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ABSTRACT: Water and ion dynamics in concentrated LiCl
solutions were studied using ultrafast 2D IR spectroscopy with
the methyl thiocyanate (MeSCN) CN stretch as the
vibrational probe. The IR absorption spectrum of MeSCN
has two peaks, one peak for water associated with the nitrogen
lone pair of MeSCN (W) and the other peak corresponding to
Li+ associated with the lone pair (L). To extract the spectral
diﬀusion (structural dynamics) of W and L species, we
developed a method that isolates the peak of interest by
subtracting the 2D Gaussian proxies of multiple interfering
peaks. Center line slope data (normalized frequency−
frequency correlation function) for 2D bands from the W
and L are ﬁt with triexponential functions. The fastest
component (1.1−1.6 ps) is assigned to local hydrogen bond length ﬂuctuations. The intermediate timescale (∼4.0 ps)
corresponds to the hydrogen bond network rearrangement. The slowest component decays in ∼40 ps and corresponds to ion
pair and ion cluster dynamics. The very similar W and L spectral diﬀusion indicates that the motions of the water and ions are
strongly coupled. Orientational relaxations of the W and L species were extracted using a new method to eliminate the eﬀects of
overlapping peaks. The results show that MeSCN bound to water undergoes orientational relaxation signiﬁcantly faster than
MeSCN bound to Li+. The orientational and spectral diﬀusion results are compared. A Stark coupling model is used to extract
the root mean square average electric ﬁeld caused by the ion clouds along the CN moiety as a function of concentration.

1. INTRODUCTION
Characterizing aqueous electrolyte solutions is important
because of their ubiquity in biological systems, chemistry,
and industrial applications such as fuel cells and water
desalination. The solvation structure of ions and the dynamics
of the water hydrogen bond network are among the interesting
aspects of salt solutions. Many techniques have been applied to
elucidate these issues, including NMR, Raman spectroscopy,
X-ray and neutron diﬀraction, and molecular dynamics (MD)
simulations.1−8 Ultrafast infrared (IR) spectroscopies can
probe ground-state water and ion dynamics with femtosecond
temporal resolution, while the absorption spectra can provide
speciﬁc molecular interaction information in aqueous salt
solutions.9−20
Recently, concentrated electrolyte solutions, sometimes
referred to as “water-in-salt” electrolyte solutions, have drawn
attention because of their potential applications in battery
technology.21,22 In these solutions, the hydrogen bond network
among water molecules is severely disturbed and should not be
viewed as just a slower version of dynamics in pure water. The
ions cannot be fully solvated by water molecules and form pairs
and clusters. The crowded ionic environment, which produces
strong electric ﬁelds, will restrain the motions of water
molecules. Previous publications have shown that even though
diﬀerent ions may speed up or slow down hydrogen bond
© XXXX American Chemical Society

rearrangement dynamics in low concentration, water dynamics
always slows down in solutions with high ionic concentrations.23−27 This slower dynamics is a commonality among
ion types, and understanding the nature of this concurrence
promises deeper understanding of water−ion interactions.
Lithium chloride (LiCl) is a salt that is widely used as a
model system for concentrated salt solution because of its high
solubility and easy accessibility. Numerous experiments and
simulations have been performed on LiCl solution to examine
its structure and dynamics.5,28−35 Previously, we reported the
application of the CN stretch of methyl thiocyanate (MeSCN)
as a probe to interrogate ion−molecule complex formation and
dissociation dynamics in concentrated lithium chloride (LiCl)
solution.36 In these systems, we observed the dissociation and
association dynamics between MeSCN and Li+, requiring the
concomitant association and dissociation of water, the rate
constants of which are largely independent of viscosity or ionic
strength. At the same time, we did observe that the waterassociated MeSCN (W) and the Li+-associated MeSCN (L)
both experience slower reorientational relaxation as the
viscosity increases though W always has faster reorientation
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constants provide a quantitative measure of timescales for the
system’s structural dynamics as reported by the vibrational
probe.

dynamics than L for several concentrations. These results
contain a detailed dynamical picture of ion−molecule
interactions. However, water and ion dynamics, such as
hydrogen bond rearrangement timescales or ion cluster
dynamics, are not contained in the chemical exchange
dynamics. Spectral diﬀusion of the two species, which can be
obtained from band shape analysis of the 2D spectra, shed light
on these issues. We have shown that the CN stretch of
MeSCN accurately reports on hydrogen bond dynamics in
pure water,36 indicating that it should also be a good probe in
salt solutions. Yet, the analysis of spectral diﬀusion data is not
straight forward because of the signiﬁcant overlap of the 2D
bands.
Here, we report a new method that greatly decreases the
aberration of 2D band shape analysis caused by overlapping
bands. We applied this method to extract the spectral diﬀusion
of the CN stretch when the CN is associated with water and
Li+ . In addition, we developed a method to extract
reorientation dynamics, inspite of the overlapping peaks,
using polarization-selective 2D spectra. This method was
applied and generated more rigorous description of the
orientational relaxation than previously reported.36 These
experiments provide a comprehensive description of ion and
water dynamics in concentrated LiCl solutions.

C(t ) = ⟨δω(t )δω(0)⟩ =

∑ Δi 2 exp( − t /τi)
i

(1)

Here, δω(t) = ω(t) − ⟨ω⟩ is the instantaneous frequency
ﬂuctuation and ⟨ω⟩ is the average frequency. The Δi are the
frequency ﬂuctuation amplitudes of each component, and the
τi are the associated time constants.
The accuracy of the CLS(Tw) depends on the ability to
determine the CLS at each Tw. For a single band on the
diagonal with its associated 1−2 band below it, the method is
robust.38 Methods have been developed for two bands on the
diagonal, which require knowing the CLS(Tw) of one of
them.41,42 In addition, it has been shown that when two bands
on the diagonal overlap to a signiﬁcant extent but not too
much, the CLS(Tw) of each band can be obtained in the same
manner as if they are single bands.42 However, many systems
are more complicated than those that have previously been
treated. If the CLS(Tw) of both diagonal bands are unknown,
and if there are several overlapping oﬀ-diagonal bands, the
method presented here makes it possible to obtain accurate
CLS(Tw), characterizing the dynamics.
Figure 1 shows the absorption spectra of the CN stretch of
MeSCN in the three high-concentration LiCl solutions and in

2. RESULTS AND DISCUSSION
2.1. Band Shape Analysis. The experimental details have
been reported previously.36 Here, we include only a brief
introduction to the 2D IR spectroscopy.36 There are four
pulses in the pulse sequence. The ﬁrst two pulses (pump
pulses) label and store the initial frequencies, ωτ. After a
waiting time Tw, the third pulse (probe pulse) induces the
emission of vibrational echo pulse, the fourth pulse, and the
probe pulse also acts as the local oscillator for the echo.
Through heterodyne detection, the latter two pulses read out
the ﬁnal frequencies, ωm. A 2D IR spectrum, with ωτ and ωm as
horizontal and vertical axes, reports on the correlation between
ωτ and ωm after frequency evolution of the period Tw.
Frequency evolution will sample all the frequencies in the
inhomogeneously broadened absorption band after a suﬃciently long time. The frequencies evolve because the liquid
structure changes with time, causing intermolecular interactions, which in part determine the vibrational frequencies, to
change. This process is called spectral diﬀusion. Spectral
diﬀusion leads to gradual decorrelation between initial and
ﬁnal frequencies. This decorrelation process can be characterized by frequency−frequency correlation function or
FFCF.37,38 FFCF is deﬁned as the probability that an oscillator
with an initial frequency will have the same frequency at time t
later, averaged over all initial frequencies in the inhomogeneous spectral distribution.
For a single 2D band that has a time-dependent shape
because of spectral diﬀusion, the time-dependent correlation
can be extracted using the center line slope (CLS) method.37,38
To calculate the CLS from the 2D spectrum at a given Tw, a
series of slices parallel to the ωm axis through the 2D spectrum
in the region around the spectrum’s center are obtained. Each
slice is a 1D spectrum. The center line consists of the set of
(ωm, ωτ) points that are the peaks of these 1D spectra, and the
CLS is the slope of this line. The CLS(Tw), which is a plot of
the slopes versus Tw, is the normalized FFCF.37 The complete
FFCF is typically modeled as a sum of exponentials with a
Kubo line shape function39,40 shown in eq 1; the decay

Figure 1. FT-IR absorption spectra of the CN stretch of MeSCN in
the three high concentration LiCl solutions and in pure water. The
three LiCl solutions have the ratios of ion pairs to water molecules of
1:4 (10.7 M), 1:5 (9.0 M), and 1:6 (7.7 M). (Adapted with
permission from (J. Phys. Chem. B 2018, 122, 10582−10592).
Copyright (2018) American Chemical Society).

pure water. The three LiCl solutions have the ratios of ion
pairs to water molecules of 1:4 (10.7 M), 1:5 (9.0 M), and 1:6
(7.7 M). The low-frequency peaks arise from water bound to
the N lone pair of the CN moiety (W). These peaks for
MeSCN in the concentrated LiCl solutions have essentially the
same center frequency as in pure water, but they are somewhat
broader. The spectra have been normalized at the peak
frequency. The peaks at the higher frequency correspond to
MeSCN populations that have a Li+ bound to the N lone pair
(L). Their amplitudes decrease relative to the W peaks as the
LiCl concentration is reduced. The bands arising from W and
L in the 2D IR spectrum appear as two peaks on the diagonal.
In addition to the diagonal peaks from the W and L species,
chemical exchange produces cross-peaks and 1−2 transitions
produce additional peaks, which exacerbate the complexity of
the spectra. Figure 2 shows 2D IR spectra for a 1:4 solution at
three Tws. In the top panel, the two peaks are well separated on
B
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related to the shapes of the diagonal bands. Within the
harmonic approximation, the shape of the 1−2 band is the
same as the shape of the corresponding 0−1 band. As the
anharmonicity is small, ∼25 cm−1, this is a reasonable
approximation. Then, the 1−2 exchange bands obey the
same shape relationship as the 0−1 oﬀ-diagonal bands.
Therefore, in ﬁtting the entire spectrum with 2D Gaussians,
the number of ﬁtting parameters is greatly reduced and the ﬁts
are highly constrained.
The 2D Gaussian function is given by
ij
j
G(x , y) = A expjjjj− 4 ln(2)
jj
k
iji (x − ω )cos θ + (y − ω )sin θ y2
jjjj
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(2)

Figure 2. Experimental 2D spectra of MeSCN in LiCl 1:4 H2O
solution at three Tws. As Tw increases, the band shapes of the diagonal
peaks, especially W, are severely distorted by overlap with each other,
exchange peaks, and 1−2 transition bands.

In this equation, x and y are variables on the ω1 (ωτ) and ω3
(ωm) axes, respectively. Δω1 and Δω3 are full-width-at-halfmaximum (fwhm) on the ω1 and ω3 axes, respectively. θ is the
tilt angle of the 2D Gaussian relative to the ω1 axis. ω1,0 and
ω3,0 are the peak center positions of each component on the
2D spectra. For diagonal components, ω1,0 = ω3,0. For a single
component, such as the diagonal band from W, Δω3 will be
relatively small at early Tw and, as spectral diﬀusion occurs,
becomes larger at later Tws. The tilt angle θ is related to the
CLS and will become increasingly close to zero as Tw increases.
Overall, there are six parameters (A, θ, ω1,0, ω3,0, Δω1, and
Δω3) that deﬁne a single 2D Gaussian function. However, as
discussed qualitatively above, the parameters of various peaks
are correlated, which greatly decreases the number of free
parameters in the ﬁtting procedure.
First, peak positions ω1,0 and ω3,0 for diagonal peaks and
exchange peaks in the 0−1 transition region are predetermined
via linear FT-IR spectroscopy and are only allowed to vary a
small amount (∼0.5 cm−1) in the ﬁtting program. For peak
positions of the negative-going 1−2 transition, ω1,0 is also
ﬁxed. In terms of ω3,0, the anharmonicities were determined at
early Tw when there is almost no exchange peak and the overall
2D spectrum can be ﬁtted with only four 2D Gaussians (two
for 0−1 diagonal peaks and two for 1−2 peaks). The
anharmonicities are given little room to change when ﬁtting
2D spectra at later Tws.
Second, the amplitude A’s are correlated between relevant
peaks. First, the amplitudes A of every peak in the 1−2
transition region are ﬁxed to the same values as the
corresponding 0−1 transitions but with an opposite sign.
The identity of the amplitudes is correct within the harmonic
approximation, which is generally quite accurate. In practice,
even when this correlation is not forced, the diﬀerence of A’s
between a 1−2 peak and its corresponding 0−1 is less than
10%. Second, the pairs of exchange peaks are the same
amplitude because of the requirement of equilibrium.36 With
these two conditions, there are only three independent A’s in
an entire 2D spectra, two for the diagonal peaks, and one for
the exchange peaks.

the diagonal, but the 1−2 blue (negative going) band from L
distorts the shape to some extent of the band next to it from
W. As time progresses in the next two panels, the spectra
become more congested as the oﬀ-diagonal chemical exchange
bands grow in.36 In these circumstances, performing the CLS
analysis on the bands from L and W as if the other bands are
not present will not produce the correct CLS(Tw)s.
The absorption lines of the CN stretch of the probe MeSCN
in water and LiCl solutions are symmetric.36 Therefore, we are
able to model the 2D spectral bands with symmetric functional
forms. We take advantage of this feature and apply a new
approach as a generalization of the method used by
Giammanco et al.41 In the prior work,41 the authors scalesubtracted a single known interfering 2D band to isolate a
second 2D band that was of interest. Here, although we do not
know the band shape of either component, they can be
approximated by two-dimensional (2D) Gaussian functions
that were used to extract the peak volume in a previous
publication.36 The procedure is to minimize the interference
from other bands by isolating the peak of interest by
subtracting the 2D Gaussian function proxies of other
interfering peaks from the 2D spectra.
The procedure detailed below is robust because many
aspects of the spectrum are known. From the Fourier
transform infrared (FT-IR) spectrum or the very short time
2D IR spectrum, the center positions of the two diagonal
bands are known. Given the center positions of the diagonal
bands, the center positions of the oﬀ-diagonal exchange bands
are known. At short time (top panel of Figure 2), the
anharmonicity can be measured by modeling the experimental
2D spectra with two 2D Gaussians for the red 0−1 bands and
two 2D Gaussians for the blue 1−2 bands (only one of which
is shown in Figure 2). With the centers of the 1−2 bands
known, the positions of the 1−2 exchange peaks are known. In
addition, the shapes of the oﬀ-diagonal exchange bands are
C
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panels in Figure 4, the experimental 2D spectra of the isolated
W diagonal band. All spectra in Figure 4 share the same color
scale. As can be seen, W components are isolated, and the
noises of surrounding areas are very small. The CLS data is
taken around the peak of the 2D spectra where the signal
amplitude is the greatest. The small residual seen in Figures 4
and 3 will have a negligible impact on the band shape around
the peak. It is important to note that the CLS is performed on
the actual 2D experimental data, not on the 2D Gaussian
reproductions. The reproductions are used to remove any
distortions caused by the other bands. Detailed discussions
about the various conditions under which this method is
applicable are presented in Supporting Information.
2.2. Chemical Exchange-Induced Spectral Diﬀusion.
As discussed above, the CLS(Tw) obtained from the 2D
spectra is the normalized FFCF, which quantiﬁes spectral
diﬀusion. Without chemical exchange, the CLS(Tw) characterizes the structural dynamics of the medium as reported by the
vibrational probe. When chemical exchange occurs, there is
also a contribution to spectral diﬀusion from the chemical
exchange. Consider the W diagonal peak for example, the
diagonal population can be divided into two ensembles. One
ensemble of molecules at a given Tw has not undergone
chemical exchange, and has only experienced structural
dynamics-induced spectral diﬀusion. In contrast, the other
ensemble has undergone chemical exchange. If this ensemble
has undergone a single or odd number of exchanges at Tw, it
does not contribute to the diagonal peak and does not aﬀect
the CLS. However, if there has been two exchanges, that is the
population has left and returned to the diagonal peak, or any
even number of exchanges, this population will contribute to
the diagonal peak and contribute to the CLS at each Tw and to
the overall CLS(Tw) decay. When a probe molecule leaves the
diagonal band by switching partners from the CN being bound
to water to being bound to Li+ and then switches back to
water, it will have a random position in the W inhomogeneous
line. That is, an even number of chemical exchange events will
contribute a population to the diagonal peak with a CLS of
zero (complete loss of frequency correlation).44 Therefore, the
CLS(Tw) decay has two components, one corresponding to
structural spectral diﬀusion (SSD) and the other induced by
chemical exchange. We have previously reported the chemical
exchange dynamics for the MeSCN/LiCl solutions studied
here.36 Using the known time dependence of the chemical
exchange, it is straightforward to remove the chemical
exchange contribution to the CLS and obtain the SSD.
At a given Tw, the CLS for a particular diagonal peak is the
value it would have if only SSD occurred times the fraction
that has not undergone an even number of exchanges plus the
CLS after an even number of exchanges (zero) times the
fraction that has undergone an even number of exchanges.

Third, the band shape of a 1−2 transition is the same as the
corresponding 0−1 transition, which means that the related
parameters θ, Δω1, and Δω3, are also shared between them.
(This statement is valid in most cases but it does have
exceptions43). In addition, for the exchange peaks in general
there is no correlation between ω1 and ω3;44 then θ can be set
to 0. The Δω1 and Δω3 of exchange peaks, should be ﬁxed to
the Δω1 of the diagonal peak sharing its initial frequency ω1
and the Δω3 of the diagonal peak sharing its ﬁnal frequency
ω3, respectively. Therefore, only the θ, Δω1 and Δω3 of the
two diagonal peaks are free variables.
To summarize, with peak positions of all components
essentially ﬁxed, there are only 9 free variables to ﬁt an entire
2D spectrum, three amplitudes and two sets of band shapes (θ,
Δω1, and Δω3) for diagonal peaks.
As an example, a 2D spectrum of LiCl 1:5 H2O solution at
Tw = 40 ps is shown in Figure 3. The top and middle plots are

Figure 3. Illustration of the 2D subtraction method. The top panel is
experimental data. The middle panel displays the 2D Gaussian
reproduction of the experimental spectra. The bottom panel shows
the results of subtracting the 2D Gaussian reproduction from the
experimental data. The residuals are very small, showing the accuracy
of the reproduction.

the experimental 2D spectrum and its corresponding
reproduction with 2D Gaussian functions, respectively. The
bottom plot is the residuals obtained by subtracting the
calculated spectrum (middle plot) from the experimental
spectrum (top plot). The residuals are very small, close to 0
(see color scale). This ﬁgure demonstrates the eﬃcacy of the
procedure; the 2D Gaussian functions are excellent approximations to the real band shapes.
The following procedure is used to remove the interference
of other peaks so that CLS analysis can be performed. An
example of extracting CLS of the W component in the 2D
spectra of Figure 2 is presented in Figure 4. Figure 4 top row
shows 2D Gaussian reproductions of the 2D spectra without
the W diagonal component. To obtain these 2D Gaussian
reproductions, the entire spectrum is ﬁt as in Figure 3. Then
the 2D Gaussian function that models the W species diagonal
band at each Tw is removed while all other 2D Gaussian
functions remain the same. These model spectra are subtracted
from the experimental spectra (Figure 2) yielding the bottom

CLSTExp
= xTSSD
CLSTSSD
+ xTEX
CLSTEX
= xTSSD
CLSTSSD
w
w
w
w
w
w
w
xTSSD
+ xTEX
=1
w
w

(3)

Here, the superscripts Exp, SSD, and EX refer to the
experiment, structural spectral diﬀusion, and exchange spectral
= 0 at all Tw, then
diﬀusion. x is the fraction. Because CLSTEX
w
CLSTSSD
= CLSTExp
/xTSSD
w
w
w
D

(4)
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Figure 4. Top panels show 2D reproductions of experimental data with the 2D Gaussian for the W species band omitted at three Tws (0.5, 20, and
45 ps). The bottom panels show the results of subtracting the top panels from the experimental data. The results are only the W species bands at
the three Tws with all other bands removed. The W bands in the bottom panels are the experimental data, not reproductions.

parallel (∥) and perpendicular (⊥), are generally used in this
technique. For parallel, the pump and probe pulses have the
same polarization, while for perpendicular the probe polarization is perpendicular to the pump. For a single component,
the pump−probe signals, S∥(t) and S⊥(t), can be used to
obtain the vibrational relaxation P(t) and the second Legendre
polynomial orientational correlation function, C2(t).45

The desired spectral diﬀusion dynamics, CLS(Tw), is
obtained from the experimental CLS at each Tw and the
measured chemical exchange dynamics.36
To obtain xTSSD
, one needs to use the experimental chemical
w
36
exchange results and the kinetic model that describes the
exchange. Consider the W diagonal band. In the kinetic model,
to get NSW, the population of molecules that have stayed (never
left) in the original state W, it is only necessary to set kLW (the
conversion rate from L to W state) to 0, so that there will be
no molecules undergoing multiple exchanges returning
molecules to the W diagonal peak.
NTSw = NTw(kLW = 0)

(5)

xTSSD
= NTSw /NTw
w

(6)

S (t ) = P(t )(1 + 0.8C2(t ))
S⊥(t ) = P(t )(1 − 0.4C2(t ))

(7)

The orientation correlation function is obtained from the
anisotropy r(t) by
r (t ) =

NTw is the experimental population of the W diagonal peak,

S (t ) − S⊥(t )
S (t ) + 2S⊥(t )

= 0.4C2(t )

(8)

and the population relaxation is given by

which is proportional to the peak volume. NTSw is the
population that stayed in the peak, that is, the population it
would have without chemical exchange returning population to
the diagonal peak. The same type of calculation is performed
for the L diagonal peak. Therefore, after isolating the each
diagonal peak following the procedure described in section A,
the CLS(Tw) that only describes the SSD can be obtained. For
the systems studied here, the chemical exchange contribution
to the CLS is relatively small. The exchange times L → W and
W → L for the three concentrations fall in the ranges of ∼50
and ∼100 ps.36 The exchange contribution to the CLS requires
at least 2 exchanges, away and back, so the time scale is ∼150
ps, which, as discussed below, is long compared to the slowest
SSD time scales. The method of elimination of the exchange
contribution to recover the SSD is shown to be very accurate
in the Supporting Information. Note that in the original
detailed chemical exchange theory paper by Kwak et al.,44 the
description of this part of recovering the SSD was confusing;
the current presentation is correct.
2.3. Orientational Dynamics. The orientation dynamics
of the probe molecules reﬂects their interactions with
surrounding liquid and can shed light on the structural
dynamics of the medium. Usually, this dynamical information
is extracted via polarization-selective pump−probe (PSPP)
experiments as the anisotropy decay. Two probe polarizations,

P(t ) =

1
(S (t ) + 2S⊥(t ))
3

(9)

In the current system with two species, W and L, and
chemical exchange, extraction of the anisotropy becomes more
complicated. This is because the two species involved in
chemical exchange generally have diﬀerent reorientation
dynamics. The contributions of the two diﬀerent orientational
dynamics are Tw-dependent because of the interconversion
between the two species, which means eq 8 no longer holds.
The overlap of the 1−2 transition regions further exacerbates
the problem. 2D spectra provide a clearer picture. The pump−
probe signal at a given time delay t is the projection of the 2D
spectrum for Tw = t onto the ωm axis (see Figure 2). For
example, the projection at ωm = 2179 cm−1 in Figure 2 initially
reports only on the reorientation of the L component.
However, as t increases, the growing cross-peak causes the
reorientation dynamics of W component to contribute to the
anisotropy.13,44 The projection at ωm = 2162 cm−1 further
involves the 1−2 transition. Therefore, extracting the
anisotropy using the PSPP method cannot yield the pure
reorientation dynamics of the L or W components.
In our previous publication,36 the reorientation dynamics of
the water-associated and Li+-associated species were extracted
approximately by assuming that the orientation correlation
E
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function is of the form C2(t) = exp(−t/τD), where τD is a
reorientation time constant. However, previous anisotropy
measurements of MeSCN in pure water36 and other molecules
containing a CN stretch46,47 observed biexponential decays,
with the fast component analyzed with the wobbling-in-a-cone
model.45,48−51 Therefore, a more rigorous data analysis
method is needed.
Figure 2 displays isotropic spectra, that is, they were
obtained by measuring the 2D spectra with the polarizations of
the ﬁrst two pulses the same as those of the third pulse and the
echo [parallel, S2D
∥ (Tw)] and with the ﬁrst two pulses with
polarization perpendicular to the third pulse and the echo
36
(perpendicular, S2D
Then, the isotropic spectra were
⊥ (Tw)).
2D
2D
obtained as Siso (Tw) = S∥ (Tw) + 2S2D
⊥ (Tw). The 2D spectra
obtained in parallel and perpendicular conﬁgurations can be
processed in the same way as described in connection with
Figures 3 and 4. Once isolated diagonal peaks are obtained for
each Tw, their projections onto the ωm axis, namely, the
integral along ωτ of the spectrum for a strip that contains the
diagonal peak, can be treated as S∥(t) or S⊥(t) depending on
the polarization setting of 2D spectra. Thus, within a certain
Tw limit, eqs 8 and 9 can be applied to extract the vibrational
relaxation and orientational correlation function of a single
component without having to remove the eﬀects of chemical
exchange mixing the orientational relaxation times of the two
species. The Tw limit of this method is determined by the
interconversion rate between the W and L species. As
explained in Section 2.2, chemical exchange means that even
in the isolated diagonal peaks, there are molecules that have
undergone even number of exchanges. In the isotropic 2D
spectra, the inﬂuence of orientational relaxation is eliminated.
2D
However, for the S2D
∥ (Tw) and S⊥ (Tw) spectra, an even
number of chemical exchange events will mix in the
orientational relaxation of one species with the other. This
in eq 3. Based on the published
percentage is deﬁned by xTEX
w

Figure 5. Anisotropy decays of the W species band (top panel) and
the L species band (bottom panel) for the three concentrations. The
data are obtained from polarized 2D spectra. The interference from
the other bands has been removed using the 2D reproduction method
described in the text.

Table 1. Summary of Parameters Describing Orientational
Relaxationa,b

is <10% up to Tw = ∼35
value of the chemical exchange,36 xTEX
w
ps for the W and L components of all three LiCl solutions. We
used this as an empirical boundary where we stopped ﬁtting
the anisotropy. We have also ﬁt up to 30 and 40 ps. The
change in the time limit had a negligible eﬀect on the ﬁtting
results. This method should also be helpful for systems without
chemical exchange but with small anharmonicities that lead to
overlap between 0−1 and 1−2 signals. For example, in the
current system, even without chemical exchange, directly
extracting anisotropy of the W component is diﬃcult because
the 1−2 transition of L component overlaps with the 0−1
transition of W component. More discussion of this method is
included in the Supporting Information.
Figure 5 shows the anisotropy decays for W (top) and L
(bottom). The points are the experimental data and the solid
curves are the ﬁts. For the W components, the data are ﬁtted
with biexponential decays while the anisotropies of L
components can be reproduced by single exponential decays.
For the W component, the slow decay is the complete
orientational relaxation. The faster component is a result of
wobbling-in-a-cone.45,48−51 The orientation samples a limited
range of angles, the cone, on a faster time scale followed by
constraint release that allows complete orientational randomization. τwob is the time constant for wobbling in the cone. τD is
the time constant for complete orientational randomization.
The orientational relaxation parameters are given in Table 1.
As the LiCl concentration increases, the complete reorienta-

sample

τwob (ps)

1:4-W
1:5-W
1:6-W
1:4-L
1:5-L
1:6-L
pure water

5.6 ± 0.6
5.0 ± 0.6
4.3 ± 0.6

1.6 ± 0.3

τD (ps)
29
17
14
70
52
41
4.6

±
±
±
±
±
±
±

3
2
2
2
2
2
0.2

C1 (ps)
87
51
42
210
156
123

±
±
±
±
±
±

9
6
6
6
6
6

dynamic viscosity
(cP)
6.29
4.09
3.11
6.29
4.09
3.11
0.90

±
±
±
±
±
±

0.06
0.06
0.05
0.06
0.06
0.05

τwob and τD stand for the time constants for wobbling-in-a-cone
component and complete orientation randomization process,
respectively. Dynamic viscosities of three LiCl solutions are measured
with Ubbelohde viscometer. The dynamic viscosity of pure water is
obtained from literature.67 bC1 is the ﬁrst Legendre polynomial
orientational relaxation decay time constant equal to 3τD.
a

tion randomization time constant, τD, increases as the viscosity
increases. The W τD can be compared directly to its value in
pure water. The values in the concentrated LiCl solutions scale
almost exactly with viscosity from the pure water value (see
Table 1). The L values cannot be compared to pure water, but
they almost scale with viscosity within the error bars.
The complete orientational relaxation of W at the three LiCl
concentrations is much faster than it is for L. These results
indicate that the Li+ bound to the N of the MeSCN likely has a
diﬀerent ion environment than a neutral water bound to the N
of the MeSCN. The results suggest that orientational motion
of L has higher friction as its reorientation can require
concerted motions of the surrounding ion cloud, that is, there
are greater electrostatic restraints on L than on W, a neutral
species. The same considerations may also explain why W has
a wobbling component of the orientation relaxation while L
does not. The strong electrostatic interactions of L with the
F
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with the spectral diﬀusion of the CN stretch of MeSCN in pure
water. In pure water using the OD stretch of HOD as the
vibrational probe, the spectral diﬀusion decays as a
biexponential with time constants 0.4 ± 0.1 and 1.7 ± 0.1
ps.52 Simulations have shown that the two time scales,
correspond to very local hydrogen bond ﬂuctuations, mainly
the length of the H-bond, and the complete randomization of
the H-bond network, respectively.52 Experiments on MeSCN
in pure water give the identical time constants.36 Therefore, it
is reasonable to assume the mechanism underlying the spectral
diﬀusion measured with MeSCN in pure water is also H-bond
length ﬂuctuations and H-bond network randomization. In
contrast to pure water, the FFCFs of both the W and L bands
at all concentrations decay as tri-exponential function. It is
important to note that the absorption line widths of both the
W and L band at all concentrations are ∼1.5 times larger than
the bandwidth for pure water (see Table 2, fwhm). There is a
small decrease in the fwhm as the concentration is reduced.
The L bands are slightly broader than the W bands. The
increased width in the LiCl solution has both an increased
inhomogeneous and homogenous width. The increase in the
inhomogeneous line width is undoubtedly caused by the wide
variety of ion conﬁgurations that surround the MeSCN probe
molecules. Recent experiments and ab initio simulations of
concentrated HCl solutions also display two bands in the FTIR spectrum and in the 2D spectra.53 The simulations show
that one band, the low frequency band, arises when water is Hbounded to the CN nitrogen lone pair, and the other higherfrequency band arises when hydronium is bound to the
nitrogen lone pair. The peak with water bound to the N lone
pair has virtually the same center frequency as in pure water
and as the red peak (W) in the concentrated LiCl spectra. In
both the concentrated HCl solutions and in the LiCl solutions,
the W peaks are wider than in pure water. The HCl
experiments and simulation results are the underpinning for
assigning the low-frequency band in LiCl as the W band with
water H-bonded to the N lone pair and the higher-frequency
band as the L band with Li+ bound to the N lone pair.
The fastest component, τ1, of the W FFCF decreases from
1.6 to 1.1 ps, with the values tending toward the pure water
value (0.4 ps) as the concentration is reduced (see Table 2).
However, this decrease is almost within experimental error.
Except for the highest concentration (1:4), the L τ1 values are
the same as the W values within experimental error, and the
values for the highest concentration are just outside of error.
Previous experiments on other concentrated salt solutions also
showed a slow-down of the ﬁrst spectral diﬀusion timescale

surrounding ion cloud inhibits small angular wobbling
occurring on a time scale that is fast compared to the motion
of the surrounding ions.
2.4. Water and Ion Dynamics Characterized by
Spectral Diﬀusion. As discussed above, 2D spectra in the
parallel and perpendicular conﬁgurations were combined to
44
2D
2D
give S2D
After applying the
iso (Tw) = S∥ (Tw) + 2S⊥ (Tw).
method described in Sections 2.1 and 2.2 on isotropic 2D
spectra, we have extracted the CLS(Tw)s that characterize the
SSD only. The CLS(Tw) of the W and L components at three
concentrations are plotted in Figure 6A,B (symbols),

Figure 6. CLS(Tw) decays (points) that characterizes only the SSD.
(A,B) are for the W species and L species bands, respectively for three
LiCl concentrations. The solid curves are tri-exponential ﬁts to the
data. The insets show the short time portions of the data and ﬁts.

respectively. The importance of the method used to obtain
the data in Figure 6A,B in comparison to obtaining the
CLS(Tw) without removing the eﬀects of interfering bands is
discussed in the Supporting Information. The CLS decays of
W and L components in Figure 6 were ﬁt with triexponential
functions (solid curves). The corresponding FFCF parameters
are given in Table 2. For comparison, the FFCF parameters for
the CN stretch of MeSCN in pure water are also given.36
To understand the timescales of the spectral diﬀusion in the
concentrated LiCl solutions, it is useful to compare the results

Table 2. FFCF Parameters That Characterizing Water and Ion Dynamicsb
samplea
1:4-W
1:5-W
1:6-W
1:4-L
1:5-L
1:6-L
water

Γ (cm−1)
5.0
5.2
5.1
5.6
6.0
6.1
3.5

±
±
±
±
±
±
±

0.5
0.5
0.5
0.5
0.5
0.5
0.3

Δ1 (cm−1)
4.3
4.0
4.3
4.1
3.8
3.8
5.8

±
±
±
±
±
±
±

0.4
0.4
0.4
0.4
0.4
0.4
1.0

τ1 (ps)
1.6
1.2
1.1
1.1
1.0
1.0
0.4

±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.2
0.2
0.1

Δ2 (cm−1)
3.3
3.4
3.1
3.9
3.9
3.7
2.6

±
±
±
±
±
±
±

0.3
0.3
0.5
0.4
0.4
0.4
0.2

τ2 (ps)
4.9
3.3
3.2
5.2
4.2
3.9
1.7

±
±
±
±
±
±
±

1.0
0.6
0.5
0.8
0.8
0.8
0.1

Δ3 (cm−1)
2.0
1.6
1.2
2.0
1.6
1.5

±
±
±
±
±
±

0.2
0.2
0.1
0.2
0.2
0.2

τ3 (ps)
48
35
39
30
38
36

±
±
±
±
±
±

12
10
10
7
7
7

fwhm (cm−1)
15.1
14.1
13.5
15.8
15.2
14.8
10.5

±
±
±
±
±
±
±

0.3
0.3
0.3
0.3
0.3
0.3
0.3

a
Concentrations are labelled as the molar ratio between LiCl and water, such as 1:4. W and L designate the water bound and Li+ bound to MeSCN
diagonal peaks. The row labeled water is the results for MeSCN in pure water. bΓ is the homogeneous line width, fwhm of the homogeneous
component. Δi are the amplitudes (standard deviations) of each component and the τi are the corresponding time scales of the FFCF. fwhm
(rightmost column) corresponds to the linewidth of experimentally obtained FTIR absorption spectra.
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component decreases from 2.0 to 1.5 cm−1 in going from LiCl
1:4 to 1:6 solutions. As reported in an MD simulation study of
LiCl solutions,55 the percentage of ions in dimer ion pairs
increases from ∼25 to 43%, which corresponds nicely to the
increase in Δ3. The large increase of ion pairs or clusters as the
concentration increases has also been reported in other
publications.11,55−57 Therefore, we assign the ∼40 ps spectral
diﬀusion dynamics to ion cluster dynamics, or more speciﬁcally
the restructuring of ion pairs or larger clusters.
The assignment of the slowest component of the spectral
diﬀusion to ion cluster dynamics is supported by both theory
and experiment. Many simulations have been conducted to
examine ion pair and cluster dynamics. Lipowsky et al.
conducted MD simulation of 0.5−3.5 M salt solutions and
compared the ion cluster lifetime of cesium chloride (CsCl)
and magnesium sulfate (MgSO4).58 For CsCl, both contact ion
pair and solvent-shared ion pair (SIP) lifetimes of 5−7 ps were
found. For MgSO4, the SIP lifetimes of 100−200 ps were
reported while the solvent-separated ion pairs (2SIP) had
lifetimes of 20−50 ps. The diﬀerence between the two types of
salt solutions largely originates from diﬀerences in their
viscosities and electrostatic interactions.58 The LiCl solutions
studied here lie between CsCl and MgSO4 in viscosity.59 LiCl
electrostatic interactions should be stronger than CsCl because
Li+ is smaller and thus has a higher charge density. However,
the interaction should be weaker than MgSO4 because both
Mg2+ and SO42− ions are doubly charged. Therefore, the LiCl
ion pair lifetime is likely between those of CsCl and MgSO4.
Note, the MD simulations were performed up to 3.5 M salt
solutions; the ion pair lifetimes should be longer in the higher
concentrations studied here.58 Using 2D IR chemical exchange
spectroscopy, Bian et al. estimated the exchange time between
clustered and isolated thiocyanate anions to be ∼12 ps in
concentrated potassium thiocyanate solutions.11 Park et al.
measured perchlorate−thiocyanate anion exchange in the ﬁrst
solvation shell of the Mg2+ cation to be ∼50 ps in a
concentrated aqueous salt solution.16
Therefore, simulations and experiments support the
proposition that the ∼40 ps spectral diﬀusion time constant,
τ3, is the timescale for ion pair and ion cluster dynamics. This
slowest component of the spectral diﬀusion samples all the
remaining frequencies and therefore all structures of the liquid
as shown by the decay of the CLS(Tw) to zero or virtually to
zero on the time scale of the experiments (see Figure 6). If the
ion clouds surrounding the vibrational probes structurally
relaxed on time scales longer than ∼40 ps, then the CLS(Tw)
would not decay to zero. Therefore, 40 ps is the time scale for
complete randomization of the ion structures.
All three FFCF time constants for the W and L bands are
essentially the same. MeSCN with its bound species, H2O or
Li+, are embedded in a concentrated sea of ions and water. The
CN stretch spectral diﬀusion reports on the dynamics of its
surroundings. The similarity of the W and L time constants
indicates that the structure and dynamics of the medium in the
vicinity of the probe is not inﬂuenced to a signiﬁcant extent
whether an H2O or Li+ is bound to the N lone pair. The
spectral diﬀusion, particularly τ2 and τ3, reports on dynamics of
a signiﬁcant volume around the probe, reducing the impact of
which species is bound to the probe. However, as shown in
Table 1 and discussed further below, the species bound to the
probe does have a major impact on orientational relaxation.
While the spectral diﬀusion time constants for the W and L
species are basically the same, we did observe a small diﬀerence

compared to that of pure water.9,10 In addition, the recent
study of MeSCN in concentrated HCl solutions gave a value of
τ1 of 1.1 ps, the same as the values measured here.53 The τ2
values for the W and L bands are in the range of ∼5 to ∼3 ps
(see Table 2). There is an apparent decrease in the τ2 values as
the concentration is reduced, but the decrease falls within the
error bars. The values of τ1 and τ2 for both the W and L bands
are a factor of 2.5−3 slower than the values in pure water.
We therefore assign the fastest component to local length
ﬂuctuation of the N−HO distance when water is bound to the
N lone pair (W) and the N−Li+ distance when Li+ is bound to
the N lone pair. The middle time constant, τ2, of the W band
decreases from 4.9 to 3.2 ps as the LiCl concentration is
reduced. Although there are signiﬁcant error bars, as the
concentration is lowered, the time constant approaches the 1.7
ps value measured in pure water.36,52 It is reasonable to take
the middle time constants of both the W and L species as
corresponding to the 1.7 ps dynamics in pure water, which
represents the global hydrogen bond network reorganization.
This trend has been observed previously in less concentrated
solutions of a variety of cation/anion pairs,9 where molar ratio
of cation to water ranged from 1:16 to 1:56. Results from a
study of an even more concentrated salt solution of lithium
bis(triﬂuoromethane)sulfonimide (LiNTf2) where the ratio is
1:2.5, gave a second time constant of ∼17 ps.10 In this system,
the anion is very large compared to Cl−.
In pure water, the CLS is a bi-exponential decay with a
slowest component of 1.7 ps. The inhomogeneity in pure water
is caused solely by the range of H-bond conﬁgurations. In the
concentrated LiCl solutions, the corresponding component of
the tri-exponential CLS decay is the middle component. In the
LiCl solutions, the inhomogeneous broadening of the
absorption line is signiﬁcantly broader than in pure water
(see Table 2). The conﬁgurations of ions in the vicinities of the
probes contribute to the inhomogeneous broadening. To
completely sample the inhomogeneous line, the ion conﬁgurations that contribute to the inhomogeneous broadening
have to randomize.
In the LiCl solutions, in which the molar ratio of Li+ and
water is between 1:4 to 1:6, there is not enough water to fully
solvate Li+ and Cl− individually,5,54 that is, there are no isolated
solvated ions. Water bridges are common between two
oppositely charged ions54 and this undermines the extended
water network that facilitates breaking and forming hydrogen
bonds and reorientation. The slowing of reorientation of water
molecules has been attributed to the strong eﬀect of ion
clusters in concentrated salt solutions.23,24 As the salt
concentration increases, the extent of the hydrogen bond
network becomes smaller and more localized;34 thus the
concerted randomization process that occurs in pure water
becomes more diﬃcult and slower. In addition, hydrogen bond
rearrangement alone cannot sample all the liquid structures
that give rise to the inhomogeneously broadened absorption
spectrum. Therefore, H-bond rearrangement will not produce
complete spectral diﬀusion (CLS(Tw) → 0).
The slowest component of the spectral diﬀusion, τ3 = ∼40
ps for both W and L within experimental error (see Table 2),
reﬂects distinct dynamics in the LiCl solutions that do not exist
in pure water. A similar slow component is not observable in
lower concentration salt solutions,9 but is observed in highconcentration studies.10 As can be seen in Table 2, for the
water bound to MeSCN (W), the amplitudes of this
component, Δ3, decrease from 2.0 to 1.2 cm−1 and the L
H
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the liquid that causes SSD. For example, water probed with the
OD stretch of HOD in H2O does not display RISD although
the slowest component of the spectral diﬀusion and the
orientational relaxation occur on the same time scale. The lack
of RISD (a polarization dependence to the CLS(Tw) decays)
in water is a result of hydrogen bond rearrangement being
responsible for both the spectral diﬀusion and the orientation
relaxation. Here, the W intermediate time scale wobbling in a
cone is almost but not quite tied to structural relaxation,
resulting in a small polarization diﬀerence.
There is another issue that needs to be addressed involving
the relationship between the spectral diﬀusion and the
orientational relaxation, particularly for W. In Table 2, the
slowest component of the W spectral diﬀusion is actually
slower than the orientational relaxation, τD, given in Table 1.
For L, τD is somewhat slower than the slowest component of
the spectral diﬀusion. The question is how can the spectral
diﬀusion be slower than the orientational relaxation? The
slowest component of the SSD, the third exponential, is not
present in pure water. This component is assigned to the
structural evolution of ion pairs and clusters. The ion
conﬁgurations will couple to the CN stretch frequency via
the ﬁrst-order Stark eﬀect.62,63 The ﬁrst-order vibrational Stark
eﬀect involves the coupling of an electric ﬁeld to the dipole
moment diﬀerence that arises when the vibration, CN in this
case, is excited. As the ion cloud reconﬁgures, the electric ﬁeld
will change, causing the vibrational frequency to change. The
frequency shift is linearly proportional to electric ﬁeld via the
Stark tuning rate.64,65 Based on the contribution of the ion
cloud to the inhomogeneous line width (Δ3 of the W
components in Table 2), the root mean square electric ﬁeld
amplitude (standard deviation for a Gaussian distribution)
along the CN bond is ∼3.3 MV/cm for the LiCl 1:4 H2O
solution, decreasing to ∼2 MV/cm for LiCl 1:6 H2O solution.
These values serve as an observable that can be readily
obtained from future simulation studies of concentrated LiCl
solutions and are useful to vet the accuracy of the simulations.
Spectral diﬀusion gives rise to the FFCF. Based on the Stark
eﬀect, this function is equivalent to electric-ﬁeld correlation
function, whose appropriate correlation function form is C1(t)
= exp(−l(l + 1)D0t) = exp(−2D0t), the ﬁrst Legendre
polynomial correlation function where l = 1 and D0 is the
orientational diﬀusion coeﬃcient.60 The PSPP, on the other
hand, measures C2(t), the second Legendre polynomial
correlation function, which is second order in the electric
ﬁeld of the light. The exponential decay time constant τD = 1/
6Dθ. Therefore, when comparing orientational relaxation times
to the spectral diﬀusion times, the comparison is between τ3 in
Table 2 and C1 in Table 1. For W, the orientational relaxation
is slower or about the same as the slowest component of the
spectral diﬀusion. For L, the orientational relaxation is much
slower than the slowest component of the spectral diﬀusion.
Therefore, there is no contradiction between the measured
orientational relaxation rates and the slowest components of
the spectral diﬀusion.
The fact that for W, τ3 and C1(t) occur on similar time scales
(see Tables 1 and 2), suggests that orientational relaxation
MeSCN·H2O occurs because the ion cloud, that is, ion pairs,
ion clusters, and so forth, structurally rearranges. The same
structural rearrangements cause the electric ﬁeld along the CN
bond to evolve in time, giving rise to the slowest component of
the spectral diﬀusion via the ﬁrst-order Stark eﬀect. The τ3
values for W and L are equivalent within experimental error

in the nature of the 2D IR observables depending on which
species is bound to the probe. We extracted the CLS(Tw) from
2D spectra with parallel and perpendicular polarizations
following the method described in Sections 2.1 and 2.2.
Figure 7 displays data for the LiCl 1:5 H2O solution. Figure 7A

Figure 7. CLS(Tw) decays taken with parallel and perpendicular
polarizations. The L species data (A) has no polarization dependence.
The W species data (B) has a small polarization dependence. The
inset shows the W data normalized at ∼Tw = 0. The normalized data
shows even less polarization dependence.

shows the data for the L band. The two scans are identical,
demonstrating that the CLS(Tw) is independent of polarization. However, the data for the W band shown in Figure 7B
has a small polarization dependence as the two curves are not
coincident. Much of the diﬀerence occurs on a time scale too
short for us to resolve as shown by the fact that the parallel
curve has somewhat greater amplitude than the perpendicular
curve at Tw = ∼0. The inset shows the curves normalized at the
shortest time to eliminate the eﬀect of the vertical oﬀset at Tw
= ∼0. The diﬀerence in the two curves is reduced, but not
completely eliminated. The diﬀerences in the curves occur at
Tw = ∼0 and at intermediate times. Similar diﬀerences were
also observed in the other two concentration solutions.
The L species parallel and perpendicular polarization
CLS(Tw)s (Figure 7A) are identical while the W data (Figure
7B) are not. Orientational relaxation can be responsible for the
diﬀerence of the W and L data. The W orientation relaxation is
a biexponential and the slow component is signiﬁcantly faster
than the single decay of L. The reorientation-induced spectral
diﬀusion (RISD) model60,61 has previously successfully
described large diﬀerences in polarization-dependent CLS(Tw)s. For example, carbon dioxide generally has weak
interactions with ionic liquids and its polarization-dependent
CLS can be explained by this model extremely well.61
However, the theory fails to describe the small diﬀerences in
the polarization-dependent CLS(Tw)s shown in Figure 7B.
This failure likely originates from the assumption that
underpins the RISD theory, that is, the reorientation of
probe molecules is independent of the structural evolution of
I
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(see Table 2). The same τ3 time constants for W and L
indicate that the mechanism is the same for the slowest
component of the spectral diﬀusion reported by the CN
stretch. However, the relevant orientational relaxation times,
C1, are much slower for L than for W. These results suggest
that the neutral species MeSCN·H2O can undergo orientational relaxation with structural changes in the ion cloud that
are insuﬃcient to enable the charged species MeSCN·Li+ to
change its orientation to the same extent. For example,
MeSCN·Li+ may be tightly pinned to an adjacent Cl− while the
water on MeSCN·H2O makes relative weak H-bonds to
Cl−.19,66 Restructuring of the ion cloud nearby, which
contributes to spectral diﬀusion, may allow MeSCN·H2O to
take an angular step by breaking its H-bond to the still adjacent
Cl− while the strong interaction of MeSCN·Li+ and an adjacent
Cl− prevents a similar step from occurring. The result of this
scenario is that W and L have the same spectral diﬀusion time
constants within error, but W has substantially faster
orientational relaxation.

stretch in pure water. The third slowest component of the
FFCF is associated with randomization of the ion cloud, that
is, ion pairs, water-separated ion pairs, and ion clusters. The
ion cloud can inﬂuence the frequency of the CN stretch via the
ﬁrst-order Stark eﬀect. Randomization of the ion cloud is
necessary to sample the extra inhomogeneous width of the
absorption line. The time scale of the slowest SSD component
is ∼40 ps, which is the time for randomization of the ion cloud
structure to the extent that all conﬁgurations that contribute to
the inhomogeneous CN frequency distribution have been
sampled.
Because of the interfering oﬀ-diagonal chemical exchange
and 1−2 transition peaks, it is complicated to obtain the
orientational relaxation via the standard polarization-selective
pump−probe experiment. Instead, we employed polarizationselective 2D IR experiments. The same method as used to
obtain an isolated diagonal peak for the determination of the
FFCF was employed to obtain the anisotropy. However, rather
than performing the CLS analysis on the isolated peak, it was
integrated along the ωτ axis (horizontal axis) projecting it onto
the ωm axis (vertical axis) for each polarization at each time.
This projection gives the equivalent of the pump−probe
anisotropy measurements, but with the interfering peaks
removed. It was found that MeSCN·Li+ undergoes orientational relaxation much slower than MeSCN·H2O, likely
because of strong electrostatic interactions of the charged
species compared to the weaker interactions of the neutral
species. The relationships between the time scales of SSD and
orientational relaxation were also considered.
The results that emerge present a detailed view of dynamics
and interactions in concentrated aqueous ionic solutions. In
addition, two new methods were presented. One enables
accurate determination of the FFCF in spite of crowded 2D IR
spectra with overlapping time-dependent peaks. This method
should also be applicable in 2D electronic excited-state
spectroscopy. The second method makes it possible to extract
orientational relaxation using polarized 2D IR spectroscopy
again by removing the inﬂuences of overlapping bands.

3. CONCLUDING REMARKS
We employed the CN stretch of MeSCN as the vibrational
probe to interrogate ion dynamics in concentrated LiCl
aqueous solutions as a function of concentration. MeSCN has
two absorption peaks in the LiCl solutions, one corresponding
to water-associated (W) and the other corresponding to Li+associated (L) with the nitrogen lone pair of MeSCN. Using
polarization-selective 2D IR spectroscopy, we have measured
spectral diﬀusion, which reports on the structural dynamics of
the solutions and orientational relaxation of the W and L
species. Spectral diﬀusion is caused by the solution dynamics
as reported by the probe.
Because of the small separation of the two overlapping
absorption bands, chemical exchange events, which produce
time-dependent oﬀ-diagonal peaks,36 and the 1−2 transition
oﬀ-diagonal bands, the 2D IR spectra are complex and
crowded. To obtain the FFCF from the time-dependent shapes
of the diagonal bands required the development of a new
method. The normalized FFCF is obtained using the CLS
method.38 By modeling the overlapping peaks as 2D Gaussians
and subtracting these 2D Gaussians, the diagonal peak of
interest is obtained (see Figure 4). This remaining peak is the
experimental data, not a 2D Gaussian replica. With a single
diagonal peak, from either W or L, we were able to accurately
obtain the CLS(Tw) data. It is important to note, that
depending on the 2D band shapes, functional forms other than
2D Gaussians may appropriate.
The CLS(Tw) of the isolated peak is dominated by SSD,
(structural evolution of the liquid) but it has a small
contribution from chemical exchange-induced spectral diﬀusion. We presented a method to remove the chemical exchange
contribution and obtained the pure SSD.
In contrast to the 2D IR experiments on pure water, which
display a biexponential decay of the FFCF, the SSD in the
concentrated LiCl solutions decays as a tri-exponential. The
two faster components are ∼3 times slower than the
corresponding decays in pure water (see Table 2). In analogy
to pure water, we assign the fastest component to very local
positon ﬂuctuations of the species, water or Li+, which is
bound to the nitrogen lone pair of the CN. The second
component of the tri-exponential FFCF reﬂects H-bond
rearrangement. The high concentration of LiCl results in
broader inhomogeneous lines than the line width of the CN
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