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Dissecting ion-specific dielectric spectra of sodium-halide solutions
into solvation water and ionic contributions
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' Fachbereich Physik, Freie Universitiit Berlin, 14195 Berlin, Germany
2Physikalisches Institut, Universitiit Bayreuth, 95440 Bayreuth, Germany

(Received 1 July 2014; accepted 23 October 2014; published online 1 December 2014)

Using extensive equilibrium molecular dynamics simulations we determine the dielectric spectra of
aqueous solutions of NaF, NaCl, NaBr, and Nal. The ion-specific and concentration-dependent shifts
of the static dielectric constants and the dielectric relaxation times match experimental results very
well, which serves as a validation of the classical and non-polarizable ionic force fields used. The
purely ionic contribution to the dielectric response is negligible, but determines the conductivity
of the salt solutions. The ion-water cross correlation contribution is negative and reduces the total
dielectric response by about 5%-10% for 1 M solutions. The dominating water dielectric response is
decomposed into different water solvation shells and ion-pair configurations, by this the spectral blue
shift and the dielectric decrement of salt solutions with increasing salt concentration is demonstrated
to be primarily caused by first-solvation shell water. With rising salt concentration the simulated
spectra show more pronounced deviations from a single-Debye form and can be well described by
a Cole-Cole fit, in quantitative agreement with experiments. Our spectral decomposition into ionic
and different water solvation shell contributions does not render the individual contributions more
Debye-like, this suggests the non-Debye-like character of the dielectric spectra of salt solutions not
to be due to the superposition of different elementary relaxation processes with different relaxation
times. Rather, the non-Debye-like character is likely to be an inherent spectral signature of solvation

water around ions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901927]

. INTRODUCTION

Water interacts with solutes differently than with other
water molecules, which influences the electromagnetic re-
sponse properties of aqueous solutions and therefore leads to
distinct signatures of solvation water and bulk water in ab-
sorption spectra. This makes spectroscopy a preferred method
for the study of the mechanism of how water solvates po-
lar as well as nonpolar solutes. Dielectric relaxation spec-
troscopy is a powerful experimental tool to measure the di-
electric susceptibility of aqueous solutions in the GHz range
and allows to resolve very slow solvation processes.' This fre-
quency range is accessible to equilibrium molecular dynam-
ics (MD) simulations which therefore allows in principle for
a detailed comparison of simulated and experimental spectra.
Robust experimental dielectric spectra are available for solu-
tions of the salts NaF, NaCl, NaBr, and Nal from the Buch-
ner group,”™ which by comparison allow to infer ion-specific
effects on the static as well as dynamic dielectric properties
in an insightful manner. A number of simulation studies cal-
culated dielectric spectra of salt solutions and in particular
analyzed the various water, ions, and ion-water cross con-
tributions to the total spectrum.>'3 Surprisingly, no explicit
comparison between simulated and experimental dielectric
spectra was undertaken, and also the influence of ion-specific
effects on dielectric spectra was not addressed in previous
simulation work. Only for aqueous saccharide solutions con-
centration dependent spectra from experiments and simula-
tion were quantitatively compared.'*
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This is curious since the decomposition of experimen-
tally measured dielectric spectra into individual contributions
stemming from water and ions is challenging and can only be
accomplished by fitting the spectra to heuristic sum formulas,
assuming that one knows the functional form of the individual
spectral contributions and that simple superposition is valid.

In contrast, the full polarization auto-correlation func-
tion, which is related to the dielectric spectrum via Fourier
transformation, can be straightforwardly decomposed into
different molecular contributions in MD simulations. Conse-
quently, if the statistics are robust and the force fields are val-
idated, MD simulations can help to answer central questions
related to the range over which ions are able to perturb the
water structure and dynamics.'>~!7 Other pertinent open ques-
tions are whether ion-water polarization cross-correlations
enhance or suppress dielectric absorption and to what degree
ion-polarization auto-correlations contribute to the static di-
electric constant.

We in this paper report on extensive MD simulations for
NaF, NaCl, NaBr, and Nal salt solutions. The dielectric spec-
tra show a significant blue shift and a simultaneous decrease
of the static dielectric constant with increasing salt concentra-
tion and increasing anion size, in almost quantitative agree-
ment with experimental data.”* This serves as a validation
of the non-polarizable force fields employed and of the tech-
nique we use in order to extract the spectral information from
the simulation trajectories. The purely ionic contribution to
the dielectric response is negligible, the ion-water cross cor-
relation contribution however is negative and reduces the total

© 2014 AIP Publishing LLC
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dielectric response by about 5%-10% for 1 M solutions. By a
separate analysis of the dielectric contribution from consec-
utive water solvation shells around ions we demonstrate that
the salt-induced effects on the dielectric spectra and in par-
ticular the salient blue shift primarily stem from the first sol-
vation shell around ions. This is in agreement with the recent
interpretation of THz experiments that probe the collective
water motion around ions in a different frequency regime.'®

With rising salt concentration the simulated spectra show
more pronounced deviations from a single-Debye form, as
quantified by the exponent « of a Cole-Cole fit, this is in quan-
titative agreement with experimental spectra. Our spectral de-
composition into ionic and different water solvation shell con-
tributions does not render the individual contributions more
Debye-like, this suggests that the non-Debye-like character
of the total dielectric spectra of salt solutions is not due to the
superposition of different elementary Debye-like relaxation
processes with different relaxation times. Rather, we conclude
that the non-Debye-like character of salt solution spectra is
an inherent signature of the first water solvation shell around
ions.

Our paper is structured in the following way: In Sec. II,
we discuss our simulation methods. We validate our methods
by comparison of the total dielectric spectra with experimen-
tal data in Sec. III, and in Sec. IV we discuss the spectral
decomposition results.

Il. METHODS
A. Dielectric response functions

The complex frequency dependent dielectric susceptibil-
ity x(f) = x "(f) — ix"(f) relates the total system polariza-
tion P( f) to the electrlc field E (f) via the linear-response
relation P( )=x(f )eOE (f), where €, is the vacuum permit-
tivity. According to the fluctuation dissipation theorem x (f)
follows from the autocorrelation of equilibrium polarization

fluctuations via'®-2°
o0
=————— [ TN PO)P@)d, (1
x(f) 3VkBT€0/e (PO)P(1)) (1)
0

where P(t) denotes the time derivative of the time-dependent
total polarization P(z), V is the system volume, and kT is the
thermal energy. Equation (1) thus allows to obtain the com-
plete susceptibility spectrum from one simulation trajectory
in equilibrium. Note that for a salt solution the total polar-
ization consists of the water polar1zat10n PW and the ionic
polarization P according to P= P + P In a periodic sim-
ulation box, it is convenient to express the ionic polarization
in terms of the ionic current JI via Jl(t) =dPp, (()/dt. The sus-
ceptibility has a low-frequency diverging imaginary part due
to the ionic DC-conductivity, what is typically experimen-
tally reported is the DC-conductivity corrected dielectric sig-
nal Ax(f) = x(f) + io /(27 f) that displays regular behavior
in the low-frequency limit, where o, = o (f = 0) is the static
ionic conductivity.

The frequency-dependent ionic conductivity o(f)
=o/(f) — io”(f) by definition relates the electric current due
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to free ionic charges with the applied electric field according
to Ji(f) =0(f)eE(f) and can be calculated from the
polarization-current cross correlations via®!

_ 1 [ —27ift ; TN D
o(f)= VK, Te, /e (Jy(0)P(1))dt. )
0

By defining the auto and cross-correlation functions of
the water polarization and ionic current as

(Py(0) - Py (1))

Pw(t) = 3VkyTe, ®
_ 1{Py(0) - (1) = J(0) - Pyy(0))
Pl =5 3VkyTe, @
J(0) - T
o) = DO 4O )

3VkgTe,

we can express the frequency-dependent ionic conductivity as
a sum of a pure ionic term o and an ion-water cross correla-
tion term oy,

o(f) = ow(f) + oy(f), (6)
ow(f) = —i2nf / e i g (1)dt, (7
0
o(f) = / g (1)t ®)
0

It follows that the static conductivity is determined by the
pure ionic term and can be written as o(f =0) = oy(f
=0)= fooo ¢,(¢)dt. The regularized susceptibility A x (f) can
be decomposed into three separate terms according to

Ax(f) = xw(f) + xew(H) + Ax(f), €))

xw(f) = dw(0) — i27f / e o (t)d,  (10)

o0

Xiw(f) = —2 / e I g (1)dt, (11)
0

An(f) = ~5= / @ Dgod, (12)
0

as first shown by Caillol ef al.?! in 1986. The full derivation
is given in Appendix A.

B. Water hydration shells and ion-pair states

The radial distribution function gy, o(r) between sodium
and water oxygen in Figure 1(a) and g_n(r) between anions
and water oxygen in Figure 1(b) exhibit well-defined maxima
and minima, which allows to partition solvation water into
distinct solvation shells. The positions of the local minima in
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the radial distributions, indicated by orange vertical dashed
lines for F as an anion and by black dashed lines for CI as
an anion (Br and I give positions very similar to CI and are
therefore not shown), allow to distinguish first solvation-shell
water, W1, and second solvation-shell water, W2, from third
solvation-shell water, W3, as indicated in the figures. Note
that the shell denoted by W3 contains all water molecules that
are not part of the first and second solvation shells.

Likewise, the oscillations in the sodium-anion radial dis-
tribution functions gy, (r) in Figure 1(c) point to distinct ion
pair configurations.?>?? We indicate the first three minima of
8na, -(r) by vertical dashed lines, orange for NaF and black
for NaCl, the positions of the minima for NaBr and Nal are
again very close to the ones for NaCl and not shown. This
gives rise to four different ion-pair populations, namely, con-
tact ion pairs (CIP), single solvent-separated ion pairs (SIP),
doubly solvent-separated ion pairs (DSIP), and free ions (FI),
as indicated in Figure 1(c). A schematic illustration of differ-
ent ion-pair configurations is shown in Figure 1(d). The CIP
lifetime is estimated as 12.3 ps for 1 M NaCl in Appendix C.

In contrast to the radial distribution functions in
Figure 1(c), the number fraction nf of different ion-pair con-
figurations in Figure 1(e) is dominated by single solvent-
separated ion pairs for all studied salts (here, the index kK num-
bers the four different ion-pair states CIP, SIP, DSIP, and FI).
This reflects that although for the salts NaCl, NaBr, Nal the
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sodium-anion radial distribution in Figure 1(c) is maximal for
CIP, the solvent-separated ion pair population wins by num-
bers because of the larger shell radius. Note that in determin-
ing the number fractions n¥ the ion-pair state k of an ion is
defined by the closest counterion. Also, the sum of nf is nor-
malized to unity, Y, nf = 1. The most pronounced variation
among different salts at 1 M is seen for the CIP, which are
maximal for NaCl and almost non-existent for NaF, which
reflects the strongly bound water solvation shell for NaF.
When comparing the fractions n¥ for the different concen-
trations of NaCl, we see that with increasing concentra-
tion the number of FI goes down while the CIP fraction
goes up.

The number fraction of water in different solvation lay-
ers, denoted by n¥;, we normalize with respect to the equiv-
alent number of water molecules in pure water, Zk n’\‘,v
= Ny /Ny, Here, Ny, is the actual number of water
molecules in the simulation of a salt solution while N,
= V ppux 18 the equivalent number of water molecules in pure
water in the same volume V and with bulk number density
Ppuik = 33.4nm 3 . Due to the finite volume of the ions in so-
lution and due to non-ideal mixing effects, the sum ) X n'{V is
not equal to unity, so by dividing the spectral water contribu-
tions by n%, we eliminate trivial water dilution effects and can
therefore extract a meaningful spectral contribution per wa-
ter molecule. The running index k distinguishes first, second,

T ™ T P .| T ] [T T U T r—
(a) 8 w1 1w L W3 (c)Srcrp 1SIP ' DSIP LRI
s : : 7 10T : : .
6L ' : 1M NaF ] IM NaF 1 6k ' (= MNaF v
— : : - IM NaCl 1M NaCl . : i - MNact |3
= i H - 1M NaBr 7 IM NaBr 15 9T i - MNaBr 1]
\5,47 E E — 1M Nal(4) i 1M Nal(4) 1 =4l E E - 1M Nal(4) E |
1 1 Z. 1 1 1
& st : : 1% 30 : : :
oL : : 1 oL y : :
ll ll ] ll ll
1r ' : S Ir ' , '
() : : L L L 0 L : : :
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.7 0.8 0.2
r [nm]
0.8F < T T T T T T
(d) (e) [m cp @ sip m psie m (f) 061 B WICIP B WIDSIP B W2 1
Tr 1 @ WiSIP B WIFI B W3
cIp 0. 0.6-
° 0.5+
SIP ?". <504l
0.3+
psir- 21
te '
0.1+
r. O L
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FIG. 1. Water solvation layers and ion-pair states: (a) The radial distribution functions 8Na, 0" between sodium and water oxygen for the four different 1 M salt
solutions NaF, NaCl, NaBr, and Nal are almost indistinguishable. The vertical dashed lines at the minima separate the 1st, 2nd, and 3rd water solvation shells.
For iodide the force field I(4) is used. (b) The first maximum of the radial distribution functions g_(r) between the anions and water oxygen progressively
moves to smaller distances as the bare anion size decreases. The orange/black vertical dashed lines denote the minima for F and CI, respectively, the minima for
Br and I are similar to Cl and not shown. (c) The anion-cation radial distribution functions gy, _(r) show the typical crossover from contact-ion-pairing for Cl,
Br, I to solvent-separated ion pairing for F. The positions of the first three minima (denoted by vertical dashed lines) define the different ion- pair configurations
as schematically indicated in (d): contact ion pairs (CIP), single solvent-separated ion pairs (SIP), doubly solvent-separated ion pairs (DSIP), and free ions (FI).
The orange lines denote the minima for NaF, the black ones for NaCl, the minima for NaBr and Nal are similar to NaCl and not shown. () The ion-pair number
fractions n’f, which are normalized according to ), n’f = 1, are dominated by solvent-separated ion pairs (SIP) for all studied solutions. (f) Number fractions
of the different solvation water components n’{,v. Note that the n’{V components are normalized with respect to pure water and therefore ), n’{,v # 1, see text.
First solvation-shell water is labeled by W1 and further decomposed into the different ion-pair configurations, second and third-shell solvation water is denoted
by W2 and W3, respectively.
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and third (and beyond) solvation shells, in part of our anal-
ysis the first shell is further decomposed depending on the
ion-pair state. Figure 1(f) shows that for 1 M solutions about
20% of the water is first solvation-shell water, and that the
largest contribution to the first solvation shell comes not sur-
prisingly from the single solvent-separated ion pairs, reflect-
ing that these ions dominate the ion-pair fractions nf shown
in Figure 1(e). Note that in determining the number fractions
nk; the state k of a water molecule is defined by the closest
ion.

C. Decomposition of dielectric spectra

To analyze the different dielectric contributions of water
hydration shells and ion-pair states, we decompose the polar-
ization and current correlation functions according to

(Py(0) - BE(1)

k _
owln) = 3VkgTe, (13)
¢ PO i) = ) - Ph)
drw(t) = > 3k, Te, ; (14)
-
¢ (1) = M, (15)

3VkgTe,

where the index k in ¢%(t) and ¢f (#) stands for the previ-
ously defined different water solvation shells and in ¢>{‘ () for
the different ion-pair states. Note that this decomposition is
not unique, but allows to extract systematic trends and mech-
anistic insight in a straightforward fashion. By construction,
the sums over the index k return the total correlation func-
tions defined previously in Egs. (3)—(5), ¢w (1) = >, ¢]\§v(t)»
¢lw(t) = Zk ¢{<w(t), ¢[(t) = Zk ¢{<(t)

The decomposed dielectric spectral contributions follow
in analogy to Egs. (10)—(12) as

xw(f) = ¢w(0) —i2nf [ e il (de,  (16)
0

[e¢]

() = 2 / eI (1, (17)

0

A = —5= / @ Defndr, (18)
0

and the decomposed pure ionic contributions to the conduc-
tivity are in analogy to Eq. (8) given by

o0

ot (f) = / I () dr. (19)

0

Explicitly, the water dielectric contribution yy,( f) is thus split
into a total of six different terms, first into the three water sol-
vation shells, xw(f) = xwi(f) + xw2(f) + xw3(f), and the
first-solvation-shell contribution further into the four differ-
ent ion-pair contributions according to xvw;(f) = Xwicp(f)

+ Xwisie() + Xwipsie(f) + X wie(f)-

J. Chem. Phys. 141, 214502 (2014)

D. Simulation methods

We use GROMACS 4.5.4%* to simulate three separate tra-
jectories of duration 100 ns each for the salt types NaCl, NaBr,
and Nal, for bulk water only one and for NaF five trajecto-
ries are simulated. The simulation box contains about 7000
water molecules and 130 ion pairs (for the 1 M solutions)
in the NPT ensemble at 300 K, employing the Nose-Hoover
thermostat implemented in GROMACS and a 2 fs integration
time step. The neighbor list is updated every 20 fs and trajec-
tories are saved every 10 fs. Electrostatics are computed by
Particle-Mesh-Ewald methods and the Lennard-Jones inter-
actions are subject to a switch cutoff between 1.1 and 1.2 nm.
We use the SPC/E water model®® and our previously opti-
mized ion force fields with non-standard mixing rules’ for
fluoride and iodide. Note that these ion force fields have been
simultaneously optimized with respect to the single-ion sol-
vation free energy and the activity coefficients of different ion
pairs, for iodide two distinct force fields were reported that
both satisfied the equilibrium optimization procedure equally
well.? In the present work, we compare both force fields for
iodide with experimental dielectric spectra and therefore per-
form an additional optimization step based on dynamic and
static dielectric properties, as will be discussed further be-
low. Because of memory limitations all trajectories are split
into series of 20 ns length during data analysis. The polariza-
tion components of each time series are Fourier transformed
via Fast Fourier Transformation (FFT). Correlation functions
are calculated by multiplication in Fourier space according to
the convolution theorem. After back transformation into the
time domain the correlations are averaged over different time
series. We update the decomposition of water and ions into
different solvation-shell and ion-pair states every 10 fs, con-
sequently, the ensemble of tagged molecules changes in time.
Since the diffusion of ions and water molecules is slower than
the polarization fluctuations, the fluctuating ensembles corre-
sponding to different solvation shells and ion-pair states do
not influence the resulting spectra and correlation functions
on the frequency or time scales of interest. An upper time
cutoff is imposed on the Laplace transform of the correlation
functions during calculation of the spectra, as is discussed in
detail in Appendix B.

lll. COMPARISON WITH EXPERIMENTAL
DIELECTRIC SPECTRA

In Figure 2, we compare Buchner’s experimental results?
for the dielectric spectra of NaCl solutions at different con-
centrations with our simulation results. In Figure 2 on the left
side, we reproduce the experimentally determined Cole-Cole
fits to experimental data® according to

€ — €
A 1= €C__oo , 20
x(f)+ 1+ anTCC)l_a + € (20)

Figure 2(a) shows the real part while Figure 2(d) shows the
imaginary part of the dielectric function, the latter part cor-
responding to the absorption spectrum. We also include the
spectrum of pure water (shown in red) and plot the amplitude
€cc and the characteristic relaxation time 7.~ as a function
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FIG. 2. Comparison of experimental and simulated dielectric spectra of NaCl solutions at matching concentrations ¢ = 0, 0.5, 1, and 2 M. (a) and (d):
Experimental Cole-Cole fits of the real and imaginary parts of the dielectric susceptibility Ay’(f) and Ax”(f), reproduced from Buchner e al.> The red lines
show the results for pure water (c = 0 M). The dielectric constant €. in the inset in (a), as obtained from the amplitude of the Cole-Cole fits, decreases as a
function of NaCl concentration. The corresponding experimental relaxation time 7 - in the inset in (d) exhibits a characteristic blue-shift to shorter times with
rising NaCl concentration. (b) and (e) show the simulated real and imaginary parts of the dielectric susceptibility, points correspond to simulation data and lines
are the Cole-Cole fits for different NaCl concentrations, including pure water (red lines). The insets again show the dielectric constant €. and the relaxation
time 7 as a function of NaCl concentration, which reproduce the experimental trends. (¢) and (f) compare Cole-Cole fits (solid lines) and single Debye fits
(dashed lines) of the simulation data. The inset in (f) shows the Cole-Cole exponent «, which is a measure of the deviations from a simple Debye form, as a
function of salt concentration extracted from the experimental fits> (crosses) and from the simulation data (filled symbols).

of concentration in the insets. Increasing salt concentration
lowers the dielectric constant € -, a trend that is well-known
and rationalized in terms of the so called dielectric saturation
effect,”’" we will come back to this interpretation further be-
low. At the same time, increasing salt concentration decreases
the relaxation time and leads to a significant blue-shift, we
will further below argue this shift to be mostly due to strongly
bound water in the first solvation shell. In the analysis of our
simulation data, we fit the real and imaginary parts of the
dielectric spectrum simultaneously with the error functional
(A€')? 4+ (2A€")? using a logarithmic distribution of sample
frequencies in the range between 0.1 and 100 GHz. In order
to roughly achieve the same relative errors for real and imag-
inary parts, we use a higher weight for the imaginary part,
since it has a lower absolute value. For the simulation data,
we use €, = 1 in the Cole-Cole fitting function Eq. (20),
reflecting that the used classical force field does not include
atomic polarizabilities. In Figures 2(b) and 2(e), we show the
real and imaginary parts of the dielectric function, dots cor-
respond to simulation data, solid lines are Cole-Cole fits (fit
parameters are listed in Table I). The fits are of very high qual-
ity, the same also holds for the decomposed spectra we present
further below, so for clarity of presentation we in this paper
sometimes present only the Cole-Cole fits of our simulation
data. The concentration dependence of the amplitude € and
the characteristic relaxation time 7 . in the insets in Figures
2(b) and 2(e) show a very similar trend as the experimental
data in Figures 2(a) and 2(d), namely, a decrease of both the

dielectric constant as well as the relaxation time with increas-
ing salt concentration. While the decrement of the dielectric
constant in simulations, €.~ = 69.9 for ¢ = 0 mol/l to €.
= 43.4 for ¢ = 2 mol/l NaCl, is only slighter higher than in
experiments, which gives €. = 78.4 for c = 0 mol/l and €
= 58.3 for ¢ = 2 mol/l NaCl, the overall dielectric constant is
lower in simulations compared to experiments. Similarly, the
change of the relaxation time upon increase of salt concentra-
tion is similar in simulations compared to experiments, while
the overall relaxation time in simulations is larger by about
2 ps compared to experiments. It transpires that the disagree-
ment between experiments and simulations mainly reflects a

TABLE I. Cole-Cole fit parameters to our simulation spectra and the exper-
imental spectra measured by Buchner er al.>™

Simulation Experiment24

€cc Teelpsl a €cc Teclpsl a €00
Water 69.9 10.72  0.014 78.4 8.27 0.000 5.87
1 M NaF 56.8 9.65 0.042 67.8° 8.28¢ 0.036* 4.96*
0.5MNaCl 6l1.1 9.75 0.030 71.7 7.79 0.023  5.65
1 M NaCl 53.6 9.10  0.047 66.6 7.47 0.041  5.65
2 M NaCl 434 8.71 0.085 58.3 7.06 0.057  5.65
1 M NaBr 52.6 923  0.058 66.6 7.55 0.032 5.64
1 M Nal4) 515 9.07 0.056 65.5 7.19 0.039  5.05

4Experimental Cole-Cole fit parameters for 0.86 M NaF were received in a private com-
munication by R. Buchner and linearly extrapolated to 1 M.
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FIG. 3. Comparison of experimental and simulated dielectric spectra of NaF, NaCl, NaBr, and Nal solutions at concentration ¢ = 1 M. (a) and (c) Experimental
Cole-Cole fits of the real and imaginary parts of the dielectric susceptibility A x’(f) and Ax”(f) for the different salt types, reproduced from Buchner et al.>™*
The dielectric constant € - in the inset in (a), as obtained from the amplitude of the Cole-Cole fits, decreases with increasing size of the anion, with the exception
of Br. The corresponding experimental relaxation time 7 - in the inset in (c) shows a similar trend: Larger anions are characterized by smaller relaxation times.
(b) and (d) show the simulated real and imaginary parts of the dielectric susceptibility, points correspond to simulation data and lines are Cole-Cole fits for the
different salt types. The insets again show the dielectric constant € -~ and the relaxation time 7 . for the different salt types. Note that results for two different
force fields for iodide are shown, the force field combination Nal(4) reproduces the experimental trends much better.

deficiency of the SPC/E water model, which is well known
and amply documented in literature for the static dielectric
properties.>’ 33 As a side remark we note that previous sim-
ulations of NaCl solutions in SPC/E water give a somewhat
better agreement of the simulated spectra with experimental
data,'! but it seems that this is spurious and caused by an in-
correct treatment of the ion-water cross-polarization term, as
we will discuss further below.

Overall, the ion-dependent changes of the simulated
spectra match experimental data quite well, both the change
in dielectric strength and in relaxation time are reproduced
remarkably well. The simulation data (dots in Figures 2(b)
and 2(e)) are well described by Cole-Cole fits, which demon-
strates that the Cole-Cole fitting parameters constitute a use-
ful set to describe simulated dielectric spectra. The deviations
of the simulated data from the simple Debye form (obtained
by setting « = 0 in Eq. (20)) increase with salt concentra-
tion, this is demonstrated in Figures 2(c) and 2(f) where we
compare Debye fits (broken lines) with Cole-Cole fits (solid
lines). The inset of Figure 2(f) shows the Cole-Cole expo-
nent « as a function of salt concentration, where circles de-
note simulation and crosses experimental results, & quantifies
spectral deviations from the Debye form. We see that while
pure water in simulations shows almost Debye-type dielectric
relaxation, characterized by o = 0.014, the higher concen-
trated NaCl solutions exhibit significantly larger « values and
thus pronounced deviations from simple Debye relaxation. A

naive interpretation would be that the deviations from simple
Debye-type relaxation are caused by the superposition of wa-
ter and ionic relaxation processes at different relaxation fre-
quencies, our decomposition analysis demonstrates that this
naive interpretation is not in agreement with a more detailed
analysis of the data.

To study ion specific effects on the dielectric relaxation,
we in addition simulated NaF, NaBr, and Nal solutions at
fixed concentration ¢ = 1 M. In Figure 3 (left side), we show
the matching experimental Cole-Cole fits reproduced from
Buchner et al.>* for the (a) real part and the (c) imaginary
part of the dielectric function. The experimental data show a
clear ion-specific trend, NaF (orange lines) has the strongest
and Nal (pink lines) the weakest dielectric signal, which is
most clearly presented in the inset of Figure 3(a) where we
plot the dielectric constant € . for the four different salt types.
A similar ion-specific trend is observed for the relaxation time
7 Which is plotted in the inset of Figure 3(c), the smallest
anion F leads to the longest relaxation while the largest an-
ion I gives rise to the fastest relaxation. The simulation data
in Figures 3(b) and 3(d) exhibit very similar behavior, except
an offset the dielectric constant € - in the inset of Figure 3(b)
and the relaxation time 7 in the inset of Figure 3(d) repro-
duce the experimental trends very well. The offsets are simi-
lar to the data for pure water shown in Figure 2, so similar to
our discussion of the salt-concentration dependent data above,
we conclude that the disagreement between experimental and
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FIG. 4. Simulation results for the decomposition of dielectric spectra. (a)+(b) Decomposition of the real and imaginary parts of Ax(f) for 2 M NaCl into
contributions from the first water solvation shell W1 (green), second shell W2 (blue), third shell W3 (red), ion-water cross-contribution (IW, orange), and
the ionic contribution (I, black, increased by a factor of five for better visibility). Dashed lines denote single Debye fits and solid lines are Cole-Cole fits.
(c) Absolute contribution of the different water shells to the static dielectric constant for all different solutions. (d) Dielectric relaxation time 7 - of the different
water shells for all salt solutions, obtained from Cole-Cole fits. The horizontal red dashed line denotes the bulk water dielectric relaxation time. (e) Imaginary

dielectric function per water molecule for different water solvation shells, X\’,’;‘

)/ n’\‘,v for NaCl at different concentrations: The first solvation shell (W1, solid

lines) has the weakest contribution of only about 50% of pure water (red line). (f) Relative contribution of the different water shells to the static dielectric

constant for all different salt solutions X\/;IG( =0/ n/{,v.

simulation data for the different ions is mostly caused by
deficiencies of the water model. Note that the static dielec-
tric constants we obtain in our simulations are sightly lower
than obtained indirectly from ionic distribution functions in
earlier work.??

In our simulations, we use two distinct force fields for io-
dide, the results are slightly different and denoted by Nal(4)
and Nal(1) in Figures 3(b) and 3(d). These force fields were
found to be of equal quality in our previous ion force-
field optimization studies based on the simultaneous match-
ing of experimental single-ion solvation free energies and
activity coefficients,?® in other words, the two iodide force
fields are degenerate with respect to the static properties
employed in our optimization. A comparison of the simu-
lated and experimental dielectric constants €.~ and relax-
ation times 7. in the insets of Figure 3 show that force
field I(4) performs significantly better compared to force field
I(1). We conclude that based on the combined static and dy-
namic experimental data for dielectric relaxation times, di-
electric constants, single-ion solvation free energies, and ac-
tivity coefficients force field I(4) is superior to force field
I(1), including dielectric properties thus lifts the degener-
acy of the two iodide force fields. Our force fields even re-
produce the weak irregularity of bromide, which experimen-
tally has a slightly larger relaxation time than both chloride
and iodide, see Figures 3(c) and 3(d). This might be inter-
preted in favor of the force fields used by us in the present
study, though we hasten to add that for the dielectric con-
stant our simulation data for Br do not reproduce the sim-

ilar irregularity in the experimental data, see Figures 3(a)
and 3(b).

All in all we conclude that the simulation data reproduce
the ion-specific trends of the dielectric relaxation spectra in
a remarkably accurate fashion, which serves as a validation
of both our force fields and the simulation technology, and
therefore warrants our more detailed ion-specific analysis of
the water and ion relaxation contributions.

IV. SEPARATE DIELECTRIC SPECTRA
FOR WATER AND IONS

In Figures 4(a) and 4(b), we show the spectral decompo-
sition of the real and imaginary dielectric functions for 2M
NaCl into the contributions from the three solvation shells,
W1, W2, and W3, the ion-water cross term (IW) and the ion-
ion term (I), note that the latter contribution is multiplied by a
factor of five for better visibility. Solid lines show Cole-Cole
fits and dashed lines show single Debye fits to our simula-
tion data. The sum of all five contributions reproduces the full
dielectric spectrum shown previously in Figures 2(b) and 2(e)
according to Ax (f) = xw1 () + xwa () + xw3(f) + xow()
+ Ax(f). Most strikingly, the spectrum is dominated by the
second solvation shell water contribution (W2, blue line), fol-
lowed by first (W1, green line), and third shell (W3, red line)
contributions. The ion-water cross contribution (IW, yellow
line) is negative and therefore significantly weakens the to-
tal dielectric response. This cross term has been controver-
sially discussed in literature and can be interpreted as an ionic
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screening effect on the water dielectric function (see Ref. 5
for a discussion and a detailed list of references). In fact, it
seems that in earlier simulation work on NaCl solutions the
ion-water cross term had the incorrect sign, giving rise to a
positive contribution to the total spectrum.>%!! Although this
would spuriously improve the agreement of the total spectrum
with experiments, the correct sign used in previous’ !> and in
the present work attenuates the dielectric response of water
which is in line with an interpretation in terms of ions screen-
ing and thus weakening the water dielectric response (see
Appendix A for an explicit derivation of the various dielec-
tric contributions).

The Cole-Cole exponent for the five contributions in the
legend in Figure 4(a) has for the given first-solvation shell
water contribution W1 the value o = 0.112, which is larger
than the value for the total spectrum for 2 M NaCl o = 0.085
shown in Figure 2(f). Indeed, while the Cole-Cole and single-
Debye fits (solid and broken lines in Figures 4(a) and 4(b))
for the third-solvation shell water (W3, red lines) agree quite
well, in line with a rather small exponent « = 0.042, the two
fitting forms show increasing deviations as one goes to the
inner solvation shells. Therefore, an interpretation of the non-
Debye like character of the dielectric response of salt solu-
tions as being caused by the addition of two distinct processes
caused by ion and water relaxation that are each Debye-like
but occur at different relaxation times is not in line with our
results: Rather, our decomposition into ion, ion-water, and
different water-solvation shell contributions reveals that de-
viations from a single Debye form are caused by the intrinsic
non-Debye-like character of the strongly bound solvation wa-
ter in the first solvation shell around ions. This conclusion is
supported by the fact that the relaxation times of the dom-
inant dielectric contributions in Figure 4(b) are quite simi-
lar. In Appendix D, we demonstrate that a further decompo-
sition of the first solvation-shell water into sub-contributions
for distinct ion-pair configurations does not make the individ-
ual processes more Debye-like, lending even more weight to
this conclusion. The increase of the Cole-Cole exponent « in
Figure 2(f) from o = 0.014 for ¢ = 0 M to o = 0.085 for ¢
= 2 M can therefore partly be traced back to the increase of
the fraction of inner shell water ny;; with concentration (see
Figure 1(f)), which is characterized by a significantly higher
o = 0.112 value compared to the other solvation layers.

The absolute contribution of the different solvation-water
shells X{,’&( f = 0) to the total static dielectric constant for all
studied solutions is shown in Figure 4(c). This plot mostly re-
flects the different numbers of water molecules in the different
solvation layers. More meaningful is the relative contribution
Xw(f = 0)/nk; in Figure 4(f), where we rescale x{(f = 0)
by the water number fraction nf,. Here, it is seen that the
relative contribution for third shell water g, (f = 0)/nys; is
close to the bulk water value of about 70, while for second-
shell water xy,,(f = 0)/ny, is reduced by about 15% and for
first-shell water xy,(f = 0)/ny, the relative contribution is
only about half of the bulk value (note that for first-shell wa-
ter we further decompose into the different ion-pair states).
Since by construction the various dielectric contributions are
additive, we conclude that the dielectric saturation effect in
salt solutions is (apart from a trivial dilution effect because of
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the finite ionic volume) mainly caused by the reduction of the
dielectric amplitude in the first water solvation shell around
ions.

There are two distinct explanations for the dielectric
decrement in salt solutions, keeping in mind that the dielectric
spectrum is dominated by the water contributions and there-
fore also the decrement must be related to how water reacts
to the presence of ions in the solution: The first explanation
rationalizes the decrease of the water polarizability by water
orientation in the ionic electric fields, a mechanism usually
called dielectric saturation. This explanation neglects corre-
lations between water molecules and rather invokes a single-
dipole picture: Clearly, in an orienting electric field, the polar-
izability of a single dipole decreases. The second explanation
is less intuitive but explicitly considers the effect of corre-
lations between water molecules on the dielectric response.
According to the Madden-Kivelson-theory,** the Kirkwood
factor g, which is the dielectric enhancement factor due to
correlations between water molecules, is linearly related to
the relaxation time. For water g, is known to be high and of
the order of g =~ 2.3,% so a decrease of the dielectric con-
tribution of the first solvation shell can alternatively be in-
terpreted as being caused by a loss of correlations between
water molecules. This interpretation is reasonable in light of
the perturbing influence of an ion on the local water structure.
To obtain further evidence for this decorrelation effect, we in
Figure 4(d) show the relaxation times 7. of all individual
water solvation shells for all studied salt solutions. Different
salts and different concentrations for NaCl show quite sim-
ilar behavior and a clear trend: Third solvation shell water
W, has a relaxation time similar to bulk water (shown as a
broken horizontal line), the second shell water W, has a sub-
stantially reduced relaxation time, and the relaxation time of
water in the first solvation shell (except around contact-ion-
pair ions WICIP) is even further reduced. This decomposi-
tion therefore demonstrates that the blue shift of the dielec-
tric spectra of salt solutions mainly comes from a blue shift
of first-solvation water shell. Note that the relaxation time of
first-solvation shell water progressively increases for ions that
are bound to each other more closely, i.e., as one goes from
doubly solvent separated ion pairs (W1DSIP) over solvent-
separated ion pairs (W1SIP) to contact ion pairs (W1CIP).
This trend correlates very nicely with the results for the di-
electric constant per water molecule for the different water
solvation types in Figure 4(f). Our data thus show a good cor-
relation between relaxation times and dielectric constants for
the different water solvation layers in qualitative agreement
with the Madden-Kivelson-theory originally derived for ho-
mogeneous liquids, we thus conclude that the dielectric decre-
ment observed in salt solutions is in line with a decorrelation
mechanism of water in the first and also in the second solva-
tion shell around ions. We note that this does not rule out that
also dielectric saturation plays a role in our systems, because
the relaxation time of a single dipole in a strong external elec-
tric field is also expected to go down. But since correlation ef-
fects are dominant for liquid water, as witnessed by the large
Kirkwood factor of g, >~ 2.3 in bulk water, we argue that a
single dipole picture is not applicable in order to understand
the dielectric decrement in salt solutions.
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In Figure 4(e), we plot the imaginary dielectric function
per water molecule X{,{‘,( =0/ n{‘N for the three water solva-
tion shells W1, W2, and W3 for NaCl at the three different
concentrations ¢ = 0.5, 1, 2 M and compare with the corre-
sponding result for pure water (red solid line). We see that the
spectral contribution of the third solvation shell W3 is almost
bulk-like, while distinct deviations are discerned for W2. The
spectrum of the first solvation shell W1 (solid lines) is re-
duced to about half the bulk value and the blue shift, which
is more clearly seen in Figure 4(d), can already be discerned.
Interestingly, the outer shell spectra W2 and W3 converge to
the bulk curve for high frequencies, meaning that deviations
between bulk and solvation water mostly concerns slow, low-
frequency processes.

A decomposition of experimental spectra into three sin-
gle Debye processes often leads to a slow ionic, a dominant
bulk water-like, and fast water process with relaxations times
separated by more than one order of magnitude.* In our simu-
lations, the differences are smaller, since the fastest inner shell
water (W1DSIP) is only about a factor of two faster than bulk
water, as seen in Figure 4(d).

A. Detailed analysis of ion-water cross correlations

The ion-water dielectric cross-correlation function ¢y (%)
in Figure 5(a) shows a steep initial decay over roughly 1 ps
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followed by a much slower relaxation. ¢y (#) is odd in time,
as seen more clearly in the inset, and positive for all studied
solutions, reflecting that Py, (0)J;(¢) is larger than J;(0) Py, (¢),
see Eq. (4). This is in accord with previous simulation re-
sults for various ionic liquids®'® except 1-ethyl-3-methyl-
imidazolium triflat (EMIM*CF;SO;), where an opposite
time-correlation has been reported.'”> We have reliable data
for ¢y (¢) up to about 10 ps; this allows to calculate the spec-
tral contribution x (/) in Figure 5(b), which is characterized
by a relaxation time around 7y > 5 ps about a factor two
faster than bulk water. We see pronounced ion specific trends
in the short time behavior of ¢ (?) (inset of Figure 5(a)), for
the smallest anion fluoride ¢y, (#) displays a maximum at the
shortest time and — comparing only the 1 M solutions — has the
highest amplitude and the fastest decrease. With increasing
anion size the maximum is shifted to longer times. This trans-
lates into the ionic specific series of the real zero-frequency
contribution x{y(f = 0) shown in the inset of Figure 5(b).
By splitting up the ion-water cross-term ¢y, () into the
different water shells for 1 M NaCl in Figure 5(c) we see
that the correlation between ions and first-solvation shell
water IW1 dominates at the shortest time scales (as comes
out from the inset), while correlations with second-solvation
shell water IW2 dominate at longer times scales. Conse-
quently, the amplitude of the spectral contribution of the ion
cross-correlations with the second shell xw,(f) exceeds
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FIG. 5. Detailed analysis of ion-water cross correlations: (a) The ion-water cross-correlation function ¢y, (#) exhibits a fast drop over less than a picosecond
followed by a much slower decrease. The inset shows the short-time behavior and demonstrates that ¢y, (¢) is antisymmetric for all studied salt solutions.
(b) Imaginary part of the ion-water dielectric contribution XI/\/?V(f ) for all studied salts. The inset shows the static real dielectric contribution yy (f = 0). Real as
well as imaginary parts are negative and thus decrease the total dielectric response function. (c) Ion-current cross correlation functions ¢1kw(’) for different water
shells for 1 M NaCl. The inset shows the short-time behavior and demonstrates that the first shell (green line) reaches its maximum at a shorter time compared
to the second shell (blue line), while the third shell (red line) shows only negligible correlations. (d) Imaginary dielectric spectra Xl’{,’f,( f) for different water
shells for 1 M NaCl. The inset shows the static real dielectric contribution Xl/\k)‘/( f = 0). The second-shell contribution IW2 dominates the frequency-dependent

response function.
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FIG. 6. Detailed analysis of ion-ion correlations: (a) Ion auto-correlation functions ¢, (¢) for all studied salt solutions. ¢,(7) exhibits pronounced oscillations and
decreases quickly within a few hundred fs. (b) Imaginary DC-conductivity corrected dielectric ion contribution A x{'(f) for all different salt types. The inset
shows the static real contribution Ax{(f = 0). For the 1 M solutions, the ion part A, (f) contributes only about 1% to the total dielectric signal and can thus

be neglected for all practical purposes.

X1w1(f), as shown in Figure 5(d) for the imaginary part of the
spectrum as well as for the static limit in the inset. The corre-
lation between ions and third solvation shell water is weak and
largely irrelevant. The spectral contribution of the water-ion
cross-term is commonly denoted as kinetic dielectric decre-
ment. A recent non-equilibrium study of aqueous NaCl solu-
tions shows that the absolute value of the static decrement
of the ion-water contribution does not increase monotoni-
cally with increasing salt concentration. Instead, the maxi-
mum value occurs at a salt concentration of about 2 M.37 In
our simulations, the second solvation shell water contributes
stronger to the static decrement than the first shell. Clearly, at
very high concentrations most of the water will be in the first
shell and only a minor part will be in the strongly contributing
second shell. Therefore, the loss of second shell water might
explain the smaller absolute value of the decrement at very
high concentrations.

B. Analysis of ion-ion correlations and
frequency-dependent conductivity

The auto-correlation function of the ion-current, ¢(f),
shown in Figure 6(a) for all different salt types and salt
concentrations, exhibits high-frequency oscillations and de-
creases quickly within a few hundred fs for all different salt
solutions. Figures 4(a) and 4(b) demonstrate that the ion con-
tribution x;(f) is the weakest of the three main contributions
to the dielectric susceptibility xw(f), xmw(f), and x;(f),
and accordingly has not been included in earlier simulation
studies of aqueous NaCl solutions.®”!' We recall that the
DC-conductivity correction only effects the imaginary part
of Ax(f), leading to a vanishing Ax{'(f) in the low fre-
quency limit. As shown in Figure 6(b), Ax'(f) is peaked
around 1 THz, the maximum shifts to lower frequencies with
increasing anion size (this is most clearly seen when compar-
ing the different salt solution data at 1 M). In contrast to our
findings that the ionic process is much faster than bulk wa-
ter, a slow process in the sub-GHz range appearing in experi-
mental spectra is often interpreted as an ionic contribution.>*
Within the limited accuracy of our data for ¢;(#), which is
particularly prone to numerical errors (see Appendix B 3 for

an in-depth discussion) and only allows us to sample fast re-
laxations, we cannot say whether a slow ionic process exists
or not. In our simulations, the spectral contribution A x{'(f)
shows a red-shift as the anion size increases, which simply
reflects that larger ions move more slowly through water. The
real part Ay/(f = 0) amounts to a positive contribution to
the total static dielectric constant of only about 1% for 1| M
salt solutions, see the inset in Figure 6(b). Interestingly, the
static dielectric contribution from ion positional fluctuations
A x,(f = 0) scales roughly linearly with the salt concentration
for NaCl, which indicates that it is due to uncorrelated and
random ion positional fluctuations.

The frequency-dependent ionic conductivity o (f) is de-
fined as the electric current response of free ionic charges to
an external electric field and directly observable in simula-
tions. According to Eq. (6), o(f) has two contributions, the
first due to ion current self-correlations, o{(f), and the second
due to cross correlations between the ion current and the water
polarization, oy /(f). Figures 7(a) and 7(b) show our results
for the frequency dependent real and imaginary parts of o (f)
for all studied salt solutions, the results for NaCl are in good
agreement with earlier studies.!! There are obvious and trivial
differences between the NaCl results for different salt concen-
trations, larger salt concentrations lead to higher conductivi-
ties at all frequencies, but no clear and systematic ion-specific
trends can be discerned when comparing the spectra for dif-
ferent salts at equal concentration of 1 M. Only the static con-
ductivity 0y = o(f = 0) = o((f = 0) is directly observable
in experiments, in fact, our simulation results for the mo-
lar conductance o ,/c (black bars in Figure 7(c)) are in fairly
good agreement with experimental values>™ (blue bars in
Figure 7(c)) for all different salt types and salt concentrations.
In Figure 7(c), we also show the conductance of /(c nf) for the
different ion-pair configurations CIP, SIP, DSIP, and FI, each
properly normalized by the fraction of the different ion-pair
configurations in solution n¥. We see, not surprisingly, that
free ions FI exhibit the largest conductance, DSIP, and SIP
show a reduced conductance, and CIP ions have a conduc-
tance that is typically reduced by more than a factor of two.
Note that ion pairs contribute to the conductance by rotation
and by small changes in the ion separation.
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FIG. 7. Analysis of the frequency dependent conductivity. (a) Real and (b) imaginary parts of the ionic conductivity o (f) of all studied salts. (c) Comparison of
the total static conductance o (f = 0)/c from simulations (black bars) and from experimental data®>* (blue bars) is favorable for all different salt solutions. The
molar conductances o’*(f = 0)/(c n’I‘ ) of different ion-pair configurations demonstrate that contact ion pairs (CIP) have a significantly reduced conductance
compared to free ions (FI), doubly solvent-separated ion pairs (DSIP), and single solvent-separated ion pairs (SIP) only show a weakly reduced conductance

(except for fluoride, where also the SIP conductance is considerably reduced).

The experimental molar conductance of NaCl solutions
decreases from infinite dilution to the saturating concentra-
tion by more than a factor of two.3® Our decomposition into
the conductances of different ion-pair contributions allows to
shed new light on the concentration dependence of the total
conductance of salt solutions. For this we write the total con-
ductance o (c)/c as the sum of the conductances o /(c nf) of
different ion-pair configurations according to
op(€) _cp o’ L pSIP a" | pbSIP o> F 00

I I I ny >
cnf® cnd? cnPS®P cnf!

note that both o and nf are of course concentration depen-
dent. For NaCl, the simulated total molar conductance (black
bars in Figure 7(c)) decreases from ¢ = 05 Mtoc =2 M
by 38%, in contrast, the molar conductance of individual ion-
pair configurations shows a much weaker concentration de-
pendence, the largest decrease of oé‘ /(c n’}) we observe for
SIP for which the molar conductance decreases by 26% when
going from ¢ = 0.5 M to ¢ = 2 M. We conclude that a sig-
nificant part of the molar conductance decrement as salt con-
centration increases comes from the growing weight n{™ of
the weakly conducting contact-ion pairs and the reversely de-
creasing weight n! of the highly conducting free ions, see
Figure 1(e). Note that our reasoning breaks down at low con-
centrations, where long-ranged Coulombic interactions lead
to a universal reduction of the conductance of free ions that
scales as the square root of the salt concentration.’® Rather,
our findings explain the molar conductance reduction seen at
larger concentrations above 100 mM in terms of the progres-
sive replacement of highly conducting ion-pair configurations
by weakly conducting ion-pair configurations.

V. CONCLUSIONS

From the good agreement between the experimental and
simulated dielectric spectra, we conclude that the halide
force fields that were optimized based on thermodynamic
properties®® reproduce the ion specific dielectric effects quite
well, this is in particular noteworthy for the dielectric relax-
ation time, which comes out naturally in good agreement with

experimental data. The two force fields used for iodide, de-
noted by Nal(4) and Nal(1), were found to be of equal qual-
ity in our previous ion force-field optimization studies.?® This
degeneracy of the two iodide force fields could be lifted by
the comparison of the simulated and experimental dielec-
tric constants €. and relaxation times 7 in the insets of
Figures 3(b) and 3(d). This shows that dielectric properties
can very well be used to optimize ionic force fields.

Due to improved simulation statistics and the correct
treatment of the ion-water cross-correlation polarization term
we show that this term is negative and considerably sup-
presses the total dielectric response. We also analyze the ion
autocorrelation polarization contribution and show that it con-
tributes only about 1% to the static dielectric constant. The
decomposition of the dominant water polarization contribu-
tion into different solvation shells demonstrates that the first
solvation shell shows the strongest ionic influence and is pre-
dominantly responsible for the blue shift and the dielectric
decrement of the total dielectric spectra. By a further decom-
position of the first water solvation shell into different ion-
pair states we show that the static conductance of contact ion
pairs is more than 50% lower than for the other ion pairs, this
partly explains the reduced conductance of concentrated salt
solutions.

Our spectral decomposition suggests that the non-Debye-
like character of salt solution spectra is not due to the superpo-
sition of different elementary relaxation processes with differ-
ent relaxation times but rather an inherent spectral signature
of the first solvation shell of water around ions. It would be
interesting to investigate whether a different decomposition
of the dielectric contribution from the first solvation shell into
separate Debye processes is possible.

Although the experimental salt-concentration dependent
and ion-specific trends of the dielectric constant and the di-
electric relaxation time are well reproduced by our simula-
tions, the absolute values are off, which we rationalize by a
deficiency of the SPC/E water model we use. In the future, it
would be crucial to redo the present simulations with a water
model that reproduces the experimental dielectric properties
of pure water, unfortunately the ion force fields would most
likely have to be re-optimized for such a water model.
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APPENDIX A: RELATION BETWEEN DIELECTRIC
FUNCTIONS AND POLARIZATION CORRELATION
FUNCTIONS

The derivation closely follows Caillol et al.>' Starting
point is the defining relation for the electric susceptibility
x (f) relating the polarization P(f) = x(f)e,E(f) with the
electric field E (vector arrows are skipped for clarity in the
following derivation),

o0

/ “HTP(O)P(—t))dt

0

x(f) = 3Vk,yTe,

oo

_ —2mft
= TGO [ @b
0

(A)

where we have used P(O)P(—t) = —P(O)P(t), since P(t) is
antisymmetric and P(¢) is symmetric under time-reversal. In a
salt solution, the total polarization P(t) = Py(t) + P;(¢) has
two parts: The first part Py, (¢) is the total polarization of the
water molecules, which poses no problems in a simulation
employing periodic boundary conditions. The total polariza-
tion of the ion distribution however depends on the position of
the bounding box and gives rise to spurious effects when ions
traverse the simulation box boundaries. Therefore, we use the
ionic current Ji(¢) = PI(t) instead,

X(f) = ——l feiZHi.ft<(P (O)
3VkyTe, W
0

+P(0)(Py (1) + Jy(1))dr (A2)

which can be split into three contributions according to
x(F) = xw(f) + xqw(f) + x(f). We obtain

o0

_ —2wift
D =~ e / T PO Py)dt (A3)
0
= ;[(Pz(O))
3VkgTe, |\ ™
—i2nf / e-zﬁif'(PW(O)PW(t))dt} (A4)
= pw(0) — i27f / e g (1t (A5)
0
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o]

1 . . .
=Sy / 27 (P(0) By(t)+ P, (0) By (1)1
0
(A6)
- m[zww(omm»

oo

d .
+ / (Py(0)Py(1) + PI(O)PW(t))a(e_Z”’ﬂ)dt}

0

1
= m[w’w@)l’l(o))
+2 / (PW(O)PI(z»%(e—zﬂfff)dz] (A7)
0
- / e U (PL(0) (1)) dt (A8)
3VkyTe, W
0
=2 / e g (t)dt, (A9)

0

where we used that Py (0) Pi(¢) is even under time-reversal in
Eq’ (A7),

_ 1 r —2mift
x(f) = Wk, Te, / e (P(0)Jy(1))dt (A10)
0
__ / e U J0)Py())de (A1)
3VkgTe,
0

= l— [ i —2mift
= 3VkyTe2nf /(JI(O)PI(f»dt(e )t (A12)
0

i
© 3VkgTe2nf
[o.¢]

— / eZ”if’(JI(O)JI(t))dt:|
0

[ — (P(0);(0))

= —; —2mift

T 3VkzTelnf / e A0 ())dr - (A13)
0

_ / it (), (Al4)

2n f
0

where we used that P;(0)J;(¢) is odd under a time-reversal and
thus P;(0)J;(0) = 0 in Eq. (A13). The imaginary part of x;(f)
diverges in the low-frequency limit because of a finite ionic
DC conductivity. The ionic conductivity o (f) is by conven-
tion the electric current response of free charges to an electric
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FIG. 8. (a) and (b) Auto-correlation function ¢, (¢) of the water polarization. For all studied salt solutions, the data are strictly positive up to about 50 ps.

field,
o0 o0 [o¢]
1 . . ) )
o(f) = —— / eI () P(0))dt = —i2nf / e il (r)dr + / e g (r)dt.
3VkyTe,
0 0 0
1 ® . _ (A18)
= ViTe / e (T (0)P(1))dt (A15)
B €0 5 By comparison with Egs. (A9) and (A14) it is seen that o (f)
. 00 =21l x1(f) + 0.5 xw(f)]. The static conductivity o, = o (f
- VT / o 2ift (J(0)( Pw(t) +P (1)))dt = 0) depends only on the ion-current autocorrelation,
Bl €
0 | 00 o)
(A16) =—fJOJtdt=/ Ddr. (A19
%= 35 7e | GiOA) $i(1)dr. (A19)
1 0 0
= —[<JI(O)PW(0)> . . . -
3VkgTe, By adding the term io ,/(27f) to x(f) the divergence is lifted
00 and we obtain
—i2nf/e_2”if’(P (0)J,(1))dr '
v Axi(f) = x(f) +ioy/ Q@ f) (A20)
(o]
+ / e I T(0)J (t))dti|
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0 N 3VkBT€027'[f /(e )(J1(0)Jy(2))dz.
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00 The dielectric spectrum that is typically reported in ex-
+ / e~ 1(0) Jl(t))dt:| (A17) pe1fiments is the non-diverging expression Ax(f) = x(f)
5 +ioy/Q2rf) = xw(f) + xw(f) + Axi(f).
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FIG. 9. (a) The running average over a time window of 7'= 1 ps of the absolute value of the ion polarization autocorrelation function ¢;(7) levels off at around
t =3 ps. (b) The static conductivity o’(f= 0, T_,) shows only weak dependence on the integration cutoff time T, ,. (c) The ion-polarization contribution to the
static dielectric constant, A x{(f = 0, T_,) exhibits considerable dependence on the integration cutoff time 7.
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FIG. 10. (a) and (b) The ion-polarization contribution to the dielectric spectrum A x(f) for 2 M NaCl is shown for various integration cutoff times 7. For
larger cutoff times, the spectrum exhibits additional features in the low-frequency range.

APPENDIX B: INTEGRATION OF THE
CORRELATION FUNCTIONS

The water polarization auto-correlation function ¢y, (1),
the ion current auto-correlation function ¢,(#), and the cross-
correlation function between the ion current and water polar-
ization ¢y (?) are obtained using fast Fourier-transformation
techniques. Since all correlation functions decrease with time
they drop below the noise level at finite time, it is there-
fore useful to use an integration cutoff during calculation
of the spectra via Laplace transformation. In the following,
the choice of the cutoff-time T, for the different correlation
functions is discussed.

1. Water polarization auto-correlation

The water polarization auto-correlation function ¢y () is
most relevant for the computation of the dielectric spectra.
Because of noise, ¢,(¢) drops below zero between 50 and
200 ps for all studied solutions, as demonstrated in Figure 8.
Therefore, we integrate ¢y () only up to the time threshold
where it first drops below zero.

2. lon-water cross-correlation function

The ion-water cross-correlation function ¢y, (?) is zero at
t = 0, reaches a maximum after about 0.2 ps and then drops to

zero within about 20 ps. Similar to ¢y () we integrate ¢y, (7)
up to the time threshold where it first drops below zero.

3. lon current auto-correlation

Since the ion current auto-correlation function ¢;(f) os-
cillates, we cannot use the first drop below zero to determine
a cutoff time. We denote the running average of ¢,(¢) over a
time window T by

dr’

- t+0.5T
¢ () = / |y (2] T B1)
t T

Figure 9(a) shows that the T = 1 ps average of ¢;(7) only de-
creases until about 3 ps beyond which it levels off because of
noise. Therefore, we choose a cutoff of T, = 3 ps to limit
the influence of noise on the dielectric spectra. To check the
influence of the chosen cutoff we calculate the ionic contribu-
tion to the static conductivity o{(f = 0, T,,,) and to the static
dielectric constant Ax[(f = 0, T,,,) as a function of the inte-
gration cutoff T, the results are shown in Figures 9(b) and
9(c). The cutoff is not critical for the conductivity o{(f = 0),
because only the short-time behavior of ¢,(?) is relevant, the
results for A x/(f = 0) more sensitively depend on the cutoff
parameter and become noisy for larger cutoff values. To inves-
tigate the cutoff effects on A x{ further, we in Figure 10 show
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FIG. 11. (a) Trajectory of the distance ry, (r) between a sodium ion in 1 M NaCl solution and the closest chloride ion (black line). The dashed blue line
is the threshold between CIP and SIP and the dashed green line shows the position of the maximum of the radial distribution function g(ry, ) (shown in

Fig. 1(c)). (b) Probability distribution of the CIP lifetime #qp.
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FIG. 12. Decomposition of the first solvation shell water contribution to the dielectric spectrum, x v, (f), for 2 M NaCl into separate contributions from
solvation water of contact ion pairs (CIP, purple), solvent-separated ion pairs (SIP, orange), doubly solvent separated ion pairs (DSIP, green), and free ions (FI,
pink). Simulation data are shown by dots, single Debye fits by dashed lines, and Cole-Cole fits by solid lines.

the spectral function for various cutoffs. For the larger cut-
off values, low-frequency features appear which cannot easily
be distinguished from noise. Therefore, we have to acknowl-
edge that low-frequency ionic processes cannot be ruled out
based on our simulation data, since the auto-correlation func-
tion ¢;(?) is only statistically robust for the first ps. This is no
problem for the total dielectric spectra, since the ion polar-
ization autocorrelation only contributes negligibly, but for the
complete understanding of low-frequency ionic polarization
effects much longer simulations would be necessary.

APPENDIX C: CONTACT ION PAIR LIFETIME

In Figure 11(a), we present a typical time evolution of the
distance ry, ¢(?) between a sodium ion in 1 M NaCl solution
and the closest chloride ion (black line). According to our def-
inition in Sec. II B, contact ion pairs are pairs with distance r
smaller than the threshold r-p = 0.374 nm (dashed blue line).
If t, and t; > t, are times with r(#,) = r(t;) = rcp and r(z)
< rgp forall 7 € [1,, t,], the CIP lifetime is defined as the dif-
ference t; — t,. In order to exclude jumps around the thresh-
old, we only include strongly bound pairs where at least once
in the range [#,, ;] the distance is below r, = 0.289 nm
(dashed green line), where r, is the position of the maxi-
mum of the radial distribution function g(ry, ¢;) (shown in
Fig. 1(c)). So the CIP lifetime can be expressed as

tep = (1 — 1olty > 1o, r(ty) = r(t)) = rep,
r(t) < repVt € [ty, 1], min(r ()|t € [1y, 1,]) < ry).

The probability distribution of #p is shown in Figure 12(b)
and has an average value of 12.3 ps (red line).

Since the mean lifetime of ion pairs is of the order of
the relaxation time of water, it is clear that sodium-halide ion
pairs are difficult to probe based on dielectric spectroscopy.

APPENDIX D: COLE-COLE VS. SINGLE DEBYE FITS

Figures 4(a) and 4(b) in the main text demonstrate that
the spectral contribution of the first solvation shell x,,(f) of
a 2 M NaCl solution is not Debye-like and characterized by
a rather large Cole-Cole exponent of o = 0.112. A further

decomposition of the spectral contribution from the first sol-
vation shell depending on the pair configuration of the closest
ion according to

xwi1() = xwicie(f) + xwise(f) + xwipsie(f) + xwim (/)

is shown in Figure 12. Here, the simulation data are shown
by dots, single-Debye fits by broken lines, and Cole-Cole fits
by solid lines. It is seen that the Debye fits perform rather
poorly, in fact, some of the exponents for the individual con-
tributions are even larger than the Cole-Cole exponent for the
entire first-solvation shell ensemble. This means that the large
deviations of the dielectric contribution due to first solvation
shell water from single-Debye behavior is not a signature of
different ionic environments which each are characterized by
different relaxation times.
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