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The vibrational frequency, frequency fluctuation dynamics, and transition dipole moment of the O—D
stretch mode of HDO molecule in aqueous solutions are strongly dependent on its local electrostatic
environment and hydrogen-bond network structure. Therefore, the time-resolved vibrational spec-
troscopy the O—D stretch mode has been particularly used to investigate specific ion effects on
water structure. Despite prolonged efforts to understand the interplay of O—D vibrational dynamics
with local water hydrogen-bond network and ion aggregate structures in high salt solutions, still
there exists a gap between theory and experiment due to a lack of quantitative model for accurately
describing O—D stretch frequency in high salt solutions. To fill this gap, we have performed
numerical simulations of Raman scattering and IR absorption spectra of the O—D stretch mode
of HDO in highly concentrated NaCl and KSCN solutions and compared them with experimental
results. Carrying out extensive quantum chemistry calculations on not only water clusters but also
ion-water clusters, we first developed a distributed vibrational solvatochromic charge model for the
O—D stretch mode in aqueous salt solutions. Furthermore, the non-Condon effect on the vibrational
transition dipole moment of the O—D stretch mode was fully taken into consideration with the
charge response kernel that is non-local polarizability density. From the fluctuating O—D stretch
mode frequencies and transition dipole vectors obtained from the molecular dynamics simulations,
the O—D stretch Raman scattering and IR absorption spectra of HDO in salt solutions could be
calculated. The polarization effect on the transition dipole vector of the O—D stretch mode is
shown to be important and the asymmetric line shapes of the O—D stretch Raman scattering and
IR absorption spectra of HDO especially in highly concentrated NaCl and KSCN solutions are in
quantitative agreement with experimental results. We anticipate that this computational approach
will be of critical use in interpreting linear and nonlinear vibrational spectroscopies of HDO molecule
that is considered as an excellent local probe for monitoring local electrostatic and hydrogen-bonding
environment in not just salt but also other confined and crowded solutions. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4920972]

I. INTRODUCTION

Water is an excellent solvent dissolving various ionic
or polar species by forming hydration shells. Conversely,
dissolved ions with high charge density can affect hydrogen-
bonding structure and dynamics of water, which is manifested
by changes in macroscopic and thermodynamic properties.1–3

This can in turn induce a notable change of thermodynamic
stability of a variety of biological systems such as proteins,4–6

DNA and RNA,7,8 and membrane9,10 that are exposed to
those dissolved ions in aqueous solutions. Among them, the
Hofmeister effect reported a century ago specifically refers
to the phenomena that ions can either stabilize or destabilize
the tertiary structure of a given protein in the corresponding
salt solutions and induce precipitation of the protein.11,12 For
instance, sulfate, SO2−

4 , is known as a water H-bond structure
maker, i.e., kosmotrope, whereas thiocyanate, SCN−, tends to

a)Author to whom correspondence should be addressed. Electronic mail:
mcho@korea.ac.kr

break water structure, i.e., chaotrope. Such specific ion effect
was believed to be associated with ionic solvation-induced
long range H-bonding network structure change in aqueous
salt solutions.1,2 However, recent experimental investigations
using IR pump-probe spectroscopy of HDO in those salt
solutions have revealed that the effect of ion on water structure
is highly local and only the first hydration shell appears to be
under influence by the ions.13–15 In stark contrast, neutron
diffraction experiment for ionic solutions and systematic
analyses suggested non-negligible influences of ion species on
H-bonding network structure.16,17 Although there exist other
experimental results elucidating the underlying mechanism of
the specific ion effects, it still remains to be controversial.18,19

In parallel with experimental works, a vast number of
theoretical and computational studies with various molecular
dynamics (MD) simulation methods have been performed,20–32

which all aim at clarifying the specific ion effects on water H-
bonding network structure. Among them, the MD simulation
studies with a proper vibrational solvatochromism model for
O—D stretch mode of HDO in aqueous solutions have been

0021-9606/2015/142(20)/204102/13/$30.00 142, 204102-1 © 2015 AIP Publishing LLC
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paid a great attention33–36 since the O—D stretch mode of
HDO has been considered to be one of the most effective
and experimentally useful vibrational modes for probing local
electrostatic environment around the O—D group.15,37–40 It
was the Skinner group who performed the first MD simulation
study of HDO in aqueous sodium bromide solutions and
calculated the IR absorption spectra as well as the rotational
anisotropy decays of the O—D group.41 They developed
a vibrational solvatochromic frequency shift model with
electronic structure calculations of various water-ion clusters.
Their calculated O—D stretch IR absorption bands were
shown to be in excellent agreement with experimental ones.
From the MD-simulated rotational relaxation and detailed
analyses of MD trajectories of HDO in the NaBr solutions,
it was suggested that the specific ion effect results from
interaction between an ion and surrounding water molecules
in its first hydration shell. That is to say, there is no significant
long-range water structure change due to dissolved ions.
On the other hand, Laage and Hynes, after investigating
the rotational dynamics of water in NaCl solutions with
polarizable and flexible Amoeba force field parameters,
suggested that the hydration shell around chloride ion is
not rigid but labile, which is consistent with the mechanism
of Hofmeister effect proposed before.27 These representative
works clearly show that, even though MD simulations can
provide microscopic details of solute-solvent structure and
dynamics, it is still difficult to describe ion-water interaction
energy accurately with classical force fields implemented in
MD simulation programs.42,43 Thus, it is absolutely necessary
to directly compare MD simulation results with experimental
observations as many as possible.

A notable work was reported by the Zheng group, who
carried out 2D IR studies of SCN− ions in high KSCN
solutions as well as IR pump-probe measurements of O—D
stretch mode of HDO in aqueous KSCN solutions.44,45 After
comparing their experimental data with MD simulation results,
they showed that ions can form ion pairs at relatively low
salt concentration and ion clusters in high KSCN solutions.45

In fact, a few MD simulation studies of NaCl and KBr
solutions already showed that ion clusters can be formed
in 1:1 strong electrolytes.46–48 In Ref. 46, it was shown
that, at NaCl concentration higher than 2M, fairly large ion
clusters including 10–30 ions can be formed. Such large
(∼nanometer) ion cluster formation was shown to be important
in understanding the onset of mineralization of calcium
carbonate.49

More recently, in Refs. 50 and 51, we rather focused on the
structures of ion aggregates in high KSCN and NaCl solutions,
considering the O—D stretch mode as a local vibrational probe
for studying water structure, carrying out 13C NMR chemical
shift measurements of S13CN− in a variety of aqueous salt
solutions, and using MD simulation methods with various sets
of force field parameters. In particular, we considered very
high salt solutions at concentrations close to their solubility
limits. For instance, the solubility limit concentrations of
KSCN and NaCl in water are about 22 and 6 m, respectively. At
such high concentrations, water H-bonding network structures
are significantly altered with much lower number of H-bonded
water molecules per each water molecule. Furthermore, ions

cannot be fully hydrated by water molecules in very high
salt solutions so that ions tend to form aggregates via
direct Coulombic interactions. Interestingly, we found that the
structures of ion aggregates in high salt solutions depend on
the nature of dissolved ions.50,51 For highly concentrated NaCl
solutions, ion aggregate structures are close to molten salt or
crystal-like ion clusters. On the other hand, at high KSCN
and NaClO4 concentration, K+ (Na+) and SCN− (ClO4

−) ions
have a propensity to form spatially extended ion networks
that are fully intertwined with water H-bonding networks.
These intriguing and bifurcating mechanisms of ion aggregate
formation processes could provide an important clue about
why certain salts with chaotropic anions such as thiocyanate,
perchlorate, and tetrafluoroborate have very high solubility
limits, whereas other kosmotropic anion salts are usually
poorly soluble in water.

To quantitatively describe morphological variation of
ion aggregate structures in high salt solution, we performed
extensive spectral graph analyses of both water H-bonding
network and ion aggregate structures in both NaCl and KSCN
solutions.51 From the distribution analyses of ensemble-
average degrees and eigenvalues of the adjacency matrices
that are graph-theoretical representations of ion aggregates, the
ion aggregate structures, which can be properly classified as
ion clusters, in highly concentrated NaCl solutions are indeed
topologically different from ion-network-like aggregate struc-
tures in highly concentrated KSCN solutions. Furthermore,
we found clear evidence that there exists an isomorphic
relationship between the ion network structures in KSCN
solution and the water H-bonding network structure.51

Although we have investigated the ion aggregate struc-
tures of ions in a few representative salt solutions, still
the majority of experimental data reported so far is both
linear and nonlinear vibrational spectroscopic observables
with the HDO vibrational probe.52–58 Therefore, we think
that a more refined model for vibrational solvatochromism
of the O—D stretch mode of HDO in not only liquid water
but also high salt solutions is needed. In the present work,
we therefore investigate vibrational properties, frequency, and
transition dipole moment, of the O—D stretch mode, in
highly concentrated NaCl and KSCN solutions—note that our
previous work reported in Ref. 50 did not take into account
the polarization effects of water on the O—D transition dipole
moment nor on the O—D frequency shift induced by ions.
Of course, there already exist a few relevant works reported
before.31,36,59–63 The Skinner group has developed an elec-
tronic structure/molecular dynamics approach to numerically
simulate IR absorption,33–35,64 Raman scattering,34,35 and 2D
IR spectra35,64 for the OH and OD stretches of HDO in D2O
and H2O, respectively. The frequency and transition dipole
moment were calculated with an empirical parameter map
relating local electric field to them. Mukamel and coworkers
constructed ab initio maps for the frequency and transition
dipole moment of the O—H stretch mode in D2O,31 where
they considered electric field and its gradient-tensors for the
numerical simulations of the IR absorption spectrum of HDO
in D2O. Although these attempts were found to be highly
successful in simulating the vibrational spectra, no systematic
studies on the vibrational properties of O—D stretch mode
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at highly concentrated NaCl and KSCN solutions have been
reported before. In this regard, we believe that a distributed
vibrational solvatochromic charge model65 that has been used
for a variety of IR probe systems would be of use.66–74

Here, extensive quantum chemistry calculations of water
clusters containing ions, e.g., Na+, K+, Cl−, and SCN−, were
performed, and quantitative relations of vibrational frequency
and transition dipole moment with electrostatic potential
at a given HDO molecule were established for aqueous
NaCl and KSCN solutions (Sec. II). The distributions of the
O—D frequency and the x- and z-components of the transition
dipole moment of HDO in aqueous salt solutions are carefully
examined (Sec. III). The numerically simulated O—D stretch
Raman scattering and IR absorption spectra of HDO in salt
solutions are directly compared with experimentally measured
vibrational spectra (Sec. IV). Finally, the main results are
summarized in Sec. V.

II. QUANTUM CHEMISTRY CALCULATIONS

A. Vibrational frequency and transition dipole
moment of the O—D stretch mode in water

In Ref. 75, a vibrational solvatochromic charge model for
the symmetric and asymmetric OH stretch mode frequencies
and their transition dipole moments of H2O in water was
reported, which was then used to numerically simulate IR
absorption and Raman scattering spectra of liquid water. We
showed that the charge-response kernel approach to describe
transition dipole moments of polarizable water molecules and
the distributed vibrational solvatochromic charge model are
very accurate.75 Here, we use the same approach to develop
the vibrational solvatochromism models for the vibrational
frequency and transition dipole moment of the O—D stretch
mode of HDO in aqueous salt solutions. This requires
extensive quantum chemistry calculations of (125 different)
water clusters with and without ions, where a single HDO
molecule is surrounded by 1–17 H2O molecules. The quantum
chemistry calculation method used is DFT (density functional
theory) B3LYP (Becke, three-parameter, Lee-Yang-Parr) that
is implemented in Gaussian 09 program package76 and the
basis set of 6-311++G(d,p) is chosen for all the geometry
optimizations and frequency analyses.

The O—D stretch mode frequency of HDO could be
determined by local electric potentials at distributed sites
of HDO, which are produced by atomic partial charges of
surrounding water molecules, i.e.,65

∆ω(φ) = ω(φ) − ω0 =

n
m=1

lmφ(Rm), (1)

where lm and φ(Rm) represent the solvatochromic charge of
the mth interaction site of HDO and the electric potential
at Rm, respectively. The reference frequency ω0 corresponds
to that of HDO in the gas phase, which is 2812.5 cm−1 at
the B3LYP/6-311++G(d,p) level. In the present work, we
considered three interaction sites at O-atom (site 1), D-atom
(site 2), and H-atom (site 3). From the multivariate least
square analyses of water clusters containing a single HDO

FIG. 1. (a) Comparison between DFT-calculated O—D stretch mode fre-
quencies and theoretical values obtained with Eq. (1) for various water clus-
ters. Among the water molecules in a given cluster with n+1 water molecules,
one of them is replaced with HDO and then the DFT vibrational analysis
of the HDO—(H2O)n cluster was performed to calculate the O—D stretch
mode frequency. (b) The DFT-calculated x- and z-components of the O—D
stretch mode transition dipole vector is compared with those obtained with
Eq. (2).

with Eq. (1), the vibrational solvatochromic charges obtained
are lO = −0.022013, lD = 0.028628, and lH = −0.0066150 e.
Here, the CHELPG77 (CHarges from Electrostatic Potentials
using a Grid based method) partial charges of H2O are used
to calculate the electric potentials at the interaction sites. The
agreement between DFT-calculation results and least-square
fitting results for O—D frequency shifts is acceptable (see
Figure 1(a)).

Now, we turn to the theoretical modeling of O—D
vibrational transition dipole vector of HDO in water. Although
the vibrational transition dipole moments of carbonyl (C==O),
nitrile, thiocyanate, and azido stretch modes are relatively
weakly dependent on any change in local electrostatic
environment, the O—D and O—H stretch modes of HDO
in water and D2O, respectively, were found to be strongly
dependent on local solvation structure around them, which is
known as a vibrational non-Condon effect.63,64 In fact, this
is related to the polarizable nature of water. As solvation
water configuration changes around an HDO molecule, the
electric potentials at the three interaction sites would change,
which in turn distorts the electron distribution of the HDO.
Consequently, the vibrational transition dipole moment will
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undergo a notable change upon any alternation of local
solvation (hydration) structure. In Ref. 65, we showed that,
within the distributed interaction site theory of vibrational
solvatochromism, the transition dipole vector can be written
as65,75 (

∂µ(φ)
∂Q̄α

)
eq

≈
(
∂µ0

∂Qα

)
0
+

N
m=1

N
n=1

K̃mnRmφ(Rn)

+

N
m=1

mmφ(Rm), (2)

where the charge response kernel in the site representation of
the so-called non-local polarizability density is defined as

K̃mn (Q0) ≡

e,g

cmge (Q0) ρneg (Q0)
E0
g (Q0) − E0

e (Q0) . (3)

Here, cmge (Q0) represents the g ↔ e transition charge at the
site m. µ(φ) on the left-hand side of Eq. (2) is the ground state
dipole moment of the solute depending on electric potential,
Q̄α is the αth normal coordinate of the solute in the presence
of φ, and

�
∂µ(φ)/∂Q̄α

�
eq

represents the derivative of µ(φ)
with respect to Q̄α at the equilibrium geometry of HDO in
the presence of φ. The charge response kernel K̃mn (Q0) is a
second-rank tensor in the site representation, and it is in turn
related to the molecular polarizability of the electronic ground
state. In Eq. (2),

�
∂µ0/∂Qα

�
0 represents the O—D stretch

transition dipole of HDO in the gas phase. Since the number
of the interaction sites distributed on an HDO molecule is
three, the vibrational transition charge response kernel K̃mn

in Eq. (2) is a 3 × 3 matrix, whereas the vibrational transition
dipoles mm are vectors in Cartesian coordinate frame of the
HDO molecule. The second term on the right-hand side of Eq.
(2) originates from the induced dipole moment in response
to the change of local electric potential, whereas the third
term originates from the structural change of solute molecule
upon solvation. This theoretical approach was found to be
successful in describing the asymmetric and symmetric OH
stretch modes of H2O in water.75

Now, determining the matrix elements {K̃mn} and the
vector elements {mm} is the remaining problem. We again
used the multivariate least square analysis method with Eq.
(2) for DFT-calculated O—D transition dipole moments of
various HDO—(H2O)n water clusters. Since the vibrational
transition charge response kernel is a symmetric matrix, there
are 6 independent parameters and the values of K11, K12, K13,
K22, K23, and K33 are found to be 0.00019263, −0.00020298,
−0.0000042389, 0.00032207, −0.00011134, and 0.00012318
e2/Åcm−1, respectively. Among the diagonal elements, K22
(for the D-atom site) is much larger than K11 (for the O-atom
site) and K33 (for the H-atom site) because it is the O—D
stretch mode that is concerned here. The off-diagonal ele-
ments, K12 and K23, are also significantly large and comparable
to the diagonal elements, which indicates that the electron
density responses between these atomic sites are large when
the O—D bond oscillates. This is an important observation
suggesting that the electron densities at each atomic site
are strongly correlated with one another due to the highly
soft and polarizable nature of water. To determine the vector

elements {mm}, we should use the charge neutrality condition,
i.e.,

3
n=1 [mn]x, y,z = 0. Thus, determined elements, [m1]x,

[m2]x, [m3]x, [m1]z, [m2]z, and [m3]z are 0.0000049958,
0.00011024, −0.00011524, 0.00027384, −0.00041425, and
0.00014041 e2/cm−1, respectively. The element of [m2]z
appears to be significantly larger than any other elements. This
is consistent with the fact that the O—D bond elongation due
to its H-bonding interaction with neighboring water molecule
make a great influence on the transition dipole moment of
the O—D stretch mode. In Figure 1(b), the multivariate least
square fitting results with Eq. (2) are directly compared with
the DFT-calculated vibrational transition dipole moments.
The quantitative agreement between the two shows that
the distributed interaction site model for the O—D stretch
mode works well for describing the vibrational non-Condon
effect.

The vibrational transition dipole moment,
�
∂µ0/∂Qα

�
0, of

the O—D mode of an isolated HDO molecule was calculated
at the same level of B3LYP/6-311++G(d,p) and the x, y ,
and z components were found to be −0.041, 0, and 0.193 e,
respectively. Of course, the main vibrational component lies
in the molecular z-axis (see Figure 1(b) for the molecule-fixed
coordinate frame of HDO) with minor x-component. Due to
the finite x-component of

�
∂µ0/∂Qα

�
0, the O—D vibrational

transition dipole vector is 11.8◦ rotated from the O—D bond
axis. In relation this, Whalley and Klug showed, by analyzing
the integrated absorption intensities of water (H2O) vapor, that
the dipole-moment derivative of an O—H bond is 25.2◦ rotated
from the bond.78

Analyzing our DFT calculation results for HDO—(H2O)n
clusters, we found that the magnitude of the z-component of�
∂µ(φ)/∂Q̄α

�
eq

is in the range from 0.1 to 1.3 e and that of the
x-component varies from −0.3 to 0.3 e. This indicates that the
x-component of

�
∂µ(φ)/∂Q̄α

�
eq

is not negligible at all and in
some cases it is comparable to the z-component. Therefore,
for an accurate calculations of the O—D stretch vibrational
spectra, not only the magnitude of

�
∂µ(φ)/∂Q̄α

�
eq

but also
the fluctuation of its direction are to be properly taken into
account.

B. Vibrational frequency and transition dipole
moment of the O—D stretch mode in aqueous NaCl
and KSCN solutions

In order to evaluate the O—D stretch mode frequency
of HDO when it is dissolved in salt solutions, Eq. (1) can
still be of use by considering additional contributions from
ions to the electric potential φ(Rm). However, the vibrational
solvatochromic charges obtained from the multivariate least
square fitting analyses of HDO-water clusters without ions
could not be used to quantitatively describe O—D stretch
vibrational frequency shifts additionally induced by ions
in NaCl and KSCN solutions. This non-transferability of
vibrational solvatochromic parameters has long been one of
the most difficult problems over the years. This could originate
from non-negligible charge transfer between water (HDO) and
ions, charge screening effect due to large dielectric constant
of liquid water, polarization effect due to heterogeneous local
electrostatic environment, and approximate representation of
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spatially delocalized (diffused) charge distribution with point
charges when ions interact with HDO.79,80 To resolve this
problem, Lin et al. suggested an interesting parameterization
model.41 Since they constructed a map connecting local elec-
tric field with O—D (or O—H) stretch vibrational frequency,
they assumed that the effective electric fields produced by
Na+ and Cl− ions surrounding HDO are slightly smaller than
those by +1 and −1 point charges at the atomic centers of
Na+ and Cl− ions, respectively. This means that the effective
charges of Na+ and Cl− ions are scaled differently so that
the effective electric field, Eeff , is approximately given as Eeff

= EH2O + aENa+ + bECl−, where the two fitting parameters a
and b were estimated to be 0.81379 and 0.92017, respec-
tively.41 Although this approach is an approximate method,
it is a highly useful and a theoretically sound way to
approximately take into account all the complicated but
balanced contributions to the O—D stretch frequency shifts
induced by the interaction between HDO and ions. Therefore,
we follow the same footsteps and assume that the effective
electric potential φeff can be written as φeff = φH2O + αφcation

+ αφanion, where the fitting parameter α approximately de-
scribes the effects from the polarization-induced reduction
of the net charge of ions, charge screening effect by water
molecules between HDO and ions, and possible charge
transfer effect from ions to HDO. For the sake of simplicity,
the fitting parameter α for cation is identical to that for anion.
Now, to determine this additional fitting parameter of α for
Na+ and Cl− ions interacting with HDO, we considered 72
different HDO—(H2O)n water clusters additionally containing
Na+ and Cl− ions. More specifically, a single HDO molecule
is surrounded by 9–14 water molecules and 1–5 ions. Again
using Eq. (1) with φeff , carrying out multivariate least square
fitting analyses, we found that α is 0.660 for NaCl solution
(see Figure 2(a)). The scaling factor of 0.660 is comparably
smaller than that determined by Lin et al. who treated the
two prefactors for Na+ and Cl− electric fields (not potentials)
differently. However, it should be noted that the quantum
chemistry calculation method used by Lin et al. differs from
ours. They considered one-dimensional Born-Oppenheimer
potential for the OD vibration and calculated OD frequency
with all the surrounding molecules and ions treated as point
charges at fixed positions except for the target HDO molecule.
On the other hand, we carried out full geometry optimization
of each entire water cluster containing ions and obtained
the OD frequency for each optimized geometry. Therefore,
our calculated solvent and ionic electric potential (field) on
the HDO molecule can be different from that by Lin et al.
Nonetheless, we here confirm that the approach suggested
by Lin et al. is quite successful in approximately taking
into account all the other (non-Coulombic) contributions to
vibrational solvatochromic frequency shift of OD stretching
vibration. Once the scaling factor α for NaCl solutions is
determined, the O—D transition dipole moment vector can
also be calculated by using Eq. (2) with φeff . In Figure
2(b), we compare the DFT-calculated transition dipole vector
components with fitting results with Eq. (2). It is interesting
to note that, similar to the case of pure water cluster with a
single HDO, the x-component of the O—D transition dipole
moment is not negligible.

FIG. 2. (a) For various water clusters with Na+, Cl−, and a single HDO,
we calculated the DFT frequency shifts of O—D stretch modes and compare
them with theoretical results obtained with Eq. (1). (b) The DFT-calculated
x and z components of the O—D stretch mode transition dipole vectors
are compared with those obtained with Eq. (2). For the least-square fitting
analyses, we introduced scaling factors for electrostatic potential produced
by dissolved ions and treated them as adjustable parameters.

Next, the corresponding scaling factor α for KSCN
solutions needs to be determined. In total, 71 different
HDO—(H2O)n water clusters containing K+ and SCN−

ions, where a single HDO molecule is surrounded by
6–18 water molecules and 1–3 ions, were considered for
quantum chemistry calculations. The estimated value of α
for KSCN solutions was found to be 0.751 (see Figure 3(a)
for comparisons between DFT-calculation and fitting results)
for HDO—(H2O)n—(KSCN)m clusters. In Figure 3(b), the
DFT-calculated O—D vibrational transition dipole moments
are compared with the theoretical results with Eq. (2) to show
the fitting quality.

III. O—D STRETCH MODE FREQUENCY
AND TRANSITION DIPOLE MOMENT IN HIGH SALT
SOLUTIONS

A. MD simulation method

To obtain a canonical ensemble of pure liquid water
configurations, we carried out classical MD simulations with
1000 TIP3P water molecules in a periodic box. The concen-
trations of aqueous KSCN solutions are 0.96m (0.92M),
3.89m (3.22M), 7.3m (5.23M), 11.92m (7.21M), and 21.88m
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FIG. 3. (a) For various water clusters with K+, SCN−, and a single HDO,
we calculated the DFT frequency shifts of O—D stretch modes and compare
them with theoretical results obtained with Eq. (1). (b) The DFT-calculated
x and z components of the O—D stretch mode transition dipole vectors are
compared with those obtained with Eq. (2). For the least-square fitting analy-
ses here, we introduced scaling factors for electrostatic potential produced by
dissolved K+ and SCN− ions and treated them as adjustable parameters.

(9.88M), where 17, 70, 132, 215, and 395 KSCN molecules,
respectively, are dissolved by 1000 TIP3P water molecules
(see Ref. 50 for details about force field parameters for K+

and SCN− ions). For NaCl solutions, the concentrations are
1.02m (1.0M), 2.08m (2.0M), 3.19m (3.0M), 4.36m (4.0M),
and 5.59m (5.0M), where 18, 38, 58, 79, and 101 NaCl
molecules, respectively, are added to the 1000 TIP3P water
box. Among a few different force field parameters for Na+

and Cl− ions, we found that those developed and reported by
Dang81,82 are suitable and accurate in reproducing ion-water
interaction-induced vibrational frequency shifts and ion-water
radial distribution functions (RDFs).50

The cut-off distance of 10 Å was used to take into account
non-bonding interactions. The periodic boundary condition
was imposed, and long-range electrostatic interactions were
treated with the particle-mesh Ewald method. All the KSCN
and NaCl solution systems were energy-minimized with the
steepest descent method and the conjugate gradient method
before running equilibration and equilibrium MD simulations.
In total, 2 ns constant N , p (1 atm), and T (298 K) ensemble
simulation with a time step of 1 fs was carried out to adjust the
periodic box size. Additional 2 ns simulation at constant N , V ,
and T was performed for equilibration and for allowing all of

the dissolved ions to uniformly spread out in the periodic box.
Then, a production run was carried out for 3 ns at constant N ,
V , and T condition. Simulation trajectories with full atomic
coordinates were saved for every 10 fs, which were used to
study ion aggregate and water H-boding network structures
and also to simulate the O—D stretch IR absorption and
Raman scattering spectra of HDO in aqueous KSCN and NaCl
solutions.

B. Ion aggregate and water H-bonding
network structures

Recently, it was shown that, by carrying out extensive
MD simulation studies on concentrated salt solutions of
NaCl and KSCN and by comparing the MD results with
IR pump-probe measurement data and 13C-NMR chemical
shifts of S13CN− ions in various salt solutions that the ion
aggregate structure might depend on the nature of dissolved
ions, i.e., kosmotrope vs. chaotrope.50 Just for the sake of
completeness, we shall briefly summarize the main findings
here. At low salt concentrations, ions are fully hydrated in
free ionic states. As salt concentration increases, ion pairs
such as contact ion pair, solvent-shared ion pair, and solvent-
separated ion pair are formed. However, as salt concentration
further increases up to their solubility limits, we found that
certain ions, e.g., Na+ and Cl−, tend to form large ion clusters
in fairly compact and molten salt or crystal-like structures
(Figures 4(a) and 4(c)), whereas K+ and SCN− ions prefer to
form spatially extended ion network structures and those ion
networks are intricately intertwined with surrounding water H-
bonding networks (see Figures 4(b) and 4(d)). We suggested
that these notably different propensities of ions in forming ion
aggregate structures are likely to be related to the macroscopic
phenomenon of intrinsic salt solubility in water, though far
more extensive experiment and simulation studies are needed
in the future.

Regardless of ion aggregate structures in salt solutions,
water H-bonding network structures are significantly changed
at high salt solutions and are different from those in liquid
water. Some of the self-explanatory results are the O· · ·O
and O· · ·H RDFs and ensemble averaged H-bond number of
a single water molecule in the salt solutions. The RDFs of
Na· · ·Cl and K· · ·C (SCN) are shown in the bottom panels of
Figure 4. Interestingly, the second peak in gK · · ·C(r) (pointed by
black arrow in Figure 4(f)) decreases as KSCN concentration
increases, which means that the ions, K+ and SCN−, do
not form compact regular structures at a high concentrated
solution. In contrast, the second peak in gNa· · ·Cl(r) does not
significantly change upon increasing NaCl concentration, and
even there appears a notably strong third peak in gNa· · ·Cl(r)
of highly concentrated (5.0M) NaCl solution. This evi-
dences an existence of aggregates resembling compact regular
structures.

C. Distributions of O—D stretch mode frequency
and transition dipole moment

To obtain the distributions of the O—D stretch mode
frequency and transition dipole moment, we considered
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FIG. 4. Instantaneous snapshot ion ag-
gregate structures ((a) and (b)) and wa-
ter structures ((c) and (d)) in 5.0M
(5.59m) and 9.88M (21.88m) KSCN
solutions. The radial distribution func-
tions between a cation and an anion in
various NaCl and KSCN solutions are
plotted in (e) and (f), respectively.

300 000 snapshot configurations taken from MD trajectories.
Then, the first step is to replace a randomly chosen water (H2O)
molecule among the 1000 water molecules in the periodic box
with HDO. The step 2 is to use Eqs. (1) and (2) to estimate the
O—D frequency and transition dipole moment of the HDO.
We repeated the steps 1 and 2 100 times for each snapshot
configuration. Therefore, we calculated the O—D frequency
and transition dipole moment for 30 × 106 cases. In Figures
5(a) and 6(a), thus calculated O—D frequency distributions
of HDO in NaCl and KSCN solutions, respectively, are
plotted. As salt concentration increases, the O—D frequency
distribution exhibits a blue-shifting pattern in both NaCl and
KSCN solutions. However, it is interesting to note that the
increasing pattern of the O—D frequency shift depends on
salt. Since the solubility limit of NaCl in water is close to 6M,
the O—D frequency reaches a limiting value at around 4M,
whereas that monotonically increases upon increasing KSCN
concentration.

The distributions of the x- and z-components of the
transition dipole moment of HDO in NaCl and KSCN
solutions are shown in Figures 5(b), 5(c), 6(b), and 6(c).
The average magnitude of µz decreases, and both the
distributions of µz and µx become broad as salt concentration
increases. The decreasing average µz value indicates that
the number of O—D groups forming H-bond with water
decreases. The broadening of the µx distribution shows that the
O—D groups have an increased heterogeneity in their local
environments.

To examine the salt concentration-dependence of the
O—D frequency shift, in Figure 7(a), the average values over
the distributions shown in Figures 5(a) and 6(a) are plotted
with respect to the salt concentration in M. The frequency blue-
shifting patterns in Figure 7(a) are in excellent agreement with
experimental results. Another interesting feature is that the
absolute magnitude ratio ⟨|µx | / | µ⃗|⟩ increases upon increasing
salt concentration too, which clearly shows that the O—D
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FIG. 5. (a) Frequency distributions of O—D stretch modes in NaCl solutions.
(b) Distribution of the x-component (in e) of O—D transition dipole moment.
(c) Distribution of the z-component (in e) of O—D transition dipole moment.

transition dipole moment is not parallel to the O—D bond axis
at all. More specifically, the O—D transition dipole moment
vector is 8.9◦ away from the O—D bond axis when HDO is
dissolved in water, but these angles in 5M NaCl and 9.88M
KSCN solutions are 17.8◦ and 24.1◦ (see the orange arrow
on the HDO structure and molecule-fixed coordinate frame in

FIG. 6. (a) The distributions of the vibrational frequency shifts (in cm−1) of
OD stretch mode at various concentrated KSCN solutions. The distributions
of |µx | and |µz | (in e) at five different concentrations are plotted in (b) and
(c), respectively.

Figure 2(b)). A notable aspect in Figure 7(b) is that the average
⟨|µx | / | µ⃗|⟩ are on the same curve regardless of the nature
of ions. In fact, a few other properties that do not depend
on the nature of dissolved ions were reported in Ref. 51.
Since they are only dependent on concentration, they can
be considered as colligative properties. One of the notable
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FIG. 7. (a) Average frequency shift (in cm−1) of the O—D stretch modes
in pure water, aqueous NaCl solution, and aqueous KSCN solution. (b) The
ratio of |µx | to |µ | of the O—D transition dipole moment for varying salt
concentration. (c) The average H-bond number of a water molecule versus
salt concentration in molar. As can be seen in Figures (b) and (c), these
quantities do not depend on the nature of dissolved ions nor on ion aggregate
structure so that they can be considered as colligative properties of salt
solutions.

colligative properties is the average H-bonded water molecules
per single water molecule in salt solutions (see Figure 7(c)).
At the highest KSCN concentration of 9.88M, the average
H-bond number is almost half of that in pure water, which
indicates that the H-bond network is strongly disrupted by
dissolved ions, but the average H-bond number itself does not
provide information differentiating ion aggregate structures.
To make a conclusion that these properties considered here are
colligative, we however should study a far more diverse set
of salt solutions containing not just monovalent ions but also
multi-valent ions like MgSO4 and CaCO3. These are under
investigation and their specific ion effects on water H-bond
structure and dynamics will be presented in the near future.

IV. COMPARISONS BETWEEN SIMULATED
AND EXPERIMENTALLY MEASURED
VIBRATIONAL SPECTRA

Although the MD simulations have provided crucial
information on the ion aggregate and H-bonding network
structures in high salt solutions, the validity and accuracy
of employed force field parameters have always been ques-
tioned.42,43 Therefore, comparisons between experimental
and MD simulation results are an essential prerequisite for
confirming the validity of used MD simulation method.
In Paper I,50 we directly compared the water-water and
water-ion radial distribution functions obtained from the MD
trajectories of KSCN solutions with those from neutron
diffraction measurements by Botti et al.17 The agreement was
excellent, but another test comparing experimentally measured
vibrational spectra with numerically simulated ones with MD
simulation method combined with the present theoretical
model for vibrational solvatochromism is needed.

A. FTIR and Raman experiments

For FTIR and Raman measurements, the NaCl concen-
trations considered are 1, 2, 3, 4, and 5M and each solution
has 5 vol. % HDO. FTIR spectra were recorded on a FTIR
spectrometer (Vertex 70, Bruker) with 1 cm−1 resolution.
The sample was held between two 2 mm CaF2 windows
with a 56 µm Teflon spacer. All spectra were measured
at 293 K and averaged over 12 scans. Raman spectra
were collected on a confocal micro-Raman spectrometer
(LabRam ARAMIS IR2, Horiba Jobin-Yvon) equipped with
a grating with 600 grooves/mm, a CCD detector with a Peltier
cooled CCD detector, and a 100× objective lens (MPlan N
100×, N.A. = 0.90, Olympus, Japan). The spectral resolution
was confirmed that the phonon band of a Si wafer observed
with a full-width-at-half-maximum (FWHM) of 14 cm−1 and
at the center of 520 cm−1. All Raman spectra were excited by
532 nm with 50 mW. The data were acquired with 3 s, and
this data collection was repeated by 10 times.

B. Numerically simulated vibrational spectra: HDO
in water

Using the MD trajectories and theoretical models for the
O—D vibrational frequency and transition dipole moment,
we now calculate the isotropic Raman scattering and IR
absorption spectra of the O—D stretch mode in either
pure water or aqueous salt solutions, where the theoretical
expressions for the vibrational spectra are given as83,84

IRaman(ω) =
 ∞

0
dte−iωt


α(0)α(t) exp


i

t
0

(ω(τ) − ⟨ω10⟩)dτ



e−t/2T1, (4)

IIR(ω) =
 ∞

0
dte−iωt


µ(0)µ(t) exp


i

t
0

(ω(τ) − ⟨ω10⟩)dτ



e−t/2T1. (5)
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Here, α(t) and µ(t) represent the isotropic Raman polariz-
ability and the vibrational transition dipole moment of the
O—D stretch mode of HDO, respectively. The vibrational
dephasing originating from the fluctuation of vibrational
transition frequency due to the interactions of HDO with
surrounding solvent molecules and/or ions is described by the
exponential (phase) function in Eqs. (4) and (5). Therefore, the
time-dependences of the vibrational transition polarizability
and dipole moment are related to the rotational motion of
O—D and to the non-Condon effect. Interestingly, the Raman
polarizability of the O—D stretch mode does not strongly
depend on the local solvent configuration around an O—D
group so that we shall ignore the time-dependent fluctuation
of α(t) other than the rotational effect on the line-broadening.34

On the other hand, the transition dipole moment of the O—D
stretch mode is highly sensitive to its local environment. More
specifically, the O—D transition dipole moment dramatically
increases upon making a H-bond with another water molecule
as shown by Skinner and coworkers before.64 Therefore, not
only the rotational effect but also the non-Condon effect are to
be properly taken into account. The latter effect is described
by using Eq. (2).

The fluctuating part of the O—D stretch mode frequency
isω10(t) − ⟨ω10⟩, where ⟨ω10⟩ is the ensemble average ofω10(t)
over 30 × 106 cases (see Sec. III C). The vibrational pop-
ulation relaxation is treated in an ad hoc manner with the
exponential function, exp(−t/2T1), where T1 is the lifetime of

FIG. 8. The numerically simulated Raman and IR spectra (red line) of
the O—D stretch mode of HDO in water are directly compared with our
experimentally measured spectra. The agreements are quantitative.

the vibrational excited state of the O—D stretch mode and it
is put to be 1.45 ps.85 Note however that the vibrational line
shapes of Raman scattering and IR absorption spectra do not
strongly depend on the vibrational lifetime since other contri-
butions from vibrational dephasing and non-Condon-effect-
induced fluctuation of transition dipole moment are determin-
ing factors.

Now, the numerically simulated O—D stretch Raman
scattering and IR absorption spectra of HDO in H2O are plotted
in Figures 8(a) and 8(b), respectively, and they are compared
with experimentally measured ones (see dotted lines). The
peak frequency of simulated spectrum is shifted by a constant
to compare the line shapes. Not only the asymmetric line
shapes of the Raman scattering and IR absorption spectra
but also low-frequency tail in the IR absorption spectrum
are quantitatively well-reproduced by the present theoretical
method.

Another interesting experimental finding is the so-called
IR-Raman non-coincidence.62,63 The peak frequency of the ex-
perimentally measured Raman scattering spectrum is different

FIG. 9. For NaCl solutions, the numerically simulated Raman scattering (a)
and IR absorption (c) spectra are compared with the experimentally measured
Raman scattering (b) and IR absorption (d) spectra, respectively. As NaCl
concentration increases, both simulated and experimentally measured Raman
scattering and IR absorption spectra exhibit frequency blue-shifts.
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FIG. 10. For KSCN solutions, the numerically simulated Raman scattering
(a) and IR absorption (c) spectra are compared with the experimentally
measured Raman scattering (b) and IR absorption (d) spectra, respectively. As
KSCN concentration increases, both simulated and experimentally measured
Raman scattering and IR absorption spectra exhibit frequency blue-shifts.

from that of the IR absorption spectrum by about 15 cm−1.62

This is mainly caused by the fact that the non-Condon ef-
fect on the O—D vibrational transition dipole moment is
large but that on the Raman polarizability is not.34 In our
simulated spectra, this frequency difference between Raman
and IR spectra is found to be ∼29 cm−1. Despite that the
magnitude of the IR-Raman non-coincidence frequency differ-
ence estimated from our simulated spectra differs from the
experimental value, we believe that the red-shift of the IR
spectrum in comparison to the Raman spectrum is properly
described, which itself is an important result that could not
be easily reproduced with theoretical methods combining MD
simulation, quantum chemistry calculation, and theoretical
modeling.

C. Numerically simulated vibrational spectra: HDO
in aqueous NaCl and KSCN solutions

By using the same computational procedure, the isotropic
Raman scattering and IR absorption spectra of the O—D
stretch mode of HDO in salt solutions were also calculated. The

O—D Raman peak frequencies (FWHM’s) are 2575 (194),
2583 (213), 2608 (217), 2615 (208), and 2613 (208) cm−1

for 1.0, 2.0, 3.0, 4.0, and 5.0M NaCl solutions, respectively.
The O—D IR absorption peak frequencies (FWHM’s) are
2538 (164), 2540 (179), 2548 (183), 2551 (185), and 2556
(190) cm−1 for the same series of NaCl solutions, respectively.
The Raman and IR peak frequencies become blue-shifted as
NaCl concentration increases, which is in good agreement with
the trends found in the experimentally measured vibrational
spectra (see Figure 9).

For the KSCN solutions considered here, the numerically
simulated Raman and IR absorption spectra are plotted in
Figures 10(a) and 10(c), respectively. Similar to the NaCl
solutions, the peak frequencies for both vibrational spectra are
blue-shifted with respect to increasing KSCN concentration,
which are consistent with the experimental results shown in
Figures 10(b) and 10(d). In Table I, the peak frequencies and
FWHM values of the O—D stretch Raman scattering and IR
absorption spectra of HDO in both NaCl and KSCN solutions
are summarized.

In Figure 11(a), the frequency shifts from the peak Raman
and IR frequencies are plotted with respect to salt concentra-
tions and compared with experimental results. The overall fre-
quency shifting patterns are in good agreement between theory
(simulation) and experiment, whereas the FHWM difference
values, defined as FWHMsolution − FWHMwater, predicted with
the present theoretical approach are not (Figure 11(b)). In
fact, noting that the FWHM values are typically very large
(see Table I) and that the uncertainties in the vibrational sol-
vatochromic charges determined from the multivariate least
square analyses of limited numbers of water-ion clusters, the
simulation and experimental results for the FWHM’s of both
the IR and Raman spectra are believed to be acceptable and the
FWHM values appear to be less sensitive to salt concentration
in the present cases of the NaCl and KSCN solutions.

One of the complicated and important contributions to the
line shape and intensity of the IR absorption spectrum is related
to the polarization effect on vibrational transition dipole. In this
paper, it has been taken into account with Eq. (2) and charge

TABLE I. Peak frequencies and FWHM’s of the O—D stretch mode Raman
scattering and IR absorption spectra of HDO in aqueous NaCl and KSCN
solutions.

Raman IR

Concentration
(M)

Frequency
(cm−1)

FWHM
(cm−1)

Frequency
(cm−1)

FWHM
(cm−1)

NaCl 1.0 2526 166 2511 156
2.0 2533 163 2517 154
3.0 2535 159 2522 151
4.0 2542 152 2526 149
5.0 2542 148 2527 142
KSCN 1.0 2531 169 2510 159
3.0 2547 166 2521 160
5.0 2553 156 2531 160
7.0 2558 155 2539 153
10.0 2558 137 2548 147
Liquid water 2521 172 2506 156
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FIG. 11. The peak frequency shift (a) defined as ωsolution−ωwater and the
FWHM difference (b) obtained from the simulated and experimentally mea-
sured Raman scattering and IR absorption spectra are plotted with respect to
salt concentration.

FIG. 12. The numerically simulated IR spectra represented with dashed line,
are plotted for liquid water, 5M NaCl, 9.88M KSCN solutions where the
transition dipole vector is assumed to be taken from only its z-component
while the solid line indicates the simulation result with no assumption. There
are significant differences for IR spectra at both highly concentrated solutions
whether the assumption is made or not.

response kernel.65 This become non-negligibly large for high
salt solutions because atomic charges and electronic structure
of a given water (HDO) molecule are strongly affected by
its local environment constituting both water molecules and
ions. Due to this polarization effect on the O—D transition
dipole moment, its x-component can be non-zero and fluctu-
ates in time. To show that this additional x-component of the
O—D transition dipole moment is important, we plot the IR
absorption spectra with (solid lines in Figure 12) and without
(dotted lines in Figure 12) the contributions of the x-transition
dipole components. In the case of HDO in pure water, the
difference between the dotted and solid lines is fairly small.
On the other hand, the difference induced by the presence
of the x-component of the O—D transition dipole moment
becomes very large at high salt solutions, e.g., 5.0M NaCl
and 9.88M KSCN. This indicates that the polarization effect
on the O—D transition dipole strength can be an important
factor to quantitatively describe the linear and nonlinear IR
spectroscopy of the O—D stretch mode of HDO in high salt
solutions.

V. SUMMARY

In the present work, we developed a distributed solva-
tochromic charge model for quantitatively describing vibra-
tional frequency shifts and transition dipole moments of the
O—D stretch mode of HDO in highly concentrated salt solu-
tions. Not only the z-component of transition dipole moment
pointing along the O—D bond axis but also the x-component
were fully taken into account, by considering the non-local
polarizability density in the site representation. Carrying out
classical MD simulations for NaCl and KSCN solutions at
various concentrations, we obtained the corresponding O—D
frequency trajectories and O—D transition dipole moments
in time. The ensemble-averaged O—D stretch frequency of
HDO is blue-shifted upon increasing salt concentration. Fur-
thermore, the contribution of the x-component of the O—D
transition dipole vector becomes significant in highly concen-
trated salt solutions. These computational results are consistent
with experimental results and indicate that water H-bonding
network structure is strongly affected by ions in such high salt
solutions. However, the O—D frequency itself is not of critical
use in assessing ion aggregate structures since it depends on
the salt concentration not on the nature of dissolved ions.
Nevertheless, the quantitative agreements between the present
computational results for the IR and Raman spectra and the
experimentally measured ones shows that the MD simulation
methods used and vibrational solvatochromism models devel-
oped here are acceptable and accurate. We anticipate that the
theoretical approach developed here will be of use to interpret
linear and nonlinear IR signals of HDO in spatially confined,
interfacial, or crowded aqueous solutions with dissolved ions
in the future.
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