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ABSTRACT: We present a comprehensive first-principles Born−Oppenheimer molecular dynamics (BOMD) simulation study
of halide anion solvation in a deeply supercooled water droplet (with diameter ∼1.8 nm). We show that larger halide anions Br−

and I− show “outer-layer surface preference”, whereas F− exhibits bulk preference. Contrary to behavior of other halide anions,
Cl− in the water droplet appears to exhibit no strong tendency of surface or bulk preference at either the supercooled or ambient
condition, a phenomenon not previously reported in the literature. BOMD simulation indicates that fully hydrated complex of F−

is mainly five-fold coordinated (showing square pyramid structure), whereas Cl−, Br− and I− hydrated complexes are either five-
or six-fold coordinated (showing sandwich-like structure). Among Cl−, Br− and I− anions, BOMD simulation indicates that I−

exhibits the largest diffusion coefficient despite its largest size. However, computed resident time of the four halide ions suggests
that Br− can approach from the interior to the surface of the water droplet at a much faster rate than I− and Cl−.

■ INTRODUCTION

Propensity of ionic species at the air−water interface can play a
key role in the uptake and chemical reactions of gases with
liquid droplets in the lower troposphere (particularly, the
marine boundary layer). Previous surface-sensitive spectroscopy
measurements and classical molecular dynamics (MD)
simulations have demonstrated that at room temperature
halide anions Cl−, Br−, and I− prefer to be at the surface of
water (surface preference), whereas the smallest halide anion
F− tends to be fully solvated inside water (bulk preference).1−14

However, few studies have been reported on the process of
halide ions in supercooled water droplets (e.g., with temper-
ature from −1 to −50 °C, a typical temperature range in
troposphere at midlatitudes). A better understanding of
propensity of ions toward the air−water interface has important
implications for processes in atmospheric chemistry, such as the
ozone cycle below the room temperature,1−8 and in
biochemistry, such as the different ability of ions to precipitate
or denature protein at or below the room temperature.9 For
example, the ozone depletion on Antarctica is largely attributed
to reactive halogen species (e.g., Br and BrO), which are
yielded through photochemistry from inert halide salt ions (e.g.,
Br−).15−20 Typically, the oxidation of halide anions occurs

much faster at the interface than in the bulk solution.21 In the
lower troposphere, such air−water interfaces may play a larger
role in the uptake and reaction of gases (e.g., O3) with different
kinetics and mechanisms from those in bulk solutions.22 Hence,
the behavior of halides near air−water interfaces has attracted
considerable interests.
At first sight, the notion of the surface enhancement of halide

concentrations appears to be against physics, as electrostatic
image forces would repel ions away from the interfacial region
and give minimized surface tension.23 However, both
experimental and theoretical investigations have shown higher
concentrations of Cl−, Br−, and I− in the interfacial region at
the room temperature, compared to the bulk, whereas F− is
fully solvated in the interior of water.1−14 In previous
experiments, detections were made via several state-of-the-art
surface-sensitive techniques. Vibrational sum-frequency gen-
eration (VSFG) with Raman or IR spectroscopies suggests that
the hydrogen-bonding network of water in the interfacial region
for Br− and I− aqueous solution was distorted compared to the
air−neat water interface, due to higher concentration of Br−
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and I− near the surface.9,12 Ambient pressure X-ray photo-
electron spectroscopy studies also support concentration
enhancement of halide anions on deliquesced salt surfaces,
except for F−, and verify the larger, more polarizable halide
anions can exhibit more surface enhancement.1,5−7 The same
results were obtained from electrospray ionization mass
spectrometry of salt solution4 and second harmonic generation
spectroscopy (SHG) experiments.10,11 In addition to exper-
imental studies, the accumulating behavior, structural character-
istics, and charge distribution on the liquid−vapor interface of
salt solution have also been investigated by many researchers
using classical MD simulations based on nonpolarizable and
polarizable water models.3,8,13,14 Recently, the free-energy
profiles of halide anion solvation in water droplet have been
computed based on molecular simulation,3 which show that the
surface preference of Cl−, Br−, and I− ions is mainly due to
more favorable water−water interaction in the enthalpic
component, whereas the interior preference of F− is mainly
due to entropic contribution. However, this conclusion still
remains controversial.24

Although the polarizability effects have been recognized in
previous classical molecular simulations, recent theoretical
investigations suggest that the ion dipole magnitude could be
overestimated in simulations with undamped polarizable
models.25−28 In addition, compared to the bulk, slightly
decreased water dipole moments near halide ions are identified
in density functional theory (DFT) interaction potentials.29,30

Several models for halide ions and water have been developed
to avert such an overestimation.27,31−33 Despite of numerous
results obtained from classical MD simulations, more accurate
DFT-based first-principles MD simulations would be desirable
in describing complex charge rearrangement and polarization
and many-body effects as well as in providing benchmark
results for the development of more accurate water/ion force
fields. Toward this end, we employ Born−Oppenheimer
molecular dynamics (BOMD) simulations at gradient-corrected
DFT level with semiempirical dispersion correction to study
the structural and dynamical properties of halide anions X− (F−,
Cl−, Br−, and I−) dissolved, respectively, in a water droplet
(with a diameter ∼1.8 nm) below or at the room temperature.
The surface preference of heavy halide anions is confirmed by
the BOMD simulations. In addition, we find that Cl− appears to
exhibit no strong tendency of either surface or bulk preference,
a phenomenon, to our knowledge, not previously reported in
the literature. The radial distribution functions (RDFs) of X−
O, X−H, and O−O and the distribution of primary bond angles
are computed to show characteristics of water molecules
around the halide anion and the influence of dissolved anions
to the hydrogen-bonding network of water. Hydration shells,
coordination number, structure of hydrated complex cores are
also determined for the halide anions in the water droplet,
which turn out to be different from those in aqueous solution.
Additionally, diffusive property of the halide ions, residence
time of water in the first hydration shell, and the lifetime of H···
X bond are computed to gain additional insights into dynamics
of the halide ions and ion/water interaction.

■ COMPUTATION METHODS
In the BOMD simulation, the water droplet comprises 124
water molecules and 1 halide anion. The spatial dimension of
the simulation supercell is about 30 × 30 × 30 Å, which is large
enough to neglect interaction among adjacent periodic images
of the droplet. To ensure equilibrium for the droplet/ion

system, two drastically different initial positions for the ion are
considered for each droplet/ion system. As illustrated in Figure
1, ions are initially placed either near the surface region (R ≈

0.95 nm) or in the interior region (R ≈ 0.2 nm), where R
denotes the distance of the ion from the center of mass of the
water droplet. The system is fully relaxed before the BOMD
simulation. Specifically, the Becke−Lee−Yang−Parr (BLYP)
exchange−correlation functional is selected for the relaxation
and BOMD simulations.34,35 Recently, Codorniu-Hernandez
and Kusalik36 have shown from their first-principle MD
simulation of mobility of the hydroxyl radical in aqueous
solution that the BLYP functional gives very similar results
(e.g., radial distribution functions) as the functional HCTH/
120.37 The latter is known to describe water properties more
accurately.37−39 The neutralizing background charge is included
for the Ewald summation of electrostatic energy to compensate
the net charge of the solutions. A combination of Gaussian
DZVP basis set40 and auxiliary plane waves (with an energy
cutoff of 280 Ry) for expanding electron density, together with
the Goedecker−Teter−Hutter (GTH) norm-conserved pseu-
dopotentials41,42 for treating core electrons, is adopted for the
DFT calculations. Grimme’s dispersion correction method43,44

is employed to combine with the BLYP functional, which
would give an overall improvement of the properties of liquid
water.45 Here, we selected the BLYP-D functional because the
freezing point of BLYP-D water has been recently computed.46a

All the BOMD trajectories are generated in the constant
volume and constant temperature (NVT) ensemble, with the
Nose-́Hoover chain method for controlling the temperature of
system. The time step of 1.0 fs is used, which has been proven
to achieve sufficient energy conservation for the water systems
considered in previous BOMD simulations.47 The total
simulation time for each system ranges from 85 to 205 ps,
assuring that the ions can reach their preferable positions. All
the BOMD simulations are performed using the QUICKSTEP
module implemented in the CP2K package.48,49 Additionally,
for structural analysis, the final structures of hydrated complex
core of halide ions are further optimized at the MP2/6-
311G(d,p) level of theory, using the GAUSSIAN 09 package.50

Previous first-principle simulations46 of coexisting two-phase
ice/water systems indicate that the BLYP-D functional tends to
overestimate the freezing point of bulk water, and the
computed freezing point is about 360 K. In this study, we
therefore consider two different temperatures for the BOMD
simulations: (1) 300 K, which is about 60 K undercooling from

Figure 1. Initial positions of the halide anion in the water droplet: (A)
in the interior region (R = 0.2 nm) and (B) outside the surface region
(R = 0.95 nm), where R denotes the distance of the anion from the
center of mass of the water droplet. Red: O; Gray: H.
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the computed freezing point (∼360 K), and (2) 380 K, which
represents room temperature.

■ RESULTS AND DISCUSSION
Dynamic Properties of Halide Ions. Surface Preference.

In previous experiments, it has been reported that at the room
temperature the concentration enhancement near the surface
arises with the size of halide anions (Cl− < Br− < I−).1,5−7 The
thermodynamic confirmation of such surface enhancement has
been demontrated by the depth of free energy minimum at the
location of the droplet surface from the classical MD
simulation.3 Interestingly, even under a supercooled temper-
ature, BOMD trajectories of the halide ions in the water droplet
(Movies S1−S10) show the surface preference of two heavy
halide ions (Br− and I− ). Taking F− and Br− as two extreme
cases, typical snapshots of the ion solvation in the water droplet
near the late stage of BOMD simulation are displayed in Figure
2. To characterize the surface region, we calculate density

profiles of oxygen sites as a function of the radial distance from
the center of mass (COM) of water molecules. As shown in
Figure 3, the region beyond 7 Å from the center of mass could
be viewed as the surface region (dotted-dashed line in Figure
3A,B). And the density plot of halide ion (black solid line in
Figure 3B) clearly indicates the surface preference of Br− and I−

but not for F−. In Figure 3A, the position of halide ions (R)
with respect to the COM of the water droplet (excluding the
mass of the halide ion) is plotted as a function of time. When
the halide ion is initially placed in the interior region (red curve
in Figure 3A), one can see that in the course of BOMD
simulations, Br− and I− are driven gradually toward the surface,
while F− stays predominately inside the water droplet. Contrary
to previous classical MD simulations with polarizable
models,3,14 our BOMD simulations show that unlike Br− and
I−, Cl− does not have a strong tendency to stay in the outer
layer of interfacial region of the water droplet (Figure 4).
Movies S1 − S10 demonstrate that the surface region

constantly deforms due to the thermodynamic fluctuations.
When the ion is initially placed outside the droplet (green
curves in Figure 3A and Movies S7 and S9), heavy halide ions
(Br− and I−) remain in the surface region of the droplet. In
stark contrast, the F− ion returns to the interior region of the
droplet (Movie S1). For either Br− and I− or F−, both red and
green curves converge to either the surface or the interior
region, as shown in Figure 3B, indicating that the most
favorable region for halide ions is independent of the initial

location of the ions. To summarize, even at the deeply
supercooled temperature, the surface enhancement for heavy
halide ions in water is confirmed from the BOMD simulations.
On the other hand, the two curves for Cl− shown in Figure

4A demonstrate that the Cl− ion can be, from time to time,
inside or outside the interior region. In other words, the Cl− ion
appears not showing strong tendency of either surface or bulk
preference at the supercooled temperature. The density profiles
of the Cl− ion also support the “itinerant” nature of the ion,
which exhibit a much broader span from interior to outside the
surface region (marked by the vertical dotted-dashed line).
Even at the higher temperature (380 K), the density profiles
(Figure 4B) show notably broader span, and the time-
dependent R (Figure 4A) values exhibit higher number of
crossover through the surface region compared to that at the
supercooled temperature.

Self-Diffusion Coefficients of Halide Ions. Next, the
dynamical and structural properties of halide ions in the
droplet are computed based on the BOMD trajectories beyond
15 ps. The self-diffusion coefficient (D) can be evaluated from
the mean square displacement (Figure S1), using the Einstein’s
diffusion equation:

⟨| − | ⟩ =r t r Dt( ) (0) 62
(1)

As shown in Table1, the computed diffusion coefficient of
the halide ions in the water droplet (at 300 K) is much smaller
than the computed diffusion coefficient of water molecules
(Dw) themselves in the droplet (Dw = 1.2 × 10−5 cm2/s). The
size effect of the droplet besides the supercooled condition
slows the dynamics of both halide ion and water molecules in
the droplet. For example, D of Cl− is 3.4 × 10−6 cm2/s at 300 K
(see Table 1), whereas typical experiment diffusion data51 for
sodium chloride in bulk solutions at the room temperature is
∼2 × 10−5 cm2/s. When temperature rises to 380 K, D of Cl−

increases as well (7 × 10−6 cm2/s). Furthermore, diffusion
coefficients of halide ions computed from the present
simulation are in the order of F− ∼ Cl− < Br− < I− (see
Table 1). Assuming this order is reversely correlated with the
interaction between halide ions and water molecules, the
smaller diffusion coefficient of Cl− (compared to that of Br− or
I− ion) would reflect relatively stronger interaction between Cl−

and water, which would lead to relatively longer resident time
for the Cl− ion to stay inside the water droplet than that for Br−

or I−. Indeed, our BOMD simulations suggest that the stronger
water−Cl− interaction can be manifested by the relatively
longer lifetime of water−Cl bonds compared to the water−Br
or water−I bonds (see Table 1). Movies S4, S8, and S10 and
Figures 3A and 4A demonstrate that the time required for the
ion from interior to reach the surface region under supercooled
condition follows the order: Br− < I− < Cl−. As shown in
Figures 3A and 4A (red curves), Br− reaches the surface region
(R > 0.7 nm) after ∼30 ps simulation, whereas I− takes ∼90 ps,
and Cl− (at 300 K) takes more than 120 ps. The larger size of
the I− renders the ion more difficult to disrupt the hydrogen-
bonding network of water, leading to longer time (to reach the
surface) than Br−. In the following subsection, we will analyze
the structure of hydration shells surrounding the halide ions.
Besides the interaction between a halide ion and water, the
structure of hydration shells is another important factor that is
relevant to the interior or surface preference behavior for the
halide ions.

Structures of Hydration Shells Surrounding Halide
Ions. Hydrating and Nonhydrating Water. Water molecules

Figure 2. Snapshots of the anion in the water droplet (300 K) for (A)
F− (blue sphere) and (B) Br− (orange sphere) at 85 ps of the BOMD
simulation, respectively.
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surrounding the halide ions can be classified into discrete
hydration shells. The first and second hydration shells of the
halide ions can be clearly distinguished by the first two minima
in the radial distribution functions (RDFs) of the O atoms of

water molecules from the halide ions (see Figure 5A). The radii
of the first and second hydration shells as well as the average
numbers of water molecules in the hydration shells, obtained by
integrating RDFs, increase with the size of ions (see Table 1).

Figure 3. (A) The distance (R) between halide ion and the COM of water droplet (at 300 K) versus the time. Red curves represent time-dependent
position of ions, starting initially from the interior region, while green curves represent time-dependent position of ions, starting initially outside the
surface region. The blue dashed lines refer to a division between the surface and interior regions of the water droplet. (B) Density profiles of oxygen
site of water droplet and halide ions at 300 K. The first 20 ps simulation is excluded from the statistical average.

Figure 4. (A) Same as Figure 3A but for the Cl− ion and water droplet at 300 K (upper panel) and 380 K (lower panel). (B) Density profiles of
oxygen site of water droplet and halide ions at 300 K (upper panel) and 380 K (lower panel). The first 20 ps simulation is excluded from the
statistical average. The cyan and black density profiles refer to the Cl− ion whose initial position is located inside and outside the water droplet,
respectively.
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The number of water molecules in the first hydration shell of
the heavy halide ions (6.4 for Br− and 6.5 for I−) in our BOMD
simulation is less than that computed from previous classical
MD (NBr

− = 7.5, NI
− = 7.9)53 or Car−Parrinello MD (CPMD)

(NBr
− = 6.5, NI

− = 8.5)30 simulations in bulk water, suggesting
that the solvation structure of the heavy halide ions on the
surface of a droplet differs from that in the bulk solution. The
large difference in NBr

− and NI
− of the bulk solution between the

classical MD and CPMD requires further investigation.
We also find that although the radius of second hydration

shell increases with the size of the ions, the average number of
water molecules in the second hydration shell shows an
unexpected decrease with the size, indicating an incomplete
spherical shape of the second hydration shell of the heavy ions
at the surface region. According to the computed RDFs, Br−

and I− ions are located in the surface layer of the droplet, and
the F− ion is located in the interior region of the water droplet,

while the Cl− ion can be located in either region from time to
time.
Due to negative charges of halide ions, one of the two O−H

bonds of every water molecule in the first hydration shell tends
to point toward the ion and form an H···X bond. Those water
molecules adopting such orientation are viewed as the
‘hydrating water’. Otherwise, those water molecules with no
O−H bond pointing toward the halide ion are viewed as
‘nonhydrating water’ (see Figure 5C for definition). In Figure
5B, the RDFs of H atoms (H-ion RDFs) surrounding the halide
ions show that the H···X bonds are clearly formed in all the first
hydration shell of every halide ion. The position of the first
peak of H-ion RDFs refers to the length of H···X bond: RHX =
1.70, 2.20, 2.45, and 2.67 Å for X = F−, Cl−, Br−, and I−,
respectively. The average coordination number Nh of the ions
can be obtained by integrating the H-ion RDFs from 0 to the
first minimum (see Table 1). Note that the coordination
number of the halide ions is less than the average number of

Table 1. Summary of Structural and Dynamic Characteristics of Different Halide Ions in Water Droplet (300 K)a

first hydration shell (S1)
second hydration

shell (S2) hydrated complex core

ionic radii (Å) D (10−6 cm2/s) RS1(Å) NS1 τ (ps) RS2 (Å) NS2 RHX (Å) Nh ΔNw τ* (ps)
Eb

(kcal/mol)

F− 1.33 3.5 3.35 5.8 6.26 5.42 18.3 2.45 5.2 0.6 5.54 27.4
Cl− 1.81 3.4 3.85 7.0/7.3 3.29/3.27 6.00 18.3/19.7 2.95 5.9/6.1 1.1/1.2 2.55/2.36 14.4
Br− 1.96 6.4 4.05 6.4 3.00 6.07 13.2 3.05 5.4 1.0 1.82 13.7
I− 2.20 7.9 4.25 6.5 3.26 6.42 13.9 3.34 5.7 0.8 1.76 11.0

aIonic radii52 and diffusion coefficient (D) of halide ions, radius (RS1 and RS2) of first and second hydration shell, average number of water molecules
or oxygen atoms (NS1, NS2) in the shell, average residence time of water (τ), bond length between ion and closest hydration (RHX), coordination
number (Nh) defined as the number of hydrogen atoms in the first shell, average number of nonhydrated water (ΔNw = NS1 − Nh), lifetime of H···X

bond (τ*), binding energy (Eb) for single pair of halide anion and water molecule in the gas phase. Properties for Cl
−

are computed based on both

trajectories, one with initial position of Cl
−

being located outside and another being inside the water droplet.

Figure 5. RDFs of (A) O atoms surrounding the halide ions and (B) H atoms surround the halide ions. (C) A schematic diagram of hydrating and
nonhydrating water in the first hydration shell.
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water molecules (or oxygen atoms) in the first hydration shells
obtained from the O-ion RDF, indicating that not all the water
molecules adopting the orientation of the ‘hydrating water’.
Furthermore, among the four halide ions, Cl−, Br−, and I−

entail more nonhydrating water molecules in their first
hydration shell, compared to F−. On average, the percentage
of nonhydrating water molecules in the first hydration shell of
Cl−, Br−, and I− is 16%, 16% and 12%, respectively. In contrast,
only 10% water molecules in the first hydration shell of F− are
‘nonhydrating’. Because the interaction between ‘nonhydrating
water’ and halide ion is much weaker than that of the ‘hydrating
water’, the ‘nonhydrating water’ molecules likely interact
stronger with other water molecules and thus are easier to
leave from the first hydration shell. And it is worthy of
mentioning that raising the temperature to 380 K (room
temperature in BLYP-based BOMD) does not significantly
change the hydration structure of Cl−.
To gain more insights into the ‘hydrating water’ and

‘nonhydrating water’, the angular distribution functions are
computed to describe the microstructure of the first hydration
shells of halide ions. The definition of two primary angles (θ
and φ) is illustrated in Figure 6A,C, respectively. Here, the H···

X···H angle (θ) (where the two H belong to the same water
molecule or two different water molecules) can be used to
describe the first hydration shell, while the X···O−H angle (φ)
can illustrate whether the ion−water H···X bonds are well
formed. The distributions of H···X···H (θ) and X···O−H angles
(φ) are shown in Figure 6B,D, respectively. Significant
difference in the position of the primary peak for F− (θ ∼
90°) and other three halide ions (θ ∼ 60−75°) can be seen in
the distribution of the H···X···H angles. The larger θ for F− is
due to the smaller radius of F− ion, which makes the O···F−

distance shorter, thereby increasing the repulsive interaction
between two adjacently coordinated water molecules. From Cl−

to I−, the θ value decreases as the distance between the ion and
the nearest O atom increases. Figure 6D exhibits two major
peaks, one at smaller φ (10−15°) and another at larger φ
(100−105°), suggesting the hydrogen bond between ion and
water molecule (water 1 in Figure 6C) is well formed.
However, minor peaks at φ ∼ 60° (Figure 6D) can be seen for

Br− and I− (blue and green lines), suggesting that existence of
nonhydrating water molecules (as water 2 shown in Figure 6C)
in the first hydration shell of Br− and I−. But this type of
configuration rarely appears in the first hydration shell of F−

and Cl−.
Complex Core of Hydrated Halide. Based on the average

coordination number Nh, probabilities of hydrated complex
with different local structures are computed in the production
run, as shown in the histogram in Figure 7. One can see that

the F(H2O)n
− complex is predominantly five-fold coordinated

(n = 5). However, for larger anions (Cl−, Br−, and I−), five- and
six-fold coordination complexes exhibit similar probability. To
understand the microstructure of such hydrated complex core
of halide ions, we also perform ab initio calculations for the
F(H2O)5

−, Cl(H2O)5
−, Cl(H2O)6

−, Br(H2O)5
−, Br(H2O)6

−,
I(H2O)5

−, and I(H2O)6
− complexes in the gas phase, based on

the MP2/6-311G(d,p) and DFT levels of theory. Starting with
halide water cluster geometries reported previously,54 the
optimized structures are displayed in Figure 8. The gas-phase
structural optimization indicates that the F(H2O)5

− complex
exhibits a square pyramid structure with F− being located at the
center of a bottom square formed by water molecules (Figure
8A). In contrast, the X(H2O)6

− (X = Cl, Br, and I) complexes
exhibit various sandwich-like structures, in which six water
molecules form either two opposing triangles or a square-line
pair while X being located at the center between the two parts
(Figure 8B−D). Likewise, the X(H2O)5

− complex shows
similar structure as X(H2O)6

− but without one water in the
upper part of the sandwich structure. The corresponding
structural parameters (e.g., H···X bond lengths and H···X···H
angle) are shown in Table S2. All the structures of the gas-
phase hydrated halide complex cores exhibit similar angle
parameters as described by the angular distribution functions
(see Figure 6).
Interaction between the halide ion and a neighbor water

molecule within the hydrated complex core is weakened with
increasing the H···X distance. Indeed, the binding energy (Eb)
between an halide anion and a water molecule in the gas phase
are in order of Eb(F

−) > Eb(Cl
−) > Eb(Br

−) > Eb(I
−), as listed

in Table 1. As the F− ion has the smallest radius, its binding
energy (∼27 kcal/mol) is notably greater than that of other

Figure 6. Definition (A and C) and angular distribution function (B
and D) of the H···X···H angle (θ) (where the two H belong to the
same water molecule or two different water molecules) and X···O−H
angle (φ) (the angle between the O−H bond and the X···O line).

Figure 7. Histogram of probabilities of different hydrated complexes
computed based on the production trajectories. Properties for Cl− are
based on both trajectories which initial position is located inside
(green) and outside (red) the water droplet.
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three halide ions (11−14 kcal/mol). It is worthy of mentioning
that the water molecule above the I− in I(H2O)5

− (II) complex
becomes a nonhydrating water due to relatively weak
interaction between I− and water. And note that the
hydrogen-bonding energy between two water molecules
(calculated at the same level of theory) is 7.0 kcal/mol.
Hence, the much stronger water−F− interaction renders the F−

ion fully hydrated. On the other hand, the relatively weaker
binding energies for Cl−, Br−, and I− ions suggest that the
formation of fully hydrated ions may be thermodynamically
unfavorable due to the higher free-energy penalty of breaking
hydrogen network of water. Therefore, the larger ions tend to
reside near the surface region to offset some of the free-energy
penalty. In agreement with previous theoretical study,55 there is
no significant binding energy difference between five- and six-
fold coordinated complexes for Cl−, Br−, and I− ions as listed in
Table S1. This result is also consistent with the computation
results that the two coordination numbers (5 and 6) exhibit
similar probabilities in the BOMD simulation (Figure 7B−D).
The charge distribution of hydrated-complex core is also
computed by using natural bond orbital analysis (see Table S1).
The amount of charge transfer between halide anions and water
molecules decreases from F− to I−, consistent with correspond-
ing binding energy decrement.
Hydration Asymmetry of Halide Ions. In Figure 9, we plot

the distance between halide ion and the center of mass (COM)
of surrounding water molecules versus increasing size of water
cluster. The degree of solvation asymmetry of halide anion in
the water droplet can be measured by the height profile of the
curve versus the number of water molecules. Note that the
curves have been moved upward from F− to I−, indicating
increased anisotropy with the size of halide anions. For F−, the
distance from ion to the COM of surrounding waters only
shows slightly change when extending the size of solvating
water clusters from the first hydration shell, suggesting the bulk
preference of F− in the water droplet. However, for Br− and I−,
the curves reach the minimum at N = 6 (the size of their first
hydration shell) and then raises up with increasing water cluster
size, consistent with surface enhancement behavior of heavy
halide ions (Br− and I−) and their incomplete spherical shape of
the second hydration shell. Unlike F− or Br−/I−, the curve for
Cl− reaches minima at N = 8 and 16 (close to the size of its first

and second hydration shells) due to the unique solvation
behavior. We also calculate the probabilities of each solvating
water cluster around the halide anion. As can be seen in Figure
9, the unusually high probability of N = 1 for Cl− (marked by
black arrow) signifies flexible solvating water molecules in the
first hydration shell.

Hydrogen-Bonding Network Surrounding Halide Ions. It is
known that liquid water entails a strong hydrogen-bonding
network. However, the introduction of halide ions can locally
distort such a hydrogen network. To provide a description of
the microstructure of water surrounding the halide ions, we
compute O−O pair correlation functions (PCFs) for water
molecules in the first hydration shell (S1−S1), the second
hydration shell (S2−S2), and bulk-like water (bulk−bulk) as
well as the intershell contacts (S1−S2 and S2−bulk),
respectively. All the PCFs are normalized (see Figure 10).
For water molecules in the bulk-like region (water molecules
beyond the second hydration shell of the halide ions), the
primary peak (black lines) at r = 2.75 Å characterizes the

Figure 8. Geometries of gas-phase (A) F(H2O)5
−, (B) Cl(H2O)5

− and Cl(H2O)6
−, (C) Br(H2O)5

− and Br(H2O)6
−, and (D) I(H2O)5

− and
I(H2O)6

− complexes, on basis of the ab initio optimization at MP2/6-311G(d,p) level. Schematic illustrations of various sandwich structures are
given in the right panel.

Figure 9. With different distances from the ion to the COM of water
cluster (starting from 1.0 Å), various solvating water clusters are
assigned. Solvation anisotropy plot for halide water clusters containing
N water molecules is marked in red dots. Blue histogram shows
probability of the appearance of each water cluster. Due to similar
solvation behavior of Cl− at 300 and 380 K, similar distance curve and
probability distribution are obtained. Trajectory of water droplet with
Cl− being initially placed at the surface region (at 300 K) is used for
the plot. Black arrows refer to the probability of N = 1 for the four
anions.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja407286t | J. Am. Chem. Soc. 2013, 135, 15549−1555815555



intermolecular hydrogen bonds among water, and the broader
peak at r ≈ 4.2 Å characterizes the water pair, both hydrogen
bonded to a third water molecule (see Figure 10E). The first
peaks at r = 2.75 Å are very weak in the S1−S1 PCFs of F− and
Cl− (red lines in Figure 10A,B), suggesting that the hydrogen-
bonding network is not well formed in the first hydration shell.
For F−, the first peak completely vanishes, indicating that the
water−F− interaction is strong enough to displace a higher
number of water−water hydrogen bonds. The first peaks of the
S1−S1 PCFs for Br− and I− ions (red lines in Figure 10C,D),
although decrease significantly compared to that of the bulk
water, are still more distinguishable than those of F− and Cl−

ions. This result suggests that the interaction between Br− (or
I−) and water is not so strong such that the water molecules can
still form hydrogen bonds in the first hydration shell. In
contrast to S1−S1 PCFs, the peaks at r = 2.75 Å are much
higher in S1−S2 (pink lines) and S2−S2 (blue lines) PCFs,
demonstrating that the hydrogen bonds are preserved in the
second hydration shell. In S2−bulk PCFs (green lines), the first
and second peaks are clearly seen, suggesting that the
hydrogen-bonding network is retained in the region.
Dynamical Properties of Hydration Shells. Lastly, we

study dynamical stability of the hydration shells surrounding
the halide ions by computing the residence time of water
molecules in the hydration shell and average lifetime of H···X
hydrogen bonds. These results can provide better under-
standing of possible surface preference behavior for the
hydrated halide ions. Based on trajectories of the BOMD
simulation, the computed average residence time (τ) of water
molecules in certain hydration shell is listed in Table 1. It can
be seen that the average residence time of water molecules in
the first hydration shell decreases rapidly with increasing the
ion size. The correlation function C(t) of the resident time is
given by

∑⟨ ⟩ =
=

C t
N

h h t( )
1

[ (0) ( )]
i

N

i i
s1 1

s1

(2)

where Ns1 is the hydration number, hi(t) is 1 or 0 for a water
molecule inside or outside the assigned hydration shell at time
t. Computed C(t) (see Figure S2) also indicates that water
molecules around F− have the longest residence time in the first
hydration shell due to the strongest interaction between water
molecules and F−. In contrast, water molecules around Cl−,

Br−, and I− ions exhibit more or less the same residence time,
about a half of the residence time for the F− ion. The average
lifetime of H···X hydrogen bond (τ*) is computed using the
similar method as for τ. As shown in Table 1, τ*(F−) > τ*(Cl−)
> τ*(Br−) ≈ τ*(I−). The magnitude of τ* (ps) is close to the
measured residence time (∼10−10 s) for halide anions in
aqueous solution by quasi-elastic neutron scattering.56 The
decay rate of the correlation function of the lifetime for
different halide ions also supports this result (see Figure S3). In
general, τ* is slightly shorter than τ since the orientation
fluctuations of water molecules in the first shell tend to
contribute more significantly to the breaking of hydrogen
bonds, such as the transition between five- and six-fold
complexes. In summary, both the residence time of water
molecules and the lifetime of H···X bonds show that F−

possesses a highly stable first hydration shell, which can
prevent the F− ion from diffusing into the surface region of
water droplets. However, the first hydration shell is relatively
less stable for heavy halide ions, where the high exchange rates
of water molecules in the hydration shells render the ions easier
to migrate into the surface region of the droplet.

■ CONCLUSION

We have performed first-principles BOMD simulations to study
structural and dynamical properties of hydrated F−, Cl−, Br−,
and I− ions in a water nanodroplet, respectively. In agreement
with previous experimental measurements, the heavy halide
anions (Br− and I−) tend to be located near the surface region
of the supercooled water droplet, whereas F− still exhibits
interior solvation in the supercooled water droplet. However,
Cl− appears to exhibit no strong tendency of either surface or
bulk preference, either at the supercooled or room temperature.
This phenomenon has not previously reported in literature.
Moreover, the rate for the ions to move from the interior to the
surface region (under supercooled condition) follows the order:
Cl− < I−< Br−, which is not necessarily correlated with the size
of ions.
Compared with classical MD simulation of bulk water at

ambient condition, here, less water molecules are observed in
the first and second hydration shells of the halide ions in the
surface region. Around the halide ions, both ‘hydrating’ and
‘nonhydrating water’ can be identified. Local hydrogen-bonding
network of water molecules around F− and Cl− ion is fully

Figure 10. Oxygen−oxygen PCF within a hydration shell, between two hydration shells, or in bulk water.
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disrupted. However, around the two larger halide ions, the local
hydrogen-bonding network still survives. By counting the
coordination number of the halide ions, it is found that the five-
fold coordinated F− complex is predominant while five- and six-
fold Cl−, Br−, and I− complexes can be both present
periodically, indicating the existence of nonhydrated water
molecules in the first hydration shell. Gas-phase computation at
the high-level of ab initio theory suggests that the F(H2O)5

−

core exhibits square pyramidal structure, while the X(H2O)n
−

(n = 5,6; X = Cl, Br, I) complexes exhibit sandwich-like
structures. Furthermore, the water−F− binding energy is much
greater than the hydrogen-bonding energy of water, whereas
the binding energies for Cl−, Br−, and I− are much weaker.
Finally, the average residence time of water molecules in the
first hydration shell (τ) and the lifetime of H···X hydrogen
bond (τ*) are comparable, and both show that the first
hydration shell of F− ion is much more stable than that of Cl−,
Br−, and I− ions.

■ ASSOCIATED CONTENT
*S Supporting Information
Movies of halide ions in a water droplet are collected, including
summary of calculated binding energy (Eb) per water at
different theoretical level for hydrated-complex cores and water
dimer, summary of calculated geometry parameters at different
theoretical level, curves of the mean square displacement versus
time, residence-time correlation functions of water molecules in
the first hydration shell, and lifetime correlation function of H···
X bonds (X = F−, Cl−, Br−, and I−) are collected. This material
is available free of charge via the Internet at http://pubs.acs.org.
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