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ABSTRACT: Infrared photon dissociation (IRPD) spectra of the
NaSO4

−(H2O)n clusters with up to five water molecules have been studied
using quantum chemical calculations. Our calculation reveals that the
splitting of the peaks in the ∼800−1300 cm−1 region of the IRPD spectra,
which contains the information on S−O bond stretching of the anion,
indicates the deviation of the cation from the C3v axis as well as the
asymmetric distribution of the water molecules. The frequency of the H-
bonded O−H stretching peak in the ∼2300−3000 cm−1 window, on the
other hand, provides information on the position of the newly added water
molecule with respect to the cation. The IRPD technique thus provides
abundant structural information on the early stage of the microsolvation and
has the potential to become a powerful tool complementary to
photoelectron spectroscopy.

■ INTRODUCTION

Dissociation of the salts in water is a fundamental phenomenon
in nature. When the water is absent, the electrostatic interaction
between the anion and the cation causes them to associate with
each other and form the contact ion pairs (CIPs).1 During the
solvation process, the ions with opposite charges can be
separated by the water molecules to form solvent-separated ion
pairs (SSIPs).2 Despite intensive efforts from both experimental
and theoretical aspects to elaborate on how the simple salt
molecules dissolve in the aqueous solutions, there are still quite
a few issues about this process that are not very well
understood. One interesting question, for instance, is what
will be the smallest number of water molecules needed to
separate the CIP of a certain salt (so-called “microsolvation”
issue). Obviously, the study on microsolvation bears significant
importance in the atmospheric and oceanic chemical cycle.3−6

Different experimental techniques7−11 have been developed
to investigate the microsolvated clusters of certain ion pairs in
the gas phase. Because the electronic state of a SSIP would be
different from that of a CIP, anion photoelectron spectroscopy
(PES),8,12−17 which probes the change of salt electronic state,
has been applied to study the microsolvation. Wang and co-
workers have investigated the dissolution of NaSO4

−(H2O)n
with up to four water molecules using this technique combined
with quantum chemical calculations.18 The calculation suggests
that the first three water molecules form a solvation ring
structure between the ion pair, while the fourth water binds to

the sulfate anion and stays farther away from the sodium cation.
The calculated electron binding energy of the sulfate anion has
successive increments as the response to the increasing number
of water molecules, which plausibly agrees with the
experimental measurements and provides justification to the
calculated microsolvation structures.
A recently emerging category of tools for the structural

characterization of ion−water clusters in the gas phase is
infrared photon dissociation (IRPD) spectroscopy.19−29 Under
readily achievable experimental conditions, absorption of single
or multiple IR photons by a hydrated ion can induce a
measurable increase in the fragment, resulting in IRPD spectra
that closely resemble linear absorption spectra. Compared with
the conventional vibrational spectroscopy in the bulk solution
phase, IRPD spectroscopy has the advantage that any
competing effects of the ions other than the pair under
investigation can be eliminated.
Two frequency windows, ∼800−2000 and ∼2300−4000

cm−1, are commonly employed in IRPD spectra for the ion−
water cluster investigation, within which the former indicates
the influence of the hydration on the structure of the ionic core
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with respect to their stretching modes while the latter contains
information about the solvent network with respect to O−H
stretching modes. Recently, Jiang and co-workers30 investigated
the 3000−3800 cm−1 region of [MgNO3(H2O)1−4]

+ clusters
using a Herriott-type multipass cell and found that the first four
water molecules only weakly perturb the ionic bond in this
prototypical salt, and no hint of the ion separation is observed.
This is probably due to the rather strong interaction between
the cation and anion in these systems.
In the current work, we carried out theoretical modeling of

IRPD spectra of NaSO4
−(H2O)n clusters with up to five water

molecules in both the sulfate-stretch region and the hydrogen-
stretch region. Our calculation indicates that, consistent with
the previous report,18 when adding up to five water molecules,
the ion pair goes through the early stage of microsolvation. IR
spectroscopic modeling reveals that the splitting of peaks in the
range of 800−1300 cm−1, which is related to the S−O
stretchings in the anion core, provides information on how the
cluster configuration deviates from the C3v symmetry.
Furthermore, the blue shift of the peak in the 2300−3000
cm−1 region provides information on the position of the newly
added water molecule related to the cation. Our simulation thus
suggests that the IRPD technique can be used as an informative
probe for microsolvation complementary to the PES measure-
ment.
This paper is organized as follows. In the Theoretical

Methods section, the simulation protocol is described in detail.
The simulation results are demonstrated in the results section,
followed by the discussion.

■ THEORETICAL METHODS
Quantum chemical calculations were carried out using the
Gaussian 09 suite of programs. Initial configurations were built
on the basis of chemical intuition and the relevant structures of

the hydrated clusters reported in the literature.7−31 Geometry
optimizations were performed using B3LYP/6-31+G(d) with-
out any symmetry restriction. To obtain more accurate energy
changes, the 10 lowest structures of each cluster size were
further optimized at the MP2/aug-cc-pVDZ level. Tight
convergence of the optimization and the self-consistent field
procedures were utilized. Harmonic vibrational frequencies of
optimized structures were calculated using MP2/aug-cc-pVDZ,
and zero-point energy corrections were considered. MP2/aug-
cc-pVTZ and CCSD(T)/aug-cc-pVDZ calculations were
carried out for n = 1 to assess the uncertainty related to the
choice of computational methods, and the relative energies
observed were in accord with the MP2/aug-cc-pVDZ ones
(Table S1, Supporting Information). Vibrational frequencies
below 2000 cm−1 were scaled by 1.0418, and those in the
2000−4000 cm−1 region were scaled by 0.9615. This set of
scaling factors lies in the middle of the range of scaling factors
used in comparable studies.31−34 The resulting IR stick spectra
were convoluted by a Gaussian line shape function with a width
of 15 cm−1 (fwhm).
To explore the physical origin of IR spectral features, we

carried out the first-order vibrational transitional density cubes
(VTDCs) analysis35,36 on typical modes. VTDC describes how
the electron density of a molecule changes with respect to its
vibrational motion. The first-order VTDC for mode k on a
molecule was calculated as

δ δ
δ

∂
∂

=
− −P

Q

P Q P Q

Q

( ) ( )

2k

k k

k (1)

Here, P is the electronic density cube, and Qk is the normal
coordinate of mode k. First, the ground-state equilibrium
structure of the molecule was optimized, and normal mode
coordinates were analyzed. Then, a small step δQk(−δQk) of

Figure 1. Optimized structures of the (NaSO4)
−(H2O)n (n = 0−5) clusters (Na, purple; S, yellow; O, red; H, gray). Relative energies are given in

kJ/mol.
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vibration along the (opposite) mode Qk was added to the
equilibrium geometry, and the electron density cube P(δQk)-
(P(−δQk)) at this geometry was generated. Finally, the VTDC
was obtained using eq 1. The vibrational step was 0.01 Å.

■ RESULTS AND DISCUSSION
Configurations of the NaSO4

−(H2O)n Clusters. Several
representative low-lying structures of the NaSO4

−(H2O)n (n =
0−5) clusters are presented in Figure 1. The structures are
labeled according to the number of water molecules and
relative energies. For each number of water molecules, the
populations (Table 1) of the seven lowest-energy cluster

configurations were calculated on the basis of the free-energy
change (ΔG) at 298.15 K and 1 atm following the Boltzmann
distribution. Detailed discussion of cluster configurations at
different cluster sizes is given in the Supporting Information.
For n = 0−5, the most stable configurations have dominating
populations. We therefore, unless pointed out specifically,
mainly analyze the IR features by looking at the most stable
structures.
As the number of water molecules increases, the Na+−SO4

2−

pair configuration gradually changes. With up to five water
molecules, although the ion pair configuration is still far from a
complete SSIP, obvious deviation from the tridentate CIP

configuration of Na+-SO4
2− can already be observed. In the

following, we briefly describe several typical features of the
solvation processes.
The Na−S distances in the most stable structures for the n =

0−5 clusters are 2.50, 2.71, 2.81, 2.84, 2.93, and 2.99 Å (Figure
S1, Supporting Information), respectively. The values of the
Na−S distances for all isomers are displayed in Table S2
(Supporting Information). The cation and anion thus depart
gradually from each other when adding more water molecules,
which is consistent with the previous study.18

We can define two types of sulfate oxygen atoms in the
clusters, one that faces the Na+ ion (α-O) and the other that
does not (β-O). Figure 1 indicates that the water molecules
prefer to occupy the α-O binding sites of the sulfate ion (thus
stay between the cation and anion) in the n = 1−3 clusters and
only start to fill the β-O binding sites at n = 4. In the n = 5
clusters, interestingly, a bidentately bound configuration is
more preferred. To quantify this trend, we define the shift angle
θ in Figure 2, which quantifies how the sodium cation deviates

from the C3v axis. The values of θ for all isomers are shown in
Table S3 (Supporting Information). The weighted shift angles
are 5.5, 22.3, 17.6, 0.9, 24.6, and 45.2° from n = 0 to 5,
respectively.
Another marker for the microsolvation process is the

position of the water molecule with free OH. Because the
first three water molecules prefer to stay in between the cation
and anion and occupy the α-O binding sites of sulfate, the
water molecule with free OH stays next to the cation ion at n =
1 or 2. At n = 3, a stable three-water microhydration layer forms
between the ion pair, and none of these water molecules have a
free OH. At n = 4 and 5, the water with free OH appears at the
β-O position, which is separated from the cation by the
network of three water layers. The position of the water
molecule with free OH thus provides concerted information on
how the ion pair is hydrated.
Recent PES and quantum chemical studies on the

NaBO2
−(H2O)n clusters indicated that the transition from the

CIP structure to the SSIP structure in these clusters starts at n =
3.16 Very recently, Li et al. investigated the microsolvation of
LiI and CsI in water and found that the SSIP types of structures
start to appear at n = 3 in LiI(H2O)n

− cluster anions and at n =
5 in neutral LiI(H2O)n, whereas no obvious evidence was
observed toward the formation of SSIP structure in the
CsI(H2O)n clusters.

17

Table 1. ΔG and Weighted Factors of NaSO4
−(H2O)n (n =

0−5)

isomers ΔG(kJ/mol) population at 298.15 K and 1 atm

0A 0.00 0.903
0B 5.54 0.097
1A 0.00 1.000
1B 28.68 0.000
1C 32.38 0.000
2A 0.00 0.634
2B 1.88 0.297
2C 5.76 0.062
2D 12.64 0.004
2E 13.03 0.003
2F 17.02 0.001
2G 46.93 0.000
3A 0.00 0.969
3B 9.79 0.019
3C 12.82 0.005
3D 15.71 0.002
3E 17.37 0.001
3F 13.96 0.003
3G 18.11 0.001
4A 0.00 0.607
4B 3.21 0.166
4C 5.46 0.067
4D 3.77 0.133
4E 7.73 0.027
4F 20.39 0.000
4G 19.04 0.000
5A 0.00 0.538
5B 1.25 0.325
5C 5.79 0.052
5D 6.19 0.044
5E 9.42 0.012
5F 9.41 0.012
5G 8.59 0.017

Figure 2. The top half is the sketch map about S−O2 symmetrical
stretching (left) and S−O2 antisymmetrical stretching (right). The
black arrows stand for the direction of vibration. The bottom half is
the schematic diagram about the shift angle θ.
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IR Spectra. The simulated IRPD spectra for each of the
representative structures with n = 0−5 are presented in Figures
S2−S7 (Supporting Information). Detailed assignments are
summarized in Table S4−S36 (Supporting Information). The
overall signal (Figure 3) is calculated as the population
weighted average of the contributions from the representative
structures.

Two spectral features are found to be highly interesting in
the overall signals. The first one is the splitting of S−O bond
stretching peak (around 1000 cm−1), and the second one is the
blue shift of O−H stretching below 3000 cm−1.
The 800−1300 cm−1 region in the total IR spectra (Figure 3)

is displayed, in which the peaks are related to the stretching of

the sulfate. Two important normal modes of the S−O2
symmetrical stretching (label b) and S−O2 antisymmetrical
stretching involving α-O (label cα) are schematically shown in
Figure 3. An increasing splitting between b and cα peaks, Δ =
|ωb − ωcα|, can be clearly observed in Figure 3. When n changes
from 0 to 2, the value of Δ rises from 0, to ∼20, to ∼60 cm−1.
At n = 3, the splitting between peaks b and cα disappears. For n
= 4 and 5, Δ increases again to ∼55 and ∼100 cm−1.
The 2300−3800 cm−1 region in the total IR spectra (Figure

3) gives the information on the O−H stretches. The peaks in
the 2300−3000 cm−1 region, which are related to the H-
bonded O−H stretching of a dangling water molecule,
systematically have the blue shift with the increase of water
molecules. The frequency for this peak with n = 1, 2, 4, and 5
are 2365.7, 2577.2, 2744.0, and 2878.0 cm−1, respectively, while
there is no peak for n = 3.
In the following, we discuss in detail how the microsolvation

is reflected in these spectral features.
Sulfate-Stretch Regime. In the 800−1300 cm−1 region

(Figure 3), the splitting between peaks b and cα increases from
0 to ∼20 and ∼60 cm−1 for n = 0−2, disappears at n = 3, and
recovers to be ∼55 and ∼100 cm−1 for n = 4 and 5,
respectively. To study the origin of such splitting, we calculated
the VTDCs of these two modes for the most stable
configurations in n = 0−5 (Figure 4). VTDC indicates the
contributions to the vibration from different areas of the cluster.
For 0A, due to the C3v symmetry of the cluster structure,

VTDCs of b and cα modes are rotationally symmetrical with
each other. Because the components of these two modes in the
cluster give almost the same contribution, these two degenerate
modes are predicted to have the same frequency (Table S4,
Supporting Information). At n = 1 and 2, the structural
symmetry is broken, and the sodium cation is pressed away
from the C3v axis (∼22°). Meanwhile, the VTDCs have
increasing contribution from the asymmetrically distributed
water molecules. Thus, the VTDCs of these two modes deviate
from the C3v symmetry and become more and more different
from each other, resulting in the increase of the splitting. At n =
3, the C3v symmetry recovers due to the formation of the three

Figure 3. Weighted scaled IR spectra of NaSO4
−(H2O)n(n = 0−5).

The label a stands for S−O4 stretching, b for symmetric S−O2
stretching, cα for antisymmetric S−O2 stretching involving α-O
atoms, cβ for antisymmetric S−O2 stretching involving β-O atoms, d
for SO stretching involving β-O atoms, e for water bending, SHB
for O−H stretching for a strong H-bond, MHB for O−H stretching
for a medium H-bond, WHB for O−H stretching for a weak H-bond,
and free OH for free O−H stretching in the water molecule.

Figure 4. VTDCs of S−O2 stretching modes for the most stable isomer in each cluster. The absolute isovalue is 0.0057 au. The red color stands for
positive VTDCs and blue for negative VTDCs.
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water molecule solvation ring structure. The VTDCs of the two
modes again become almost identical, which eliminates the
splitting between the b and cα peaks. At n = 4, the cation only
lightly deviates from the C3 axis (∼14°), but a fourth water
molecule appears at the β-O binding sites. The VTDCs deviate
from the C3v symmetry and become different from each other
again, which causes the splitting. At n = 5, the cation has a very
significant deviation from the C3 axis (48.5°), and the splitting
further enlarges to be 100 (Figure 3).
Hydrogen-Stretch Regime. The peaks in the 2300−3000

cm−1 region of the average IR spectra (Figure 3) for
NaSO4

−(H2O)n (n = 1−5) are related to the H-bonded O−
H stretching of a dangling water. These peaks are blue-shifted
with the increase of the number of water molecules. In the
following, we again examine the most stable configurations with
a free OH in n = 1−5 (Figure 1) and attempt to give a
qualitative discussion on the origin of this blue shift.
In all of the cluster conformers, the water molecule with the

free OH stays next to one oxygen of the sulfate anion, but their
relative configuration with the sodium cation is different. At n =
1, the sodium cation stays next to the water oxygen, which
attracts the electron in the oxygen and hydrogen and induces a
strong red shift of the H-bonded O−H stretching frequency. At
n = 2, a second water molecule appears next to the sodium,
which weakens the capability of the cation to attract the
electron from the water molecule with free OH; thus, the
frequency is blue-shifted as compared to n = 1. At n = 3, the
three-water hydration ring forms in the most stable structure;
thus, no free OH is observed. At n = 4, the largest contribution
comes from 4B, and that from 4A is negligible. The water with
free OH appears at the position farther away from sodium with
two water molecules in between. The frequency of H-bonded
OH is thus further blue-shifted as compared to n = 2. At n = 5,
the most stable structure does not have a free OH. However,
the 5B structure, with the second largest population (32.5%),
has a free OH water that is even farther away from the sodium,
inducing a larger blue shift. Note that 5B is calculated to be
higher in energy only by +0.01 kJ/mol than 5A (Figure 1).
The blue shift of the H-bonded O−H stretching frequency in

the 2300−3000 cm−1 region thus directly reflects the extent
that the cluster is hydrated. When there is only one water
molecule, the ion pair is least hydrated, and the water molecule
stays next to the cation. The attraction from the cation causes a
significant red shift of the H-bonded O−H stretching frequency
with respect to the free water molecule. A stable network of the
three-water ring is formed at n = 3. The attraction from the
cation on the water with free OH is weakened and later
screened by the hydration ring. This is reflected on the
frequency of the H-bonded OH vibration with free OH as a
monotonic blue shift. As listed in Table 2, the NBO charge of
H-bonded hydrogen atom in the water molecule decreases
from 0.565 to 0.560 with the increase of hydrated cluster size,

indicating the weakening trend of the H-bonds, which is
consistent with the blue shift of the H-bonded O−H stretching
frequency.

■ CONCLUSIONS
In summary, our modeling of the IR spectra of the
NaSO4

−(H2O)n ion pairs with up to five water molecules
suggests that the IRPD technique could provide abundant
structural information on the early stage of the microsolvation
of this ion pair.
The splitting of the b and cα peaks in the range of 800−1300

cm−1, which is related to the S−O bond stretchings in the anion
core, provides information on how the cluster configuration
deviates from the C3v symmetry. This deviation is caused by the
fact that the cation is pushed away from the C3v axis, as well as
the asymmetric distribution of the water molecules, which are
both the direct reflection of the formation of the hydration
shell. Interestingly, the blue shift of the strong H-bonds in the
2300−3000 cm−1 region with the increase of water molecules
provides concerted information on the position of the newly
added water molecule related to the cation, which is again a
structure marker of the microhydration. The IRPD technique,
combined with theoretical modeling, thus can provide a vivid
physical picture about how the water molecules microhydrate
and separate the Na+−SO4

2− ion pair in the early stage of the
microsolvation.
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