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ABSTRACT: The vibrational dynamics of the antisymmetric and
symmetric stretching modes of very low concentration spatially
isolated D2O molecules in the room temperature ionic liquid
(RTIL) 1-butyl-3-methylimidazolium hexafluorophosphate
(BmImPF6) were examined using two-dimensional infrared (2D
IR) vibrational echo spectroscopy and infrared pump−probe
experiments. In BmImPF6, D2O’s antisymmetric and symmetric
stretching modes are well resolved in the IR absorption spectrum
in spite of the fact that the D2O is surrounded by a sea of ions,
making it is possible to study inter- and intramolecular dynamics.
Both population exchange between the modes and excited-state
relaxation to the ground state contribute to the population
dynamics. The kinetics for the incoherent population exchange (scattering) between the two modes was determined by the time
dependence of the exchange peaks in the 2D IR spectrum. In addition, coherent quantum beats were observed at short time in
both the amplitudes and 2D IR band shapes of the modes. The quantum beat decay is caused by dephasing due to both
inhomogeneous and homogeneous broadening of the spectral lines. Analysis of the oscillations of the 2D line shapes
demonstrates that there is some degree of anticorrelation in the inhomogeneous broadening of the two modes. It is proposed
that a distribution in the coupling strength between the local modes that give rise to symmetric and antisymmetric eigenstates is
responsible for the anticorrelation. Spectral diffusion, caused by structural evolution of the medium, occurs on multiple time
scales and is identical for the two modes within experimental error. The spectral diffusion is fast compared to the time scale for
complete orientational randomization of the RTIL. Spectral diffusion of the OD stretch of HOD in BmImPF6 was also measured,
and is essentially the same as that of the D2O modes. Orientational anisotropy measurements of HOD in BmImPF6 determined
the orientational relaxation dynamics of the isolated HOD molecules.

I. INTRODUCTION

Water plays an important role in mediating chemical,
geological, and biological processes. In many if not most
contexts, water is not in the form of a pure liquid, but interacts
with other molecules, interfaces, and ions. The nature of water
in salt solutions, such as NaBr or MgSO4,

1−3 has been
investigated extensively to understand the effects of the
interactions of water with ions. However, salt solutions place
a limit on the lowest concentration at which the properties of
water interacting with ions can be studied. At sufficiently low
water concentration, the salt will crystallize. In such studies,
water interacts with ions but also with a large number of other
water molecules.
Room temperature ionic liquids (RTIL), such as 1-butyl-3-

methylimidazolium hexafluorophosphate (BmImPF6), are salts
that are liquids at room temperature. Because RTILs are
themselves liquids, it is possible to study water interacting with
ions at such low water concentrations that the water molecules
are isolated in a sea of ions and not interacting with other water
molecules. The ability to observe the dynamics of spatially
isolated water molecules in an ionic liquid can contribute to a
better understanding of water’s fundamental intermolecular

interactions with ions as well as the intramolecular dynamics of
the isolated water molecules in condensed-phase systems.
The vibrational spectral region containing the hydroxyl

stretches of water at low concentration in BmImPF6 reveals two
narrow spectrally resolved peaks far blue-shifted from their
vibrational frequency in bulk water.4−6 These peaks come from
the symmetric and antisymmetric vibrational stretching modes
of water. The splitting is ∼100 cm−1 and the line widths are
∼20 cm−1. In the experiments presented here on D2O, peak
positions and the splitting, as well as the anharmonicities and
combination band shift (found with 2D IR data), are relatively
close to the gas-phase values.
The system of D2O in BmImPF6 permits a thorough

examination of the internal dynamics of water’s vibrational
degrees of freedom and the external dynamics of isolated water
with surrounding ions. 2D IR vibrational echo experiments and
polarization selective pump−probe experiments are used to
study D2O as well as the OD stretch of HOD. Because the two
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modes of D2O are well separated and resolved, both incoherent
and coherent population transfer between them can be
measured. Time constants for incoherent scattering between
the modes, caused by absorption and emission of bath
“phonons”, were measured. The up and down rates obey
detailed balance when the appropriate Bose factor is used.
Coherent excitation transfer between the modes is observed in
both pump−probe and 2D IR experiments. It is demonstrated
that the decay of the observed short time oscillations is caused
by a combination of the inhomogeneous and homogeneous
broadening of the spectral lines that results in dephasing of the
coherence transfer. The 2D IR bands also oscillate in shape.
The shape oscillations are quantified using the center line slope
(CLS) method,7,8 and the analysis reveals that there is some
degree of anticorrelation of the inhomogeneous broadening of
the symmetric and antisymmetric lines. It is proposed that the
anticorrelation is caused by a distribution in the strength of the
coupling between the local modes that give rise to the
symmetric and antisymmetric eigenstates.
2D IR vibrational echo experiments are used to measure the

spectral diffusion of the two stretching modes of D2O as well as
the OD stretch of HOD in BmImPF6. Spectral diffusion reports
on the structural dynamics of the medium. Spectral diffusion is
analyzed using the CLS method7,8 to obtain the frequency−
frequency correlation function (FFCF), which provides time
scale and amplitude information on the dynamics. The FFCFs
for all three modes have multiple components that are almost
the same. The decay of the FFCF is much faster than the
complete orientational randomization of the RTIL structure
measured with optical heterodyne detected optical Kerr effect
experiments.9 Polarization-selective pump−probe experiments
were used to measure the HOD orientational relaxation
because excitation exchange between the modes of D2O
interferes with the orientational relaxation measurement. It was
found that the orientational relaxation is faster than the decay
of the FFCF.
Previous studies have examined the very short time dynamics

of spatially isolated water molecules in acetonitrile.10,11 These
experiments examine intramolecular coherent excitation
exchange between the two water vibrational modes, which
give spectral beats in the data. Such coherent exchange is also
studied for the RTIL/D2O system. In the previous studies,10,11

the symmetric and antisymmetric hydroxyl bands are relatively
wide, leading to substantial overlap of the peaks in the
absorption spectrum. The widths of the bands in the 2D IR
spectra cause substantial overlap, which complicates the data
analysis although considerable insight into the acetonitrile/
water system was obtained. Here, because the symmetric and
antisymmetric hydroxyl stretch absorptions are narrow, the
bands in the 2D IR spectrum do not overlap, which helps in the
detailed analysis of coherent excitation exchange between the
modes.

II. EXPERIMENTAL DETAILS
A. Sample Preparation. 1-Butyl-3-methylimidazolium

hexafluorophosphate (Iolitec Ionic Liquids Technologies
GmbH) was heated and vacuum pumped to remove excess
water from the ionic liquid. D2O (Acros Organics) was added
to BmIm PF6 in a close to H2O-free atmosphere to create
solutions of 24 BmImPF6:1 D2O. Water content was confirmed
by Karl Fischer titration. Samples were transferred to a sample
cell and held between two calcium fluoride plates separated by
a 250 μm thick spacer to achieve an absorbance of ∼0.2−0.3.

B. Spectroscopy and Data Analysis. Linear FT-IR
absorption spectra were acquired at 2 cm−1 resolution. A
detailed description of the laser system and the experimental
details regarding the polarization sensitive pump−probe and
2D IR vibrational techniques are reported in previously
published work.12 The laser system was tuned to create ∼70
fs mid-infrared pulses centered at 2680 cm−1 with a full width at
half-maximum (fwhm) of 200 cm−1.
In the 2D IR vibrational echo experiment, three time-ordered

IR pulses impinge on the sample, and the sample response gives
rise to a fourth pulse, the vibrational echo that emerges from
the sample in a wave vector matched direction. The vibrational
echo pulse is overlapped with another pulse, the local oscillator
(LO). The temporal interference between the vibrational echo
pulse and the local oscillator provides phase information
necessary to perform Fourier transforms to obtain the 2D
spectra. The time delay between pulses 1 and 2 is called τ, and
the delay between pulses 2 and 3 is called Tw. The echo pulse is
emitted a time t after the third pulse. The combined echo and
LO pulses are passed through a monochromator acting as a
spectrograph and detected with a 32-element array MCT array
detector. The spectrograph does one of the two Fourier
transforms and provides the vertical axis (ωm axis) of the 2D
spectrum. When τ is scanned, a temporal interferogram is
produced at each detected wavelength. Numerical Fourier
transformation of these interferograms gives the horizontal axis
(ωτ axis) of the 2D spectrum.
In a 2D IR vibration echo experiment, τ is scanned for fixed

Tw, and a 2D spectrum is obtained. Then Tw is changed, and τ
is scanned to obtain another 2D spectrum. A series of such
spectra are recorded. The desired information is contained in
the peak positions and the Tw dependence of the amplitudes
and shapes of the peaks in the 2D spectrum.
In the pump−probe experiment, two pulses, a strong pump

and a weak probe, impinge on the sample. The time between
the two pulses is t. The pump produces a transient change in
the transmission of the probe. The probe is frequency resolved
by the spectrograph/array detector, and its amplitude at each
frequency is measured as a function of t. The change in probe
transmission is obtained with the probe polarization parallel
and perpendicular to the pump.

1. Polarization Selective Pump−Probe Analysis. The
polarization selective pump−probe technique tracks the decay
of the probe with polarizations parallel (I∥) and perpendicular
(I⊥) to the pump pulse. The data contain information about
both population and orientational dynamics.

= +I P t C t( )(1 0.8 ( ))2 (1)

= −⊥I P t C t( )(1 0.4 ( ))2 (2)

P(t) is the vibrational population and C2(t) is the second
Legendre polynomial which is the orientational correlation
function for the vibrational mode. Population relaxation can be
obtained by combining the parallel and perpendicular signals

= + ⊥P t I I3 ( ) 2 (3)

Both parallel and perpendicular signals are also used to
extract the orientational anisotropy, r(t), which is related to the
orientational correlation function by

=
−
+
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2. 2D IR Vibrational Echo Signal Analysis. The 2D line-
shape evolution was monitored as a function of Tw on two time
scales: short time observation of coherent excitation transfer
oscillating between the two coupled modes and a longer time
scale indicative of structural evolution of the environments
surrounding the D2O molecules. The FFCF, which quantifies
the spectral diffusion in terms of amplitudes and time scales of
dynamics, is the joint probability that a vibration with an initial
(t = 0) frequency in the inhomogeneous spectral distribution
will maintain its frequency at a later time t, averaged over all
initial frequencies. To extract the FFCF from the 2D spectra,
center line slope (CLS) analysis was employed.7,8 The decay of
the CLS was monitored at short time to track the frequency
oscillations induced by coherence transfer and at longer times
to determine the rates of spectral diffusion.
The FFCF is described with a multiexponential model

∑δω τ δω τ= ⟨ ⟩ = Δ −C t t( ) ( ) (0) exp( / )
i

i i1 1,0 1 1,0
2

(5)

where the Δi are the frequency fluctuation amplitudes of each
component and the τi are their associated time constants. For a
component of the FFCF where Δτ < 1, the component is
motionally narrowed, and it is the dominant source of the
homogeneous broadening of the absorption line. When a
component is motionally narrowed, Δ and τ cannot be
determined separately. The motionally narrowed homogeneous
contribution to the absorption spectrum has a pure dephasing
width given by Γ* = Δ2τ = 1/πT2*, where T2* is the pure
dephasing time and Γ* is the pure dephasing line width. The
observed homogeneous dephasing time, T2, also has con-
tributions from the vibrational lifetime and orientational
relaxation:

= * + +
T T T T
1 1 1

2
1

32 2 1 or (6)

where T1*, T1, and Tor are the pure dephasing time, vibrational
lifetime, and orientational relaxation times, respectively. The
total homogeneous line width is then Γ = 1/πT2.

III. LINEAR ABSORPTION AND 2D IR SPECTRA OF D2O
IN BMIMPF6

Figure 1 displays the linear IR absorption spectrum of the two
vibrational modes of isolated D2O molecules in BmImPF6.
Gaussian fits to the two major peaks in the absorption spectrum
show that the symmetric stretch is centered at 2627 cm−1 with
a fwhm of 17 cm−1 and the antisymmetric stretch is centered at
2726 cm−1 with a fwhm of 24 cm−1. The peak positions are
close to the gas phase values of D2O (νa = 2788 cm−1, νs =
2671 cm−1).13 Because the sample is not completely free of
H2O, the spectrum also shows a small peak that is the OD
stretch of HOD centered at 2678 cm−1, which is about half way
between the antisymmetric and symmetric stretching peaks. As
the water molecules in the RTIL solution are spatially isolated,
the presence of HOD does not have an effect on the D2O
molecules.
In some of the experiments the OD stretch of HOD was

studied. For these experiments, the overall water concentration
(D2O + H2O) relative to BmImPF6 was held constant, but the
fraction of H2O was increased to increase the size of the OD
peak. Figure S1A in the Supporting Information shows the FT-
IR spectrum of the OD stretching peak between the D2O
antisymmetric and symmetric peaks. The OD peak has a fwhm

of 21 cm−1. For comparison, the OD stretch of HOD in bulk
H2O is 170 cm−1 fwhm and it is shifted by ∼180 cm−1 to lower
frequency (see Figure S1B). The shift to lower frequency of the
OD stretch of HOD in H2O compared to its frequency in
BmImPF6 shows that hydroxyls interact with this ionic
environment much more weakly than they do with other
water molecules. Such blue shifts of the hydroxyl stretch when
interacting with anions has been interpreted as arising from
weak hydrogen bond strengths and weak local electric fields
produced by the anions along the hydroxyl.14 In addition, the
narrow width of the OD band in the RTIL shows that the range
of environmental influences on the frequency experienced by
the hydroxyl when interacting with ions is much less than when
the hydroxyl is interacting with other water molecules.
Previous linear infrared absorption studies of trace water in

BmIm ionic liquids displayed a strong dependence of the
hydroxyl stretching frequency on the anion.5 The frequency
shift of the hydroxyl stretching modes in H2O with BmImPF6
were found to be less than 90 cm−1 red-shifted from the gas-
phase values with a hydrogen bond enthalpy of −1.8 kcal/mol.
Infrared studies and electronic structure calculations have
shown that water molecules at low concentration in BmIm
ionic liquids preferentially interact with the anions. The form of
these interactions is A···HOH···A.5,15,16 Such a molecular
picture is consistent with the observation of two well-resolved
peaks in the IR spectrum, corresponding to the two stretching
modes of D2O. The observation of a single OD peak for HOD
(see Figure S1A) that is centered approximately between the
two peaks of D2O supports the proposition that the two peaks
shown in Figure 1 are the antisymmetric and symmetric
vibrational stretching eigenmodes. The relatively narrow line
width of the OD of HOD in the RTIL shows that the local
mode frequencies are quite similar.
The frequency splitting between the two D2O modes is

significant and similar to that observed in the gas phase. The
energies of the antisymmetric (a) and symmetric (s) modes are

ω ω ω ω
=

ℏ + ℏ ± + ℏ − ℏ
E

J4 ( )

2a,s
1 2

2
1 2

2

(7a)

where ℏω1 and ℏω2 are the energies of the local hydroxyl
stretching modes and J is the coupling between the two local
modes. In the strong coupling regime, the energies for the
antisymmetric and symmetric stretch reduce to

Figure 1. Background-subtracted FT-IR spectrum of D2O in
BmImPF6. The antisymmetric stretching mode peak is centered at
2726 cm−1 (fwhm of 24 cm−1). The symmetric stretch is centered at
2627 cm−1 (fwhm of 17 cm−1).
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ω ω
=

ℏ + ℏ
±E J

2a,s
1 2

(7b)

Strong coupling occurs when 4J2 ≫ (ℏω1 − ℏω2)
2 in eq 7a.

From the peak splitting (see Figure 1), J ∼ −50 cm−1, and 4J2 =
∼10 000 cm−1. The line width of the OD local mode
(Supporting Information, Figure S1A) gives an approximate
range for possible differences in the energies of the OD local
modes for D2O. The 2D IR vibrational echo experiments show
there is a substantial homogeneous component to all of the
absorption bands. The inhomogeneous contributions (fwhm)
are ∼16 cm−1. The differences in the local mode energies can
range from zero to ∼20 cm−1 with a nonnegligible probability.
However, because the coupling term 4J2 is large, (ℏω1 − ℏω2)

2

will be negligible by comparison, and the system can be taken
to be in the strong coupling regime.
The anion has a significant effect on the hydroxyl stretching

modes’ frequencies, but the cation does not.5,6 Longer cation
alkyl chain lengths do not cause frequency changes in the water
stretching modes,17 which has been interpreted as evidence that
the water molecules are located in ionic regions5,6 and that the
water molecule hydroxyl groups hydrogen bond only with
anions.
While a one-dimensional spectrum displays vibrational

modes in the system, a more detailed investigation of the
coupling and interactions between the modes can be made
using a nonlinear two-dimensional experiment.18−22 The 2D IR
vibrational echo experiments and IR pump−probe experiments
conducted in this study access vibrational stretching eigenm-
odes of D2O and their overtones. As a result, there are six peaks
corresponding to one and two quanta transitions of vibrational
energy levels in the system (see Figure 2). A detailed discussion
of the unitary transformation of the Hamiltonian for a system
of coupled local modes to a more delocalized basis has been
covered extensively elsewhere23−25 as has the effect of the
interactions of the bath on vibrationally coupled systems.26,27 It
should be emphasized that the energy levels do not reflect the
energy levels of the system in a normal mode or local mode
basis. Instead, the system is described with respect to its
observed eigenstates, which accounts for the effects of the bath
coupled to the system (as in ref 27). The terms antisymmetric
and symmetric stretches are used in describing these bath
renormalized modes. It is also possible to describe a system
such as D2O studied here beginning in a local mode basis set as
has been done previously for isolated H2O molecules in
acetonitrile.10,11

Information regarding the transitions between energy levels
as well as the anharmonicities can be obtained directly from the
analysis of a two-dimensional spectrum (Figure 2A).22,27 Figure
2A shows a 2D IR spectrum of the system taken at Tw = 10 ps
containing a total of 14 peaks. Two of the peaks located on the
vertical line with ωτ = 2678 cm−1 correspond to the 0 → 1 and
1 → 2 transitions of the OD stretch of small amounts of HOD
in the solution. The other 12 peaks arise from the transitions of
the symmetric and antisymmetric stretching modes of D2O in
BmImPF6.
Figure 2B displays the transitions between energy levels of

symmetric and antisymmetric eigenstates of D2O in BmImPF6.
The value, i.e. (1a), in parentheses labels the transition in
Figure 2B and the corresponding peak in the 2D IR spectrum
in Figure 2A. ν0,0→0,a = 2726 cm−1 (1a); ν0,a→0,2a = 2681 cm−1

(2a); ν0,a→s,a = 2550 cm−1 (3a); ν0,0→s,0 = 2627 cm−1 (1s);
νs,0→2s,0 = 2573 cm−1 (2s); and νs,0→s,a = 2649 cm−1 (3s). The

anharmonicity, the deviation of the vibrational potential from
harmonic, of the symmetric stretch is Xss = 54 cm−1, while that
of the antisymmetric stretch is Xaa = 45 cm−1. The combination
band shift, Xas = 77 cm−1. All of the static spectroscopic
parameters are given in Table 1.
The transitions shown by the arrows in Figure 2B give rise to

half of the D2O peaks displayed in Figure 2A. The other six off-
diagonal peaks reflect intermode transitions between antisym-
metric and symmetric vibrational manifolds. These peaks arise
from interactions of radiation fields with both vibrational
manifolds or when the two types of modes are coupled either

Figure 2. (A) 2D IR spectrum of D2O in BmImPF6. The peaks are
labeled according to transitions in part B and described in the text.
Peaks indicating coherence transfer between 1a and 1s vibrational
modes are labeled s→ a and a → s. Peaks which arise from population
transfer between vibrational modes are indicated by labels with two
transitions, i.e., 1a,3s, where 1a would be the first populated transition
and 3s indicates echo emission from that labeled vibrational transition.
The two unlabeled peaks in the middle of the plot arise from the 0 →
1 and 1 → 2 transitions of the OD stretch of residual HOD in
solution. (B) Vibrational energy levels of D2O in BmImPF6 where νs
and νa correspond to the symmetric and antisymmetric vibrational
modes of D2O, respectively. Each transition is indicated by a transition
frequency (cm−1) and an alphanumeric label, where a indicates the
antisymmetric manifold and s indicates the symmetric manifold.

Table 1. Spectroscopic Parameters from FT-IR and 2D IR
Measurements

mode
center
(cm−1)

fwhm
(cm−1)

anharm
(cm−1) comb shift

antisym 2726 24 45 77
sym 2627 17 54 77
OD of HOD 2678 21 90 N/A
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through anharmonic terms in the intramolecular potential or
through coupling to the bath (solvent) degrees of freedoms.
The intramolecular coupling gives rise to coherent vibrational
excitation exchange between the modes, while the coupling to
the bath generates incoherent excitation exchange. More details
of the interactions necessary to produce all 12 D2O peaks in the
2D spectrum28 are provided in Figures S2 and S3 in the
Supporting Information, which show the rephasing double-
sided Feynman diagrams that describe each quantum pathway.
The peaks labeled s → a and a → s in Figure 2A have

contributions from three quantum pathways. (1) Excitation of
one mode by the first pulse, stimulated emission to the ground
state by the second pulse, and excitation of the other mode by
the third pulse (Figure S2B, diagram i). (2) Excitation of both
modes by the first two pulses followed by stimulated emission
by the third pulse (Figure S2B, diagram j). These are two
contributions, one of which gives only population to the peaks
(Figure S2B, diagram i) while the other (Figure S2B, diagram j)
involves coherent exchange of excitation between the two
modes which produces quantum beating oscillations at the
frequency of the difference between energy levels. The
oscillations will be discussed in detail in section VI. (3)
Incoherent population transfer between the two modes that is
induced by absorption and emission of bath phonons (Figure
S3C).29 The first two pulses produce population of one mode
followed by incoherent transfer of population to the other
mode during Tw, and echo emission from the first excited state
of the other mode stimulated by the third pulse. The off-
diagonal peaks labeled 1s,2a and 1a,2s in Figure 2A, and those
labeled 1s,3a and 1a,3s, also come from incoherent population
transfer during Tw (Figure S3, 1x → 2y and 1x → xy,
respectively). However, upon transfer to the other vibrational
mode, the third pulse puts the system into a second excited
state (1s,2a and 1a,2s) or a combination band (1s,3a and 1a,3s).
Emission comes from these two excited states. The kinetics of
the incoherent scattering process is discussed in section IV.
It should be noted that the system can be analyzed in a local

mode basis and depending on the information desired27 such
an analysis can prove useful. However, because the observed
energy eigenvalues of D2O depend on bath interactions as well
as the strength of coupling between local modes, the dynamics
of the D2O in BmImPF6 are discussed in terms of the bath-
renormalized eigenstates.

IV. POPULATION EXCHANGE AND VIBRATIONAL
RELAXATION

Plots of the normalized vibrational population relaxation, P(t),
of the antisymmetric and symmetric peaks measured with IR
pump−probe experiments are shown in Figure 3 (black curves,
see eq 3). The antisymmetric mode population decays
monotonically, but the symmetric stretch population shows
an initial growth. The observed decay kinetics are described by
expressions containing terms for the population exchange
between the two D2O stretching modes as well as vibrational
relaxation to the ground state (see Figure 3 inset). The
antisymmetric (2725 cm−1) and symmetric peaks (2626 cm−1)
were fit (blue and red curves in Figure 3) to biexponential
decays of the form

= +τ τ− −P t A A( ) e et t
1

/
2

/1 2 (8)

where Ai is the amplitude of the decay and τi is the associated
time constant. The antisymmetric stretch decays with a fast

component of 2.1 ± 0.2 ps and a longer time constant of 22.5 ±
0.2 ps. The symmetric peak grows to a maximum with the same
fast time constant, and then decays with the same long time
constant. The excitation pulse is sufficiently broad to have
essentially equal intensity at the absorption wavelengths of the
two modes. However, the antisymmetric stretch has a larger
amplitude (see Figure 1), and therefore, it has a larger initial
population. The relaxation dynamics (Figure 3) are consistent
with initial excited populations that are not in thermal
equilibrium. Because the antisymmetric stretch has excess
initial population, it will have an initial fast decay component,
while the symmetric stretch will have an initial fast growth
component. Fast exchange kinetics drive the excited-state
populations to equilibrium, and then both populations decay
slowly to the ground state. Because the vibrational lifetimes of
both modes are slow compared to the rates of population
exchange, the observed long time decay rate constants will be
identical (22.5 ps) and the average of the individual rate
constants that would occur in the absence of exchange. This
value is in sharp contrast to the vibrational lifetime of the OD
stretch of HOD in H2O which is 1.8 ps.30

The fast decay constant obtained from the fit using eq 8 are
only apparent time constants for the exchange processes. The
results obtained from solving the following system of
differential equations, which account for both exchange of
populations and vibrational relaxation from each state, can be
used to fit the pump−probe.

= − + +s
t

k k s k a
d[ ]
d

( )[ ] ( )[ ]s sa as (9a)

= − + +a
t

k k a k s
d[ ]

d
( )[ ] ( )[ ]a as sa (9b)

[s] and [a] are the populations of the symmetric and
antisymmetric stretch, ks and ka are the vibrational lifetime
decay rate constants of the symmetric and antisymmetric
stretch, and kas and ksa are the exchange rate constants from a
→ s and s → a, respectively. In fitting the pump−probe data to
the kinetic model, the initial population values were set to
[a(0)] = 0.66 and [s(0)] = 0.33 (the fit areas of each peak in
the FT-IR spectrum). Solving this system of equations gives
expressions for the observed amplitudes and time constants
that involve the exchange and vibrational lifetime rate
constants.

Figure 3. Population relaxation data for both the antisymmetric (2725
cm−1) and symmetric (2626 cm−1) peaks. Inset: the kinetic pathways
for the excited antisymmetric and symmetric vibrational populations.
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While it is possible to extract the actual scattering rates
between the two modes by fitting the pump−probe data in
Figure 3, the scattering up and down can be separated and
observed independently using 2D IR data. The time dependent
growth of the off-diagonal peaks labeled (1a,2s), (1s,2a),
(1a,3s), and (1s,3a) in Figure 2A reflect the kinetics of the
vibrational excitation population transfer that occurs between
the two modes. Figure 4 plots data from two of the population

transfer peaks ((1a,3s) and (1s,2a)). The volume of each peak
is plotted as a function of Tw. The data points are normalized to
the maximum growth value. At sufficiently long time, these
peaks will decay to zero amplitude. Inset in each data plot is a
diagram illustrating the quantum pathways that give rise to the
off-diagonal peaks employed in the analysis. The double arrow
represents the incoherent scattering between the modes in
Figure 4. These arrows are represented by the dashed lines in
the two Feynman diagrams in Figure S3, A and B.
The antisymmetric to symmetric transfer peak grows in with

a time constant of τa→s = 4.8 ± 0.5 ps while the symmetric to
antisymmetric scattering grows in with a time constant of τs→a
= 7.4 ± 0.8 ps. In determining these values, the vibrational
lifetimes and the orientational relaxation rates were not
included. However, the final population decay, 22.5 ps, is
relatively long compared to the scattering times obtained from
the fits. In addition, the orientational relaxation time, discussed
below, is somewhat slower than the lifetime. The inclusions of
the lifetimes and orientational relaxation influence the time
dependence of the data in opposite directions. The vibrational
lifetime causes the peaks to decay, which would effectively slow
the buildup of the off-diagonal peaks. Usually, orientational
relaxation also causes the peaks to decay. However, the
symmetric and antisymmetric stretching modes’ transition

dipoles are perpendicular to each other, which causes
orientational relaxation to increase the population exchange
signal of the off-diagonal peaks. Given that the lifetime and the
orientational relaxation are relatively slow and offset each other,
these two processes will produce only a small error in the up
and down scattering numbers reported above. In addition,
using these values, the solutions to eqs 9a and 9b reproduced
the pump−probe data without adjusting the time constants
within experimental uncertainty. In these calculations, it is not
possible to determine the individual vibrational lifetimes as the
scattering is fast compared to both of them, which results in the
same long time decays.
In the scattering process, energy must be conserved.

Therefore, for a → s, 100 cm−1 must be transferred to other
modes of the system, and for s → a, 100 cm−1 of energy must
be taken up from other modes. Since D2O does not have an
internal 100 cm−1 mode, the energy comes from the bath. The
RTIL solvent bath has 100 cm−1 modes31,32 that are thermally
populated at room temperature (kBT = 206 cm−1). The lowest
order process involves cubic anharmonic coupling.29 The
coupling matrix element has a total of three creation and
annihilation operators.29 For a → s energy transfer, a is
annihilated, s is created, and a 100 cm−1 bath mode is created.
For s → a, s is annihilated, a is created, and a 100 cm−1 bath
mode is annihilated.
Because the coupling between initial and final molecular

states as well as the density of bath states are the same for both
the up and down scattering processes, the ratio of the down to
up rate depends only on the phonon occupation number Ka→s/
Ks→a = (1 + np)/np.

29 At room temperature, the Bose
occupation number for a 100 cm−1 phonon, np = 1.6. Thus,
for detailed balance to be obeyed, the ratio of the rate constants
should be 1.63. The experimental ratio is 1.54, but given the
error bars on the individual time constants, the ratio ranges
from 1.75 to 1.33. Therefore, within experimental error, the up
and down scattering rate constants obey detailed balance.

V. SPECTRAL DIFFUSION AND ORIENTATIONAL
RELAXATION

The 2D IR experiments provide information on the structural
dynamics of the BmImPF6 solvent through the measurement of
spectral diffusion. Spectral diffusion is manifested through
changes in the diagonal band shapes with Tw. Changes in band
shape are quantified using the CLS method,7,8 which is then
used to determine the FFCF.28 The FFCF provides the
homogeneous and inhomogeneous spectral components that
make up the peaks in the IR absorption spectrum (Figure 1).
Different solvent structures will result in different frequencies
for the stretching modes. As the solvent structure evolves in
time, the frequencies will change (spectral diffusion). At
sufficiently long time, all structures will be sampled, and
therefore, a molecule will sample all frequencies that give rise to
the inhomogeneously broadened absorption spectrum. The
FFCF yields the time scales and amplitudes of the frequency
fluctuations experienced by the vibrational mode of interest.
Figure 5 displays the CLS data for the antisymmetric and

symmetric stretching modes of D2O as well as for the OD
stretch of HOD. The CLS is the normalized FFCF. The offset
from 1 at Tw = 0 is related to the homogeneous component of
the absorption line. Combining the CLS data and the
absorption spectrum yields the full FFCF including the
homogeneous component (see discussion surrounding eqs 5
and 6).7

Figure 4. Incoherent population exchange data (black circles) for (A)
the symmetric to the antisymmetric mode and (B) the antisymmetric
to the symmetric mode. The red curves are fits to the data. Insets are
energy diagrams showing the quantum pathways of each process, with
a for antisymmetric and s for symmetric.
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Table 2 gives the FFCF parameters obtained using the
multiexponential model for the FFCF (eq 5). Each of the
FFCFs contains three components, a homogeneous compo-
nent, and two inhomogeneous components. The slowest
component, τ2, is ∼70 ps, and within the error bars, τ2 is the
same for all three modes. The associated Δ2 is the amplitude of
this component. The faster component of the spectral diffusion,
τ1, varies somewhat with the particular peak studied. However,
within experimental error all three lines have the value of ∼5 ps.
Δ1 is the associated amplitude. Γ is the homogeneous line
width, with Γ = 1/πT2. Γ and T2 in Table 2 include
contributions from pure dephasing, the vibrational lifetime,
and orientational relaxation (see eq 6). However, because the
lifetime and orientational relaxation (see below) are very slow,
their combined contribution to Γ is ∼0.4 cm−1. The
homogeneous line width is dominated by pure dephasing.
Pure dephasing is caused by ultrafast structural fluctuations that
sample the corresponding frequency range so fast motional
narrowing occurs. Such ultrafast motions can only arise from
the motions of very small structural components, such as small
fluctuations in the distance between the PF6

− anion and the
hydrogen-bonded hydroxyl. Again, the homogeneous line
widths of the three modes are very similar. The total absorption
line width is the convolution of the total inhomogeneous
Gaussian component with the Lorentzian component, Γ
(fwhm). In Table 2, the inhomogeneous widths, Δi, are the
standard deviations. The total inhomogeneous width is (Δ1

2 +
Δ2

2)1/2. The inhomogeneous fwhm is 2.35 times this number.
Because Γ is comparable to the Gaussian component for each
line, the overall line shape is a Voigt. While the data in Table 2
reproduces the CLS and the absorption spectra, the measure-
ments are limited by the vibrational lifetimes and further
limited by the very low concentration of D2O and HOD in

solution. Given the data shown in Figure 5 and the fits, a slower
component a CLS amplitude of <0.05 cannot be ruled out.
It is important to note that, while incoherent population

scattering between modes occurs, it does not affect the diagonal
peak FFCFs because the scattering creates off-diagonal peaks,
which do not contribute to the diagonal peak FFCF. Coherent
excitation transfer can affect the diagonal peaks. However, it
produces oscillations about an average value and the oscillation
decay with ∼1 ps time constant (see section VI).
In bulk water, the FFCF of the OD stretch of HOD in H2O

also has two spectral diffusion components of ∼0.4 and 1.7
ps.33,34 The fast component is caused by very local hydrogen
bond fluctuations mainly in the length of the hydrogen bond,
and the slower component is caused by complete structural
randomization of the hydrogen bond network environ-
ment.33,34 It is possible that the two spectral diffusion
components in the FFCFs of the isolated D2O and HOD in
BmImPF6 have an analogous origin. The faster ∼5 ps
component might arise from changes in the local structure of
two anions bridged by the water and motions of the associated
cations. As PF6

− is much heavier than the water molecules
surrounding an HOD in bulk water, the time scale for local
structural fluctuations involving distance and angle can be
substantially slower in the water/BmImPF6 system than in bulk
water. If the fast component of the FFCF reflects local
structural changes, then in analogy to bulk water, distant larger
structural rearrangement of the ions near a D2O or HOD may
give rise to the slower time scale component of the FFCF.
The slowest component of the FFCF can be compared to the

time required for total orientational relaxation of the RTIL.
Optical heterodyne detected optical Kerr effect (OHD-OKE)
experiments have been used to study the orientational
dynamics of RTILs from 100 fs to the time required for
complete orientational randomization.9,35 OHD-OKE experi-
ments were conducted on BmImPF6 at the low water content
used in the IR experiments. The size of the OHD-OKE signal is
determined by the polarizability and the polarizability
anisotropy. Water produces negligible signal in these OHD-
OKE measurements because of its very low concentration and
small polarizability anisotropy. Because of its symmetry,
isolated PF6

− has no polarizability anisotropy. However, it
can produce very short-lived and weak signals because of what
are called interaction or collision-induced transient anisotropy.
Therefore, the vast majority of the signal comes from the
BmIm+ cation with contribution from its alkyl chain.9 Complete
orientational relaxation of BmIm+ requires complete structural
randomization of the entire liquid.9 The OHD-OKE measure-
ments give a 2.3 ns time constant for the liquids structural
randomization.
Given that the slowest component of the FFCF is ∼70 ps,

the dynamics that give rise to this time scale cannot be the due
to the complete structural randomization of the liquid. In a

Figure 5. Spectral diffusion CLS decays (data points) from the
antisymmetric and symmetric modes of D2O and the OD stretch of
25% HOD/H2O in BmImPF6. The solid curves are fits with
parameters given in Table 2.

Table 2. FFCF Parameters for the Symmetric and Antisymmetric Stretching Modes of D2O and the OD Stretch of Dilute HOD
in BmImPF6

a

peak T2 (ps) Γ (cm−1) Δ1 (cm
−1) τ1 (ps) Δ2 (cm

−1) τ2 (ps)

sym 1.2 ± 0.3 8.8 ± 1.3 3.0 ± 1.0 4.1 ± 2.0 4.1 ± 1.1 74 ± 11
antisym 1.1 ± 0.2 9.5 ± 1.4 3.8 ± 1.3 5.4 ± 2.0 6.7 ± 0.5 72 ± 9
HOD 1.0 ± 0.4 11.0 ± 1.5 4.4 ± 0.6 6.9 ± 2.1 5.3 ± 0.8 72 ± 20

aNote, the Δs are standard deviations. The fwhm of the inhomogeneous component of the absorption lines is the convolution (square root of the
sum of the squares of the Δs) multiplied by 2.35.
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number of systems, such as proteins,36−38 water,39,40and water/
salt solutions,41 the influence of structural fluctuation of a
vibrational frequency has been modeled in terms of fluctuating
electric fields. Motions of the environment cause the electric
field along the vibrational transition dipole direction to
fluctuate, which via the Stark effect, gives rise to time-
dependent frequency fluctuations.36 In simulations, the time-
dependent electric field along the vibrational transition dipole is
obtained and used to calculate the electric field−electric field
correlation function. The electric field−electric field correlation
function is multiplied by a Stark coupling constant to give the
FFCF36,38,42,43 or an electric field/frequency map is used.40,41

Since the system studied here is a water molecule embedded
in an environment of ions, taking the electric field picture as
responsible for the spectral diffusion is useful. The results
indicate that the local ion arrangement evolves on a time scale
that is much faster than the overall randomization of the liquid
structure, which requires randomizing the organic chains as well
as the local ion configurations that give rise to the electric fields.
The PF6

− can clearly move to some extent without the butyl
chains attached to the imidazolium head groups moving to any
significant extent. In addition, recent experiments on
alkylmethylimidazolium tetrafluoroborate show that it is
possible for the imidazolium head groups to “wobble” on a
much faster time scale than motions of the entire molecule
including the alkyl chains.9

Orientational and translational motions of the anions and
cations will cause the electric field along the transition dipole to
vary. As mentioned above, the time scale for complete
orientational relaxation of the RTIL is 2.3 ns. The FFCF
shows that the variations in structure from one location to
another, which give rise to the inhomogeneously broadened
absorption line, randomize on a much faster time scale than the
complete randomization of the RTIL. The FFCF data does not
go out to sufficiently long time to rule out the possibility of a
low-amplitude component (≤0.05) of the FFCF that is slower
than the 70 ps τ2 value. Therefore, all or the vast majority of
configurations that influence the frequency of the hydroxyl
stretches are sampled on a time scale much faster that the RTIL
orientational relaxation time.
Polarization-selective pump−probe experiments were used to

determine orientational relaxation times of water in the system
(see eq 4). Intermode excitation transfer (discussed in detail
below) contributes to both the diagonal and off-diagonal peaks
that are sampled simultaneously in a pump−probe experiment.
As discussed in section IV, the symmetric and antisymmetric
modes of D2O have perpendicular transition dipoles. Excitation
transfer between the modes produces changes in the transition
dipole directions that greatly complicate the measurement of
orientational relaxation. Therefore, the measurement of
orientational relaxation was made on the OD stretch of HOD
(see Figure S1A in the Supporting Information). Because the
OD stretch is a single mode, there are no off-diagonal excitation
transfer peaks to interfere with the measurements. For the
orientational relaxation measurements, 30% D2O was used,
which substantially enhances the OD peak relative to the two
D2O peaks. The orientational relaxation of HOD should be
virtually identical to the orientational relaxation of D2O in this
system.
Figure 6 shows the anisotropy decay (black points) of the

OD peak (2678 cm−1) of HOD in BmImPF6 with molar ratio
of ionic liquid to total water of 24 to 1, which is the same ratio

used in the other experiments. The signal fits (red curve) to a
biexponential decay of the form

= +τ τ− −r t A A( ) e et t
1

/
2

/1
or

2
or

(10)

The fit yields A1 = 0.13 ± 0.01, τ1
or = 2.4 ± 0.4 ps, A2 = 0.25 ±

0.01, and τ2
or = 24.7 ± 1.1 ps. In systems such as water in very

small AOT reverse micelles, in which water molecules are
interacting almost exclusively with the ionic head groups, a fast
component in the orientational relaxation has also been
observed although the overall orientational relaxation is much
slower.44 As in previous observations on other types of systems,
the fast component of orientational relaxation is assigned to
wobbling in a cone.44−47 Wobbling in a cone involves fast
diffusive motions that sample a limited cone of angles. If there
were no other processes, the anisotropy would decay to a
plateau when all angles in the cone had been sampled. On a
longer time scale, other motions relax the angular restrictions
that give rise to the cone; then all angles are sampled, and the
anisotropy decays to zero.47 Using the wobbling-in-a-cone
model47 with the results from the biexponential fit yields τwob

or =
2.7 ± 0.7 ps and a half-cone angle θc= 29° ± 3°, where τwob

or is
the time constant for the diffusive sampling of the cone of half-
angle θc.
Fitting the orientational dynamics to such a model suggests

fast limited orientational exploration of an angular potential
defined by the interactions between the anions and the water
molecule. The long component of orientational diffusion is 25
ps. While the anisotropy data does not decay to zero on the
time scale of the experiment, the decay is close enough to zero
and the slope is sufficiently steep that it is reasonable to assume
that 25 ps is the time for complete orientational randomization
of the HOD molecule. In bulk water, orientational relaxation
occurs by jump diffusion, which is a concerted process
involving many water molecules in which there is collective
hydrogen bond rearrangement. Here, there is a single HOD
molecule, so the bulk water mechanism cannot be operable. It
is possible that the HOD undergoes a type of jump in which it
switches one of the hydroxyls at a time between PF6

− anions. It
is also possible that the reorientation involves motions of the
water/anions together without the water breaking a hydrogen
bond with an anion. The mechanism of reorientation can be
addressed through simulations.
The short-time wobbling component might also occur

without the HOD breaking hydrogen bonds with the anions.
NMR studies and electric field studies of water with the BF4

−

Figure 6. Anisotropy decay, r(t) (black circles), of the OD stretch in a
sample of 20% HOD/H2O at a 24:1 BmImPF6:water ratio. Red solid
curve is a biexponential fit to the data.
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anion, which is nominally tetrahedral, have detailed nonspecific
hydrogen bonds between water and the fluorines of the BF4

−

anion.48 Though we are unaware of any similar studies with
PF6

−, it is possible that PF6
−, while nominally octahedral, also

has nonspecific water hydrogen bonding. Then, the wobbling
motion might involve the HOD “skittering” about on the
surfaces of two PF6

− anions that it is bridging via hydrogen
bonds. Without breaking one or both hydrogen bonds, such
skittering would have a restricted angular range.
The two orientational relaxation time constants are faster

than the two FFCF spectral diffusion time constants (∼5 and
70 ps). It is important to recognize that the orientational
relaxation correlation function, the second Legendre poly-
nomial correlation function, obtained from the pump−probe
experiments is a different correlation function than the FFCF.
Therefore, the resulting time constants cannot be directly
compared. As an example, for Gaussian fluctuation orientational
relaxation that is single exponential, dielectric relaxation, which
measures the first Legendre polynomial correlation function,
gives a time constant that is 3 times as long as that which would
be measured by a pump−probe experiment on the same
system.

VI. COHERENT EXCITATION EXCHANGE AND THE
NATURE OF INHOMOGENEOUS BROADENING

In section IV, incoherent phonon scattering of vibrational
excitation between the two D2O stretching modes was
described. At shorter time scales, excitation also oscillates
back and forth between the two modes coherently after broad
bandwidth IR pulses simultaneously excite both modes. This
transfer is shown by the presence of beats at short times in both
pump−probe and 2D IR experiments. The processes of interest
are described by the diagram in Figure S2B in the Supporting
Information called “Inter-Mode One Quantum Transitions,”
labeled j. Diagrams of this type where both vibrational modes
are excited during the waiting time, Tw, give rise to beats and
can occur in both the diagonal and off-diagonal peaks. The
oscillations are due to the differences in the oscillating phase
factors of the two states49−51 and occur at a frequency of ωas =
ωa − ωs = 99 cm−1. We focus on the diagrams (quantum
pathways) that give rise to the off-diagonal peaks, s → a and a
→ s in Figure 2A. These off-diagonal peaks have contributions
from three diagrams (quantum pathways), two of which are
rephasing and one is nonrephasing. However, only one of the
diagrams, a rephasing diagram, produces beats. Though
diagrams involving the incoherent exchange of energy
contribute to this peak, their contribution is negligible on the
time scale of the observed oscillations (see section IV).
Figure 7 shows the short time pump−probe data (black

curves) for the symmetric stretching mode (2627 cm−1) and a
fit to the data (red curves). Because of the large nonresonant
signal, the data begin at 200 fs. The oscillations ride on top of
the population relaxation discussed in section IV. The overall
population relaxation (see Figure 3) was subtracted out to
more clearly show the oscillatory behavior. Figure 7A is the
data with the probe polarization perpendicular to the pump and
7B is the data with the probe polarization parallel. Because this
is a pump−probe experiment, both the off-diagonal (a → s)
and the diagonal (1s) bands contribute to the signal (see Figure
2A). Both peaks have signal contributions to the observed
oscillations; the oscillatory component in the diagonal peak
comes from a nonrephasing pathway. The equivalent data are

observed at the wavelength corresponding to the antisymmetric
mode.
As is evident from Figure 7, the beats damp rapidly.

Experiments in the visible have mainly attributed this damping
to homogeneous dephasing, although recently inhomogeneous
broadening of electronic transitions has also been consid-
ered.52−54 Homogeneous dephasing is determined by a
Lorentzian homogeneous component of the absorption line,
which gives rise to an exponential decay (see just below eq 6).
From the 2D IR vibrational echo experiments, we know the
homogeneous line widths (see Table 2). When the damping
was modeled using the homogeneous exponential decay, it was
found to be much slower than observed experimentally.
Damping can also be caused by inhomogeneous broadening

of the absorption lines as described below. Therefore, the
damping of the oscillations occurs from both the homogeneous
and inhomogeneous contributions to the transitions. From the
FFCF parameters (Table 2), the homogeneous and inhomoge-
neous contributions to the antisymmetric and symmetric
spectral lines are known. As both lines have significant
homogeneous (Lorentzian) and inhomogeneous (Gaussian)
components, the envelope of the damped sinusoid is expected
to be the Fourier transform of a Voigt (the convolution of a
Lorentzian and Gaussian line shape). In the time domain, the
Voigt profile gives rise to an envelope decay that is the product
of Gaussian and exponential decays. The pump−probe data
(Figure 7) were fit to a sinusoidal wave damped by the
Gaussian-exponential product decay

πν ϕ= + +σ− −I t y A t( ) e e cos(2 )t t T
0

/(2 ) /2
damp
2

2
(11)

σdamp is the temporal standard deviation of the Gaussian
damping function (ps), T2 is the homogeneous dephasing time

Figure 7. Symmetric mode perpendicular probe (A) and parallel probe
(B) pump−probe data (black curves). The red curves are fits to the
data. The dashed green line is a guide to the eye to show that the
populations reach maxima 180° out of phase from one another. The
oscillations are the result of coherent excitation exchange between two
modes with perpendicularly oriented transition dipoles.
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(ps) fixed to the experimentally determined value, ν is the beat
frequency (ps−1), and ϕ is a phase factor. ϕ is used to account
for t = 0 not being perfectly defined because of the finite pulse
durations.
The pump−probe oscillations probed with the two polar-

izations are 180° out of phase (see Figure 7) because the
transition dipoles of the two modes are perpendicular. In the
absence of oscillations, probing perpendicular on a time scale
very short compared to orientational relaxation will produce a
smaller signal than probing parallel. When population transfers
from the antisymmetric mode to the symmetric mode (data in
Figure 7) replacing the population that transfers out, it will
come in with perpendicular polarization, so perpendicular
probing will show an initial increase in signal. This increase
then oscillates up and down. When probing parallel, the
opposite happens and the oscillation is down and up.
The damping of the oscillations as described by eq 11 gives

the standard deviation of the time domain Gaussian damping.
Table 3 lists the oscillation frequencies and the damping
constants from the pump−probe data for both the symmetric
and antisymmetric modes probed parallel and perpendicular.
Within experimental error, the oscillation frequencies are the
same, as would be expected, and are equal to the splitting
between the two absorption peaks shown in Figure 1. Fourier
transformation of the time domain Gaussian gives the
frequency domain Gaussian, which is the inhomogeneous
width that contributes to the damping. In Table 3, the standard
deviation is given for the frequency domain Gaussian as σdamp in
cm−1 and as the fwhm also in cm−1. The width of the
inhomogeneous distribution that contributes to the damping of
the oscillations is ∼8−10 cm−1, which is slightly less than or
equal to the total inhomogeneous line widths (see Table 2).
The nature of the inhomogeneous broadening and the
relationship between inhomogeneous frequencies in the two
modes is discussed below.
Figure 8A shows 2D IR spectra of the s → a coherence

transfer peak (see Figure 2) at short Tws. The red line shown
on each spectrum is the center line discussed in section V. The
change in slope of the center line (CLS) is directly related to
frequency correlations (the FFCF) over a time period Tw.

7,8 At
long times, the shape of this peak as well as other peaks will
change because of spectral diffusion. As spectral diffusion
proceeds, the CLS will approach zero. At very short times, it is
evident from Figure 8A that the CLS is oscillatory. Figure 8B is
a plot of the CLS vs Tw for times very short compared to the
time scales for spectral diffusion. The data shows that the CLS
oscillates and the oscillations decay rapidly. Similar data were
collected for the symmetric and antisymmetric diagonal peaks
(Figure S4 in the Supporting Information). The results of the
oscillating CLS fits using eq 11 are given in Table 4. Within

experimental error, the frequencies and the Gaussian damping
constants are the same as those obtained from the pump−

Table 3. Pump−Probe Fit Parameters for the Symmetric and Antisymmetric Stretching Modes of D2O in BmImPF6
a

ν (ps−1) σdamp (ps) σdamp (cm
−1)b fwhm (cm−1)

symmetric
parallel 2.9 ± 0.2 1.15 ± 0.11 4.6 ± 0.6 10.9 ± 1.4
perpendicular 2.8 ± 0.2 1.68 ± 0.15 3.2 ± 0.8 7.4 ± 1.9

antisymmetric
parallel 3.0 ± 0.2 1.16 ± 0.26 4.9 ± 1.4 11.6 ± 3.2
perpendicular 2.8 ± 0.2 1.12 ± 0.15 4.6 ± 0.8 10.8 ± 1.8

aThe σdamp (cm
−1) is the Fourier transform of the damping time constant in ps. Fwhm (cm−1) is 2.355 times σdamp (cm

−1) and listed to give a
reference for the line widths of the coherently transferring mode. bσdamp (cm

−1) is the Fourier transform of σdamp (ps) after it is converted from
radians/s to cm−1.

Figure 8. Shape oscillations of the 2D IR spectra from coherent
excitation transfer between the two modes. (A) Progression of the
shape of the s → a 2D cross peak as a function of Tw. The cross peak
exhibits oscillations in the CLS (red lines). (B) CLS is plotted as a
function of Tw for the s → a cross peak (black squares). The red curve
is a fit to the data.

Table 4. CLS Fit Parameters for the Symmetric and
Antisymmetric Stretching Modes of D2O and the OD Stretch
of Dilute HOD in BmImPF6

ν (ps−1) σdamp (ps)

s → a cross peak 2.7 ± 0.2 1.12 ± 0.35
sym diagonal 2.6 ± 0.2 1.34 ± 0.42
antisym diagonal 2.8 ± 0.2 0.98 ± 0.34
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probe experiments. However, the CLS oscillations reflect shape
changes rather than amplitude changes. The agreement
between the two types of experiments is consistent with
simulations of 2D electronic spectra of coupled chromo-
phores.51

Qualitatively, peak shape oscillations as reflected by the
change in the CLS can be understood in terms of the nature of
the correlation of the inhomogeneous broadening in the
symmetric and antisymmetric modes. One extreme is that the
inhomogeneous broadening of the two lines is completely
correlated. Complete correlation means that a frequency on the
red side of one line will transfer to the equivalent frequency on
the red side of the other mode’s line. For example, if a particular
molecule has its symmetric stretch frequency one standard
deviation to the red of line center, when it transfers to the
antisymmetric mode, the frequency is also one standard
deviation to the red. If this was true for all frequencies across
the inhomogeneously broadened lines, then there would be no
shape change upon coherent excitation transfer.
Another possibility is that there is no correlation in the

frequencies of the two modes. A single transition frequency in
the inhomogeneous line of a mode does not imply that all
molecules with this frequency have identical environments and
interactions with their surroundings. Various local differences in
the surroundings can play off against each other and give rise to
a coincidental degeneracy of vibrational frequncies.55 Consider
a subensemble of molecules that all have the same transition
frequency in the initial mode. When the excitation is transferred
to the other mode, each molecule’s interaction with their new
mode’s local environments is different, and the subensemble no
longer has identical transition frequencies. Complete lack of
correlation means that the molecules in a subensemble of a
single frequency in one mode will distribute among all
frequencies across the line upon excitation transfer to the
other mode. If there is no correlation, the beating component
of the CLS (one of three contributions (diagrams) to the off-
diagonal peak) would oscillate between its initial value at very
short time with a slope determined by the extent of
homogeneous broadening and a slope of zero after half a
cycle. That is, the oscillating component of the peak shape will
oscillate between a peak elongated along the diagonal at short
time and a round peak shape after a half-cycle. This oscillating
component is combined with the two nonoscillating con-
tributions to give an observed change that is less than that of
the oscillating component by itself.
The third limiting case is complete anticorrelation.

Anticorrelation means that a frequency on the red side of the
line of one mode undergoes excitation exchange to the
equivalent frequency on the blue side of the line of the other
mode. For example, a subensemble with a frequency that is
initially one standard deviation to the red of the peak of the
symmetric mode will undergo excitation transfer to a frequency
that is one standard deviation to the blue in the antisymmetric
mode. In this case, the oscillating component of the CLS will
go from its initial value at short time to the negative of this
value one-half-cycle later. At short time, the oscillating
component is elongated along the diagonal, and a half-cycle
later, it will be elongated to the same extent along a line that is
perpendicular to the diagonal.
The data shown in Figure 8 for the s → a coherence transfer

peak has contributions from three quantum pathways, a
nonrephasing and rephasing diagram which do not oscillate
and one rephasing diagram that oscillates. Although the CLS

has been shown to additively reflect the sum of its component
contributions,56 we cannot directly extract the degree of
frequency correlation in the oscillating rephasing component
by examining its CLS. Without a nonrephasing diagram to
“balance out” the rephasing diagram,57 the oscillating peak
shape has a phase twist which obscures the degree of frequency
correlation in the oscillating peak shape’s CLS.
To obtain a qualitative understanding of the nature of the

inhomogeneous broadening that is responsible for the shape
oscillation, we employ numerical modeling of the cross-peak
line shape. The line shape was calculated using the FFCF
parameters (section V) of the antisymmetric and symmetric
line shapes to numerically model different possible limits of
frequency correlation in the off-diagonal line shape (see
Supporting Information). These scenarios map the degree of
correlation in the oscillating rephasing component (highly
correlated, uncorrelated, and anticorrelated) to the calculated
peak’s CLS values. In the calculations, the FFCF parameters for
both the symmetric and antisymmetric lines were used, which
provide the range of possible values.
The model calculations yield line shapes at Tw = 0.35 ps

(prior to oscillation) with CLS values between 0.51 and 0.66.
The experimental value at this time is 0.62 (Figure 8B). At Tw =
0.5 ps where the CLS is at its minimum, the CLS has a value
from the fit to the experimental data of 0.37. This CLS value
was compared to calculated spectra which are the combination
of two nonoscillating and one oscillating component. For the
fully correlated model, there is no oscillation. Using the
uncorrelated model for the oscillating component gives a CLS
between 0.42 and 0.55 for the total calculated spectrum. The
anticorrelated model for the oscillating component gives a CLS
of ∼0 for the total spectrum (see the Supporting Information).
The experimental off-diagonal peak CLS minimum value is
∼0.37, which is between the values calculated with the
uncorrelated and anticorrelated scenarios. These results suggest
that the CLS value at the minimum reflects some degree of
frequency anticorrelation between the symmetric and anti-
symmetric modes. The fully uncorrelated model cannot
produce a small enough value of the CLS by itself to match
the experimental results, and the experimental CLS value is too
big to be consistent with the fully anticorrelated model.
To determine an underlying reason for the observed partial

anticorrelation between the two modes, we first numerically
examined the effect of anticorrelation of the local hydroxyl
modes in creating anticorrelated, antisymmetric, and symmetric
modes.58 Numerical calculations were performed using a variety
of anticorrelated local mode frequencies within a range
determined by the inhomogeneous width of the OD local
mode of HOD (see Figure S1 in the Supporting Information
and Table 2) and a fixed value of the coupling constant, J =
−50 cm−1 (see eq 7a). It was found that anticorrelation of the
local modes could produce only an insignificant contribution to
inhomogeneous broadening, at most ∼1 cm−1. In addition,
there is no physical reason why the two local OD modes on
D2O molecules would have their frequencies anticorrelated.
The mechanism that can result in nonnegligible anticorre-

lation of mode frequencies is environment-induced variations in
the coupling constant J (see eq 7b). Larger J results in a bigger
splitting, and smaller J produces a reduced splitting. If the
distribution of J values was the sole source of inhomogeneous
broadening, the result would be perfect anticorrelation of the
two modes, which is not the case.
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The partial anticorrelation deduced from the oscillating CLS
data (Figure 8) can be explained by a combination of
inhomogeneous broadening mechanisms. One contribution is
a distribution in coupling constants, J, which results in some
degree of anticorrelation. The other contribution is the direct
influence of a variety of environments creating a distribution of
symmetric and antisymmetric mode frequencies. The fact that
the inhomogeneous widths of the two stretching modes are
different shows that the direct interactions of the two modes
with their environment differ. Different interactions suggest
that the direct influence component of the inhomogeneous
broadening is not completely correlated. Thus, inhomogeneous
broadening in this system can be viewed as follows. There is a
contribution to the inhomogeneous broadening that arises from
variation in the local mode coupling J. It was determined in ref
10 that fluctuations in J for water in acetonitrile were ∼4 cm−1.
The structural fluctuations are much slower in this BmImPF6
system, so variations in J are basically static on the time scale of
the oscillations and are a manifestation of the inhomogeneity of
local environments. Each J produces a splitting between the
modes. In addition, there is a distribution of frequencies that is
determined by direct environmental effects on the eigenmode
frequencies. On a longer time scale than the oscillations shown
in Figure 8, spectral diffusion will randomize both the J and
direct distributions.

VII. CONCLUDING REMARKS
Two-dimensional infrared spectroscopy and polarization
sensitive pump−probe experiments were used to investigate
the inter- and intramolecular dynamics of D2O and HOD in the
room temperature ionic liquid, BmImPF6. The heavy water and
HOD were in such low concentration that the individual water
molecules are isolated from each other. Therefore, the water
molecules interact with ions but not with other water
molecules.
In the absorption spectrum of D2O in BmImPF6, the

symmetric and antisymmetric hydroxyl stretching vibrational
modes produce narrow, well-resolved lines (see Figures 1 and
Figure S1 in the Supporting Information). The splitting of the
D2O lines gives the coupling between the local modes that give
rise to the two eigenstates. The 2D IR spectrum has diagonal
and off-diagonal bands that provide additional spectroscopic
information (see Figure 2). Peak positions in the 2D IR
spectrum provide the combination band shift, the anharmo-
nicities of the two eigenstates, as well as the anharmonicity of
the OD stretch of HOD.
Spectral diffusion measurements (see Figure 5) give

information on the structural evolution of the water−RTIL
system. Both modes of D2O and the OD stretch of HOD yield
essentially the same spectral diffusion dynamics. In addition to
a homogeneous component, two time scales are observed for
the spectral diffusion, ∼5 and ∼70 ps. The slow component is
the time for complete structural randomization of those degrees
of freedom of the liquid that contribute to the inhomogeneous
width of the absorption bands. The 70 ps time is much faster
than the time for complete orientational randomization of the
ionic liquid, 2.3 ns. For comparison, the orientational relaxation
time of the water molecules in the RTIL system is 25 ps (see
Figure 6).
In the 2D IR spectrum of D2O, several bands grow in with

increasing time (see Figure 4). The growth is caused by
incoherent scattering of excitations between the symmetric and
antisymmetric stretching modes. The growth of the bands

yields the up and down scattering time constant of 7.8 and 4.4
ps, respectively. These time constants obey detailed balance.
Coherent excitation exchange between the two modes occurs

on a much faster time scale. Pump−probe experiments
performed on the symmetric and antisymmetric peaks show
very rapid (∼300 fs) oscillations in amplitude (see Figure 7).
The damping of the oscillations occurs because of a
combination of homogeneous and inhomogeneous broadening.
The data is well described by the product of a Fourier
transform of a Voigt line shape function and a sine wave. The
inhomogeneous widths obtained from fitting the damping are
close to but somewhat less than the entire inhomogeneous line
widths.
The 2D IR spectra also shows short time shape oscillations,

which are quantified in terms of the CLS (see Figure 8). The
shape oscillates between elongated along the diagonal at very
short time to less elongated, and then back to more elongated.
The oscillation in shape reflects oscillation in the frequency
correlation between the frequencies initially excited by pulse 1
and the frequencies associated with the vibrational echo
emission. The experimental CLS values were compared to
those obtained from calculated spectra with varying degrees of
inhomogeneous frequency correlation between the symmetric
and antisymmetric lines. The results are consistent with
frequencies that have a significant degree of anticorrelation as
well a substantial component in which the frequencies of the
two lines are uncorrelated. The anticorrelation is attributed to
variations in the coupling between the two local modes that
give rise to the symmetric and antisymmetric eigenstates.
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