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Narutowicza 11/12, 80-233 Gdańsk, Poland
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Abstract

Infrared (IR) spectroscopy is a commonly used and invaluable tool in the stud-

ies of solvation phenomena in aqueous solutions. Concurrently, ab initio molecular

dynamics (AIMD) simulations deliver the solvation shell picture at a molecular de-

tail level and allow for a consistent decomposition of the theoretical IR spectrum into

underlying spatial correlations. Here, we demonstrate how the novel spectral decompo-

sition techniques can extract important information from the computed IR spectra of

aqueous solutions of BF –
4 and PF –

6 , interesting weakly-coordinating anions that have

been known for a long time to alter the IR spectrum of water in an unusual manner.

The distance-dependent spectra of both ions are analyzed using the spectral similarity

method that provides a quantitative picture of both the spectrum of the solute-affected

solvent and the number of solvent molecules thus altered. We find, in accordance with

previous experiments, a considerable blue shift of the νOH stretching band of liquid

water by 264 cm−1 for BF –
4 and 306 cm−1 for PF –

6 , with the affected numbers being

3.7 and 4.2, respectively. Considering also the supplementary information on solute–

solvent dipolar couplings delivered by radially- and spatially-resolved IR spectra, the

computational IR spectroscopy based on AIMD simulations is shown to be a viable

predictive tool with strong interpretative power.

Introduction

Aqueous ionic solutions have always attracted considerable attention in physical chemistry,

as the water’s ability to solvate ionic species is of great relevance to the chemistry of life.1–3

Since the 1950s the discussion of the influence of ions on water has often been associated

with the idea of the predominantly structural effect exerted by ions on the solvent, result-

ing in the popularity of the terms structure making and breaking.4,5 Unfortunately, this

simplistic concept has continued to lead to vague definitions, primarily because different

experimental methods seem to provide somewhat differing concepts of what really means a
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structure maker/breaker. On the basis of the most current diffraction data, the entire idea

of structure making and breaking seems to need a redefinition.6 Particularly the emergence

of ultrafast time-resolved vibrational spectroscopic techniques, allowing direct access to the

time scales on which the structural dynamics of aqueous solutions takes place, opened up a

new dimension in the studies of aqueous electrolytes.7

The possible water structure breaking is often mentioned for BF –
4 and PF –

6 , the anions

being the subject of this study. Nowadays, they find industrial applications in two important

areas, namely as anions in lithium salts for Li-ion batteries8 and as counterions of the bulky

organic cations in room temperature ionic liquids.9 Their peculiar properties in aqueous

solution were noticed quite early in vibrational spectroscopic experiments.10–15 Namely, both

anions were found to extremely blue-shift the stretching band of water (viz., 2644 cm−1 for

BF –
4

10 and 2667 cm−1 for PF –
6

11 vs. 2509 cm−1 for bulk water16 for the νOD band of

HDO isotopically diluted in H2O; note that all band shifts in this work are referenced to the

bulk liquid water stretching band position). Since the predicted νOD band position for HDO

molecule in H2O not forming any hydrogen bonds (H-bonds) is 2644 cm−1,16 it was previously

argued that the anion–water interactions for BF –
4 and PF –

6 are dominated by dispersion

and any H-bonding must be extremely weak.10,11 Additionally, the dynamics of anion–water

H-bond exchange was measured for both anions with two-dimensional (2D) infrared (IR)

spectroscopy.17–20 The orientational relaxation time for water H-bonded to the anion is 5 ps

for BF –
4 and 7.6 ps for PF –

6 , in comparison to 2.6 ps for bulk water.17,19,20 Somewhat

surprisingly, even though the static IR spectroscopy indicates very weak H-bonding, the

time-resolved studies clearly demonstrate that water reorientation dynamics is retarded by

both anions.

This seemingly counterintuitive conclusions have been recently resolved in our force field

MD study of aqueous NaBF4 and NaPF6.21 Both the weakening of the hydrogen bond

network of water around the solutes postulated previously from the static IR spectra10,11 and

the severely retarded rotational relaxation of the solvent in the hydration shells measured in
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pump–probe experiments17,19 have been shown to be equally true and essentially independent

phenomena. However, in order to look in more detail into the modulation of the IR spectrum

of the solvent by the studied solutes we turn here to ab initio molecular dynamics (AIMD)

simulations,22 which were found previously to provide an excellent description of simple

aqueous ions.23–25 In this work, the previously developed formalism of distance-dependent

and radially resolved spectra for a solute–solvent system24–28 is applied to aqueous BF –
4 and

PF –
6 in order to further confirm their unique influence on the water’s IR spectrum.

Spatially-Resolved IR Spectra Analysis

The idea that solute–solvent interactions lead to specific changes in the computational

IR spectra that can be identified when decomposing the total spectrum of the entire system

is well attested and has helped to obtain the relevant contributions to the IR spectrum.29,30

Recently, a rigorous derivation for solute–solvent systems has been published that allows for

a systematic decomposition of the effect of the solute on the surrounding solvent in terms

of distance-dependent or radially-resolved IR spectra.24,25 It is based on the methodology

originally employed for describing IR absorption modulation in bulk liquid water.27,28 Here,

we briefly review for the sake of completeness the original spectra decomposition procedure

that leads to the distance-dependent IR spectra in the solute-centered frame and further

supplement it with the fully three-dimensional picture utilizing the possibility to define a

local molecular reference frame by the polyatomic BF –
4 and PF –

6 anions.

Spatially-resolved IR Spectra in a Solute–Solvent System

In linear response theory, the isotropic IR absorption coefficient is obtained as a Fourier

transform of the time correlation function (TCF) of the (classical) total dipole moment,

M(t). However, in a charged system the total dipole moment time derivative, Ṁ (t), is

preferred for various reasons discussed in detail in ref 24, so that the linear absorption
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coefficient, α(ω), is calculated as,

α(ω)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωt

〈
Ṁ (t)Ṁ(0)

〉
, (1)

where n(ω) is the refractive index of the sample, the angle brackets denote ensemble averaging

and F(ω) is a quantum correction prefactor to the classical TCF that makes it satisfy the

‘detailed balance’ condition.31 Here, we apply the so-called harmonic approximation,

F(ω) =
1

4πε0

2π

3V ckBT
sinc−2

(
ωδt

2

)
, (2)

for the system with the volume V and at the temperature T with other symbols denoting the

usual fundamental constants. The last factor comes from the approximation of the genuine

total dipole moment time derivative via finite differences, Ṁ (t) ≈ δM(t)/δt, where δt is the

time step of the dipole moment trajectory. This is a direct consequence of MLWFs being

discretely sampled along the system’s trajectory with their exact velocities unknown (see ref

24 for details).

The total dipole moment of a system can be formally decomposed into effective molecular

dipole moments, M(t) =
∑N

i=1µi(t), calculated using the MLWFs centers. For a single ion

in liquid water we may rewrite this decomposition as,

Ṁ (t) = µ̇ion(t) + µ̇wat(t) = µ̇ion(t) +
water∑

i

µ̇i(t) . (3)

This approach allows for the simple decomposition of the total TCF into auto- and cross-

correlations of the ion and water contributions,

CMM(t) =
〈
Ṁ (t)Ṁ(0)

〉
= Cii(t) + Cww(t) + Ciw(t) =

= 〈µ̇ion(t)µ̇ion(0)〉+ 〈µ̇wat(t)µ̇wat(0)〉+ 2 〈µ̇wat(t)µ̇ion(0)〉 , (4)
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that are responsible for the respective contributions to the total IR spectrum that can be

obtained by separate Fourier transforms of the three terms,

αion(ω)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCii(t) (5)

αwat(ω)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCww(t) (6)

αiw(ω)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCiw(t) . (7)

As a generalization of this approach, instead of a discrete partitioning according to eq 3

the total dipole moment derivative can be smoothly decomposed on a regular spatial grid r

in the form of a continuous local dipole velocity density,27,28

ρ(t, r) =
N∑

i=1

µ̇i(t)
1

(2πσ2)1.5 exp

[
−(Ri(t)− r)2

2σ2

]
, (8)

where Ri(t) is the center of mass (CoM) position of the ith molecule at time t, the σ

parameter controls the width of the three-dimensional Gaussian projection of the density,

and the decomposition is performed on a regular cubic grid r. Note that the total dipole

velocity is recovered by integration, Ṁ(t) =
∫
V
dr ρ(t, r).

Here, as before,24,25 we take advantage of the two-component nature of the studied sys-

tems and introduce an ion-centered TCF,

Cµρ(t, r) = 〈ρ(t, r)µ̇ion(0, 0)〉 , (9)

thus choosing the single solute molecule placed at the origin of the coordinate system as

a natural reference point. At variance to the previous approach, we demand the local ref-

erence frame to be consistently set by the central molecule geometry. This requires the

possibility to define a local Cartesian coordinate system within the solute molecule and ex-

plains, why it was not used previously, when only spherically symmetric halide ions were
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addressed. The discussed TCF captures the dipolar cross-correlations between the solute

and the surrounding solvent from the point of view of a fixed, non-rotating solute molecule.

Simultaneously, another possibility to visualize local dipolar correlations and a counterpart

to the solvent–density TCF introduced in eq 9 is to apply the local density–density TCF

defined as,

Cρρ(t, r) = 〈ρ(t, r)ρ(0, r)〉 , (10)

that in turn describes the local auto-correlations of the projected dipole velocity density.

This allows for a detailed insight into the local IR excitations of the solvent as seen from the

point of view of the solute.

Fourier transforming the TCFs defined above, we ultimately obtain two variants of the

spatially-resolved IR spectrum of the system,

α×(ω, r)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCµρ(t, r) (11)

αρ(ω, r)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCρρ(t, r) (12)

The absorption coefficients thus defined enable either a detailed analysis of the local contri-

butions of the solvation shells to the “cross” IR spectrum due to correlated or anti -correlated

solute–solvent dipolar oscillations that give rise to positive or negative contributions to the

total IR spectrum (eq 11) or the unprecedentedly accurate picture of local solvent excitations

around the solute molecule as captured by the fluctuating dipole velocity density (eq 12).

Note, however, that neither approach leads to the total IR spectrum upon volume integra-

tion. Instead, integrating eq 11 one obtains a cross-correlation spectrum between the solute

and the total dipole moment derivative of the system,

α×(ω)n(ω) =

∫
d3r α×(ω, r)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωt〈Ṁ (t)µ̇ion(0)〉 =

= αion(ω)n(ω) + αiw(ω)n(ω) . (13)
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On the other hand, integration of eq 12 does not lead to the total IR spectrum or any well-

defined subset of it, since it neglects cross-correlations between different points in Cartesian

space. Nevertheless, the two variants of the spatially-resolved IR spectrum carry meaningful

information about the solute–solvent interactions that can be detected experimentally, as

discussed later.

For completeness, we also note in passing that for isotropic and spatially homogeneous

systems the angular part of the solvent–density TCF from eq 9 might be integrated out to

leave only the radial dependence on the distance from the solute, viz.

Crad
µρ (t, r) = 〈ρ(t, r,Ω)µ̇ion(0, 0)〉 = 4πr2 〈ρ(t, r)µ̇ion(0, 0)〉 , (14)

thus giving rise to the radially-resolved “cross” IR spectrum,

α×(ω, r)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωtCrad

µρ (t, r) , (15)

that was used previously the disentangle the solvation shell contributions to the IR spectra

of halide anions in aqueous solutions.24,25

Distance-dependent IR spectra

Another of the proposed decomposition schemes for solute–solvent systems takes advantage

of the possibility to smoothly extract a finite spherical region around an ion and calculate

the dipole moment within,

µ̇R
ion(t) = NR

ion(t)

(
µ̇ion(t) +

water∑

i

Pion,i(t)µ̇i(t)

)
, (16)

where the solvent molecules are selected using Fermi’s cutoff function, Pion,i(t) = 1/{1 +

exp[(Rion,i(t)−Rc)/D]}, controlled by the cutoff radius Rc and the sharpness D. Rion,i(t) is

the solute–solvent CoM distance for the water molecule i and the distance-dependent dipole
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moment is normalized to a single absorbing molecule with the possibly fractional number

of the neighboring solvent molecules, NR
ion(t) = [1 +

∑
i P

2
ion,i(t)]

−0.5, which is continuous in

time. The fractional dipole moment of the system as defined in eq 16 gives ultimately rise

to the distance-dependent absorption coefficient of the ion-containing region,

αR
ion(ω,Rc)n(ω) = F(ω)

∫ ∞

−∞
dt e−iωt

〈
µ̇R

ion(t)µ̇R
ion(0)

〉
. (17)

In the large cutoff limit (Rc →∞) the distance-dependent dipole moment has a limiting

behavior µ̇R
ion(t) → Ṁ(t)/

√
N , as easily seen from eq 16 taking Pion,i(t) → 1. Therefore,

the total IR absorption spectrum from eq 1 is rigorously recovered from multiplication,

α(ω)n(ω) = N αR
ion(ω,Rc → ∞)n(ω). The most interesting, however, is the intermediate

separation regime, where Rc is on the order of the solvation shell separation from the solvent.

There, αR
ion(ω,Rc) probes the distinct response of the solvation shell water molecules together

with the ion. In this way, the solvent most spectrally affected by the solute can be unam-

biguously characterized provided that the cutoff radius Rc is properly selected. Additionally,

this offers a way to compare to the experimental IR data obtained from the difference spectra

method that also numerically extracts solute-affected solvent spectrum by analyzing a series

of solution spectra measured for increasing concentrations of the solute.32,33 Recently,26 we

proposed to find the boundary value of the cutoff radius, R◦c , by application of the chemomet-

ric procedure based on Malinowski’s spectral isolation algorithm34 and known as the spectral

similarity method (SSM).35,36 Namely, a series of spectra with monotonically changing Rc

values can be subjected to SSM in order to find the boundary cutoff radius that separates

the subset of distance-dependent spectra that do not contain a significant contribution of the

bulk water spectrum from the subset that does contain such contribution. This particular

R◦c value corresponds to a given average value of the sum of Fermi cutoffs for the water

molecules (N◦ion =
∑

i Pion,i(t), see above), so that it unambiguously provides the number of

spectrally affected solvent molecules that can be directly compared with the experimentally
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determined affected number.32,33

Finally, let us note that the refractive index dependence of the computed IR spectra

can be easily removed with the help of the numerical Kramers–Krönig (KK) transform

with only the knowledge of the optical frequency refractive index of the medium required.24

Since n(ω) cannot be subject to the decomposition schemes presented above, any of the

spatially-resolved or distance-dependent spectra may be corrected for dispersion effects only

by dividing by the refractive index spectrum as obtained for the respective entire system.

Computational Methods

The studied systems consisted of 64 H2O molecules and a single ion (Cl– , BF –
4 , or PF –

6 )

contained in a cubic cell with applied periodic boundary conditions. A pure water system

(128 H2O molecules) was simulated as a reference. Each system was initially prepared at the

density of H2O at 298 K (997 kg/m3) and equilibrated for at least 3 ns in the isothermal-

isobaric (NPT ) ensemble using Tinker code (v. 6.3)37 and employing the Amoeba force

field definition of the water molecule and all ions.38,39 The cell volume was then set to

the average value from this run (discarding first 0.5 ns for equilibration, see Table 1) and

further relaxed for 1 ns in the canonical (NV T ) ensemble. Since the Amoeba force field

provides good description of the studied fluorinated anions in liquid water,21 we expect it to

adequately relax the initial configuration.

AIMD simulations22 were further carried out using the Quickstep electronic structure

module40 of the cp2k package (v. 2.3).41,42 The electronic structure was described by density

functional theory (DFT). The standard BLYP functional43,44 was used together with an

empirical dispersion correction in the DFT-D3 formalism.45 The cutoff for the D3 correction

was set to 20.0 Å. Quickstep implements a mixed Gaussian atomic orbitals/plane waves

(GPW) representation of the electronic structure,46 and we used a TZV2P basis set for

atomic orbitals and a 600 Ry cutoff for the plane wave expansion of the electron density.
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Explicit valence electrons were supplemented by norm-conserving GTH pseudo potentials.47

The systems were first equilibrated for 15 ps using a time step of 0.5 fs and at a slightly

elevated temperature of 320 K in the NV T ensemble using massive Nosé-Hoover chain ther-

mostatting.22 This particular choice of the temperature for the employed functional/basis

set combination was demonstrated previously to provide excellent agreement with the exper-

imental data for bulk liquid water at 298 K.48 After the equilibration period, 32 statistically

independent initial conditions for each system (except pure H2O, where 16 such configu-

rations were used) were sampled every 2.5 ps from a further NV T simulation to initialize

microcanonical (NV E) trajectories of 20 ps length each. During these runs the centers of

maximally localized Wannier functions (MLWFs)49 were computed in an on-the-fly manner50

every 4 trajectory steps and molecular dipole moments were obtained on their basis. All an-

alyzed observables have been averaged over the 32 independent NV E trajectories yielding

canonical averages.

To obtain spatially-resolved IR spectra the local dipole densities according to eq 8 were

computed on a cubic grid composed of 273 grid points (grid spacing ca. 0.485 Å) using

σ = 0.4 Å. The distance-dependent dipole moment was calculated from eq 16 using D =

0.25 Å. All calculated spectra were smoothed for presentation by passing through a Gaussian

filter with a standard deviation of 20 cm−1. Numerical Kramers–Krönig transform was used

to remove the refractive index contributions to the IR spectra,24 using the experimental

refractive index of H2O, nD = 1.3325.51

Results and Discussion

We begin the discussion with the results of the box volume relaxation during the initial

force field MD simulations in the NPT ensemble, as summarized in Table 1. The partial

molar volumes of the three anions in water were calculated directly from the converged box
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volumes as

VΦ (ion) = V − 64V 0
Φ (H2O) , (18)

where V is the average volume of the system and V 0
Φ (H2O) = 18.06 ± 0.02 cm3 mol−1 is

the molar volume of pure Amoeba water.52 The VΦ (ion) values obtained in this work are

compared with the experimental limiting apparent molar volumes in Table 1. The agreement

Table 1: Computed Partial Molar Volumes, Experimental Limiting Apparent
Molar Volumes, and Converged Box Lengths for the Studied Aqueous Anions

Ion VΦ
a (cm3 mol−1) V ◦Φ (cm3 mol−1) L (Å)

Cl– 24.9 23.2b 12.516
BF –

4 44.6 50.6c 12.585
PF –

6 64.8 60.8c 12.655
a Eq 18, estimated standard error 3.9 cm3 mol−1. b Ref 53. c Ref 54.

is generally within the estimated statistical error (apart from a marginally worse result for

BF –
4 ) and thus supports the applicability of the Amoeba force field for the purpose of

pre-equilibration of the studied systems.

The static structure of the hydration shells of the investigated anions is visualized with

the help of radial distribution functions (RDFs), as seen in Figure 1(a) and 1(b) for anion–

water oxygen and anion–water hydrogen pairs, respectively. For Cl– we obtain the first

 0

 1

 2

 3  4  5  6

(a)

g
(r

)

r / Å
 2  3  4  5  6

 0

 1

 2
(b)

g(r)

r / Å

Figure 1: Radial distribution functions, g(r), for (a) Cl· · ·O (red), B· · ·O (blue) and P· · ·O
(green) pairs, as well as (b) Cl· · ·H (red), B· · ·H (blue) and P· · ·H (green) pairs.

maximum (corresponding to the most probable anion–water distance in the first hydration
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shell) at RClO = 3.19 Å and integration over the first peak in RDF gives the coordina-

tion number NClO = 7.0. This anion is a perfect test case, since ample experimental data

(chiefly from diffraction studies)6,55–66 and previous AIMD investigations24,67–80 are avail-

able for comparison. Experimentally, the Cl· · ·O distance is found in the range 3.1–3.2 Å,

while the coordination number varies considerably from 5.655 to 7.4.60 On the other hand,

AIMD simulations predict a similar variation of both the Cl· · ·O distance (from 3.11 Å68

to 3.22 Å71) and the corresponding coordination number (from 5.474 to 8.071). The values

reported here are consistently at the upper limit of both RClO and NClO found previously.

However, dispersion-corrected functionals,71 similarly to hybrid functionals,70 are known to

result in more expanded and less overstructured hydration shells of ions. Additionally, the

accuracy of neutron diffraction measurements is most often estimated as at best ±0.1 Å for

the interatomic distances and ±1.0 for coordination numbers.6 Furthermore, measurements

on the more dilute NaCl solutions deliver higher chloride coordination numbers, i.e., 7.0 to

7.3.6,60 Concluding, the present results obtained for the static structure of the first hydration

shell of Cl– are in very good agreement with the experimental data.

In striking contrast to the well-studied chloride anion, no experimental measurements

have been performed on the structure of the hydrated BF –
4 and PF –

6 anions. Thus, for

comparison purposes we have to rely on the scarce force field MD studies available.21,81 We

obtain broad hydration shells for both anions, with the first maxima in the relevant RDFs

located at RBO = 3.75 Å and RPO = 4.15 Å. These values lead to sizable coordination

numbers obtained again by integration over the first peak, viz. NBO = 18.9 and NPO = 23.0.

All these results are in excellent agreement with our recent study using the polarizable

Amoeba force field (RBO = 3.71 Å, NBO = 17.6, RPO = 4.11 Å, NPO = 23.4).21 However,

only a minor fraction of this coordinated water is actually H-bonded to the anion through

its F atoms. Previously, we found that BF –
4 and PF –

6 form on average only 4.9 and 4.0 H-

bonds with water, respectively.21 In comparison, the much smaller Cl– anion was found to

form as many as 5.5 H-bonds with the first shell waters. Most importantly, the present
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X· · ·H RDFs (see Figure 1) confirm the weakness of the first peaks for both BF –
4 and PF –

6 ,

further signifying the relatively low extent of anion–water H-bonding.21

The hydration structure of the studied anions might be in principle influenced by the

limited system size available for AIMD simulations. However, we checked thoroughly (using

the Amoeba force field simulations) that the characteristic features of the discussed RDFs

as shown in Figure 1 are well preserved for systems with varying number of water molecules,

up to 512 H2O. Further details of this comparison, including detailed figures, are available

in the Supporting Information (SI).

While weak interaction with water may at first suggest insignificant influence of the

solvent on the anions’ electron density, in Figure 2(a) we show that this is clearly not the

case. Both BF –
4 and PF –

6 are characterized with a significant induced dipole moment,

 0  0.5  1  1.5  2  2.5

(a)

P
(µ

in
d)

 / 
D

−
1

µind / D
 2  2.5  3  3.5  4

(b)

P
(µ

H
2 O

) / D
−

1

µH2O / D

Figure 2: Normalized distribution functions of (a) the induced dipole moments of Cl– (red),
BF –

4 (blue) and PF –
6 (green) in aqueous solution calculated with respect to their center of

mass and (b) the molecular dipole moments of water molecules in the first solvation shell of
Cl– (red), BF –

4 (blue) and PF –
6 (green) in comparison to bulk water (black).

greater than that of the chloride anion. For the latter, we find 〈µind〉 = 0.81 D by fitting to

the Maxwell–Boltzmann distribution. This compares favorably with the previously reported

values obtained from AIMD simulations (0.82 D75 and 0.77 D,24 the present distribution is

also in an overall excellent agreement with the one shown in the latter work). Applying the

same fit, we find 〈µind〉 = 0.88 D for BF –
4 and 〈µind〉 = 1.11 D for PF –

6 . These sizable

induced dipole moments are comparable to those of the heavier halides (Br– and I– )75,82
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and are decisive to the IR response of the solvated ions that captures the state of the water

most perturbed by the presence of the solute, see below.

Previously, it was found that while water significantly polarizes anions (as discussed

above), on the other hand ions barely polarize the surrounding water as far as its molecular

dipole moment is considered to be the measure of this effect.23–25,75,76,82 This observation is

evident from Figure 2(b), where we show the distributions of the molecular dipole moments

of first solvation shell waters. For the bulk liquid, we find 〈µH2O〉 = 2.94 D by fitting

to a normal distribution. This value is in excellent agreement with the previous AIMD

investigations that predict average molecular dipole moment of liquid water in the range

2.9–3.1 D,25,75,76,82–87 while the value ∼2.95 D seems to be reported most often.75,76,84,86,87

Generally, the inclusion of exact exchange and/or dispersion corrections in the employed

density functional is necessary to obtain accurate molecular dipole moments in liquid water

simulations.83 For Cl– , we obtain 〈µH2O〉 = 2.90 D for the water molecules in its hydration

shell. The shift to lower values (by 0.04 D) is small, but consistent with earlier investigations,

where similar shifts by −0.06 D to −0.12 D were found.23,24,75,76 For the fluorinated anions

in turn, the magnitude of the shift is barely significant, since we obtain 〈µH2O〉 = 2.93 D and

〈µH2O〉 = 2.92 D for water molecules in the BF –
4 and PF –

6 hydration shell, respectively.

This indicates that the induced dipole moment of the ion and its ability to polarize water

are apparently unrelated, as the already mentioned heavier halides (Br– and I– ), although

possessing similar dipole moments to the fluorinated anions studied here, clearly exert a

stronger effect on the surrounding water than Cl– .23,75 Finally, we note that the width of

the µH2O distribution remains constant in all cases at ∼0.27 D (as measured by the standard

deviation of the respective normal distributions) and this value is in excellent agreement

with the previous studies.75

The molecular dipole moments are crucially important, since the dipolar correlations

underlie the IR response (eq 1). It is instructive to look first at the IR spectra of the ions

themselves. We have previously found that such spectra of polarizable solutes intimately
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reflect the state of the solvent most perturbed by the solute (and the “solvent” here is not

restricted to water).24–26 In layman’s terms, looking at the ion spectrum, one immediately

sees the water spectrum. The IR spectra of the studied solutes calculated from eq 5 are shown

in Figure 3 (in decadic molar absorptivity scale, i.e., εion(ν̃) = αion(ν̃)/ (cion ln 10), where cion

is the molar concentration in mol dm−3). The AIMD spectrum of water has a maximum at

 0

 50

 100

 2800  3000  3200  3400  3600  3800

ε
io

n(
ν~ )

 / 
dm

3  m
ol

−
1  c

m
−

1

ν
~ / cm−1

Figure 3: Infrared spectra of the solute, eq 5, in the water OH stretching vibrations range on
the decadic molar absorptivity scale for Cl– (red), BF –

4 (blue) and PF –
6 (green) compared

with the bulk water spectrum (black), eq 1, and the experimental IR spectrum of water
(black dashed, ref 88).

3320 cm−1, to be compared with the experimental maximum found at 3413 cm−1.88 This

magnitude of the red shift is typical of gradient-corrected functionals (even when dispersion

effects are taken into account)28,30,89,90 and explicit inclusion of nuclear quantum effects

(which we neglect here) is required for better agreement with experiment.91 On the other

hand, all the studied ions cause a blue shift of the OH stretching band of water. While for

Cl– the band is moved by 66 cm−1 to higher wavenumbers and its maximum intensity is

comparable to the bulk solvent, the spectra of the solvated fluorinated anions are drastically

different. The blue shift amounts to 261 cm−1 for BF –
4 and 306 cm−1 for PF –

6 and both

maximum and integrated intensity of the band is greatly suppressed. The state of the

spectrally perturbed water as captured by the polarized solute is thus widely different from

the bulk solvent.

Arguably, the system size limitations mentioned in the discussion of the RDFs are an
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equally valid concern from the point of view of IR spectroscopy. While it is not easy to

compare AIMD simulations with the force field ones when it comes to the intramolecular

IR response of water, it is reasonable to expect that the vibrational dynamics itself, partic-

ularly in the far-IR spectral region, is fairly well represented even by typical simple force

fields.27 In the SI, we offer such a detailed comparison of the vibrational density of states of

systems with an increasing number of water molecules, showing that it is practically unaf-

fected by the system size. This in turn strongly suggests that the IR response of the hydrated

anions, which is a result of both vibrational dynamics and dynamic polarization effects may

be reasonably expected to be captured properly in the limited size systems tractable by

AIMD simulations.

The experimental methods based on difference spectroscopy usually aim at obtaining the

spectrum of the solute-affected solvent.12,32,33 The relevant numerical bulk solvent spectrum

subtraction procedure can be automatized and made assumption-free by applying chemomet-

ric analysis techniques, as demonstrated recently in our laboratory for the distance-dependent

IR spectra obtained from AIMD simulations.26 In Figures 4(a), 4(b), and 4(c) we present the

sets of such spectra depending on the cutoff radius for Cl– , BF –
4 , and PF –

6 , respectively.

The boundary cutoff radii found chemometrically give rise to the characteristic distance-
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Figure 4: Distance-dependent IR spectra, eq 17, in the water OH stretching vibrations range
for (a) Cl– , (b) BF –

4 and (c) PF –
6 . The increasing cutoff radii (in the Rc = 0.1–6.2 Å

range) are represented by the color gradient and the bold lines indicate the solute-affected
spectra at the boundary cutoff radius value selected with the spectral similarity method for
Cl– (R◦c = 3.8 Å, red), BF –

4 (R◦c = 3.7 Å, blue) and PF –
6 (R◦c = 4.0 Å, green).
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dependent spectra (indicated separately in the figure) that capture the state of the solvent

perturbed by the solute while minimizing the contribution of the bulk solvent as a factor in

the spectral decomposition.26

Focusing first on Cl– , it is evident that the affected IR spectrum is not too different

from the bulk water spectrum and is still very similar to the bare ion spectrum as shown

in Figure 3. Indeed, the experimental data on aqueous chloride solutions confirm that

the band position at maximum for Cl– -affected HDO in H2O is blue-shifted by just ∼

20 cm−1 (see ref 16 for a review of the data). From the distance-dependent spectra analysis

we find the boundary cutoff radius of 3.8 Å, within which an average of 6.7 spectrally

perturbed H2O molecules can be found (see also Table 2 for a summary). The estimated

uncertainty of R◦c is ±0.3 Å, which provides an estimate of ±1.0 for the N◦ value. While

this may seem significant, note that it is comparable to the experimental uncertainty of the

spectral isolation techniques,32 as well as direct structure determination methods in the liquid

phase.4 A comparison with the gClO(r) RDF (see Figure 1) reveals that the N◦ value almost

Table 2: Comparison of the Experimental Shift of the HDO νOD Band Position at
Maximum, ∆ν̃◦exp, with the Results of the Distance-dependent Spectra Analysis:
Shift of the Water νOH Band Position at Maximum, ∆ν̃◦MD, Boundary Cutoff
Radius, R◦c , and the Corresponding Sum of Fermi Cutoff Factors, N◦, for the
Studied Aqueous Anions

Ion ∆ν̃◦exp (cm−1) ∆ν̃◦MD (cm−1) R◦c (Å) N◦

Cl– 21a 58 3.8 6.7
BF –

4 135b 264 3.7 3.7
PF –

6 158c 306 4.0 4.2
a Ref 16. b Ref 10. c Ref 11.

exactly corresponds to the entire first hydration shell of aqueous chloride. Therefore, all the

water molecules coordinated (H-bonded) to Cl– contribute to the affected spectrum, as they

sufficiently differ spectrally from the bulk solvent. Since for Cl– the difference between the

distance-dependent spectrum at R◦c and the bulk water spectrum is subtler than for BF –
4

and PF –
6 , in the SI we offer a supplementary figure showing the intensity modulation of the

αR
ion(ν̃, Rc) spectra at 3320 cm−1 (the bulk water band position) with increasing Rc, as well
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as a direct comparison of the αR
ion(ν̃, R◦c) spectrum with the bulk water spectrum.

On the other hand, the particularly strong, albeit short-ranged influence of the fluorinated

anions is apparent from Table 2. The extreme shifts of the maximum position of the water

νOH band are in qualitative agreement with the previous experimental data concerning the

νOD band shift of the isotopically diluted HDO in H2O. The magnitude of the band shift for

νOH is greater than for νOD, as expected basing on previous experimental and computational

investigations.92–94 In fact, the agreement is far more than qualitative, since the ∆ν̃◦MD values

are in perfect linear relationship with the ∆ν̃◦exp (R2 ≈ 1), thus strongly suggesting that solely

the isotopic effect is responsible for the difference in the two values in each case (see SI for

the correlation plot and additional discussion). In contrast to Cl– , the boundary cutoff radii

correspond rather to the first maxima than to the subsequent minima of gBO(r) and gPO(r).

Thus, owing to the very broad first hydration shells of both anions (cf. Figure 1), only a

minor fraction of the coordinated water molecules are found to be spectrally affected. We

also note that the present values of N◦ correspond perfectly with the experimental estimate

of ca. 4 H2O molecules affected by BF –
4 .10 A similar value can be inferred indirectly for

PF –
6 in aqueous HPF6, for which the affected number of 10.4 has been found,95 while the

independent estimation gave N = 6 for the hydrated proton.96

Interestingly, the αR
ion(ν̃, R◦c) spectra for BF –

4 and PF –
6 are composed of not only the

extremely blue-shifted component, but contain also a significant contribution closer to the

bulk H2O band position. It is also blue-shifted with respect to the bulk and is in fact almost

coincident with the Cl– -affected H2O spectrum with ∆ν̃◦MD ≈ 60 cm−1. This milder blue

shift can be ascribed to the second OH oscillator of an ion-affected water molecule (i.e.,

the one oriented towards the bulk of the solution). It is a consequence of the cooperative

nature of the water H-bonds that leads to their weakening (or strengthening) in a concerted

manner in the presence of H-bond acceptors of varying strengths; this phenomenon was also

extensively tested experimentally.97

Apart from the characteristic distance-dependent spectrum that serves as a computa-
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tional equivalent of the experimentally determined affected spectrum, it is also instructive

to look at how the solute–solvent dipolar couplings shape the IR spectrum in the immediate

vicinity of the solute. Let us first examine the radially-resolved IR spectra that already

proved extremely insightful in the studies of ionic hydration.24,25 The α×(ν̃, r) spectra for

Cl– , BF –
4 , and PF –

6 are shown in Figures 5(a), 5(b), and 5(c), respectively. All of them

Figure 5: Radially-resolved IR spectra, eq 15, in the water OH stretching vibrations range
for (a) Cl– , (b) BF –

4 and (c) PF –
6 . Thin horizontal lines indicate the band position at

maximum for bulk water, while thin vertical lines show the extent of the first hydration
shells as inferred from the first minima in gXO(r) (see Figure 1).

are composed of a strong signal at low r that directly reflects the “self” term in the total

IR spectrum, αion(ν̃) (eq 5, note that the expected response at r = 0 is effectively suppressed

by the angular averaging via the 4πr2 term in eq 14). However, there is also a significant

cross-correlation term between the solute and the surrounding solvent as indicated by the

presence of a positive signal at r corresponding to the interior of the first hydration shell. It

was found previously that the distance-dependent Kirkwood factor, GK(r), reaches a con-

verged value in the 4–6 Å intermolecular separation range in the AIMD simulations of a bulk

water system of the same size as studied here.98 Thus, the dipolar correlations in this most

crucial regime from the point of view of the present ion–water systems are expected to be

representative of the situation in the bulk solution.

The differences found between Cl– and the two fluorinated anions with respect to the

boundary cutoff radii (see Table 2) can be seen clearly spotted also in the radially-resolved
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IR spectra. For the chloride anion, the cross-correlation signal evidently encompasses the

entire first hydration shell, spreading from ca. 2.5–4 Å (cf. Figure 1), while for BF –
4 and

PF –
6 its intensity falls to zero well before the apparent hydration shell radius, so that only

the few solvent molecules nearest to the anion are substantially coupled with its dipolar

response. It is adequately explained by the fundamental differences between chloride and

BF –
4 or PF –

6 with respect to the extent of the hydration shell and the number of H-bonds

formed by water to the anion. While for chloride the first hydration shell is well-defined

and there are only slightly less H-bonds to it than there are water molecules in the first

shell,21 for BF –
4 and PF –

6 the first hydration shells are quite extensive (cf. Figure 1), but

the instantaneous number of H-bonds is much smaller, only 4–5.21 The N◦ values obtained in

this work are notably close to the latter values (cf. Table 2) and this strongly suggests that the

appreciable influence on the surrounding water is restricted to the H-bonded H2O molecules.

It is clear from Figure 5, however, that in any case the large IR absorption of the studied

polarizable solutes in aqueous solution in the water νOH vibrations range—where they are

not expected to show any inherent activity due to the absence of the relevant intramolecular

modes—is effectively induced by the molecules from the first hydration shell (or a subset

of it). On the other hand, the νOH band position of these waters is heavily influenced by

the solute, as found previously in numerous experiments,16,99 although the polarization of

the water by the solute is of minor importance (see Figure 2). These mutual solute–solvent

spectral effects contribute heavily to the overall IR spectrum of the entire solution and their

appreciation is thus crucial to our understanding of the way the IR response of the solutions

is shaped by intermolecular interactions, as already noted before.24,25

Finally, let us note that in keeping with the well-established observations that ionic so-

lutes exert a long range effect on the dipolar correlations in liquid water that goes beyond

the simple structure making and breaking concept,100 and that the cross-correlations in the

solute–solvent dynamics must include the second hydration shell in order to fully explain

the terahertz (THz) spectra of salt solutions,23 we observe a distinct pattern of both anti-
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and cross-correlations of molecular dipoles beyond the first hydration shell. These correla-

tions, although of weak intensity, are already well-documented in the case of F– and also

Cl– .24,25 As seen in Figure 5, for the chloride anion this weaker modulation of the dipolar

coupling falls entirely within the limits of the second hydration shell. However, the positive

cross-correlation beyond r = 5.5 Å is located near the bulk water stretching band position,

therefore its main effect on the shape of the distance-dependent spectra as seen in Figure 4(a)

is just the intensity amplification of the main peak. A modified Figure 5(a) with a magnified

IR intensity scale that better illustrates the correlations beyond the first hydration shell is

available in the SI.

In contrast to Cl– , the second hydration shell effects on either the distance-dependent or

the radially resolved spectra of BF –
4 and PF –

6 cannot be expected to be captured by the

systems of limited size studied in this work, since the maximum permissible cutoff radius of

half the simulation cell length is just sufficient to encompass the entire first hydration shell,

cf. Figure 1. On the other hand, the anti-correlation that is visible for Cl– at the beginning

of the second hydration shell in Figure 5 moves to the outer part of the first hydration shell

for the fluorinated anions. The most plausible explanation is that this is a consequence of

the general disruption of the H-bond network of water in the first hydration shell of these

anions. This reflects the important structural differences between the first hydration shell

of chloride and that of the fluorinated anions, discussed in detail above. Aqueous anions

are in general seen to not only force the major shift of the water stretching band via strong

solute–solvent coupling that results in positive feedback, but also shape the IR spectrum of

the deeper layer of the solvent, although in a much more subtle way.

The well-defined molecular structures of BF –
4 and PF –

6 and their rigidity along the

simulation trajectory allow us for the first time to test an extension to the insight offered

by the radially-resolved spectra by examining the fully spatially-resolved spectra as defined

in eqs 11 and 12. It is then possible to probe not just the distance dependence, but also

the angular dependence of the solute–solvent dipolar couplings in the system. Addition-
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ally, in contrast to the isotropic liquids that were studied in this respect previously,27,101

the spatially-resolved spectra of aqueous solutes come in two slightly different, but supple-

mentary varieties that enable the visualization of not only the solute–solvent response as an

extension of the respective radially-resolved IR spectrum, but also the local autocorrelation

of molecular dipole density on the grid, thus providing insight into the local IR excitations

of the surrounding solvent. The relative drawback of such three-dimensional (3D) spectra is

that it is no longer possible to include the entire spectral range in a single picture. However,

by selectively probing the important frequencies in the IR range a very detailed description

of the intermolecular couplings in the investigated frequency regimes can be obtained.27,101

The spatially-resolved IR cross- and autocorrelation spectra of aqueous fluorinated anions

at the selected sampling frequency—corresponding to the maximum of the αion(ν̃) spectrum

(cf. Figure 3)—are shown in Figure 6 and 7, respectively. It is striking, how the positive

Figure 6: Spatially-resolved IR cross-correlation spectra, eq 11, for (a) BF –
4 at ν̃ =

3580 cm−1 and (b) PF –
6 at ν̃ = 3625 cm−1, i.e., at the maxima of the respective IR spectra

of the solute (see Figure 3). The reference frame is defined by the central molecule and the
intramolecular contribution of the ion at the origin is removed for clarity. The isosurfaces
are plotted at 30% of the maximum α×(ν̃, r) intensity.

cross-correlation found within the first hydration shell of BF –
4 and PF –

6 in Figure 5 upon

dropping the angular averaging reveals an intricate pattern of spatial domains, where the

IR spectrum of the solute and the solvent is coupled due to a positive feedback (Figure 6(a)

and 6(b) for BF –
4 and PF –

6 , respectively). Simultaneously, the 3D autocorrelation spectrum

of the solvent itself shows nearly the same spatial arrangement (Figure 7(a) and 7(b) for BF –
4

and PF –
6 , respectively). It is apparent that the water molecules most efficiently vibrationally
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Figure 7: Spatially-resolved IR autocorrelation spectra, eq 12, for (a) BF –
4 at ν̃ = 3580 cm−1

and (b) PF –
6 at ν̃ = 3625 cm−1, i.e., at the maxima of the respective IR spectra of the solute

(see Figure 3). The reference frame is defined by the central molecule and the intramolecular
contribution of the ion at the origin is removed for clarity. The isosurfaces are plotted at
60% of the maximum αρ(ν̃, r) intensity.

coupled with the solute are preferentially located around the bisectors of FBF angles in BF –
4

or directly above the centers of the octahedron faces in PF –
6 . In either case, the volume

directly over the F atoms is effectively excluded to the hydration water, thus suggesting

strained H-bonds, another indication of their relative weakness.

It seems unsurprising that the discussed 3D spectra are overall very similar to the high-

resolution B· · ·O and P· · ·O spatial distribution functions (SDFs) analyzed recently.21 This

confirms the subtle interplay of structural and dynamical effects in the hydration shells of

the studied aqueous anions. Even in the case of BF –
4 and PF –

6 , where the mean anion–

water H-bond persistence time is on the order of 0.1–0.2 ps only,21 the solute–solvent dipolar

coupling leaves a persistent mark on the shape of the IR spectrum when examined in a fully

3D picture.

Conclusions

The peculiar nature of the hydrated fluorinated anions (BF –
4 and PF –

6 ) has for a long time

attracted the attention of the physical chemistry community, with a plethora of experiments

confirming their unusually strong effect exerted on the stretching band of water, which their

blue-shift to an unparalleled extent. These investigations find here a solid computational
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backup from AIMD simulations that accurately reproduce the observed band shift, offering

numerous interpretative opportunities due to their ability to not only provide the total

IR spectrum, but also to enable its dissection into the spatial-temporal correlations that

underlie the IR response of an aqueous solution.

Basing on earlier simple attempts to separate the IR spectrum into solute and solvent con-

tributions, we demonstrate how the progressive inclusion of more and more solvent molecules

that are accounted for in the distance-dependent IR spectrum of an aqueous anion unfolds

the spectral picture from the “nucleus” of a water-polarized solute to the limit of the spec-

trum of the entire solution. Between the two extremes, the distance-dependent spectrum

uniquely captures the IR response of the solute together with the adjacent water molecules

that significantly differ spectrally from the bulk solvent. This is possible because the polariz-

ability of the studied anions is sufficient for them to acquire a sizable induced dipole moment

in aqueous solution that in turn allows the solute to efficiently couple its electron density

dynamics with the dipolar fluctuations of water molecules in its first hydration sphere. On

the other hand, although the polarization of H2O by the anions is deemed insignificant, the

differences in their H-bonding ability to water enforces the shift of its stretching vibration

band. These mutual solute–solvent influences are the decisive factor in the shape of the

overall IR spectrum of the solution that is here seen to be modulated by intermolecular

interactions.

The qualitative nature of the changes observed in the unfolding distance-dependent spec-

tra can be turned quantitative by resorting to the spectral analysis techniques originating

from chemometrics. The uniquely defined “crossover” cutoff radius that separates the solute-

dominated and bulk solvent-like regimes in the αR
ion(ν̃, Rc) spectra provides the number of

spectrally affected solvent molecules and the exact shape of the affected spectrum, thus offer-

ing a unique way of comparison of AIMD simulation results with the relevant experimental

data. Accordingly, we are able to reproduce both the unparalleled blue shift of the νOH band

of liquid water and the number of affected H2O molecules for aqueous BF –
4 and PF –

6 .
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On top of the distance-dependent spectrum, the detailed nature of the solute–solvent

couplings in the IR is best visualized with the aid of the solute-centered radially-resolved

cross-correlation spectra. They illustrate clearly the mutual nature of the intermolecular

interactions in the solution with ion shifting the stretching vibration of liquid water and

water forcing the ion to exhibit IR resonances with no underlying vibrational activity in a

concerted manner. Going beyond the radially-resolved approximation, here we examine for

the first time the fully spatially-resolved spectra of aqueous solutes, exploiting the fact that

the studied anions offer a possibility to define an unambiguous local reference frame due to

their rigidity and stability. In the case of BF –
4 and PF –

6 , pronounced correlations of dipolar

fluctuations are seen to decisively shape the IR spectrum of water directly affected by the

presence of the solute, imprinting a unique 3D pattern on it.

To sum up, theoretical IR spectroscopy based on the analysis of AIMD simulations—

that explicitly take into account the crucial many-body polarization effects—is here shown

to significantly complement the experimental IR spectroscopy. In particular, its power lies

not only in the mere reproduction of the experimental results, but in particular in the

opportunity to obtain a molecular level picture of the investigated hydration phenomena

without any external input from the experiment. Therefore, such theoretical spectra possess

also an appreciable predictive power that might be used in the case of “problematic” solutes

that are difficult to approach experimentally.
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and OD stretching bands of isotopically diluted HDO molecules in aqueous solution.

Chem. Phys. 1993, 171, 189–201.
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Narutowicza 11/12, 80-233 Gdańsk, Poland
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Convergence of Results with System Size

Since the 64 H2O molecules used to solvate the studied ions allow for inclusion of the entire

first hydration sphere and the strained second hydration sphere only, the question whether

the applied system size is sufficient for the present purpose is a pertinent one. Therefore, the

convergence of representative static and dynamic observables was thoroughly checked using

the classical force field simulations with the Tinker-HP code.1

Each ion (Cl– , BF –
4 , or PF –

6 ) was solvated with the progressively increasing number of

water molecules (up to 512 H2O) and the interactions were represented using the Amoeba

force field.2,3 Each system was contained in a cubic cell with applied periodic boundary

conditions and prepared at the volume corresponding to the partial molar volumes of the

anions as reported in Table 1 in the main text combined with the molar volume of pure

Amoeba water (18.06 cm3 mol−1).4 The resulting cell sizes are reported in Table S1. After

Table S1: Box Lengths for the Systems with Varying Number of Water Molecules

Ion L64 (Å) L128 (Å) L256 (Å) L512 (Å)
Cl– 12.516 15.714 19.763 24.877
BF –

4 12.585 15.758 19.791 24.895
PF –

6 12.655 15.803 19.819 24.913

initial equilibration for 1 ns at T = 298 K in the canonical (NV T ) ensemble—with the

constant temperature conditions maintained by weakly coupling to an external bath5 with

a time constant of 0.1 ps—the NV T trajectory was continued and 32 initial conditions

were sampled from it every 10 ps in order to spawn production run microcanonical (NV E)

trajectories of 20 ps length each. All the reported observables were averaged over the 32NV E

runs thus obtaining proper canonical averages.6

The time step was set to 0.5 fs and the production trajectories were saved every 2 fs. The

equations of motion were integrated with a modified Beeman algorithm.7 The electrostatic

interactions were calculated with the smooth particle mesh Ewald (SPME) method,8 and

the van der Waals interactions were represented by a buffered 14–7 potential as defined in
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Amoeba.2,9 In both cases the real space cutoff was set to half the simulation box length,

while the grid spacing for SPME was ∼ 0.5 Å. The convergence criterion for the induced

dipoles in the self-consistent iterative procedure was set to 10−4 D.

Radial Distribution Functions

The static structure of the hydration shells of the investigated anions is visualized with the

help of radial distribution functions (RDFs) in Figure 1 in the main text. Since the char-

acteristic parameters of the RDFs, as well as their agreement with previous computational

and experimental studies are discussed in detail in the main text, we focus here on the con-

vergence of the RDFs with the increasing system size. The A· · ·O and A· · ·H RDFs for the

larger systems in comparison to the 64 H2O systems used in AIMD simulations are shown

in Figures S1, S2, and S3 for A = Cl– , A = BF –
4 , and A = PF –

6 , respectively.
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Figure S1: Radial distribution functions, g(r), for (a) Cl· · ·O and (b) Cl· · ·H pairs in the
studied Cl– (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).

It is immediately seen that for Cl– both gClO(r) (Figure S1(a)) and gClH(r) (Figure S1(b))

are essentially independent of the system size, which is not surprising considering that even

the smallest Cl– (H2O)64 system is sufficient to contain two entire hydration spheres, since the

second minimum in gClO(r) is found at ∼ 6 Å. On the other hand, while for BF –
4 and PF –

6

gBO(r) and gPO(r) RDFs display exactly the same features, see Figures S2(a) and S3(a),

minor variations in the relative proportions of different features are particularly apparent
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Figure S2: Radial distribution functions, g(r), for (a) B· · ·O and (b) B· · ·H pairs in the
studied BF –

4 (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).
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Figure S3: Radial distribution functions, g(r), for (a) P· · ·O and (b) P· · ·H pairs in the
studied PF –

6 (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).

in Figures S2(b) and S3(b) for gBH(r) and gPH(r), respectively. In order to estimate the

influence of these variations on the state of the hydration spheres of the fluorinated anions,

we present in Tables S2 and S3 a more detailed description of the discussed RDFs, including

locations of the maxima and minima and the integration results.

It is apparent that the intermolecular distances at maxima and minima are remarkably

preserved when increasing the system size (note that the size of the RDF bin, and thus the

resolution of the curves, is 0.02 Å). The number of oxygen and hydrogen atoms up to the

first or second minimum indeed tends to grow with n, however, the variation is minor and

the results for the smallest system are already very close to the previously reported ones

from more extensive simulations, N
(1)
BO = 17.6 and N

(1)
PO = 23.4.10
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Table S2: Radial Distribution Functions Parameters for the Studied BF –
4 (H2O)n

Systems: the Location of the First Maximum and First Minimum of gBO(r) and
the Location of the First and the Second Maximum and Minimum of gBH(r),
Including Respective Integrations

n R
(1)
BO (Å) r

(1)
BO (Å) N

(1)
BO R

(1)
BH (Å) r

(1)
BH (Å) N

(1)
BH R

(2)
BH (Å) r

(2)
BH (Å) N

(2)
BH

64 3.75 5.17 17.4 2.85 3.45 7.3 4.19 5.85 52.7
128 3.71 5.19 17.3 2.87 3.45 7.4 4.23 5.85 52.6
256 3.73 5.19 17.6 2.87 3.41 7.1 4.23 5.85 53.5
512 3.73 5.21 17.8 2.85 3.41 7.2 4.23 5.87 54.1

Table S3: Radial Distribution Functions Parameters for the Studied PF –
6 (H2O)n

Systems: the Location of the First Maximum and First Minimum of gPO(r) and
the Location of the First and the Second Maximum and Minimum of gPH(r),
Including Respective Integrations

n R
(1)
PO (Å) r

(1)
PO (Å) N

(1)
PO R

(1)
PH (Å) r

(1)
PH (Å) N

(1)
PH R

(2)
PH (Å) r

(2)
PH (Å) N

(2)
PH

64 4.09 5.73 23.6 3.25 3.51 4.6 4.39 6.31 64.5
128 4.09 5.79 24.2 3.25 3.49 4.6 4.35 6.33 65.4
256 4.07 5.75 23.9 3.23 3.49 4.7 4.35 6.31 65.3
512 4.05 5.75 23.9 3.23 3.49 4.7 4.35 6.33 66.2

Concluding, while the smallest system shows a very slight tendency for “incomplete”

hydration (i.e., lower number of oxygen or hydrogen atoms counted up to the consecutive

minima in RDFs), the extent of this effect is insignificant.

Vibrational Density of States

While the intricacies of the spatially-resolved IR spectra cannot be reasonably expected to

be captured in the force field simulations, the vibrational dynamics of the system may be

represented by vibrational density of states (VDOS), which is sensitive to the atomic motion

rather than dipolar correlations. It was previously demonstrated that VDOS is fairly well

preserved between popular water models and AIMD simulations.11

The VDOS intensities of the entire system, ion, and water for the larger systems in

comparison to the 64 H2O systems used in AIMD simulations are shown in Figures S4,

S5, and S6 for Cl– , BF –
4 , and PF –

6 , respectively. Unlike for Cl– (see Figure S4(a)),
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Figure S4: Vibrational density of states for (a) entire system, (b) anion, and (c) water in
the studied Cl– (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).
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Figure S5: Vibrational density of states for (a) entire system, (b) anion, and (c) water in
the studied BF –

4 (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).

 0  200  400  600  800

(a)

I /
 a

.u
.

ν
~ / cm−1

 0  200  400  600  800

(b)

ν
~ / cm−1

 0  200  400  600  800

(c)

ν
~ / cm−1

Figure S6: Vibrational density of states for (a) entire system, (b) anion, and (c) water in
the studied PF –

6 (H2O)n systems for n = 64 (green), 128 (blue), 256 (red), and 512 (black).
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for BF –
4 and PF –

6 a slight variation of the VDOS intensity is noticeable in Figures S5(a)

and S6(a), respectively. The smaller systems evidently display weak additional bands in

the far–IR region. However, the comparison with the corresponding anion VDOS intensity

(see Figure S4(b), S5(b), and S6(b) for Cl– , BF –
4 , and PF –

6 , respectively) reveals that

these bands are just due to the intramolecular motion of the anions in the two latter cases.

They are more prominent in the case of smaller systems simply due to the higher relative

concentration of the anion.

Additionally, it is clear that the VDOS intensity of water (see Figure S4(c), S5(c), and

S6(c) for Cl– , BF –
4 , and PF –

6 , respectively) is almost constant with increasing system

size, which in turn proves that the molecular motion of water is not hindered by the possible

unfavorable intra-shell intermolecular interactions in the second hydration shell. Concluding,

the vibrational dynamics of the molecules seems to be independent of the system size and thus

strongly supports the premise that also IR response (which is a result of both vibrational

dynamics and dynamic polarization effects) may be reasonably expected to be captured

properly even in the smallest systems as used in the AIMD simulations.

Radially-resolved Spectrum of Cl–

In the main text, a reference to the radially-resolved spectrum of Cl– with a modified color

palette is given. The original palette range is chosen to faithfully represent the entire IR spec-

trum modulation for all the studied anions in the permissible radius range. In order to

amplify the effects visible for Cl– beyond the first hydration shell, we show here a modified

version of Figure 5(a) with an artificially imposed intensity cutoff, see Figure S7.

Distance-dependent Spectrum of Cl–

In the main text, a reference to the details of the modulation of αR
ion(ν̃, Rc) spectra for Cl–

is given. Unlike in Figure 4(a), where the selected distance-dependent spectrum for Cl–
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Figure S7: Radially-resolved IR spectrum in the water OH stretching vibrations range for
Cl– with a magnified color palette range. Thin horizontal line indicates the band position
at maximum for bulk water, while thin vertical line shows the extent of the first hydration
shell as inferred from the first minimum in gClO(r).

at R◦
c = 3.8 Å looks notably similar to the bulk water spectrum, particularly in contrast

with the fluorinated anions, Figure S8(a) illustrates the intensity modulation sampled at the

maximum of the bulk water band, while Figure S8(a) provides a direct comparison with the

bulk spectrum.

 150
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 1  2  3  4  5  6

(a)

α
R io

n(
33

20
, R

c
) 

/ c
m

−
1

Rc / Å
 3000  3500
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IR
 intensity / a.u.

ν
~ / cm−1

Figure S8: (a) The intensity modulation of the αR
ion(ν̃, Rc) spectra for Cl– at ν̃ = 3320 cm−1

(the bulk water band position) with increasing Rc. Thin vertical line corresponds to the
R◦

c = 3.8 Å value selected with the spectral similarity method. (b) The distance-dependent
IR spectrum, αR

ion(ν̃, Rc), in the water OH stretching vibrations range at R◦
c = 3.8 Å for Cl–

(red) compared with the bulk water IR spectrum (black). Both spectra are scaled to the
same intensity at maximum.
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Correlation Plot of ∆ν̃◦MD vs ∆ν̃◦exp

In the main text, the exceptionally linear correlation between the shift of the OH stretching

band with respect to the bulk H2O position at maximum for the solutes studied here with

AIMD and the experimental shift of the OD stretching band of HDO12 is mentioned, basing

on the data from Table 2 in the main text. This correlation plot is shown in Figure S9.
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∆
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Figure S9: The dependence of ∆ν̃◦MD on ∆ν̃◦exp. Solid line shows the linear least-squares fit
(∆ν̃◦MD = 1.81 ∆ν̃◦exp + 20.0, R2 ≈ 1). Experimental data taken from ref 12.

While the quality of the linear relationship is exceptional, the extent of this effect de-

mands an additional explanation. The present slope (1.81) is appreciably higher than the

experimental value based on limited data concerning identical solutes dissolved in HDO/H2O

or HDO/D2O (1.44).13 We tentatively ascribe this effect to the lack of nuclear quantum ef-

fects (NQE) in our AIMD simulations. It is well-known that the inclusion of NQE increases

the proton-sharing tendency of H-bonds in liquid water, thus lowering the vibrational fre-

quency.14 On the other hand, the latter is also linearly related to the strength of the local

electric field component taken in the direction of the vibrating oscillator, a property that is

also strongly influenced by NQE.15 While all these effects are crucial for the “water ions”

(i.e., H+(aq) and OH– (aq)),16 a growing computational evidence suggests that “perturba-

tions” of the H-bond network of water (such as solvated ions) modulate the stability of the

quantum fluctuations that are already present in bulk liquid water rather than introduce

entirely new effects.17 The general “softening” effect of NQE on the ion–water interactions
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is also well documented for the enthalpies of formation of aqueous clusters of iodide.18 Thus,

we are fairly confident that NQE are the principal underlying cause of the overestimation

of the frequency shifts from the bulk water position induced by aqueous ions in the present

AIMD simulations.
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