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To understand the microsolvation of sodium acetate (CH;COONa, NaOAc) in water, we studied
NaOAc(H,0); (n = 0-3) clusters by photoelectron spectroscopy. We also investigated the structures
of NaOAc(H,0); (n = 0-5) anions and NaOAc(H,0), (n = 0-7) neutrals by quantum chemistry
calculations. By comparing the theoretical results with the photoelectron experiment, the most
probable structures of NaOAc(H,0), /0 (n = 0-3) were determined. The study also shows that, with
increasing n, the solvent-separated ion pair (SSIP) structures of NaOAc(H,0), anions become nearly
energetically degenerate with the contact ion pair (CIP) structures at n = 5, while the SSIP structures
of the neutral NaOAc(H,0), clusters appear at n = 6 and become dominant at n = 7. © 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4927668]

. INTRODUCTION

The dissolution of salts is a fundamental process in
chemistry. Dissolved salts play important roles in chemical
reactions, > biochemistry,>* marine chemistry,” atmospheric
chemistry,® and our daily life.” Therefore, many theoretical®'"
and experimental’>? studies have investigated the micro-
scopic mechanisms of salt dissolution. Special attention has
been paid to investigate the transition between salt contact
ion pairs (CIPs) and solvent-separated ion pairs (SSIPs) in
water,'339 as well as the correlation of salt effects with the
Hofmeister series.?'*? Previously, our group has employed
anion photoelectron spectroscopy and theoretical calculations
to investigate the microsolvation of a number of salts such as
NaBO,,?? LiBO,,3* Lil, CsI,3® NaCl,*° and Li,SO,” in water.

Sodium acetate (CH3COONa, NaOAc) is an important salt
that is widely used in the industry and our daily life. Acetic acid
is not only commonly used in our daily life, but also is one of
the most abundant organic compounds in the atmosphere. 33
The hydration of acetic acid has been investigated recently
using high-resolution microwave spectroscopy*’ and matrix-
isolated infrared spectroscopy.*! The hydration of acetate ion
has been studied using dielectric relaxation spectroscopy,*?
photoelectron spectroscopy, and ab initio calculations.*> The
acetate anion and sodium cation are both considered to be
kosmotropes (which can be strongly hydrated) in the anionic
and cationic Hofmeister series, respectively.** The solvation
process of sodium acetate might differ substantially from the
behavior of simple diatomic salts (such as alkali halides)* as
both the hydrophilic and hydrophobic interactions are involved
because of the presence a hydrophilic group (-<COO™) and a
hydrophobic group (—CH3) in the acetate anion.

In addition, sodium acetate can be used as a simple model
for interrogating the interactions between cations and protein
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surfaces because some proteins have carboxylate groups to
which alkali cations can bind.** The aqueous solvation of
sodium acetate may mimic the interactions between alkali
cations and protein surfaces in water, and, in this manner, can
provide valuable information about the salting in and salting
out of proteins in salt water solutions. Interactions between
alkali cations and carboxylates have been studied in solutions
and at interfaces using a variety of techniques such as X-
ray absorption spectroscopy,*®*’ femtosecond mid-IR pump-
probe spectroscopy,”® and Raman spectroscopy,* as well as
theoretical modeling.>’-?

In this work, to advance our understanding of the solvation
behavior of sodium acetate, we investigated NaOAc(H,0),
clusters using mass-selected anion photoelectron spectroscopy
and ab initio calculations.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Experimental method

The experiments were conducted with a home-built
apparatus consisting of a time-of-flight mass spectrometer
and a magnetic-bottle photoelectron spectrometer, which has
been described elsewhere.? Briefly, the NaOAc(H,0); cluster
anions were produced in a laser vaporization source by ablating
a rotating and translating sodium acetate solid disc target with
the second harmonic (532 nm) light pulses of a Nd: YAG laser,
while helium carrier gas at a 4 atm backing pressure seeded
with water vapor was allowed to expand through a pulsed valve
to generate hydrated NaOAc™ and to cool the formed clusters.
The cluster anions were mass-analyzed by the time-of-flight
mass spectrometer. The NaOAc(H,O); (n = 0-3) clusters
were each mass-selected and decelerated before being pho-
todetached by another Nd:YAG laser. The electrons resulting
from photodetachment were energy-analyzed by the magnetic-
bottle photoelectron spectrometer. The photoelectron spectra
were calibrated using the spectra of Bi~ and Cs™ taken at similar

©2015 AIP Publishing LLC
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conditions. The instrumental resolution was approximately
40 meV for electrons with 1 eV kinetic energy.

B. Computational method

The Gaussion09°* program package was used for all
calculations. The structures of NaOAc(H,O), (n = 0-5)
anions and neutral NaOAc(H;0), (n = 0-7) were optimized
with density functional theory (DFT) employing the long-
range corrected hybrid functional LC-wPBE.>>~8 The standard
Pople type 6-311++G(d, p) basis set was used for all the
atoms. The initial structures of NaOAc(H,0)~ were obtained
by varying the positions of the water molecules and those
of the larger clusters were generated from the smaller ones
by adding water molecules to different positions. Harmonic
vibrational frequencies were calculated to confirm that the
optimized structures correspond to real local minima. In order
to obtain more accurate energies, the single point energies
of the small NaOAc(H,0), cluster anions with n < 3, and
their corresponding neutral species, were also calculated
using coupled-cluster theory including single, double, and
non-iterative triple excitations (CCSD(T))>° and with aug-cc-
pVDZ basis set based on the structures optimized at the LC-
wPBE/6-311++G(d, p) level. The vertical electron detachment
energies (VDEs) of the NaOAc(H,0); (n = 0-3) anions were
calculated as the energy differences between the electronic
ground states of the neutrals and anions, with the energies of
the neutrals computed at the geometries of their corresponding
anionic species. The theoretical adiabatic electron detachment
energies (ADEs) were calculated as the energy differences
between the neutrals and the anions, with the energies of
the neutrals computed after allowing relaxation to the nearest
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FIG. 1. Mass spectrum of NaOAc(H;0);, (n = 0-3) cluster anions.

local minima from the starting geometries of the corresponding
anions. The relative energies between different isomers were
corrected by the zero-point vibrational energies obtained at the
LC-wPBE/6-311++G(d, p) level.

lll. EXPERIMENTAL RESULTS

Figure 1 shows a typical mass spectrum of cluster
anions generated in the experiments. The mass peaks of the
NaOAc(H,0), (n = 0-3) series are observed although the
NaOAc(H,0); peak is very weak. The photoelectron spectra
of NaOAc(H,0), (n = 0-3) recorded with 1064 and 532 nm
are presented in Figure 2. The VDEs and ADEs of the
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TABLE 1. Experimentally observed VDEs and ADEs of NaOAc(H,0); (n
=0-3) from their photoelectron spectra.

Cluster ADE (eV) VDE (eV)
NaOAc™ 0.39 £ 0.03 0.44 +£0.03
NaOAc(H,0)~ 0.42 £0.08 0.45 +£0.08
NaOAc(H,0); 0.38 £ 0.08 0.42 +£0.08
NaOAc(H,0)5 0.20 £ 0.08 0.34 +0.08

NaOAc(H,0); (n = 0-3) clusters as estimated from the photo-
electron spectra are summarized in Table I. To account for peak
broadening due to instrumental resolution, the ADE of each
cluster was evaluated by adding the instrumental resolution to
the onset of the first peak in the spectrum. The onset of the
first peak was determined by drawing a straight line along the
leading edge of that peak across the spectrum baseline.

In Figure 2, we can see that the photoelectron spectrum
of NaOAc™ recorded with 532 nm photons has a broad feature
centered at 0.44 eV, which can be resolved into four peaks
centered at 0.39, 0.44, 0.48, and 0.52 eV in the 1064 nm
spectrum. The first peak at 0.39 eV designates the ADE, and
the others correspond to the vibrational progression (Na—O
stretch) of the NaOAc neutral. The vibrational frequency of
Na-OAc is estimated to be 350 + 50 cm™! on the basis of the
spaces between those peaks (see supplementary material).5
The VDE of NaOAc™ is estimated to be 0.44 + 0.03 eV based
on the spectrum at 1064 nm. The peak at 0.39 eV corresponds
to the transition from the vibrational ground state of NaOAc™
to that of the NaOAc neutral; thus, the electron affinity of
NaOAc is determined to be 0.39 + 0.03 eV.

The 1064 nm spectrum of NaOAc(H,O)~ shows a ma-
jor feature centered at 0.45 eV. In addition to the same major
feature observed at 1064 nm, the 532 nm spectrum has a small
feature centered at 0.91 eV. The small peak at 0.91 eV is not
observed in the NaOAc™ spectrum. It is likely attributable to
the water O—H stretch because it is higher than the first feature
by ~0.46 eV (3710 + 200 cm™'), which is close to the O-H
stretching frequency of the water molecule.

The 532 nm spectrum of NaOAc(H;0); has a broad
feature centered at 0.42 eV and a small one centered at 0.86 eV.
Similar to the case of NaOAc(H;0)~, the NaOAc(H,0);
photoelectron peak at 0.86 eV is higher than the first peak
by ~0.44 eV (3550 + 200 cm™'), close to the O-H stretching
frequency of the water molecule. Note that the second peaks
of NaOAc(H,0)” and NaOAc(H,O); are less obvious at
1064 nm; this is probably because of the lower detachment
cross-sections of these peaks at 1064 nm or the lower detection-
efficiency of the low-kinetic-energy electrons. The 1064 nm
spectrum of NaOAc(H;O); has a broad peak centered at
0.34 eV. The 532 nm spectrum of NaOAc(H,0); has a very
low signal-to-noise ratio due to the low ion intensity, thus, it
is not shown here.

IV. THEORETICAL RESULTS

We optimized the structures of NaOAc(H,0);, (n = 0-5)
anions and neutral NaOAc(H,0), (n = 0-7) at the LC-wPBE/6-
311++G(d, p) level. As we will show later, the calculated
structures indicate that the SSIP and CIP structures of the
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anions are almost degenerate in energy at n = 5 while the CIP
structures of the neutrals are dominant at n < 5. Atn=7,
the SSIP structures of neutral NaOAc(H;0), become more
stable than the CIP structures. Next, we present the results of
theoretical calculations as well as the comparison between the

theory and experiment in detail.

A. NaOAc(H20); and NaOAc(H20), (n = 0-3)

The optimized geometries of the low-lying isomers of
NaOAc(H,0); (n = 0-3) clusters and those of their neutral
counterparts are presented in Figures 3 and 4, respectively,
with the most stable structures on the left. The calculated
VDEs and ADEs of the NaOAc(H,0), (n = 0-3) clusters are
listed in Table II along with their experimental VDEs and
ADE:s. It can be seen from Table II that the results of both
LC-wPBE and CCSD(T) methods are in good agreement with
the experimental values. In the following discussion of small
NaOAc(H,0), cluster anions with n < 3 and their neutral
counterparts, we will mainly refer to the CCSD(T) results.

1. NaOAc™ and NaOAc

The most stable structure of NaOAc™ is a bidentate
structure with the Na atom binding to both O atoms of the
acetate anion, which is consistent with the previous study.*’->
Both Na-O bond lengths in NaOAc™ are calculated to be
2.32 A. The theoretical VDE of isomer OA calculated by the
CCSD(T) method is about 0.40 eV, in good agreement with
the experimental VDE of 0.44 eV.
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FIG. 3. Typical low-lying isomers of NaOAc(H,0); (n = 0-3). The rela-
tive energies are shown in eV. The relative energies were obtained at the
CCSD(T)/aug-cc-pVDZ//LC-0wPBE/6-311++G(d, p) level of theory.
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FIG. 4. Typical low-lying isomers of neutral NaOAc(H,0), (n = 0-3) clus-
ters. The relative energies are shown in eV. The relative energies for n
= 0-3 were obtained at the CCSD(T)/aug-cc-pVDZ//LC-wPBE/6-311++G(d,
p) level of theory.

Our calculations show that the ground state geometry
of neutral NaOAc is also a bidentate structure with slightly
shorter Na—O distances than those in the anion. The frequency
of the Na—OAc stretch in neutral NaOAc is calculated to
be 338 cm!, in agreement with the experimental value of
350 cm™! measured in this work. Natural bond orbital (NBO)
charge analysis of neutral NaOAc predicts the charge on the Na
atom as +0.929 e, with that on the acetate group as —0.929 e.
When an excess electron is added to NaOAc to form the
anion, the excess electron mainly localizes on the Na atom, the
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positive pole of the molecule (see supplementary material),*’
and hence reduces the Coulombic attraction between the
Na™-OAc™ ion pair, which may explain why the Na-O
distances in the NaOAc™ anion are longer than those in the
neutral NaOAc.

2. NaOAc(H»0)~ and NaOAc(H-0)

The lowest energy geometry of NaOAc(H,O)~ (isomer
1A) has a six-membered ring structure with a water molecule
inserted between one of the Na—O bonds of the sodium acetate.
The water molecule interacts with the sodium atom through
its O atom and with an acetate oxygen atom through hydrogen
bond formation. The six-membered ring structure is similar to
the case of AcOH—(H,0) complex.***! The theoretical VDE
of isomer 1A (0.35 eV) is in reasonable agreement with the
experimental VDE (0.45 eV). Isomer 1B has a bidentate struc-
ture with one H atom of the water molecule interacting with
one O atom of the acetate through a hydrogen bond. It is less
stable than isomer 1A by 0.044 eV. Its VDE is calculated to be
0.58 eV. Isomer 1C also has a bidentate structure but with the
water molecule connecting to the Na atom via its O atom. It is
higher in energy than isomer 1A by 0.059 eV although its VDE
(0.44 eV) is close to the experimental value. That implies that
isomer 1A is the dominant experimental species.

The ground state geometry of neutral NaOAc(H,0) (1A")
has a bidentate structure with one O-H bond of the water
molecule approaching one of the Na—O bonds of acetate.
No Na-O bond in isomer 1A’ is broken, which is different
from the case of the anion. The second isomer of neutral
NaOAc(H,0O) (1B’) is similar to the most stable structure of
the NaOAc(H,O)™ anion. It is higher in energy than isomer
1A’ by only 0.013 eV. Isomer 1C’ is similar to isomer 1C with
the water molecule connecting to the Na atom via its O atom.

TABLE II. Relative energies of the low energy isomers of NaOAc(H,0); (n = 0-3) and comparison of their
theoretical VDEs and ADEs to the experimental values. The calculations were performed at the CCSD(T)/aug-
cc-pVDZ//LC-wPBE/6-311++G (d,p) level of theory. The isomers set in bold are the probable ones detected in

the experiment.

ADE (eV)? VDE (eV)
AE (eV) Theoretical Theoretical
Isomer CCSD(T) LC-oPBE  CCSD(T) Expt. LC-oPBE CCSD(T)  Expt.
NaOAc™ 0A 0.000 0.48 0.39 0.39 0.53 0.40 0.44
NaOAc(H,0)~ 1A 0.000 0.34 0.30 0.42 0.44 0.35 0.45
1B 0.044 0.25 0.23 0.74 0.58
1C 0.059 0.36 0.42 0.39 0.44
NaOAc(H,0); 2A 0.000 0.12 0.13 0.38 0.34 0.40 0.42
2B 0.013 0.49 0.44 0.62 0.52
2C 0.075 0.09 0.06 0.65 0.56
NaOAc(H0)3 3A 0.000 0.03 0.04 0.20 0.15 0.10 0.34
3B 0.019 0.23 0.22 0.45 0.50
3C 0.029 0.04 0.04 0.33 0.38
3D 0.031 -0.07 -0.05 0.25 0.30
3E 0.034 -0.13 -0.08 0.46 0.50
3F 0.088 0.39 0.47 0.47 0.53

4Here, the experimental ADEs may not represent the real ADEs because of possible significant structural changes between the
anions and neutrals. Thus, the experimental ADEs are not used to verify the theoretical calculations.
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3. NaOAc(H20); and NaOAc(H:20).

The most stable isomer of NaOAc(H,O); (2A) has a
six-membered ring structure with the first water molecule
inserted between one Na—O bond of NaOAc. The second water
molecule attaches to the Na atom of NaOAc. The calculated
VDE of isomer 2A is about 0.40 eV, in agreement with the
experimental value (0.42 eV). Similar to the case of isomer
2A, isomer 2B also has a six-membered ring structure but
with the second water molecule forming a hydrogen bond
with one O atom of acetate. It is higher in energy than isomer
2A by only 0.013 eV. The calculated VDE of isomer 2B is
about 0.52 eV. In isomer 2C one water molecule inserts into
each of the two Na—O bonds of sodium acetate, resulting in
an eight-membered ring structure. The Na—OAc distance in
isomer 2C increases significantly to 4.25 A because of the
introduction of two water molecules between the Na atom and
OAc group. Isomer 2C is higher in energy than isomer 2A by
0.075 eV. The VDE of isomer 2C is calculated to be 0.56 eV.
Based on the above analysis, we suggest that the major peak
in the experimental photoelectron spectrum of NaOAc(H,0);
results from contributions of both isomers 2A and 2B because
they are almost degenerate in energy and their VDEs are in
agreement with the experimental value.

The most stable structure of neutral NaOAc(H,0), (2A")
is different from isomer 2A. It has an O—H bond of the second
water molecule interacting with the remaining Na—O bond of
sodium acetate to form a four-membered ring. Isomer 2B’ is
less stable than isomer 2A’ by only 0.025 eV. It is a bidentate
structure with an O—H bond of each water molecule interacting
with one Na—O bond of sodium acetate, respectively. Isomer
2C’ also has a bidentate structure except that the two water
molecules form a water-water hydrogen bond and stay at one
side of the same Na—O bond. It is less stable than isomer 2A’
by 0.061 eV.

4. NaOAc(H20); and NaOAc(H20);

The most stable structure of NaOAc(H0); (isomer 3A)
has a water molecule inserted between one Na—O bond of
the sodium acetate to form a six-membered ring. The other
two water molecules interact with each other by forming a
hydrogen bond and bridge the Na—O bond to form another
six-membered ring. Isomer 3B is derived from isomer 2A
by attaching the third H,O to form a hydrogen bond with
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an O atom of the acetate. It is less stable than isomer
3A by only 0.019 eV. Isomers 3C, 3D, and 3E are almost
degenerate in energy and higher than isomer 3A by 0.029,
0.031, and 0.034 eV, respectively. They are derived from the
six-membered ring structure (isomer 1A) by attaching the
second and third water molecules to different positions. Isomer
3F is higher in energy than isomer 3A by 0.088 eV and can
be considered as evolved from isomer 2C of NaOAc(H,0);
by adding the third H,O to the Na atom. The Na—-OAc
distance in isomer 3F is about 4.12 A. The calculated VDEs
of isomers 3A-3F are 0.10, 0.50, 0.38, 0.30, 0.50, and 0.53 eV,
respectively. In the experimental spectrum of NaOAc(H,0)3,
the photoelectron peak centered at 0.34 eV is very broad and
spreads from 0.2 to 0.6 eV, indicating that a few isomers may
coexist in the experiment. Here, we suggest that isomers 3A-3E
coexist in the experiment because they are very close in
energy and their VDEs are consistent with the experimental
photoelectron spectrum.

For neutral NaOAc(H,0);, the ground state structure
(3A’) is similar to the most stable structure of the anion (3A),
with slightly shorter Na—O bond. Isomer 3B’ is higher in energy
than isomer 3A’ by only 0.007 eV. It has two water molecules
inserted between the same Na—O bond of the NaOAc to form
two six-membered rings and the third water molecule interacts
with another Na—O bond of the NaOAc. Isomer 3C’ is higher
in energy than isomer 3A’ by 0.059 eV. It has two water
molecules interacting with the same Na—O bond with their O
atoms pointing toward the Na atom. Isomer 3D’ is less stable
than isomer 3A’ by 0.083 eV. It can be considered as evolved
from isomer 2A’ by attaching the third water molecule to the
Na-O bond formed between the inserting water molecule and
the Na atom of the NaOAc.

B. NaOAc(H20); (n = 4-5) and NaOAc(H0), (n = 4-7)

The good agreement between the theoretical results of the
small NaOAc(H,O); clusters (n = 0-3) with the experimental
data indicates that the LC-wPBE functional can predict the
structures of the NaOAc(H,0),, clusters very well. This gives
us confidence in the predicted structures of the larger clusters,
NaOAc(H,0); (n = 4-5) and NaOAc(H,0), (n = 4-7), ob-
tained by the LC-wPBE functional. Here, we examine the low-
lying isomers of NaOAc(H,0); and NaOAc(H,O)5 in Figure 5
as well as those of neutral NaOAc(H,0),, (n =4-7) in Figure 6.
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FIG. 5. Typical low-lying isomers of NaOAc(H,0); and NaOAc(H0);. The relative energies are shown in eV. The relative energies were obtained at the

LC-wPBE/6-311++G(d, p) level of theory.
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FIG. 6. Typical low-lying isomers of neutral NaOAc(H,0), (n = 4-7) clusters. The relative energies are shown in eV. The relative energies were obtained at the

LC-wPBE/6-311++G(d, p) level of theory.

1. NaOAc(H-0);, (n = 4-5)

Isomers 4A, 4B, 4D, and 4F of NaOAc(H,O), anion can
be considered to be formed from isomer 3A by adding the
fourth H,O to different positions. Isomers 4C and 4E are
SSIP structures with Na—OAc distances of 3.66 and 3.57 A,
respectively. For isomers 4C or 4E, the Na atom is surrounded
by four water molecules with three of the water molecules
inserted between the Na atom and OAc group while the other
water molecule remains on the other side of the Na atom.
Isomers 4C and 4E are higher in energy than the most stable
isomer of NaOAc(H,0); by 0.050 and 0.067 eV, respectively.
For NaOAc(H,0);, the SSIP structures are almost degenerate
in energy with the CIP structures. Isomers 5A and 5E of
NaOAc(H,O); anion are CIP structures derived from isomer
4A by attaching the fifth water molecule to different positions.
Isomers 5B, 5C, 5D, and SF are SSIP structures with four
water molecules inserted between the Na atom and OAc group
and one water molecule on the other side of the Na atom. The
Na—-OAc distances of 5B, 5C, 5D, and 5F range from 3.55 to
4.05 A. The energy of the lowest SSIP structure (5B) is higher
than the most stable CIP structure by only 0.007 eV.

2. NaOAc(Hz0), (n = 4-7)

The low-lying isomers of neutral NaOAc(H,0), are all
CIP structures with Na—OAc distances between 2.24 and
2.38 A. Isomers 4A’, 4B’, 4E’, and 4F’ are formed from isomer
3A’ by adding the fourth water molecule. Isomer 4C’ is a
bidentate structure with two water molecules interacting with
one Na—O bond and the other two water molecules interacting
with the second Na—O bond. Isomer 4D’ has a water molecule
inserted between the first Na—O bond of the NaOAc to form
a six-membered ring, and the other three water molecules

forming a chain and interacting with the second Na—O bond
of the NaOAc to form an eight-membered ring. The low-
lying isomers of neutral NaOAc(H,O)s are also CIP structures
derived from those of neutral NaOAc(H,0),. Starting atn = 6,
the SSIP structures of neutral NaOAc(H,0), clusters begin to
appear, with isomers 6B’ and 6E’ displaying SSIP structures
and higher in energy than the most stable CIP isomer by
0.027 and 0.053 eV, respectively. For NaOAc(H,0)7, the SSIP
structures become more stable than the CIP structures. [somers
TA’, 7B’, 7D’, and 7F’ are all SSIP structures while the CIP
structures (7C’” and 7E’) are higher than the most stable SSIP
structure (7A”) by 0.019 and 0.032 eV, respectively.

V. DISCUSSION

Both our theoretical calculations and experimental mea-
surements show that the VDE of the most stable isomer of
NaOAc(H,0); is relatively lower than those of NaOAc(H,O)~
and NaOAc(H,0);. That is because the sodium-water inter-
actions are stronger in NaOAc(H,O); clusters. The strong
Na*-water interactions can stabilize the neutral states of
NaOAc(H,0), clusters, decreasing the energy differences
between the neutrals and anions, and therefore reducing the
VDEs. The lower VDE of NaOAc(H,O); indicates that it is
more difficult for it to be formed in the experiment. This likely
explains why the mass peak of NaOAc(H,0)j; is much weaker
than those of NaOAc(H;0)~ and NaOAc(H,O); (Figure 1).

The most stable structures of both NaOAc™ and NaOAc
neutral are bidentate structures with the Na atom interacting
with both O atoms of acetate anion. Our studies show that
the water molecules tend to interact with the hydrophilic part
(—~COONa) and alienate the hydrophobic part (~CH3), which
is consistent with the decreased surface tension of sodium



054302-7 Zhang et al.

acetate solution observed previously.’' The water molecules
prefer to interact with the Na atom via their O atoms and
to interact with the O atoms of acetate anions by forming
hydrogen bonds. The most stable structures of NaOAc(H,0),
and NaOAc(H,0), for n = 3-5 are mainly characterized by two
types of six-membered rings at the hydrophilic part. The first
six-membered ring consists of a Na atom, a—COO~ group, and
an O-H bond of a water molecule. The second six-membered
ring is composed of a Na—O bond of NaOAc and two O-H
bonds contributed by two corresponding water molecules.

Because the Na*—OAc~ Coulombic attraction is weakened
by the excess electron, the addition of the first water molecule
to NaOAc™ is able to break one of the Na—O bonds. For the most
stable isomers of neutral NaOAc(H;0), clusters, no Na-O
bond is broken by the first water molecule; instead, two water
molecules are needed to break a Na—O bond. It is easier for
the NaOAc(H,0); anions to form SSIP structures than their
neutral counterparts. The SSIP structures of NaOAc(H,O);
anions start to show up at n = 2 and become nearly degenerate
in energy with the CIP structures at n = 5. The SSIP structures
for the neutral NaOAc(H;0), clusters show up at n = 6 and
become dominant at n = 7. It is worth mentioning that the Na
atom prefers to be tetra-coordinated in both anionic and neutral
NaOAc(H,0),, clusters with n > 3. For the CIP structures of
anionic and neutral NaOAc(H,0), with n > 3, the Na atom
interacts directly with three water molecules and one O atom
of the OAc group, except for the bidenate structure in which
the Na atom interacts with two water molecules and two O
atoms of the OAc group. For the SSIP structures, the Na atom
interacts directly with four water molecules.

VL. CONCLUSIONS

We investigated the NaOAc(H,0), (n = 0-3) cluster an-
ions with mass spectrometry and photoelectron spectroscopy.
We also conducted quantum chemistry calculations to explore
the structures of NaOAc(H,O); anions and NaOAc(H,0),
neutrals. Our calculations show that the anionic and neutral
NaOAc(H,0), clusters have many low-lying isomers. The
VDE:s of the most stable structures of NaOAc(H,0), (n = 0-3)
obtained by theoretical calculations are in agreement with the
experimental values. The water molecules can interact with
the sodium atom through their O atoms and interact with the
oxygen atoms of acetate by forming hydrogen bonds, and thus
insert between the Na—O bonds of sodium acetate to form six-
membered ring structures. Because the Na*—~OAc™ Coulombic
attraction is weakened by the excess electron, it is easier to
break the Na—O bonds of NaOAc™ than those of NaOAc. The
SSIP structures of NaOAc(H,O); anions start to show up at
n = 2 and become nearly degenerate in energy with the CIP
structures at n = 5; while the SSIP structures for the neutral
NaOAc(H,0), clusters show up at n = 6 and become dominant
atn="7.
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