blue
(higher frequency), 2066.3 cm−1, with a much broader FWHM
of 35.2 cm−1. The blue shift of the center frequency
accompanying the band broadening is indicative of a change
in intermolecular interactions such as hydrogen bonding. The
CN stretch with stronger hydrogen bonding is shifted to the
blue in contrast to the OH or OD bands of HOD in D2O and
H2O, respectively, which shift to lower frequencies with
stronger hydrogen bonding.29

S (t ) = P(t )[1 + 0.8C2(t )]

(1)

S⊥(t ) = P(t )[1 − 0.4C2(t )]

(2)

where P(t) is the isotropic pump−probe decay, i.e., population
decay (vibrational lifetime), and C2(t) is the second-order
Legendre polynomial orientational correlation function of the
transition dipole moment given by38
̂ ]⟩
C2(t ) = ⟨P2[μ(̂ t ) ·μ(0)

(3)

with the second-order Legendre polynomial, P2, and the
transition dipole moment unit vector at time t, μ̂(t ). ⟨···⟩
represents an ensemble average. The population decay is
obtained from the combination of eqs 1 and 2 as
P(t ) = [S (t ) + 2S⊥(t )] /3
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Figure 3 shows the population decay data (points) of the CN
stretch of SeCN− in 1-MeIM and IM at the center frequency of

Figure 4. Anisotropy decay data (points) of 1-MeIM (room
temperature and 95 °C) and IM (95 °C). Solid curves are
triexponential ﬁts to the data. The ﬁt parameters are given in Table 1.
Figure 3. Population decay data (points) of 1-MeIM (room
temperature and 95 °C) and IM (95 °C). Solid curves are single
exponential ﬁts to the data.

samples (see Figure S2 in the Supporting Information for
details of the ﬁtting procedures). The ﬁt parameters are
tabulated in Table 1.
If the orientational relaxation undergoes free diﬀusion for
complete randomization, the orientational correlation function
is a single exponential function given by

the absorption band. The population decay curves were ﬁt with
single exponential functions (solid curves), and the time
constants were essentially the same across the inhomogeneously broadened absorption band for each sample, indicating
a single ensemble of SeCN−. The population decay time
constants in 1-MeIM are 140.4 ± 0.6 ps at room temperature
and 128.6 ± 0.5 ps at 95 °C. An increase in temperature can
accelerate the vibrational energy relaxation by, e.g., increasing
the occupation numbers of bath modes that can accept the
vibrational energy.39 In contrast to 1-MeIM, the vibrational
lifetime in IM at 95 °C is much shorter, having a time constant
of 33.5 ± 0.2 ps. This reduction in the lifetime is caused by the
H-bonding of the SeCN− to the HN of IM because the Hbond interaction enhances coupling between the initially
excited mode and modes of the solvent. For example, SeCN−
in D2O forms a strong H-bond and has a lifetime of 36.2 ps.28
However, SeCN− has a lifetime of 105 ps in the roomtemperature ionic liquid, 1-ethyl-3-methylimidazolium bis(triﬂuoromethylsulfonyl)-imide (EmimNTf 2 ), 40 where
SeCN− makes a very weak H-bond to the NTf2− anion. The
vibrational lifetime becomes shorter in deuterated IM at 95 °C,
with the time constant being 26.1 ± 0.1 ps (see Figure S1 in
the Supporting Information). The DN stretch is closer in
frequency to the CN stretch than the HN stretch, providing a
more eﬃcient pathway for vibrational relaxation via the Hbond coupling.
The anisotropy decay also can be calculated from PSPP
experiments to obtain the orientational dynamics of SeCN−,
i.e., orientational correlation function, C2(t)
r (t ) =

S (t ) − S⊥(t )
S (t ) + 2S⊥(t )

= 0.4C2(t )

C2(t ) = exp[−6Dmt ]

(6)

where Dm is the orientational diﬀusion constant. However, the
anisotropy decays of SeCN− in 1-MeIM and IM are
triexponentials. The vibrational lifetime measurements conﬁrmed a single ensemble of SeCN−, ruling out the possibility
that the triexponential anisotropy decay arises from three
subensembles undergoing orientational relaxation with distinct
diﬀusion time constants. Instead, the multiexponential
behavior of the anisotropy can be interpreted as restricted
angular motions followed by a complete orientational randomization, i.e., wobbling-in-a-cone.41−43 In this model, the angular
space that the transition dipole explores during the restricted
orientational diﬀusion is quantiﬁed by a cone of half angle, θc,
and the orientational correlation function decays to a plateau
in the absence of further orientational relaxation. The plateau
amplitude is the square of the generalized order parameter, Q2.
C2(t ) = Q 2 + (1 − Q 2) exp[−t /τc]
ÄÅ
ÉÑ2
Å1
Ñ
Q 2 = ÅÅÅÅ cos θc(1 + cos θc)ÑÑÑÑ
ÅÇ 2
ÑÖ

(7)

(8)

where τc is the correlation time for restricted angular diﬀusion.
On a slower time scale, the orientational correlation function
decays to zero due to the complete reorientation through the
unrestricted free diﬀusion. Thus, based on the experimental
deviation from 0.4 at t = 0 and the triexponential decay of the
anisotropy, the wobbling model must include an inertial cone,
two diﬀusive cones, and the complete reorientation, accounting for the ultrafast inertial motion, the short and intermediate
exponential decays, and the longest exponential decay that
takes the anisotropy to zero. The resulting orientational
correlation function is44

(5)

The anisotropy is the orientational correlation function scaled
by 0.4. However, inertial motion occurs on a faster time scale
than the temporal resolution of the instrument, which results
in an initial value below 0.4 when r(t) is extrapolated to t = 0.
Figure 4 displays the anisotropy experimental decays (points)
measured in 1-MeIM and IM. In 1-MeIM, the anisotropy
decays more quickly at a higher temperature, 95 °C, than at
room temperature. The anisotropy decay in IM is slower than
that of 1-MeIM sample at 95 °C. Triexponential functions give
the best ﬁts (solid curves in Figure 4) to the data for all of the

C2(t ) = T 2(S2 + (1 − S2) exp[−t /τc1])(R2 + (1 − R2)
exp[−t /τc2]) exp[−t /τm]

(9)

where T, S, and R are the generalized order parameters for the
inertial, ﬁrst diﬀusive, and second diﬀusive cones, respectively.
τc1, τc2, and τm are the correlation times for the ﬁrst and second
2097
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Table 1. Parameters from the Triexponential Fits to the Anisotropy Decays
sample
1-MeIM

RT
95 °C
95 °C

IM

A1a

t1 (ps)

A2a

t2 (ps)

A3a

t3 (ps)

0.09 ± 0.01
0.08 ± 0.03
0.08 ± 0.01

0.9 ± 0.1
0.3 ± 0.1
1.3 ± 0.1

0.23 ± 0.01
0.24 ± 0.01
0.17 ± 0.02

6.2 ± 0.2
2.3 ± 0.1
6.3 ± 0.6

0.05 ± 0.01
0.05 ± 0.01
0.13 ± 0.02

24.1 ± 2.0
9.7 ± 0.8
16.8 ± 1.1

a

Ai is the amplitude of each exponential.

Table 2. Parameters from Wobbling Analysis
sample
1-MeIM
IM

RT
95 °C
95 °C

θin (deg)a

θc1 (deg)b

θc2 (deg)b

θtot (deg)c

τc1 (ps)d

τc2 (ps)d

τm (ps)d

Dc1 (10−2 ps−1)e

Dc2 (10−2 ps−1)e

14 ± 2
14 ± 5
11 ± 8

24 ± 1
23 ± 3
22 ± 1

58 ± 1
58 ± 1
42 ± 3

62 ± 1
63 ± 1
47 ± 3

0.9 ± 0.1
0.3 ± 0.1
1.3 ± 0.1

8.4 ± 0.4
3.1 ± 0.1
10 ± 2

24 ± 2
10 ± 1
17 ± 1

5.4 ± 0.4
13 ± 5
3.2 ± 0.5

2.4 ± 0.2
6.8 ± 0.6
1.3 ± 0.3

The inertial cone angle. bθc1 and θc2 are the ﬁrst and second diﬀusive cone half angles. cThe total cone half angle accounting for all three cones.
d
τc1, τc2, and τm are the decay times associated with the ﬁrst and second diﬀusive cones and the ﬁnal free diﬀusion, respectively. eDc1 and Dc2 are the
ﬁrst and second cone diﬀusion constants.
a

the same temperature (see Table 2). Frequently, the complete
orientational relaxation time can be related to the viscosity via
the Stokes Einstein Debye equation46,47

diﬀusive cones and the free diﬀusion time for the complete
orientational randomization. Since the inertial motion is too
fast to be observed (i.e., τin ∼ 0), only the order parameter for
the inertial cone, T, appears. From eq 6 and the last
exponential term of eq 9, the orientational diﬀusion constant
is Dm = 1/6τm. The orientational diﬀusion constants for the
wobbling motion are obtained from the half angles, order
parameters, and correlation times.42,45 The amplitudes and
time constants of the triexponential ﬁt to the anisotropy, which
are given in Table 1, were used to calculate the half angles,
order parameters, and correlation times in the wobbling
model.44
The resulting parameters from a wobbling-in-a-cone analysis
are summarized in Table 2. In 1-MeIM, the half angles of the
inertial and restricted diﬀusive cones do not change with
temperature, whereas the time constants for the ﬁrst and
second diﬀusive cones signiﬁcantly decrease at 95 °C
compared to room temperature. This leads to an increase in
the orientational wobbling diﬀusion constants, Dc1 and Dc2.
The restricted angular sampling of SeCN− originates from
structural constraints imposed by surrounding molecules. As
the liquid structure ﬂuctuates, these constraints relax to allow
increased angular sampling. In 1-MeIM, the increase in the
wobbling diﬀusion constants with increased temperature
reﬂects a more rapid sampling of the same angular range,
which is caused by an increased thermal energy accelerating
the structural ﬂuctuations that lead to a more rapid relaxation
of structural constraints.
Comparing 1-MeIM and IM at 95 °C, the half angle for the
second diﬀusive cone of IM is noticeably smaller than that of
1-MeIM, whereas the other two half angles, θin and θc1, are the
same in the two solvents. Overall, the total half angle, θtot,
becomes smaller in IM. In addition, the correlation times for
both the ﬁrst and the second diﬀusive cones are slower in IM.
The net result of diﬀerences in the half angles and correlation
times produces the reduced wobbling diﬀusion constants in
IM. Since the molecular structures of 1-MeIM and IM are very
similar, the slowdown in the wobbling rates and more
restricted half angles in IM can be attributed to stronger
intermolecular interactions, i.e., hydrogen bonding. The strong
hydrogen bonding of SeCN− with IM molecules is likely to
impede the wobbling motion and limit its angular range. The
same trend is observed in the complete orientational diﬀusion
time, τm: it is shorter in 1-MeIM at high temperature than at
room temperature and is longer in IM compared to 1-MeIM at

τm =

η(T )V λ
kBT

(10)

where kB is the Boltzmann constant, T is the absolute
temperature, η is the dynamic viscosity, V is the volume of the
molecule, and λ is a friction coeﬃcient that can be determined
from the boundary conditions and molecular shape of the
rotator.48 Thus, if the rotator’s properties and the boundary
conditions do not change, the orientational relaxation time
only depends on the bulk viscosity and temperature. τm in the
1-MeIM sample decreases at 95 °C by a factor of 2.4 compared
to the room-temperature value. The viscosities of 1-MeIM
were measured to be 1.72 and 0.73 cP at 25 and 95 °C,
respectively (see the Supporting Information). The combination of changes in viscosity and temperature gives a 2.9-fold
decrease based on eq 10, which is reasonably close to the
measured ratio, and just within the error bars of the
measurements of τm at the two temperatures.
The orientational diﬀusion time, τm, of IM at 95 °C is 1.7fold longer than that of 1-MeIM measured at the same
temperature. The viscosity of IM at 95 °C is 2.28 cP, which is
larger than 1-MeIM’s viscosity at the same temperature by a
factor of 3.1 (see the Supporting Information). The increase in
viscosity of IM is substantially larger than the increase in τm:
the measured orientational time constant is almost twice as fast
in IM as would be expected from the viscosity change alone. A
diﬀerent mechanism for the orientational relaxation occurs in
IM as discussed in Section III.V.I.
III.III. Two-Dimensional (2D) IR Measurements:
Spectral Diﬀusion. Two-dimensional (2D) IR spectroscopy
can quantitatively measure spectral diﬀusion. The measurements provide the amplitudes and time scales of the solvent’s
frequency ﬂuctuations that cause the loss of correlation
between the initial and ﬁnal oscillator frequencies within an
inhomogeneously broadened absorption line. The inhomogeneous line is a result of local and mesoscopic solvent structures
that determine a vibrational chromophore’s frequency in the
inhomogeneous line through intermolecular interactions. As
the solvent structure evolves in time, the intermolecular
interactions with the vibrational probe change. The timedependent intermolecular interactions cause the vibrational
frequencies to be time-dependent. Therefore, measuring the
2098
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Figure 5. Isotropic 2D IR spectra of (A) 1-MeIM and (B) IM at Tw = 1 ps (top panels) and Tw = 30 ps (bottom panels) measured at 95 °C.
Dashed lines are the diagonals.

time evolution of the vibrational probes’ frequencies reports on
the time dependence of the solvent structure.
A series of 2D spectra were acquired at diﬀerent waiting
times, Tw, and the changes in the 2D spectral shapes were
quantiﬁed by the center line slope (CLS) method. The CLS
decay as a function of Tw gives the time-dependent normalized
frequency−frequency correlation function (FFCF).35,49,50 The
FFCF is the joint probability that an oscillator with an initial
frequency will have the same frequency at a time t later,
averaged over all initial frequencies in the inhomogeneous
spectral distribution. The FFCF was modeled with a
multiexponential form
C(t ) = ⟨δω(t )δω(0)⟩ =

∑ Δi2 exp(−t /τi)
i

Recently, it was found that in certain cases the rotation of
the probe molecule contributes to the spectral diﬀusion, in
addition to the structural ﬂuctuations of the solvent, causing
diﬀerent CLS decays in ⟨XXXX⟩ (parallel) and ⟨XXYY⟩
(perpendicular) polarization conﬁgurations.45,51 This phenomenon is referred to as reorientation-induced spectral diﬀusion
(RISD), which, for a molecule with a permanent dipole
moment, is caused by the ﬁrst-order Stark eﬀect.45,51,52 The
RISD eﬀect becomes prominent when the electric ﬁeld from
the surrounding environment varies on a time scale similar to
the orientational relaxation time of the probe molecule. In this
study, we observed only small diﬀerences in the CLS curves
between parallel and perpendicular polarization conﬁgurations
for all samples, indicating that the RISD contribution to the
spectral diﬀusion is very small (see the Supporting Information
for the CLS curves measured with parallel and perpendicular
polarizations). Thus, the isotropic 2D IR spectra were
constructed from the parallel and perpendicular 2D IR spectra,
⟨XXXX⟩ + 2⟨XXYY⟩, and were used to analyze the spectral
diﬀusions in the samples.
Figure 5 shows the isotropic 2D IR spectra of 1-MeIM and
IM at Tw = 1 and 30 ps measured at 95 °C. The red bands with
positive amplitude centered on the diagonal line arise from the
0−1 vibrational transitions. The oﬀ-diagonal partial blue bands
beneath the 0−1 bands arise from the 1−2 transitions. Like the
linear IR absorption spectra shown in Figure 2, SeCN− in IM
shows a broad feature in the 2D IR spectrum compared to 1MeIM. The elongated shape of the 2D IR spectrum at Tw = 1
ps changes to a rounder shape at Tw = 30 ps as the ensemble
loses correlation between the initial and ﬁnal frequencies.
These 0−1 transition bands were used in the CLS analysis to
obtain a quantitative measure of the spectral diﬀusion and the
FFCF.

(11)

where Δi and τi are the frequency ﬂuctuation amplitude and
associated time constant, respectively, for the ith component.
δω(t) = ω(t) − ⟨ω⟩ is the instantaneous frequency ﬂuctuation,
where ⟨ω⟩ is the average frequency. A component of the FFCF
is motionally narrowed and contributes to the homogeneously
broadened absorption line if Δτ ≪ 1. In this case, Δ and τ
cannot be determined separately. The motionally narrowed
contribution has a pure dephasing line width given by Γ* =
Δ2τ/π = 1/πT*2 , where T*2 is the pure dephasing time. The
observed homogeneous dephasing time, T2, also depends on
the vibrational lifetime and the orientational relaxation
1
1
1
1
=
+
+
T2
2T1
3Tor
T2*

(12)

where T1 and Tor are the vibrational lifetime and orientational
relaxation time, respectively. The total dephasing time, T2, and
the absolute ﬂuctuation amplitudes, Δi, are calculated by the
simultaneous ﬁt to the CLS decay and the linear absorption
spectrum, constructing the complete FFCF of eq 11.35,49,50
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structures in Figure 7). The RDFs between the N atom of
SeCN− and the H atoms of the solvents were calculated at 370

The isotropic CLS decays of 1-MeIM and IM are displayed
in Figure 6. The CLS curves were ﬁt with triexponential

Figure 6. Isotropic CLS decay data (points) of 1-MeIM (room
temperature and 95 °C) and IM (95 °C). Solid curves are
triexponential ﬁts to the data. The ﬁt parameters were used to
calculate the FFCFs. The FFCF parameters are given in Table 3.

functions, and the resulting parameters were used to calculate
FFCFs from eq 11 (see Figure S7 in the Supporting
Information for details of the ﬁtting). The homogeneous line
width, frequency ﬂuctuation amplitudes, and decay time
constants for the FFCFs extracted from the isotropic CLS
decays are given in Table 3.
As shown in Figure 6, the CLS curve of 1-MeIM decays
faster at 95 °C than it does at room temperature. The decay
time constants, τ1, τ2, and τ3, of the FFCF at 95 °C are 80, 40,
and 30% faster, respectively, than the room-temperature values,
although the error bars for the τ3 values slightly overlap. The
decay time constants of the FFCF reﬂect the time scales of
structural ﬂuctuations of 1-MeIM that induce the spectral
diﬀusion in the CN band of SeCN−, which become faster at a
higher temperature.
The CLS data for the IM sample exhibits a substantially
slower decay than the 1-MeIM sample at the same temperature, 95 °C (Figure 6). The fast time constant, τ1, is 60%
slower in IM, whereas τ2 is only 17% slower. The error bars for
the time constants in the two liquids almost overlap. The
slowest time constants, τ3, are the same within error bars for
the two liquids. In addition, the amplitude percentages of the
processes in IM are larger for the slower components of the
FFCF compared to 1-MeIM (see Table 3). H-bond
interactions seem to slow down the spectral diﬀusion in IM.
III.IV. MD Simulations: Hydrogen Bonding Interactions in 1-MeIM and IM. To understand the diﬀerent
hydrogen bonding interactions in 1-MeIM and IM, MD
simulations were performed as described in Section II.III. The
1-MeIM and IM molecules have three types of H atoms that
have diﬀerent capacities for hydrogen bonding interactions
with the lone pair of the N atom of SeCN− (see the molecular

Figure 7. Radial distribution functions (RDFs) for the two simulated
systems, (A) SeCN− in 1-MeIM and (B) SeCN− in IM, at 370 K. H
atom positions are labeled in the molecular structures.

K and are displayed in Figure 7. For 1-MeIM, the H5 atom
(Figure 7A) can form a relatively weak hydrogen bond with the
N atom of SeCN−, leading to a non-negligible amplitude of the
RDF near 0.25 nm radial distance. The H4 and HC atoms
(Figure 7A), however, have essentially no tendency to form
hydrogen bonds with SeCN− due to their lower electronegativities relative to the H5 atom of 1-MeIM.
In contrast to 1-MeIM, the presence of an H atom bound to
the N atom of IM (labeled as HN in Figure 7B) results in
greatly increased hydrogen bonding. A sharp peak with a large
amplitude appears in the RDF plot near 0.2 nm for the HN
atom, and a broad band is observed near 0.25 nm for the H5
atom. For the H4 atom, the ﬁrst band has less amplitude than
the second band, indicating little likelihood of it forming a
hydrogen bond with SeCN−. These computational results
demonstrate that both HN and H5 atoms in IM can participate
in hydrogen bonding interactions with SeCN−, and the HN
atom forms a far stronger hydrogen bond with SeCN− than the
other hydrogen bond types in the IM liquid. In addition, the
simulations showed that the majority of SeCN− anions can
form two hydrogen bonds with IM molecules via HN and/or
H5 atoms. In the 1-MeIM liquid, SeCN− anions also can form
two hydrogen bonds through the H5 atoms of 1-MeIM, but,

Table 3. Isotropic FFCF Parameters
sample
1-MeIM
IM

R.T.
95 °C
95 °C

Γ (cm−1)a

Δ1 (cm−1)b

τ1 (ps)c

Δ2 (cm−1)b

τ2 (ps)c

Δ3 (cm−1)b

τ3 (ps)c

1.7 ± 0.2
1.7 ± 0.8
9.3 ± 3.0

4.6 ± 1.4 (45%)d
6.7 ± 1.2 (55%)d
8.2 ± 1.7 (36%)d

0.9 ± 0.2
0.5 ± 0.1
0.8 ± 0.2

4.1 ± 0.2 (40%)d
3.7 ± 0.2 (31%)d
9.7 ± 0.5 (42%)d

4.8 ± 0.5
3.5 ± 0.3
4.1 ± 0.3

1.6 ± 0.6 (16%)d
1.8 ± 0.3 (15%)d
4.9 ± 0.8 (21%)d

19 ± 4
15 ± 1
17 ± 2

Γ: homogeneous line width (full width at half-maximum). bΔi: inhomogeneous line width (standard deviation) of the ith component. cτi: decay
time constant of the ith component. dAmplitude percentage of the ith component: 100 × Δi/(Δ1 + Δ2 + Δ3).

a
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Figure 8. Simulated solvent structures and hydrogen bonds (red) of IM (top panels, A and B) and 1-MeIM (bottom panels, C and D) at 370 K.
Right panels show a clear view of hydrogen bonds in (B) IM and (D) 1-MeIM by omitting the molecular structures. KSeCN is also omitted in the
ﬁgures for clarity.

hydrogen bonds are displayed in the right panels, Figures
8B,D, with molecular structures omitted. The simulations
clearly show that most IM molecules are connected through
hydrogen bonding to form an extended hydrogen bonding
network, analogous to those formed by polyalcohols.53,54 The
major bonding conﬁguration in IM is the hydrogen bond
between the HN of one IM and the N lone pair of another IM.
In contrast, 1-MeIMs form a small number of hydrogen bonds,
lacking an extended network.
III.V. Hydrogen Bonding Dynamics in IM. III.V.I. Orientational Relaxation: Jump Reorientation Mechanism. The
anomalously fast orientational relaxation in IM, which does not
track the viscosity change, is interesting. One possibility is that
SeCN− experiences a diﬀerent hydrodynamic boundary
condition in 1-MeIM and IM. Among two boundary
conditions, stick boundary conditions apply when the
reorienting solute is large or comparable in size to the solvent
molecules. In contrast, slip boundary conditions generally
apply when the rotating molecule is small compared to the
surrounding solvent molecules. Friction arises from rotator’s
swept volume as solvent molecules need to move to allow
reorientation of the solute. The orientational diﬀusion of
SeCN− in room-temperature ionic liquids is an example where
a slip boundary condition occurs.55,56 Just considering the size
of the SeCN− relative to the sizes of the molecular species, 1MeIM and IM, one would expect stick boundary conditions in
both liquids because the size of SeCN− is comparable to the
size of both solvent molecules.

because such H-bonds are very weak, their probabilities of
formation are much lower than the two H-bonds formation in
IM. Therefore, a large variation is expected in hydrogen bond
strengths of SeCN− in IM, which is consistent with its broad
IR absorption band shown in Figure 2. Moreover, the strong
hydrogen bond interaction between SeCN− and IM, formed at
the HN position, is responsible for the blue shift, and the
variation in the strengths of the strong H-bonds gives rise to
the non-Condon eﬀect observed in the IR absorption band of
IM. In the 1-MeIM liquid, weak hydrogen bonding only to the
H5 atom results in a less inhomogeneous broadening of the
CN stretch and a narrower IR absorption band (see Figure 2).
Hydrogen bonds also form between IM molecules. In IM,
there are two hydrogen bond donors (HN and H5 atoms as
labeled in Figure 7B) and one hydrogen bond acceptor, the
lone pair of the N. Therefore, IM can simultaneously act as a
hydrogen bond donor and an acceptor. The N lone pair can
accept an H-bond from either HN or H5 of another IM, and
HN or H5 can donate an H-bond to the lone pair of another
IM. Thus, IM molecules can form a hydrogen bonding
network. This extended network of long hydrogen-bonded
chains has been observed in X-ray crystal structures of IM
crystals.6,7 An extended hydrogen bond network is also present
in the pure IM liquid, as revealed by these atomistic
simulations. Figure 8 displays hydrogen bonding networks in
IM and 1-MeIM from the simulations performed at 370 K.
The left panels, Figures 8A,C, present the molecular
conﬁgurations of IM and 1-MeIM with the hydrogen bonds
shown in red. For a clearer view, only the red-colored
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However, slip boundary conditions for SeCN− in IM might
occur because of the extended H-bond network that exists in
IM but does not occur in 1-MeIM, as shown in Figure 8. In
eﬀect, the SeCN− is small compared to the H-bonded network
of IM solvent, possibly giving rise to slip boundary conditions.
This behavior, i.e., a change in hydrodynamic boundary
conditions, was previously reported for the orientational
relaxation times of rhodamine B measured when the solvent
was changed from n-alcohols to polyalcohols.47 Speciﬁcally, the
orientational relaxation times of rhodamine B displayed stick
boundary conditions in n-alcohols like ethanol, propanol,
heptanol, and decanol. In contrast, slip boundary conditions
were observed in polyalcohols like ethylene glycol and ethylene
glycol−glycerol mixtures. Polyalcohols have extended hydrogen bonding networks and act as “large” molecule solvents.53,54
The extended hydrogen bond network in IM might result in
slip boundary conditions in the same manner as found in
polyalcohols.
For slip boundary conditions, in eq 10, the friction
coeﬃcient, λ, for spheroids can be calculated from the ratio
of the minor axis to the major axis, ρ.48 Modeling SeCN− as a
prolate spheroid, the lengths of the major and minor axes are
3.3 and 2.2 Å, respectively, from geometry optimization
calculations.26 Then ρ = 0.6. From the tabulated values for
prolate spheroids with ρ = 0.6, the ratio of the slip to stick
friction coeﬃcients is 0.144.48 Then, taking into account the
change in viscosity, for stick boundary conditions the ﬁnal
relaxation time constant, τm, of IM should be 3.1 times slower
than 1-MeIM at 95 °C, and under slip boundary conditions it
should be 0.45 time faster.
The fact that the orientational relaxation of SeCN− in IM is
not well described by either limiting cases of stick or slip
hydrodynamic boundary is not surprising. In contrast to 1MeIM, in IM, SeCN− must break an H-bond to undergo
orientational relaxation because it makes two H-bonds to the
HN and H5 (see Figure 7B). The spectrum and the vibrational
lifetime measurements showed that there is only one ensemble
of SeCN−’s, which is H-bonded. There is no indication of a
signiﬁcant population of free (not H-bonded) SeCN−.
Therefore, when SeCN− breaks an H-bond with one IM
molecule, it will immediately form another H-bond with a
diﬀerent IM molecule. This reorientation mechanism is
referred to as jump reorientation, which is the mechanism
responsible for orientational relaxation in water.57 It is diﬀerent
from the description of orientational relaxation embodied in eq
10 that is based on the small angular step Gaussian diﬀusion.
For jump reorientation, the observed rate of orientational
relaxation is determined by the jump time and the jump angle.
The relation is given by57
τ0 = τm

5 sin(θ /2) − sin(5θ /2)
5 sin(θ /2)

13 gives a jump time of 17 ps. For this particular θ, the jump
time is the same as the measured orientational relaxation time
constant.
III.V.II. Spectral Diﬀusion. The slower spectral diﬀusion in
IM compared to 1-MeIM at 95 °C is almost certainly the result
of the strong H-bonds and the extended H-bond network in
IM, as shown in Figure 8. The IM H-bond networks result in
IM being a solid at room temperature with a melting point of
∼90 °C, whereas 1-MeIM is a liquid at room temperature. At
95 °C, the viscosity of IM is 3.1 times that of 1-MeIM. Given
these diﬀerences, it is notable that the spectral diﬀusion in IM
is as fast as it is compared to 1-MeIM. However, the extended
H-bond network and H-bond dynamics provide a source of
structural ﬂuctuation in IM, which will not exist to a signiﬁcant
extent in 1-MeIM (see Figure 8).
A recent study of water dynamics with the SeCN− anion
probe demonstrated that the time scales of the spectral
diﬀusion sensed by SeCN− in D2O are consistent with those
probed by the OH of HOD.28 The two decay time constants of
the spectral diﬀusion were measured to be 0.6 ± 0.1 and 1.4 ±
0.2 ps with SeCN− vs 0.4 ± 0.1 and 1.4 ± 0.2 ps with HOD in
D2O.28,58 According to atomistic molecular simulations of pure
water, the fast and slow components of the spectral diﬀusion
correspond to local ﬂuctuations in hydrogen bond geometries
and large-scale rearrangement of the extended hydrogen bond
network, respectively.58,59 The study showed that SeCN− also
reports on the water hydrogen bond dynamics via spectral
diﬀusion, and the presence of the SeCN− anion does not
largely alter the hydrogen bond dynamics of water.28 IM and
water are similar in the sense that they can form extended
hydrogen bond networks and H-bond to SeCN− through good
H-bond donors, NH and OH. Therefore, it is likely that the
spectral diﬀusion sensed by SeCN− in IM arises from the Hbond dynamics of IM. Then, the origins of spectral diﬀusion in
1-MeIM and IM are substantially diﬀerent.

IV. CONCLUDING REMARKS
In this study, the liquid dynamics of IM at 95 °C was
investigated by PSPP and 2D IR spectroscopies with the use of
SeCN− as a vibrational probe. The IM dynamics were
compared to those of 1-MeIM, the simplest derivative of IM.
Although IM is an H-bond donor and acceptor, 1-MeIM is
only an acceptor. This diﬀerence has a signiﬁcant impact on
the nature of the two liquids.
The FT-IR spectra at 95 °C showed that the CN stretch
band of SeCN− in IM is only slightly blue shifted compared to
1-MeIM (2066.3 vs 2065.2 cm−1) but has a substantially wider
line width (35.2 vs 14.4 cm−1). In addition, the IM band has a
large red wing caused by the non-Condon eﬀect.28,29 These
features of the SeCN− in IM are indicative of substantial Hbonding to the N lone pair not present in 1-MeIM (Figure 7).
The RDF calculations (Figure 7) corroborated the strong
hydrogen bond formation of SeCN− to IM through the HN
position. In addition, it was found that SeCN− can form two
hydrogen bonds to IM via two H atom positions, HN and H5,
although the H-bond to HN is much stronger. The wide range
of H-bond conﬁgurations and strengths gives rise to the broad
bandwidth of the CN stretch absorption spectrum in IM.
SeCN− can also make hydrogen bonds to 1-MeIM, but they
are very weak and only through the H5 position. In the
simulated solvent structures (Figure 8), most IM molecules
were connected through hydrogen bonding, establishing an
extended hydrogen bond network, whereas only a smaller

(13)

where τ0 is the jump time and θ is the jump angle.
The MD simulations, in fact, demonstrate that SeCN−
undergoes a jump orientation in IM. The simulations show
that when an SeCN− breaks one of its H-bonds, it immediately
forms another H-bond with a diﬀerent H-bond acceptor, HN
or H5, on a neighboring IM molecule. To determine the
average jump angle, the distribution of the change in angle
upon H-bond switching was evaluated. The average jump angle
was calculated to be 73 ± 5° (as an aside, a 60° jump angle
occurs in water57). Substituting τm = 17 ps and θ = 73° into eq
2102

DOI: 10.1021/acs.jpcb.8b11299
J. Phys. Chem. B 2019, 123, 2094−2105

Article

The Journal of Physical Chemistry B
number of hydrogen bonds with no extended network were
observed in 1-MeIM.
The PSPP experiments measured the vibrational lifetime and
orientational anisotropy decay. The vibrational lifetime of the
SeCN−’s CN stretch in IM is 33.5 ± 0.2 ps, much shorter than
that in 1-MeIM, 128.6 ± 0.5 ps at 95 °C. This is another result
of strong H-bonding in IM, which facilitates the vibrational
relaxation. The complete orientational diﬀusion time of SeCN−
slowed down in IM by a factor of 1.7 compared to that in 1MeIM. However, a 3.1-fold larger viscosity of IM than 1-MeIM
suggested that the orientational diﬀusion of SeCN− in IM
occurs through a diﬀerent mechanism, jump reorientation.57
Rather than the small angle Gaussian diﬀusion, the SeCN− Hbonded to one IM jumps to being H-bonded to another IM
with a large angular change. The MD simulations demonstrated the jump reorientation mechanism in IM and provided
the value of the average jump angle, 73 ± 5°. Using eq 13, the
jump time was calculated to be 17 ps. The overall picture for
the reorientation dynamics of SeCN− in IM is that it initially
undergoes inertial motions and consecutive wobbling-in-acone, maintaining two H-bonds to the solvent. The longest
time scale corresponds to the complete orientational
relaxation, which occurs through jump reorientation.
The 2D IR measurements of spectral diﬀusion report on the
solvent structural dynamics. In addition to an ultrafast
homogeneous component, the experiments revealed three
spectral diﬀusion time scales (see Table 3). Comparing IM and
1-MeIM at 95 °C, the dynamics in IM is slower, but as with
the orientational relaxation, perhaps not as much slower as
might be anticipated given the higher viscosity of IM. Like
orientational relaxation, the reason lies in the fact that IM has
an extensive H-bonding network in contrast to 1-MeIM. The
SeCN−’s N lone pair makes H-bonds to two IMs which are
embedded in the extended H-bond network (see TOC
graphic). As in studies of the OD stretch of HOD in H2O,
where spectral diﬀusion is caused by the dynamics of the water
H-bond network, local ﬂuctuations of the H-bonds on a short
time scale and randomization of the network on a longer time
scale,59,60 H-bond dynamics in IM provide a source of spectral
diﬀusion (structural ﬂuctuations) that does not exist in 1MeIM.
The results from this study explicate the extended hydrogen
bond network among IM molecules in the liquid phase and
strongly support the presence of hydrogen bonding between
IM and SeCN−. Because SeCN− forms H-bonds with two IM
molecules, it inserts into an IM H-bonded chain rather than
terminating it. Thus, the SeCN− anion is a good vibrational
probe that can capture the hydrogen bond dynamics of IM.
IM is a very good proton conductor.8 Like water, proton
transport in IM is likely intimately tied to its H-bond network
dynamics. Investigations of H-bond dynamics and proton
transport in IM and other nonaqueous proton transport liquids
can provide further insights into the mechanism of proton
mobility.
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