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We investigated the microscopic solvation of NaBO2 in water by conducting photoelectron

spectroscopy and ab initio studies on NaBO2
�(H2O)n (n = 0–4) clusters. The vertical detachment

energy (VDE) of NaBO2
� is estimated to be 1.00 � 0.08 eV. The photoelectron spectra of

NaBO2
�(H2O)1 and NaBO2

�(H2O)2 are similar to that of bare NaBO2
�, except that their VDEs

shift to higher electron binding energies (EBE). For the spectra of NaBO2
�(H2O)3 and

NaBO2
�(H2O)4, a low EBE feature appears dramatically in addition to the features observed in

the spectra of NaBO2
�(H2O)0–2. Our study shows that the water molecules mainly interact with

the BO2
� unit in NaBO2

�(H2O)1 and NaBO2
�(H2O)2 clusters to form Na–BO2

�(H2O)n type

structures, while in NaBO2
�(H2O)3 and NaBO2

�(H2O)4 clusters, the water molecules can interact

strongly with the Na atom, therefore, the Na–BO2
�(H2O)n and Na(H2O)n� � �BO2

� types of

structures coexist. That can be seen as an initial step of the transition from a contact ion pair

(CIP) structure to a solvent-separated ion pair (SSIP) structure for the dissolution of NaBO2.

1. Introduction

Dissolved salts play important roles in inorganic and organic

reactions, biochemistry,1–3 marine chemistry,4 atmospheric

chemistry,5–8 and our daily life.9,10 Dissolution of salts is a

very fundamental process in chemistry. Therefore, many

theoretical11–22 and experimental23–31 works have been

conducted to investigate the microscopic mechanisms of salt

dissolution. The previous theoretical and experimental efforts

are mainly focused on alkali halide salts since they are the

simplest and most common salts. It has been suggested32 that a

salt molecule may first exist as a contact ion pair (CIP) in which

the anion and cation interact with each other directly with no

interference from the solvent molecules. During the solvation

process, the anion and cation in the salt molecule can be

separated by the solvent molecules to form a solvent-separated

ion pair (SSIP). One interesting question is how many solvent

molecules are needed in order to separate the contact ion pair of

a particular salt molecule.16 As the ionic bonds of salts can be

significantly affected by the solvent molecules, it is expected that

the electron state of a SSIP would be different from that of a

CIP. Thus, a good approach for studying the evolution of a salt

CIP structure to a SSIP structure in the solvation processes is to

probe the change in the salt electronic state with an increasing

number of solvent molecules using anion photoelectron spectro-

scopy. Wang and coworkers have investigated [M+(SO4
2�)]1–2

(M=Na, K) ion pairs27 and dissolution of NaSO4
� by water33

using anion photoelectron spectroscopy. However, there is

no photoelectron spectroscopy study of the other salt–water

complexes yet. Since sodium metaborate (NaBO2) and its

hydrate are key materials in the recycling process of NaBH4

for hydrogen storage and generation,34 understanding the

solvation process of NaBO2 is important from both techno-

logical and scientific points of view. Recent photoelectron

spectroscopy and theoretical studies of FenBO2
� (n = 1–10),35

Aun(BO2)m
�,36,37 and Cun(BO2)m

� 38 clusters confirmed the

theoretical prediction39 that BO2 can be considered as a

superhalogen. NaBO2 may be viewed as a superhalogen salt

in the form of Na+(BO2)
�, which is analogous to the alkali

halides. Thus, investigation of NaBO2
�(H2O)n might also be

helpful for understanding the solvation of alkali halides. In

this work, we investigate the microscopic solvation of NaBO2

in water via anion photoelectron spectroscopy and ab initio

calculations of NaBO2
�(H2O)n clusters. Our study shows that

there is a significant change in the photoelectron spectra of

NaBO2
�(H2O)n clusters starting from n = 3. That is evidence

of solvent separation of Na and (OBO)� units.

2. Experimental and computational methods

2.1 Experimental

The experiments were conducted with a home-built apparatus

consisting of a time-of-flight mass spectrometer and a
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magnetic-bottle photoelectron spectrometer, which has been

described elsewhere.40 Briefly, the NaBO2
�(H2O)n cluster

anions were produced in a laser vaporization source by

ablating a rotating, translating sodium tetraborate target with

the second harmonic (532 nm) light pulses of a Nd:YAG laser,

while helium carrier gas with 4 atm backing pressure seeded

with water vapor was allowed to expand through a pulsed

valve for generating hydrated NaBO2
� and to cool the formed

clusters. The cluster anions were mass-analyzed by the time-of-

flight mass spectrometer. The NaBO2
�(H2O)n (n = 0–4)

clusters were each mass-selected and decelerated before being

photodetached. The electrons resulting from photodetachment

were energy-analyzed by the magnetic-bottle photoelectron

spectrometer. The photoelectron spectra were calibrated using

the known spectrum of Cu�. The instrumental resolution was

approximately 40 meV for electrons with 1 eV kinetic energy.

2.2 Computational methods

The Gaussian0941 program package was used for all the

calculations. The structures of NaBO2
�(H2O)n (n = 0–4)

clusters and their neutrals were first optimized with density

functional theory employing the B3LYP42,43 functional and

6-311+G** basis set. Then, more accurate energies of the

structures were obtained by single-point calculations using

the CCSD44–46 method and aug-cc-pvtz basis set except that

the single-point energies of NaBO2(H2O)4 anion and neutral

were calculated using CCSD method and aug-cc-pvdz basis

set. No symmetry constraint was employed during the opti-

mizations. The calculated energies were corrected by the

zero-point vibrational energies. Harmonic vibrational

frequencies were calculated to make sure that the structures

corresponded to real local minima.

3. Experimental results

3.1 Mass spectra

Fig. 1 shows a typical mass spectrum of cluster anions

generated in the experiments. It can be seen that the major

mass peaks are those of NaBO2
�(H2O)n cluster anions and

BO2
�. The assignments of the mass peaks were confirmed by

isotope abundance analysis as boron has two main isotopes,
10B and 11B with nature abundances of 19.9% and 80.1%,

respectively. We are able to detect the mass peaks of

NaBO2
�(H2O)n cluster anions up to n = 5. The mass signal

of NaBO2
�(H2O)5 is too low for taking a photoelectron

spectrum. Thus, the photoelectron spectrum of NaBO2
�(H2O)5

is not reported in this work.

3.2 Photoelectron spectra of NaBO2
�(H2O)n (n = 0–4)

The photoelectron spectra of NaBO2
�(H2O)n (n = 0–4)

recorded with 532 nm photons are presented in Fig. 2. We

also acquired the spectrum of NaBO2
� with 193 nm photons

and the spectra of NaBO2
�(H2O)n (n = 0–2) with 266 nm

photons, but no additional feature has been observed in these

spectra at higher binding energies beyond the features

observed in the 532 nm spectra. Thus, only the spectra taken

with 532 nm photons are presented here. The vertical detach-

ment energies (VDEs) and the adiabatic detachment energies

(ADEs) of the NaBO2
�(H2O)n clusters estimated from their

photoelectron spectra are summarized in Table 1. To account

Fig. 1 Mass spectrum of NaBO2
�(H2O)n cluster anions.

Fig. 2 Photoelectron spectra of NaBO2
�(H2O)n (n = 0–4) clusters

recorded with 532 nm photons. The peaks labeled with X are from the

Na–BO2
�(H2O)n type isomers. The peaks labeled with X0 are from the

Na(H2O)n� � �BO2
� type isomers.
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for the broadening of the photoelectron spectrum peaks due to

instrumental resolution, the ADE was calculated by adding

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

to cross the baseline of the spectrum.

In Fig. 2, we can see that the photoelectron spectrum of

NaBO2
� shows a strong peak centered at 1.00 eV. The VDE

and ADE of NaBO2 are estimated to be 1.00 and 0.95 eV

respectively based on the spectrum. As mentioned earlier, the

spectrum of NaBO2
� taken with 193 nm photons shows no

additional peaks, indicating the binding energy of the second

peak is higher than the 193 nm photon energy (6.424 eV). That

means that neutral NaBO2 has a very large HOMO–LUMO

gap (45.4 eV). The spectra of NaBO2
�(H2O) and

NaBO2
�(H2O)2 are very similar to that of NaBO2

�, except

that the peak of NaBO2
�(H2O) shifts to a high EBE by

0.23 eV and that of NaBO2
�(H2O)2 shifts to a high EBE by

0.38 eV. This phenomenon indicates that NaBO2
� is dissolved

by water molecules and its electronic feature shifts due to the

solvation effect.

The photoelectron spectra of NaBO2
�(H2O)3 and

NaBO2
�(H2O)4 are quite different from those of

NaBO2
�(H2O)0–2. A broad feature centered at 0.71 eV

(labeled with X0) and a dominating strong peak centered at

1.72 eV (labeled with X) are observed for NaBO2
�(H2O)3.

Similarly, two major features centered at 0.65 eV (X0) and

1.76 eV (X) are evident in the photoelectron spectrum of

NaBO2
�(H2O)4. The second peaks (X) in the spectra of

NaBO2
�(H2O)3 and NaBO2

�(H2O)4 are similar to that

of NaBO2
�. They shift toward a higher EBE due to the addition

of water molecules. We suggest that the emergence of the low

binding feature (X0) is due to the separation of Na and BO2
� by

the water molecules. The details will be discussed later.

4. Theoretical results and discussion

The optimized geometries of the low-lying isomers of

NaBO2
�(H2O)n (n=0–4) clusters and their neutral counterparts

obtained by theoretical calculations are presented in Fig. 3 and

4 with the most stable structures on the left. The calculated

VDEs and ADEs of NaBO2
�(H2O)n (n = 0–4) clusters are

listed in Table 2 along with the experimental VDEs and ADEs.

The theoretical adiabatic electron detachment energies

(ADEs) were calculated as the energy differences between

the anions and the neutral counterparts relaxed to the nearest

local minima from the geometries of the anions. The single-

point energies used to determine the ADEs and VDEs were

corrected by the zero-point vibrational energies. We have

also simulated photoelectron spectra of the isomers of

NaBO2
�(H2O)n (n = 0–4). The simulations were conducted

by first calculating the electronic excited states of the neutrals

at the geometries of the corresponding cluster ions by the CIS

method47 with the 6-311+G** basis set. The VDEs of the

transitions from the ground state of the anion to the ground

and excited states of the neutral were determined based on

their relative energies to the ground state of the anion. The

transitions were then fitted with Gaussian functions of 0.2 eV

width to generate the simulated spectra. The purpose of the

simulated spectra is to show the positions of the electronic

transitions, the vibrational structures are not included. The

simulated spectra of NaBO2
�(H2O)n (n = 0–4) are presented

in Fig. 5.

4.1 NaBO2
� and NaBO2

The most stable structure of NaBO2
� (0A) is a linear structure

with the Na atom attached to one end of OQBQO. Similar to

what we observed in FeBO2
�,35 the structure of the BO2 unit

and the B–O bond length in NaBO2
� are nearly identical to

those in the bare BO2
�. The theoretical ADE and VDE of

isomer 0A are in agreement with the experiment values. The

second and third isomers (0B and 0C) are less stable than

isomer 0A by B4 eV. Their theoretical ADEs and VDEs are

very different from our experimental measurements. Thus, the

existence of isomer 0B and 0C can be excluded. Isomer 0A is

what we observed in the experiments.

Our calculations show that the ground state geometry of

neutral NaBO2 is also linear with slightly shorter Na–(OBO)

distance than that in the anion. That is consistent with

previous theoretical calculations.48 That the Na–O bond in

neutral NaBO2 is shorter than that in NaBO2
� is probably due

to the Coulomb interaction between the Na+–(BO2
�) ion pair.

The Mulliken population analysis of neutral NaBO2 shows

that the charge of Na is positive while that of BO2 is negative

with the distribution of (Na)0.946+(OBO)0.946�. That is similar

to the charge distributions of alkali halides. In addition, the

NaBO2 neutral cluster has a fairly large dipole moment of

13.1 D, which is comparable to those of typical ionic com-

pounds, such as NaCl (9.0 D), KCl (10.3 D), NaBr (9.1 D),

and KBr (10.6 D). When an excess electron is added to NaBO2

to form an anion, the excess electron mainly localizes on the

positive pole of the dipole, which is also similar to the case of

halogen salts.

According to the simulated spectrum of NaBO2
� in Fig. 5,

the second photoelectron spectral peak of NaBO2
� is centered

at B7.2 eV, beyond the range of 193 nm photons. That is

consistent with the non-observation of the second peak in

Table 1 Experimentally observed VDEs and ADEs of NaBO2
�(H2O)n (n = 0–4) from their photoelectron spectra

Cluster

X0 X

ADE (eV) VDE (eV) ADE (eV) VDE (eV)

NaBO2
� 0.95 (�0.08) 1.00 (�0.08)

NaBO2
�(H2O) 1.14 (�0.08) 1.23 (�0.08)

NaBO2
�(H2O)2 1.26 (�0.08) 1.38 (�0.08)

NaBO2
�(H2O)3 0.59 (�0.15) 0.71 (�0.15) 1.66 (�0.08) 1.72 (�0.08)

NaBO2
�(H2O)4 0.43 (�0.15) 0.65 (�0.15) 1.56 (�0.15) 1.76 (�0.15)
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our experiments. It is also in agreement with the large

HOMO–LUMO gap of NaBO2 neutral.

4.2 NaBO2
�(H2O)1 and NaBO2(H2O)1

The lowest energy geometry of NaBO2
�(H2O)1 (isomer 1A)

has Cs symmetry with the water forming hydrogen bond with

the terminal oxygen of NaBO2
�. The theoretical VDE

(1.16 eV) and ADE (1.10 eV) of isomer 1A are both close to

the experimental VDE (1.23 eV) and ADE (1.14 eV). Isomer

1B has C2v symmetry with the O atom of the water molecule

connected to the Na atom. It is less stable than isomer 1A by

only 0.13 eV. However, its VDE is much different from the

experimental value. Isomer 1C is higher than isomer 1A by

0.29 eV, it also has C2v symmetry but with opposite orienta-

tion of water molecule compared to that in isomer 1B. The

calculated VDE and ADE of isomer 1C deviate from the

experimental values. That implies that isomer 1A is dominating

in the experiments.

The ground state geometry of neutral NaBO2(H2O)1 is

different from that of the anion. It has one of the water

O–H bonds approaching the Na–O bond of NaBO2. That

probably is because the positively charged Na attracts the O

atom of water while the negatively charged O attracts the H

atom of water. The Na–O–B angle is bent as a consequence of

the interaction between the Na–O and O–H bonds.

4.3 NaBO2
�(H2O)2 and NaBO2(H2O)2

The first three isomers of NaBO2
�(H2O)2 (2A, 2B, and 2C) are

nearly degenerate in energy. Isomer 2A is formed by addition

of two water molecules to the terminal oxygen of NaBO2
�.

Both water molecules form hydrogen bonds with the terminal

oxygen. The calculated VDE and ADE of isomer 2A are 1.24

and 1.22 eV, respectively, in agreement with the experiment

values (1.38 and 1.26 eV). Isomer 2B has the two water

molecules bridging the Na atom and the terminal O atom of

NaBO2. It can be considered as a ring formed by OBO, Na,

and two H2O. The Na–O–B angle is bent, and the Na–O bond

of NaBO2
� increases from 2.13 Å to 2.22 Å. The calculated

VDE and ADE of isomer 2B are different from the binding

energy of the major peak observed in the photoelectron

spectrum of NaBO2
�(H2O)2 (Fig. 2). Isomer 2C has the two

H2O molecules attaching to the waist of NaBO2 with the O

atom of water interacting with Na and the H atom of water

interacting with OQBQO�. The Na–(OBO) distance

increases significantly to 3.80 Å due to the introducing of

two water molecules between Na and the OBO unit. Isomer

Fig. 3 Optimized geometries of the typical low-lying isomers of NaBO2
�(H2O)n (n = 0–4).D
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2D is less stable than isomer 2A by 0.21 eV. In isomer 2D, the

water molecules interact with NaBO2 from the Na atom side,

thus, do not have much effect on the Na–(OBO) distance.

Isomer 2E is less stable than isomer 2A by 0.22 eV. It has both

water molecules interacting with the Na atom and the terminal

O atom of NaBO2. The VDEs of isomer 2C and 2E are

calculated to be 0.87 and 0.38 eV, respectively, much lower

than the experimental value. The calculated VDE of isomer

2D (1.04 eV) is close to the experimental VDE, however, its

ADE is much different. Based on the above analysis, we

suggest that the major peak in the experimental photoelectron

spectrum of NaBO2
�(H2O)2 (Fig. 2) is contributed by isomer

2A. In the experimental spectrum of NaBO2
�(H2O)2, there are

some weak signals barely above the baseline in the range of

0.7–1.2 eV, implying that very small amounts of isomers 2B,

2C and 2D probably exist in the experiments.

The most stable structure of NaBO2(H2O)2 neutral (2A
0) is

similar to that of isomer 2B. In isomer 2A0, the Na–O bond of

NaBO2 increases from 2.01 Å to 2.13 Å upon interacting with

the water molecules. Isomer 2B0 is similar to isomer 2E of the

anion with both water molecules interacting with the Na atom

and the terminal O atom of NaBO2. The structure of isomer

2C0 is similar to isomer 2C, being slightly bent in NaBO2. It is

less stable than isomer 2A0 by 0.13 eV. Since the effect of the

water molecule on the Na–O bond is stronger in 2C0, its

Na–(OBO) distance is longer than that of 2A0 by 0.1 Å. The

energy of isomer 2D0 is 0.76 eV higher than that of isomers

2A0, indicating that attaching of the water molecule to the

oxygen end of NaBO2 is not favored in the neutral cluster.

4.4 NaBO2
�(H2O)3 and NaBO2(H2O)3

The first four isomers of NaBO2
�(H2O)3 (3A, 3B, 3C, and 3D)

are nearly degenerate in energy. 3A is derived from isomer 2B

by attaching the third H2O to the Na–O bond of NaBO2.

Isomer 3B has three water molecules sitting between the Na

atom and the tilting OBO unit. The first two water molecules

form hydrogen bonds with one end of the OBO unit while the

third water molecule forms a hydrogen bond with the other

end of the OBO unit. The O atoms of the three water

molecules all interact with the Na atom. The Na–(OBO)

distance in isomer 3B increases to 3.56 Å due to the strong

interaction between the water molecules and Na–O bond of

NaBO2. Isomer 3C has three water molecules all located near

the oxygen end of NaBO2 with the first two H2O molecules

forming hydrogen bonds with the terminal O atom of NaBO2

and the third H2O bridging the first two H2O molecules. The

Na–(OBO) distance in isomer 3C is only slightly lengthened

compared to that in bare NaBO2
�. Isomer 3D can be con-

sidered as having evolved from isomer 2C of NaBO2
�(H2O)2

by addition of the third H2O to the Na atom. Consequently,

the Na atom is surrounded by the three water molecules. The

Fig. 4 Optimized geometries of the typical low-lying isomers of

NaBO2(H2O)n (n = 0–4) neutral clusters.

Table 2 Relative energies of the low energy isomers of
NaBO2

�(H2O)n (n = 0–4) as well as the comparison of their theore-
tical VDEs and ADEs to the experimental measurements. The isomers
labeled in bold are the most probable isomers in the experiment

Isomer DEa (eV) State Sym.

ADE (eV) VDE (eV)

Theo. Exp. Theo. Exp.

NaBO2
�

0A 0.00 CNv
2S 0.98 0.95 1.00 1.00

0B 3.96 CNv
2S 6.71 6.79

0C 4.01 CNv
2S 6.63 6.65

NaBO2
�(H2O) 1A 0.00 Cs

2A0 1.10 1.14 1.16 1.23
1B 0.13 C2v

2A1 0.85 0.90
1C 0.29 C2v

2A1 0.49 1.39
NaBO2

�(H2O)2 2A 0.00 C1
2A 1.22 1.26 1.24 1.38

2B 0.02 C1
2A 0.43 0.51

2C 0.06 C2
2A 0.52 0.87

2D 0.21 C1
2A 0.37 1.04

2E 0.22 C1
2A 0.27 0.38

NaBO2
�(H2O)3 3A 0.00 C1

2A 0.22 0.36
3B 0.00 C1

2A 0.20 0.34
3C 0.03 C1

2A 1.47 1.66 1.63 1.72
3D 0.04 C2

2A 0.18 0.59 0.82 0.71
3E 0.11 C1

2A 0.11 1.18
NaBO2

�(H2O)4 4A 0.00 C1
2A 0.35 0.43 0.49 0.65

4B 0.05 C1
2A 0.16 0.29

4C 0.15 C2v
2A1 1.42 1.56 1.49 1.76

4D 0.17 C1
2A 0.18 1.19

4E 0.17 C2
2A 0.31 0.99

a The single-point energies of NaBO2
�(H2O)n (n = 0–3) were

calculated using the CCSD method and aug-cc-pvtz basis set. The

single-point energies of NaBO2
�(H2O)4 were calculated using CCSD

method and aug-cc-pvdz basis set. All energies were corrected by the

zero-point vibrational energies.
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Na–(OBO) distance increases to 3.70 Å compared with the

distance of 2.13 Å in bare NaBO2
�. Isomer 3E is less stable

than isomer 3A by 0.11 eV. It can be considered as having

derived from isomer 2D of NaBO2
�(H2O)2 by adding a water

molecule to the oxygen end of NaBO2. The calculated VDEs

for the isomers from 3A to 3E are 0.36, 0.34, 1.63, 0.82 and

1.18 eV respectively. The VDE of isomer 3D is in agreement

with the VDE of the low EBE peak in the spectrum of

NaBO2
�(H2O)3 (Fig. 2), and that of isomer 3C (1.63 eV) in

agreement with the VDE of the high EBE peak (1.72 eV) in the

spectrum. Thus, isomer 3D can be associated to the low EBE

feature of NaBO2
�(H2O)3 observed in our experiments, while

isomer 3C can be associated to the high EBE peak in the

experiments. As can be seen from Fig. 2, there are also some

signals between the two major peaks. That probably is due to

the small amount of isomer 3E in the experiments.

For neutral NaBO2(H2O)3, the first two isomers (3A0 and

3B0) are nearly degenerate in energy. Isomer 3A0 is similar to

isomer 3B, in which the Na+/OBO� ion pair is separated by

the three H2O molecules. The Na–(OBO) distance in isomer 3A0

is about 2.81 Å, longer than the length of 2.01 Å in bare NaBO2.

The structure of isomer 3B0 is obtained by attaching a H2O

molecule to the Na–O side of the ring of isomer 2A0. Isomer 3C0

is less stable than the lowest isomer (3A0) by 0.85 eV. It has all

three water molecules located near the Na end of NaBO2. Isomer

3D0 has all three water molecules located at the O end of NaBO2.

It is less stable than isomer 3A0 by 1.30 eV. That indicates that

attaching of water molecules to the oxygen end of NaBO2 is not

favored in NaBO2(H2O)3 either, in agreement with the case of

neutral NaBO2(H2O)2.

4.5 NaBO2
�
(H2O)4 and NaBO2(H2O)4

Similar to the NaBO2
�(H2O)3 cluster, there are several iso-

mers of NaBO2
�(H2O)4 coexisting in the experiments. Isomers

4A and 4B are nearly degenerate in energy. In isomer 4A, the

Na atom is surrounded by four water molecules. Three of the

water molecules sit between the Na and OBO unit. The OBO

unit tilts due to the interaction with three water molecules.

Isomer 4B is evolved from isomer 3A by attaching the second

H2O to the Na–O side. The Na–(OBO) distances in isomers 4A

and 4B are both larger than that in bare NaBO2
�. The

theoretical VDEs of isomers 4A and 4B are 0.49 and 0.29 eV

respectively. The VDE of isomer 4A is consistent with the

broad low EBE feature labeled with X0) (Fig. 2). Isomer 4C

has all four water molecules at the terminal O atom side. The

calculated VDE (1.49 eV) of isomer 4C is in reasonable

agreement with the VDE of the high EBE peak (labeled with X)

in the photoelectron spectrum of NaBO2
�(H2O)4 (Fig. 2).

Here, the calculated VDE of isomer 4C is even lower than that

of isomer 3C, probably due to the difference of basis sets used

for calculation. Isomers 4D and 4E are degenerate in energy

and higher than isomer 4A by 0.17 eV respectively. Isomer 4D

has two water molecules at the Na side and the other two

molecules at the terminal O side of NaBO2. The calculated

VDE of isomer 4D is 1.19 eV, lower than the VDE of the high

EBE peak by 0.57 eV. Isomer 4E is derived from isomer 3D by

adding the fourth H2O to the Na atom. The Na–(OBO)

distance in isomer 4E is about 3.71 Å. The theoretical VDE

of isomer 4E is calculated to be 0.99 eV, higher than the low

EBE feature in the spectrum. We suggest that isomer 4A might

be the major one that contributes to the low EBE feature in the

spectrum. The high EBE feature in the spectrum of

NaBO2
�(H2O)4 can be assigned to isomer 4C. In the spectrum

of NaBO2
�(H2O)4, some photoelectron signals can also be

observed between those two major peaks. That probably can

be attributed to the presence of a small amount of isomers 4D

and 4E as their VDEs fall into that region.

The low-lying isomers of neutral NaBO2(H2O)4 are also

close in energy. Isomers 4B0 and 4C0 are higher than isomer

4A0 by only 0.01 eV. Isomers 4A0 and 4B0 are evolved from

isomer 3B0. They are also similar to anionic isomer 4B. Both

isomers 4C0 and 4D0 can be considered as derived from isomer

3A0. Isomer 4E0 is in the same category of isomers 4A0 and 4B0

except its fourth water molecule binds to the terminal O atom

of NaBO2. In isomer 4F0, all the four H2O molecules interact

with the Na–O bond of NaBO2. We have also tried the

structure with all four H2O molecules located near the

terminal O atom of NaBO2 (Isomer 4G0) and found it is less

stable than the lowest structure by 1.35 eV.

Fig. 5 Simulated spectra of the typical low-lying isomers of

NaBO2
�(H2O)n (n = 0–4). The simulations indicate that the

NaBO2(H2O)n neutrals have larger HOMO–LUMO gaps.
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Fig. 5 shows that the simulated spectrum of isomer 3C

coordinates nicely to the 1.72 eV feature of NaBO2
�(H2O)3 in

the experiments, that of isomer 3D matches up the low EBE

feature of NaBO2
�(H2O)3. Similarly, the simulated spectrum

of isomer 4C is consistent with the 1.76 eV feature of

NaBO2
�(H2O)4, while that of isomer 4A is in agreement with

the low EBE feature of NaBO2
�(H2O)4.

Overall, we can divide the structures of NaBO2
�(H2O)n into

two types, Na–BO2
�(H2O)n and Na(H2O)n� � �BO2

�. The most

stable structures of NaBO2
�(H2O) and NaBO2

�(H2O)2 are the

Na–BO2
�(H2O)n type in which the water molecules prefer to

form hydrogen bonds with the terminal oxygen of NaBO2. For

NaBO2
�(H2O)3 and NaBO2

�(H2O)4, the Na–BO2
�(H2O)n

and Na(H2O)n� � �BO2
� types coexist because they are close

in energy. The lowest structures of NaBO2
�(H2O)3 and

NaBO2
�(H2O)4 are the Na(H2O)n� � �BO2

� type in which the

H2O molecules bond to the Na atom which is favorable. The

high EBE features in the photoelectron spectrum of

NaBO2
�(H2O)n (n= 1–4) are attributed to the Na–BO2

�(H2O)n
type of isomers, such as 1A, 2A, 3C, and 4C. In the

Na–BO2
�(H2O)n type of isomers, the water molecules interact

with the terminal oxygen of BO2
�. The Na–(OBO) bond is

only slightly affected by addition of water molecules. The

structure of NaBO2
� unit is almost unchanged. Thus, the

photoelectron spectral features of isomers 1A, 2A, 3C, and 4C

are similar to that of bare NaBO2
� except they shift toward

high EBEs due to the solvation effect of the water molecules.

That is quite similar to the solvation effect in some other

systems, such as X�(H2O)n (X= Cl, Br and I).49 The low EBE

features in the photoelectron spectrum of NaBO2
�(H2O)3 and

NaBO2
�(H2O)4 can be attributed to the Na(H2O)n� � �BO2

�

type of isomers where the water molecules interact strongly

with the Na atom and BO2
�, the Na–(OBO) bond is length-

ened significantly, and the structure of NaBO2
� is bent. For

the photodetachment of the Na(H2O)n� � �BO2
� type of

isomers, the local environment of the initial state is H2O

solvating the neutral Na atom while that of the final state is

water solvating the Na+ cation. The strong interaction

between H2O and Na+ cation stabilizes the final state (reduces

the energy of the final state), thus, the electron binding energy

of the Na(H2O)n� � �BO2
� type of isomers is even lower than

that of the bare NaBO2
�, giving rise to the X0 low binding

energy features for n = 3 and 4.

In neutral NaBO2(H2O)n , the water molecules prefer to

interact with the Na+ end (including the Na–O bond) rather

than the terminal oxygen of BO2
�. That probably is because

the Na is positively charged and the oxygen of water molecule

has lone pair electrons. Thus, the water molecules can stabilize

the clusters by sharing the lone pair electrons of its O atom

with the Na+ ion. In some cases, the H atoms of the water

molecules may interact with the O atom of BO2 unit near the

Na+ end. The structures, such as isomers 1C0, 2D0, 3D0 and

4G0, with all H2O near the terminal oxygen are relatively

unstable. That is consistent with what is found in the

NaCl(H2O)n systems where the Na+–(H2O) interaction is

stronger than the Cl�–(H2O) interaction.11 It is also worth

mentioning that, in the NaBO2
�(H2O)n cluster anions, the

interaction between the water molecules and sodium atom

becomes stronger when the cluster size increases. Thus, the

most stable structures of NaBO2
�(H2O)n anions become more

similar to those of their corresponding neutral clusters with

increasing number of water molecules.

5. Conclusions

We investigated NaBO2
�(H2O)n cluster anions with mass

spectrometry and photoelectron spectroscopy. The photo-

electron spectra of NaBO2
�(H2O)1 and NaBO2

�(H2O)2 are

similar to that of bare NaBO2
�, except that their VDEs shift

to higher electron binding energies. Starting from

NaBO2
�(H2O)3, a dramatic change in the photoelectron

spectra shows up. In the spectra of NaBO2
�(H2O)3 and

NaBO2
�(H2O)4, a low EBE feature shows up in addition

to the similar feature observed in the spectra of

NaBO2
�(H2O)0–2, indicating that the Na–BO2

�(H2O)n and

Na(H2O)n� � �BO2
� type structures coexist, the water molecules

start to separate Na and BO2
� to form SSIP type structures in

NaBO2
�(H2O)3 and NaBO2

�(H2O)4 clusters. The results of

theoretical calculations are in agreement with the experiments.

We also found that the most stable structures of

NaBO2
�(H2O)n anions are different from their corresponding

neutral structures at small cluster size, but become more

similar to the neutral structures as cluster size increases.
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