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The Hofmeister series is frequently used to rank ions based on their behavior as chaotropes (“structure-
breakers”), which weaken the surrounding hydrogen-bond network, to kosmotropes (“structure-makers”),
which enhance it. Here, we use fluctuation theory to investigate the energetic and entropic driving forces
underlying the Hofmeister series for aqueous alkali-halide solutions. Specifically, we exploit the OH stretch
infrared (IR) spectrum in isotopically dilute HOD/D2O solutions as a probe of the effect of the salt on the
water properties for different concentrations and choice of halide anion. Fluctuation theory is used to calcu-
late the temperature derivative of these IR spectra, including decomposition of the derivative into different
energetic contributions. These contributions are used to determine the thermodynamic driving forces in terms
of effective internal energy and entropic contributions. This analysis implicates entropic contributions as the
key factor in the Hofmeister series behavior of the OH stretch IR spectra, while the effective internal energy
is nearly ion independent.

I. INTRODUCTION

The Hofmeister series was originally developed to rank
ions on the basis of their effect on the solubility of pro-
teins, i.e, salting in or out. Since that time, it has
been considered in much more general contexts related
to how different ions modify water structure and dy-
namics. Underlying many of this is the notion that
the Hofmeister series ranks ions as either chaotropes
that disrupt the surrounding hydrogen-bonding (H-
bonding) network or kosmotropes that enhance the H-
bonding network.1–12 Indeed, many groups have stud-
ied the structure and dynamics of aqueous salt solu-
tions using scattering,4–6,13 spectroscopic,3–7,14–30 and
computational4–6,10–13,30–33 techniques. In addition to
structural properties, significant work has particularly fo-
cused on dynamical properties in salt solutions, such as
the water self-diffusion coefficient,4–6,11,12,34 water OH
reorientational dynamics,4–6,32 and solution viscosity.11

One important approach for probing the Hofmeister
series, and specifically its origin in the modifications of
water H-bonding, is through the infrared (IR) and Ra-
man spectroscopy of the water OH stretch in the presence
of electrolytes. The changes in the vibrational spectra
can probe the effects of ions on H-bonding with both
the dissolved anions and water molecules in the solution.
Numerous IR14,16,18,20–24 and Raman3,7,15,17,19,25 experi-
ments have been conducted to determine the OH (or OD)
stretching frequency for alkali-halides dissolved in H2O,
D2O, or their isotopically dilute versions (HOD/D2O
or HOD/H2O). Infrared,14,16,18,23 attenuated total re-
flectance infrared,20,24 femtosecond IR pump-probe,21,22
and Raman3,7,15,17,19,25,35 spectroscopy have been uti-
lized and the measurements all observe the same trend:
The shift in the OH vibrational stretching frequency
in alkali-halide solutions is directly correlated with the
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halide size and consistent with the Hofmeister series.
These results serve as both a point of reference and a
source of motivation for the present theoretical study.

The use of vibrational spectra as a measure of ion
effects is predicated on the fact that the OH stretch-
ing frequency is a key measure of the instantaneous H-
bonding strength (though, notably a different measure of
the strength than the enthalpy, internal energy, or free
energy required to break the H-bond). That is, both the
IR and Raman OH stretching spectra of liquid water are
broad, reflective of the wide range of H-bonding environ-
ments experienced by the water molecules.3,36,37

At the same time, the spectra reflect other factors that
can complicate the interpretation. One of these is reso-
nant vibrational coupling between OH groups in water
that can broaden the IR and Raman spectra, even lead-
ing to an additional peak in the case of the latter,37–39
resulting in spectra that are less clearly reflections of the
distribution of individual H-bonding environments. To
avoid this effect, many studies have used isotopically di-
lute solutions, e.g., HOD in H2O or HOD in D2O, and
we do the same in the current work. Other confound-
ing factors are not so readily eliminated. This includes
non-Condon effects in which the OH transition dipole
moment that determines the intensity of the IR signal
increases with the H-bond strength;37,40 this means that
the IR spectrum is not a map of the distribution of in-
stantaneous IR frequencies, but is instead less sensitive
to higher frequency, more weakly H-bonded OH groups.
It also includes dynamical effects, which lead to some
motional narrowing of the OH stretching lineshape.37 De-
spite these caveats, the OH stretching vibrational spectra
can be highly informative. Changes in the IR spectrum
upon the addition of salts can illuminate the shifts in
the OH stretching frequencies where dynamical and non-
Condon effects have more modest effects.

In this paper, we report a detailed examination of
the temperature, concentration, and anion dependence of
simulated IR spectra of the OH stretch in aqueous alkali-
halide solutions. We use the empirical mapping technique
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developed by Skinner, Corcelli, and co-workers36,37,41–43
to calculate the IR spectra from classical molecular dy-
namics (MD) simulations; isotopically dilute HOD/D2O
is considered to avoid complications due to resonant vi-
brational coupling between OH bonds that is present in
H2O. As noted above, the trends with the different halide
anions in measured spectra follow the Hofmeister series.
Namely, the OH stretching frequency red-shifts, relative
to that in neat water, with the addition of fluoride, but
blue-shifts are observed for all the other halides, with the
magnitude of the blue-shift increasing moving down the
periodic table, i.e., with the size of the anion. The em-
pirical mapping-based simulation approach used in this
work is fully consistent with these results.

The focus of the present work is on the thermodynamic
driving forces that determine the IR spectra of electrolyte
solutions. i.e., an analysis of the origin of these changes
to the OH vibrational spectrum that can provide new in-
sight into the effect of these anions on the water structure
and dynamics. To accomplish this, we use the recently
developed fluctuation theory for dynamics approach,44–46
which gives the temperature derivative of any dynami-
cal quantity,45 including the vibrational spectrum,46 from
simulations at a single temperature. More importantly
for the current objective, fluctuation theory also provides
the contributions to the temperature derivative from the
different motions and interactions present in the system,
e.g., kinetic energy and Lennard-Jones and Coulombic in-
teractions, representing otherwise unavailable mechanis-
tic insight. In particular, the total temperature deriva-
tive can be used to determine the effective internal en-
ergy and entropy as a function of OH vibrational fre-
quency and the contributions to the derivative yield the
energetic components of the internal energy. Thus, this
approach provides key insight into not only how different
ions affect the OH stretching spectrum, but why, i.e.,
the underlying energetic and entropic driving forces. In
this way it gives additional mechanistic origins for the
chaotropic and kosmotropic behavior that determine the
Hofmeister series.

II. THEORY

The OH stretching IR spectra are calculated using the
empirical mapping approach that estimates the quantum
mechanical vibrational frequency and transition dipole
moments from information directly available in a classi-
cal MD simulation.36,37,41–43 Specifically, each quantity
is written in terms of an empirical correlation, e.g., the
transition frequency is obtained as ω01 = c0+c1E+c2E2.

Here E is the (classical MD) electric field component
along the OH bond evaluated at the H atom position
and c0, c1, and c2 are constants obtained from an em-
pirical correlation of E with density functional theory-
based calculations of ω01 in water clusters embedded in
a point charge environment. The constants used in this
work for ω01 and the transition dipole moment, µ01, are

taken from Ref. 37 and are given in Table S3. Note that
these maps use scaled charges for the sodium (0.81379)
and halide (0.92017) ions in the calculation of the electric
field;42 full ion charges are used in the MD simulations.

The IR line shape can then be calculated from the
Fourier transform,

I(ω) =
1

2π

∫ ∞

−∞
e−iωtϕ(t) dt (1)

where ϕ(t) is the dipole-dipole response function,

ϕ(t) =
⟨
µ⃗01(0) · µ⃗01(t)e

i
∫ t
0
ω01(τ) dτ

⟩
e−|t|/2T1 (2)

Noting, µ⃗01(t) = ⟨1|µ̂|0⟩ = µ01(t)e⃗OH(t) is the matrix el-
ement of the transition dipole moment vector for the OH
bond at time t, ω01(t) is the 0 → 1 vibrational frequency
at time t obtained through the empirical mapping tech-
nique, and T1 is the n = 1 vibrational relaxation lifetime
set to the experimental value of 700 fs.47 The brackets
⟨...⟩ indicate a thermal average.

We recently showed how the temperature derivative
of the IR spectrum can be calculated from simula-
tions at a single temperature.46 The approach is that
of fluctuation theory for dynamics,45 a natural extension
of the well-established fluctuation theory in statistical
mechanics.48,49 Briefly, one can note that the thermal
average of this dipole-dipole response function is depen-
dent on temperature in only two places: The Boltzmann
weighting factor and the canonical partition function, Q.

Then the derivative of the dipole-dipole response func-
tion with respect to β = 1/kBT results in the following
expression:46

dϕ(t)

dβ
= −

⟨
δH(0) µ⃗01(0) · µ⃗01(t)e

i
∫ t
0
ω01(τ) dτ

⟩
× e−|t|/2T1

= −ϕH(t), (3)

where kB is the Boltzmann constant. In other words,
the temperature derivative of the response function is a
new response function that differs only in a weighting
by the fluctuation of the total energy at t = 0, δH(0) =
H(0)−⟨H(0)⟩. In the notation of Eq. 3, the temperature
derivative of IR spectrum is then,

dI(ω)

dβ
= − 1

2π

∫ ∞

−∞
e−iωtϕH(t) dt, (4)

i.e., the negative of the Fourier transform of this weighted
response function, ϕH(t). Note that this derivative can
be calculated from the same simulation as I(ω) itself and
thus both the spectrum and temperature derivative can
be obtained from a single temperature simulation.

An additional attraction of this approach is realized
by dividing the fluctuations of the total energy, δH(0),
into contributions from different energetic components,
for example,

δH(0) = δKE(0) + δVCoul(0) + δVLJ(0), (5)
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where KE is the kinetic energy and VCoul and VLJ are
the Lennard-Jones and Coulombic potential energies, re-
spectively. The β derivative of the spectrum, Eq. 4, can
then be decomposed as,

dI(ω)

dβ
= − 1

2π

∫ ∞

−∞
e−iωtϕKE(t) dt

− 1

2π

∫ ∞

−∞
e−iωtϕVCoul

(t) dt (6)

− 1

2π

∫ ∞

−∞
e−iωtϕVLJ

(t) dt,

where, for example, ϕKE(t) has the same form as ϕH(t)
in Eq. 3, but with δKE(0) replacing δH(0). We note
that this is only one of the (simpler) possible decom-
positions. For example, the Coulombic potential energy
can itself be written in terms of components from water-
water, water-cation, water-anion, cation-cation, anion-
anion, and cation-anion interactions, and the same is true
of the Lennard-Jones energy. The contributions from
each of these has been calculated to provide further in-
sight into the effects, both direct and indirection, of the
ions on the water spectrum.

III. SIMULATION METHODS

All MD simulations were performed using the Large-
Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS).50,51 Each simulation consisted of SPC/E
water molecules,52 and ion pairs using the Joung-
Cheatham model.53 The simulations are of H2O, but
in calculating the OH stretch frequency and transition
dipole moment, each OH is modeled as an HOD molecule
surrounded by D2O molecules as in isotopically dilute
HOD/D2O; this eliminates any resonant vibrational cou-
pling between OH groups in H2O. The force field param-
eters for each ion are given in Table S1. A total of five
electrolyte solutions were considered. The first four have
Na+ as the cation with the halides F−, Cl−, Br−, or I−
as the anion. However, because NaF is not soluble at
concentrations ≳ 1 mol/kg,54 we have also considered re-
sults for KF, which can be compared to measurements
and does not differ substantially by the change in cation
(see the Supporting Information where NaF and KF re-
sults are directly compared).

In all simulations, the timestep was 1 fs, the SHAKE
algorithm was used for the water molecules, and the
electrostatics were calculated using the particle-particle
particle-mesh Ewald summation with an accuracy pa-
rameter of 1×10−4. Note that tail corrections are applied
for the Lennard-Jones interactions; these are included in
VLJ in Eqs. 5 and 6 just as the long-range contributions
to the Ewald sum are included in VCoul. Each system
was first equilibrated for 500 ps and then propagated for
10 ns in the NpT ensemble at 1 bar and 298.15 K, using
a Nosé-Hoover barostat and thermostat with a pressure

and temperature chain length of three. The damping pa-
rameters for the barostat and the thermostat were 1000
and 100 fs, respectively. This NpT stage was used to
determine the average volume, which was then used in
subsequent NV T ensemble simulations. The differences
in average volume resulting from the constant pressure
equilibration of each solution give rise to small devia-
tions from the nominal 1, 3, and 5 M concentrations and
the precise values are given in Table S2. However, in the
remainder of the paper we will, for example, refer to the
approximately 3 M solution as “3 M” for simplicity.

Based on the calculated equilibrium volume, ten con-
stant volume and temperature simulations were run for
a 1 ns equilibration at 400 K followed by a 1 ns equili-
bration at 298.15 K, and finally a 4 ns run at 298.15 K.
A Nosé-Hoover thermostat with a chain length of three
and a damping parameter of 2 ps was used for all three
stages. During the final run, the configurations and mo-
menta were written every 4 fs. Errors in computed quan-
tities were obtained by block averaging using 10 blocks
(each block representing a single 4 ns trajectory) and are
reported as 95% confidence intervals using the Student’s
t-distribution.55

IV. RESULTS AND DISCUSSION

A. IR Spectrum

The simulated OH stretching IR spectra, I(ω), of neat
HOD/D2O and varying concentrations of alkali-halides in
HOD/D2O are shown in Fig. 1. Note that the peak max-
imum is normalized to 1 and this normalization condition
is extended to all temperature derivatives presented be-
low.

We first discuss the shift of the peak maxima in the
IR spectra as a function of concentration for the dif-
ferent alkali-halide solutions. Note that NaF is poorly
soluble54 so measurements correspond to KF given that
the effect of the cation on the spectra is small as shown
in Figs. S1,S3-S6 and Tables S4-S6 in the Supporting In-
formation. We observe consistent shifts as the concentra-
tion for each halide is increased, with a sign and magni-
tude that depends on the halide identity. Specifically, the
IR spectrum red-shifts when fluoride is added but blue-
shifts for the other three sodium-halides. In the case of
F−, the red-shift is relatively modest, while for the other
solutions the magnitude of the blue-shift increases mov-
ing down the periodic table and thus with the size of the
halide. These trends are plotted in Fig. 2 and are qualita-
tively consistent with measurements14,16,20,21 that show
the same qualitative trends; see Fig. S2 for comparison
between Ref. 16 Fig. 2 and this work. Specifically, we
obtain good quantitative agreement for concentrations
≤ 2 molal., but overestimate the blue-shifts for higher
concentrations where the measured spectra exhibit a sat-
uration effect that is absent in the simulation results.16

We also observe changes in the linewidth with the
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FIG. 1: HOD in D2O IR spectra for neat water (black),
1 M (red), 3 M (blue), and 5 M (purple) of the four

alkali-halides.

halide identity and concentration. The most dramatic
effect is observed for KF, which broadens with increas-
ing concentration. This is quantified by the full-width
half-maximum (FWHM), which is plotted as a function
of concentration in Fig. 2. The FWHM increases by
∼ 170 cm−1 for 5 M KF compared to neat HOD/D2O. In
contrast, NaCl, NaBr, and NaI each show more modest
broadening as the concentration is increased up to 3 M
and then a slight narrowing from 3 to 5 M. The FWHM
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as a function of concentration.

values are provided in Table S4.

B. Temperature Derivative of the IR Spectrum

We next focus on the derivatives of the IR spectrum
with respect to β, evaluated using Eq. 4, to determine
how the spectrum changes with temperature. Fig. 3
shows the total derivative, dI(ω)/dβ, for the OH stretch-
ing mode of HOD in D2O for both the neat liquid and
electrolyte solutions with varying salt concentrations.
The general structure of the derivative is the same for
all salts and concentrations. Namely, the derivative is
positive at lower frequencies, peaking between 3350 and
3400 cm−1, and negative at higher frequencies, reach-
ing a minimum around 3550 − 3650 cm−1. Note that
dI(ω)/dT = −(kBT

2)−1 dI(ω)/dβ so that the positive
peaks in the β derivative shown in Fig. 3 correspond to
regions of the spectrum that will increase in magnitude
as the temperature decreases. The results show that this
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corresponds to lower frequencies that are associated with
OH groups engaged in stronger H-bonds (as measured
by the transition frequency). Conversely, the negative
region, which occurs at higher frequencies indicates that
this part of the spectrum representing more weakly H-
bonded OHs will increase in magnitude as T increases.

The height and location of the peak maximum and
minimum of dI(ω)/dβ both shift with increasing salt con-
centration. For all salts, the magnitude of the derivative,
at both the maximum and minimum, decreases as the
concentration increases, indicating that the addition of
salt gives rise to a spectrum that is less sensitive to tem-
perature, the driving forces for which are discussed be-
low in Sec. IV D. In the case of KF, the position of the
maximum in the derivative shifts to lower frequency with
increasing concentration; the opposite is observed for the
other halides with the frequency shift growing from Cl−
to Br− to I−. In a similar way, the location of the min-
imum value of the derivative is nearly independent of
concentration for KF, but shifts to the blue for the other
sodium halides. We will return to these trends below in
the context of the underlying energetic driving forces.

These changes in the quantitative behavior of the
derivative with frequency also affect the location of the
isosbestic point, i.e., the point at which dI(ω)/dβ = 0
and thus the spectrum is independent of T (at least over
some range). It is important to note that this isosbestic
point is not a consequence of two populations of wa-
ter, but a natural result of the fact that the spectrum

is related to an underlying frequency distribution (which
must have a derivative with respect to temperature with
both negative and positive values).46,56 We find the isos-
bestic point of neat water at 3489.2 cm−1 (see Table S5),
which lies between the results extra cted from the mea-
surements of Kropman and Bakker21 (3494 cm−1) and
Wyss and Falk18 (3476 cm−1). We find that the location
of the isosbestic point is nearly independent of concentra-
tion for KF, but shifts to the blue for the sodium halides
considered, by 40.6 cm−1 for NaCl, 37.3 cm−1 for NaBr,
and 56.5 cm−1 for NaI.

C. Decomposition of the Temperature Derivative of the IR
Spectrum

1. Contributions by Interaction Type

Temperature derivatives of vibrational spectra, such
as those shown in Fig. 3, have been obtained experimen-
tally by determining the numerical derivative from mea-
surements at multiple temperatures.57,58 However, more
detailed determinations of the energetic driving forces un-
derlying the temperature derivative is not possible from
experiments. In contrast, because dI(ω)/dβ is obtained
as an analytical derivative as described in Sec. II, the
contribution to the derivative from any component of the
total energy of the system can be obtained. This provides
key mechanistic insight that is not available in any other
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way.
In the simplest approach of this kind, we divide the

total energy into the kinetic energy and Coulombic and
Lennard-Jones interactions and determine the contri-
bution of each of these to the temperature derivative
dI(ω)/dβ as outlined in Eq. 6. Note that each deriva-
tive contribution illustrates how increasing that particu-
lar component of the energy changes the spectrum. To
be precise, the Coulombic contribution to dI(ω)/dβ, for
example, indicates how reducing the Coulombic poten-
tial energy would shift the spectrum; this notes that the
derivative is with respect to β not T and represents how
the change in Coulombic energy with T affects the spec-
trum, separate from the change in other energy compo-
nents.

We first note that, compared to the Coulombic and
Lennard-Jones potential energy contributions, the kinetic
energy component of the derivative is quite small and
mirrors the qualitative shape of the total dI(ω)/dβ.46
Thus, we do not focus on these results, which are shown
in Fig. S5. We do note that this implies only a minor
dynamical effect on the changes in the IR spectrum with
temperature.

The Coulombic potential energy contributions to the
β derivative of the IR spectra are shown in Fig. 4. The
contribution fairly closely resembles that of the total
derivative shown in Fig. 3, but with a larger magnitude
(note the different scales on the vertical axes). In par-

ticular, the Coulombic energy contribution favors lower
(higher) frequencies at T is reduced (increased), as the
total derivative does. The trends with salt concentration
are also qualitatively the same as for the total deriva-
tive. Thus, we can see that the Coulombic contribution
is, unsurprisingly, the dominant one and its features are
largely retained in the total dI(ω)/dβ. The quantita-
tive differences are illustrated in the positions of the isos-
bestic points, i.e., the frequency at which dI(ω)/dβ = 0.
For the Coulombic contribution, the isosbestic frequency
trends with the anion identity are clearer and more con-
sistent: Increasing the concentration from 1 to 5 M leads
to a shift in the isosbestic point of −17.3, 12.7, 32.1, and
51.1 cm−1 for KF, NaCl, NaBr, and NaI, respectively
(see Table S5).

The Lennard-Jones potential energy contributions to
the total IR spectra β derivatives are presented in Fig. 5
and differ notably from the Coulombic contributions. Of
particular note is that the derivative contribution is neg-
ative at lower frequencies and positive at higher frequen-
cies. This indicates that lowering the Lennard-Jones en-
ergy by reducing T (increasing β) tends to blue-shift
the spectrum, favoring higher frequency, more weakly H-
bonded arrangements of the OH groups and disfavoring
the stronger, more red-shifted H-bonds. This shows a
clear competition between the Coulombic interactions,
which favors stronger H-bonds, and is consistent with
our previous simulations of neat water46 as well as wa-



7

-0.8

-0.6

-0.4

-0.2

0

0.2

L
e

n
n

a
rd

-J
o

n
e

s
 d

I(
ω

)/
d

β 
(k

c
a

l/
m

o
l)

3000
3200

3400
3600

3800

-0.8

-0.6

-0.4

-0.2

0

0.2

3000
3200

3400
3600

3800

ω (cm
-1

)

KF NaCl

NaBr NaI

0 M

1 M

3 M

5 M

FIG. 5: Same as Fig. 4 but the Lennard-Jones potential energy contribution to dI(ω)/dβ is shown as given by
Eqs. 5 and 6.

ter diffusion,12,59–61 reorientation,59–63 viscosity,64 and
H-bond exchange dynamics.61,63 The Coulombic contri-
butions, as noted above, dominate, which is clear from
the relative magnitude of the two contributions; note
the difference in vertical axis scale between Figs. 4 and
5. The Lennard-Jones contribution to the derivative is
also sensitive to the salt concentration. Once again, this
can be illustrated by the position of the isosbestic point,
which shifts by −31.5, 19.6, 30.8, and 57.2 cm−1 for for
KF, NaCl, NaBr, and NaI, respectively, as the salt con-
centration is increased from 1 to 5 M (see Table S5). The
location of the (measurable) isosbestic points for each
salt solution is determined by the competition between
the dominant electrostatic interactions and these oppos-
ing Lennard-Jones interactions.

2. Contributions by Molecular Interactions

A more detailed mechanistic picture of the factors de-
termining how temperature affects the IR spectrum is ob-
tained by examining the contributions from interactions
between the different species – i.e., water, anions, and
cations – present in the salt solutions. Specifically, we
have calculated the contribution to dI(ω)/dβ associated
with the water-water, water-cation, water-anion, cation-
cation, anion-anion, and cation-anion interactions. In
each case, we have separately computed the Coulom-
bic and Lennard-Jones contributions, giving twelve to-

tal components of the derivative (excluding the kinetic
energy terms that, as noted above, have a small effect).
We note that, as will be shown below, the magnitude of
these contributions to the derivative are directly related
to their effect on the effective internal energy of the IR
spectrum as a function of frequency. In this way, the
decomposition presented here provides insight into the
driving forces that shape the IR spectra.

These contributions to the β derivative of the IR spec-
trum are shown in Fig. 6 for NaCl at 1, 3, and 5 M
concentrations. At the lowest, 1 M, concentration, the
derivative is dominated by the water–water interactions,
which nearly equal the total for both the Coulombic
and Lennard-Jones contributions. The only other non-
negligible Coulombic contributions come from the water–
Na+ and water–Cl− and Na+–Cl− interactions. The
former two favor stronger H-bonding arrangements, i.e.,
they peak at lower frequencies which are thus favored by
these interactions as T decreases, and are opposed by the
cation-anion interactions. In the Lennard-Jones contri-
butions, the water–Cl− interactions are the only other
non-negligible contribution and they favor weaker H-
bonding structures; given their short-range nature, these
must correspond to the direct water–Cl− H-bonding.

As concentration is increased, the Lennard-Jones con-
tributions to the derivative shrink in magnitude, primar-
ily due to the water–water interactions. As more salt
is added, the contribution from water–Cl− interactions
grows and a small contribution from Na+–Cl− interac-
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sodium-sodium (blue), chloride-chloride (purple), and sodium-chloride (magenta) interactions.

tions is observed at 5 M, presumably due to the pres-
ence of contact-ion pairs at that high concentration. All
other Lennard-Jones interactions have a negligible effect
on ∂I(ω)/∂β.

The picture is more complicated for the Coulombic
contributions to the derivative. As the concentration
increases, the overall derivative decreases in magnitude
due to a reduction in the water–water contributions to
∂I(ω)/∂β and the rise of several competing contributions
associated with the ions. Specifically, the water–Na+
and water–Cl− interactions grow in magnitude sharply
as the salt concentration increases from 1 to 3 M, but
only change modestly from 3 to 5 M. They are the only
interactions involving ions that favor lower frequency,
stronger H-bonded OHs. Interestingly, the water–Na+
contribution is the larger of the two. As the concentra-
tion increases, the Na+–Na+, and Cl−–Cl− interaction
components grow steadily in magnitude and acting in
opposition to the water–ion contributions. The Na+–
Cl− contribution first grows as the NaCl concentration
is increased to 3 M and then decreases and shifts to the
blue as it is further raised to 5 M. The results suggest
an interesting interplay between the interactions present
in these salt solutions, which reshuffles as the concen-
tration is increased such that a larger fraction of waters
are immediately adjacent to an ion and ions are in closer
proximity to each other.

It is also interesting to examine how the various inter-
actions contribute for different salts. This is examined in
Fig. 7 where the Coulombic and Lennard-Jones contri-

butions of the different potential energy terms are shown
for 3 M solutions of KF, NaCl, NaBr, and NaI.

Focusing first on the Lennard-Jones components, we
can see that the only meaningful contributions at 3 M
come from the water–water and water–halide interac-
tions. Clear trends are observed in that the total
Lennard-Jones contribution to the derivative and the
dominant water–water term increase moving down the
halide series, i.e., with increasing halide size. The water–
halide Lennard-Jones contribution, on the other hand,
decreases with the halide size so that it is nearly negligi-
ble for NaI. We have previously shown that the Lennard-
Jones interactions favor weaker H-bonds because strong
H-bonds, held together by Coulombic interactions, sit on
the repulsive wall of the Lennard-Jones potential between
the the donating water molecule and the H-bond accep-
tor. Thus, the Lennard-Jones results in Fig. 7 indicate
that the more charge-dense halides that form stronger H-
bonds do so at the expense of favorable Lennard-Jones
interactions, i.e., those H-bonds sit even further up on
the Lennard-Jones repulsive wall.

Again, the situation is more complex for the Coulom-
bic contributions where every interaction type makes a
non-negligible contribution. In all cases, the water–water
interactions represent the largest component. The water–
water terms is nearly identical for the three sodium-
halide solutions considered, but differs for the KF case
by the appearance of a significant shoulder at lower fre-
quency, centered around 3100 cm−1. The water–Na+
contribution is the next largest for the sodium-halide



9

-0.5

0

0.5

1

1.5

L
e
n
n
a
rd

-J
o
n
e
s
  
  
  
  
  
  
C

o
u
lo

m
b
ic

3000
3200

3400
3600

3800

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

d
I(

ω
)/

d
β 

(k
c
a
l/
m

o
l)

3000
3200

3400
3600

3800

ω (cm
-1

)

3000
3200

3400
3600

3800
3000

3200
3400

3600
3800

KF NaCl NaBr

KF NaCl NaBr

NaI

NaI

FIG. 7: Same as Fig. 6 except that results are shown for 3 M solutions of KF, NaCl, NaBr, and NaI in HOD/D2O.
Results are shown for the contributions due to the potential energy associated with all (black), water-water (red),
water-alkali (orange), water-halide (cyan), alkali-alkali (blue), halide-halide (purple), and alkali-halide (magenta)

interactions.

solutions and depends only weakly on the halide, with
a slight blue-shifting of the derivative contribution ob-
served with increasing halide size. The water–K+ contri-
bution for KF is comparatively smaller and strongly red-
shifted. The water–halide interactions also contribute
strongly with a modest halide dependence manifested
as a reduction in the magnitude and a blue-shift of the
derivative contribution moving down the halide series.

The fact that the water–Na+ contribution to the β
derivative of the IR spectrum is larger than the water-
anion one is surprising result, given the direct effect
water-halide H-bonding has on the vibrational frequen-
cies of the OH groups involved. However, we note that
the data suggest these effects may be associated with
the overall influence of the ions on the solution behavior
rather than direct ion-OH group interactions. Specifi-
cally, the cation-water Lennard-Jones contribution to the
derivative, which is short-ranged and thus most promi-
nent for direct water-ion interactions, is essentially negli-
gible, while the anion-water Lennard-Jones contribution
is significant, but considerably smaller than the corre-
sponding Coulombic component. It should be possible
in the future, with greater statistical sampling, to dis-
tinguish the effect of the cations and anions on the IR
spectrum for OH groups in their first solvation shell, as
we have done previously in the case of diffusion.12

The ion–ion contributions to ∂I(ω)/∂β are compar-
atively smaller for the sodium-halide solutions. The
largest of these contributions comes from the Na+-halide
interactions and favors weaker H-bonding arrangements;
its magnitude does not change with the halide but shifts
to higher frequencies as the halide size increases. The
K+–F− component is significantly larger in comparison

and shifted strongly to lower frequencies; this can be at-
tributed to the strong coordination of the fluoride ion,
as little difference is observed for the NaF case as shown
in Fig. S6. The Na+–Na+ and halide-halide interactions
are the smallest contributions for the sodium-halide so-
lutions. The former is nearly independent of halide iden-
tity while the latter decreases in magnitude and shifts
to the blue with increasing halide size. For the KF so-
lution, the K+–K+ contribution to the derivative favors
lower frequencies, stronger H-bonding in contrast to the
sodium-halide solutions. The F−–F− contribution to the
derivative is positive at both higher and lower frequencies
and negative around 3300 cm−1. Clearly, the compact
charge density of fluoride, which makes it an exception-
ally strong H-bond acceptor as well as a strong coordina-
tion partner with the cation, leads to qualitative changes
from the behavior observed for the other halides.

D. Thermodynamic Driving Forces

The temperature derivatives presented above can be
used to obtain more direct, intuitive measures of the ther-
modynamic driving forces for the vibrational spectra. In
particular, we can use them, with the spectra, to ad-
dress the relative role of energetic and entropic effects.
Although it is not possible to rigorously calculate an in-
ternal energy or entropy from an IR spectrum because it
is a dynamical quantity, one can define an effective inter-
nal energy, ∆UIR(ω), and effective entropy, ∆SIR(ω), as
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a function of frequency as

∆UIR(ω) = −
(
∂ ln I(ω)

∂β

)
(7)

and

∆SIR(ω) =
∆UIR(ω)−∆AIR(ω)

T
. (8)

Here, the effective Helmholtz free energy associated with
the IR spectrum as a function of frequency is

∆AIR(ω) = −kBT ln I(ω) (9)
= ∆UIR(ω)− T∆SIR(ω).

Such approaches have previously been used for both
Raman57,58 and IR spectra46 and provide the most direct
insight into the thermodynamic driving forces determin-
ing both the spectrum and its temperature dependence
(vide infra). It is important to note, however, that de-
spite previous interpretations,57,58 these thermodynamic
profiles do not provide information about the energy (or
entropy) required to break an H-bond. Rather, they rep-
resent the changes in energy or entropy associated with
changing the OH frequency, which does not require the
scission of the H-bond.46

These energy profiles are shown for 5 M NaCl in Fig. 8,
where the internal energy is also further decomposed, us-
ing Eq. 6, into contributions from the Coulombic and

Lennard-Jones interactions and kinetic energy. The es-
sential features observed for this case are common across
all the solutions considered here. Namely, the internal en-
ergy has a minimum below 3400 cm−1 while the entropic
contribution is lowest near 3600 cm−1; both rise more
sharply to higher frequencies (corresponding to more
weakly H-bonded OHs) and more slowly to red-shifted
frequencies (corresponding to more strongly H-bonded
OHs). The opposition of the energetic and entropic ef-
fects leads to a minimum in the effective free energy
(peak maximum in the IR spectrum) at an intermedi-
ate frequency, in this case near 3440 cm−1. The internal
energy is dominated by the contribution from Coulom-
bic interactions, which is opposed by the Lennard-Jones
component while the kinetic energy contribution is quite
small.

A key benefit of this analysis within fluctuation the-
ory for dynamics is that it enables an examination of
the relative influence of (internal) energy and entropy on
the spectral changes observed upon the addition of salt.
The effective Helmholtz free energy, ∆AIR(ω), is shown
in Fig. 9 for both neat HOD/D2O and varying concen-
trations of salts in HOD/D2O. Because ∆AIR(ω) is a
simple function of the IR spectrum, it mirrors the be-
havior observed in the spectra that is discussed above.
For example, the free energy minima are found at the
frequencies corresponding to the IR peak maxima (see
Tables S4 and S6). However, the frequency at which the
free energy reaches a minimum and the shape the free
energy profile are determined by the combination of the
internal energy and entropy, Eq. 9, and we now examine
those factors to understand their relative influence.

The effective internal energy, ∆UIR(ω), given by Eq. 7
is also shown in Fig. 9 for neat water and the salt solu-
tions at 1, 3, and 5 M. Note that we have set the minimum
for each curve at zero to more clearly illustrate any differ-
ences in the frequency dependence of the internal energy.
As noted above, the internal energy profile has the same
qualitative shape for all the solutions considered. Of par-
ticular note is that, for NaCl, NaBr, and NaI, the global
minimum of the internal energy profile appears at a fre-
quency that is nearly independent of the identity of the
halide anion and the concentration. Indeed, the internal
energy profiles for these three salts at a given concentra-
tion are nearly identical (except around the peak at high
frequencies). More specifically, this says that the internal
energy required to change an OH from the lowest energy
frequency at ∼ 3350 cm−1 to a lower frequency, more
strongly H-bonded arrangement or a higher frequency,
more weakly H-bonded structure is independent of the
halide ion. In other words, the internal energy does not
exhibit a Hofmeister effect for these three halides.

Two small differences in ∆UIR(ω) are observed for KF
compared to these three salts. First, the location of the
energy minimum is shifted to lower frequencies for the 3
and 5 M solutions. Second, at these higher concentra-
tions there a smaller increase in internal energy required
to move from the lowest energy frequency to stronger
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or weaker H-bonded arrangements (lower or higher vi-
brational frequencies, respectively). In these ways, the
internal energy shows a modest Hofmeister effect for KF
relative to the other halides.

It can also be seen that the 1 M salt solutions have
∆UIR(ω) that are only slightly changed from the neat
HOD in D2O case. As the concentration is increased to
3 and then 5 M, the internal energy profile becomes flat-
ter, i.e., the internal energy changes with OH frequency
are reduced. Insight into the origins of this behavior can
be gleaned from inspection of Fig. 6. Those data indi-
cate that the Lennard-Jones contribution to the deriva-
tive, and hence ∆UIR(ω), changes little with concentra-
tion such that changes in the Coulombic interactions are
the primary cause of the flattening of the internal energy
profile with salt concentration. More specifically, we see
two trends that lead to less variation in ∆UIR with ω:
1) As the concentration increases, ion-water interactions
replace water-water interactions and the former tend to
have a lower internal energy for high frequency, weak H-

bonds compared to the latter. 2) The ion-ion interactions
act to oppose the internal energy of the water-water and
water-ion interactions, i.e., they lower (raise) the inter-
nal energy of higher (lower) frequency H-bonds. How-
ever, it is important to note that this flattening of the
∆UIR(ω) profile with increasing salt concentration can-
not explain the changes in the FWHM of the IR spectra
of the sodium-halides considered, Fig. 2, which increase
from 1 to 3 M and then decrease or stay the same when
the concentration is raised to 5 M.

Finally, the effective entropic contribution,
−T∆SIR(ω), calculated from Eq. 8 is also shown
in Fig. 9 for neat water (HOD in D2O) and the salt
solutions. Note that all minima are set to zero in
order to investigate the effective entropy as a function
of halide and concentration. As with ∆UIR(ω), the
entropic contribution shows different behavior for KF
compared to the other sodium-halide solutions. But
unlike for the internal energy, −T∆SIR(ω) shows a
clear trend for the series of halides with increasing salt
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concentration. In particular, the entropic cost associated
with strengthening of the H-bond, i.e., moving to lower
vibrational frequencies, depends increasingly on the
halide at higher concentrations. Namely, with increasing
concentration entropy lowers the free energy associated
with stronger H-bonds with more red-shifted vibrational
frequencies. However, the effect is slight for NaI and
increases moving down the halide series with the largest
effect for KF. This is the origin of the Hofmeister effect
observed in the IR spectrum itself, which is red-shifted
for KF and blue-shifted increasingly for the other halides
in the order NaCl, NaBr, and NaI.

Overall, the manifestation of the Hofmeister effect in
the frequency shifts in the IR spectrum are a conse-
quence of two factors: 1) The flattening of the inter-
nal energy profile with growing salt concentration, which
serves to increase the weight of the entropic contribu-
tion, and 2) The reduction in the entropic penalty for
forming stronger H-bonds that is more prominent the
smaller the halide. The former is nearly independent of
the halide identity, while the latter depends significantly
on it. Overall, while both internal energy and entropy
determine the frequency shift with addition of salt, this
clearly implicates entropic contributions as the central
driving force for the Hofmeister trend in the IR spectra.

It is perhaps counterintuitive that lower water OH vi-
brational frequencies in salt solutions are favored entrop-
ically rather than energetically. While further, even more
detailed, studies are necessary to fully explore these fac-
tors, it is useful to note some relevant caveats. First, we
note that none of the present results are for the infinitely
dilute case or restricted to the first solvation shell of a
halide. Thus both the internal energy and entropy re-
flect the overall electrolyte environment. For example,
the entropic profiles in Fig. 9 indicate that increasing
the salt concentration results in more arrangements for
an OH group to have a lower frequency and this effect
grows inversely with the halide size. At the same time,
the internal energy for an OH to have a lower frequency
is nearly independent of halide size. We cannot yet say
whether this is a reflection of the entropy and internal
energy as a function of frequency for an individual wa-
ter OH interacting with a particular halide, a point that
requires a different approach than that used here.

E. Predicting IR Spectrum at Different Temperatures

Knowledge of the effective internal energy profile as a
function of frequency, ∆UIR(ω), enables the prediction
of the IR spectra as a function of temperature using only
the present room temperature simulations. We have pre-
viously shown that a van’t Hoff approximation,

Ipred(ω;Tb) =
I(ω;Ta) e

−(βb−βa)∆UIR(ω)∫∞
0

P (ω;Ta) e−(βb−βa)∆U(ω)dω
, (10)

can accurately predict the IR spectrum of HOD in D2O
over a temperature range of 280 − 370 K.46 Here, βa =

1/kBTa, βb = 1/kBTb, P (ω;T ) is the vibrational fre-
quency distribution at temperature T , and ∆U(ω) is the
effective internal energy associated with the frequency
distribution. The denominator in Eq. 10 accounts for
the fact that the van’t Hoff factor, e−(βb−βa)∆UIR(ω) is
not norm-conserving.

The predicted IR spectra for the OH stretch in iso-
topically dilute NaCl solutions are shown in Fig. 10 for
temperatures from 280 to 370 K. At all salt concentra-
tions, the spectrum blue-shifts to higher frequencies and
the overall intensity decreases as the temperature is in-
creased. These effects, however, decrease within increas-
ing NaCl concentration so that the temperature effects
are significantly more modest in the 5 M solution com-
pared to neat water and 1 M NaCl.

Measurements by Wyss and Falk of the IR spectra of
neat HOD/D2O and ∼ 5 M NaCl solutions found similar
behavior. As the temperature is increased, they observed
that the peak frequency increases and the peak absorptiv-
ity decreases for both neat water and the NaCl solution.18
Specifically, upon increasing the temperature from 283 to
358 K they observed a blue-shift in the peak frequency
of ∼ 50 cm−1 for HOD in D2O compared to 25 cm−1 in
the NaCl solution, where we find shifts of 38.7 cm−1 and
24.4 cm−1, respectively, for these two systems between
280 and 360 K. Similar results were found by Masuda
and co-workers in ATR-IR spectroscopy measurements
on neat water and solutions with increasing concentra-
tions of NaCl.20

Kropman and Bakker examined the temperature de-
pendence of the IR spectra of neat HOD in D2O and
6 M NaI in HOD in D2O as part of a study of salt ef-
fects on vibrational relaxation.21 They found that the OH
stretching peak blue-shifts by ∼ 50 cm−1 in HOD in D2O
between 298 and 366 K. This is in good agreement with
the results of Wyss and Falk18 and somewhat larger than
our prediction of 34.6 cm−1 upon heating from 298 to
370 K. In contrast, the peak blue-shifts by only 10 cm−1

in the NaI solution over the same temperature range. In
the present simulations, we find a blue-shift of 22.4 cm−1

for 5 M NaI from 298 to 370 K. They also observe a more
modest reduction of the peak intensity in the NaI solu-
tion compared to neat water, consistent with the present
results (see Fig. S7).

Thus, the present results (based on the Joung-
Cheatham53 and SPC/E52 models for the ions and wa-
ter) semi-quantitatively predict the results from measure-
ments of the IR spectra. We note that our previous simu-
lations of neat HOD in D2O using the TIP4P/2005 water
model65 gave a blue-shift of ∼ 47 cm−1 when the tem-
perature is raised from 298 to 360 K, in better agreement
with the measured data.

V. CONCLUSIONS

We have presented the results of MD simulations of the
OH stretching IR spectra of KF, NaCl, NaBr, and NaI in
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isotopically dilute water. The aim is an investigation of
how ions manifest their structure-making and breaking
characteristics, implicit in the Hofmeister series ranking,
in the vibrational spectroscopy. To this end, we have
used fluctuation theory for dynamics to determine, from
simulations at a single temperature, the temperature de-
pendence of the IR spectrum and its contributions from
the different interactions and motions present. These
data provide insight into the driving forces for spectral
changes with temperature, salt concentration, and salt
identity.

The simulated IR spectra are in good agreement with
previously reported measurements,14,16,18,20,21 and are
consistent with the Hofmeister series ranking of the
halides. Specifically, the spectrum red-shifts with ad-
dition of KF, indicative of the stronger H-bonding ex-
pected of a “structure-maker,” and blue-shifts as the
other sodium-halide salts are added, characteristic of
“structure-breaking” anions that disrupt the water H-
bonding. The magnitude of this blue-shift increases with
the size of the halide ion from chloride to iodide, as ex-
pected from the Hofmeister series.

The present results are based on the SPC/E wa-
ter model and the Joung-Cheatham force field for the
ions. This description is known to correctly describe
the qualitative trends with ion identity and concentra-
tion of many dynamical properties for the systems con-
sidered here.11,12,66,67 It will be interesting to investi-
gate whether the effects observed here are also found in
other fixed-charge classical force fields, e.g., those de-
rived from a Kirkwood-Buff analysis68–70 or based on
charge scaling,71–76 and such work is currently under-
way in our lab. However, it is also known that polar-
izability and charge transfer effects, which are included
only implicitly in fixed-charge descriptions, are impor-
tant in water and electrolyte solutions. Such descriptions
are also amenable to the fluctuation theory for dynamics
approach used here and may provide new perspectives
about the physical origins of changes in the water dy-
namics and spectroscopy with the addition of salts. We
note that a recent exploration of several fixed charge and

three-body water force fields found they all demonstrate
the same mechanistic features for neat water diffusion,
reorientation, and H-bond exchange.61

The origins of these changes are the main focus of the
the present work and a key result is that they can be at-
tributed almost exclusively to entropic effects. Namely,
the calculated temperature derivative from fluctuation
theory was used to determine effective internal energy
and entropy profiles as a function of frequency that un-
derlie the IR spectrum. The results show that the in-
ternal energy profile, while it changes with salt concen-
tration, is only weakly dependent on the identity of the
salt and particularly so for NaCl, NaBr, and NaI. On the
other hand, the entropy changes significantly with the
halide, reducing the entropic penalty to form stronger,
more red-shifted H-bonds. This increase in the entropic
favorability of strong H-bonds decreases with the size of
the halide, consistent with the Hofmeister rankings. A
secondary, but important effect for quantitative descrip-
tion of the spectra, is that the internal energy profile be-
comes less strongly dependent on frequency with increas-
ing salt concentration, which makes the entropic effects
more prominent in more concentrated solutions.

These results provide an interesting contrast with prior
studies exploring the effect of ions on OH reorientation
dynamics in water, which are directly linked to the ex-
change of H-bond acceptors by the OH group.77,78 Stirne-
mann, Laage, Hynes, and co-workers have shown that
the H-bond exchange time in the solvation shell of an-
ions, relative to that in bulk water, can be understood
as a product of two factors: 1) A slowdown related to
the volume excluded by the anions that prevents the ap-
proach of potential new H-bond acceptors, and 2) A slow-
down or acceleration associated with the strength of the
water-anion H-bond compared to that of a water-water
H-bond.31,73,79–81 The first factor is fundamentally an en-
tropic one and is consistent with the behavior observed
here for the IR spectral changes in different salt solutions
that depend on the size (excluded volume) of the anion.
However, the second factor is not present to a significant
degree in the IR spectra in contrast to the OH reorienta-
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tion and H-bond exchange timescales. This difference is
deserving of further study.

Finally, we used fluctuation theory to decompose the
temperature derivative of the IR spectrum into contri-
butions from different interactions present, both elec-
trostatic and Lennard-Jones. The largest component
is found to be water–water interactions that, however,
decrease in magnitude as salt is added to the solu-
tion. Both water–ion and ion–ion electrostatic interac-
tions contribute to the derivative with the former favoring
more red-shifted frequencies corresponding to stronger
H-bonding and the latter acting in opposition. The net
result of the cancellation of these effects is comparatively
small, but is important in determining how the tempera-
ture derivative changes with both salt concentration and
identity. By extension, it also influences the effective in-
ternal energy of the spectrum as a function of frequency
that we have used to predict the IR spectra as a function
of temperature, consistent with experimental measure-
ments.

SUPPORTING INFORMATION

Force field and empirical map parameters, simulation
details, comparisons of KF and NaF results, compari-
son of frequency shifts to measured values, kinetic en-
ergy contributions to the IR spectra derivatives, and ad-
ditional details of spectral features.
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