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Abstract
The microsolvation of LiBO, in water was investigated by conducting anion photoelectron
spectroscopy and ab initio studies on the LiBO,(H,0), (n = 0-5) clusters. By comparing
calculations with experiments, the structures of these clusters and their corresponding neutrals
were assigned, and their structural evolutions were revealed. During the anionic structural
evolution with n increasing to 5, hydroxyborate and metaborate channels were identified and
the metaborate channel is more favorable. For the hydroxyborate structures, the anionic
Li"-BO, ion pair reacts with water molecule to produce LiBO(OH), moiety and three water
molecules tend to dissolve this moiety. In the metaborate channel, two types of
solvent-separated ion pair (SSIP) geometries were determined as ring-type and linear-type.
The transition from contact ion pair (CIP) to ring-type of SSIP starts at n = 3, while that to
linear-type of SSIP occurs at n = 4. In neutral LiBO,(H,0), clusters, the first water prefers to
react with the Li'-BO,™ ion pair to generate LiBO(OH), moiety, analogous to the bulk crystal
phase of a-LiBO; with two O atoms substituted by two OH groups. The Li-O distance in
LiBO(OH), moiety increases with increasing number of water molecules and abruptly
elongates at n = 4. Our studies provide new insight on the initial dissolution of LiBO; salt in

water at molecular level and may be correlated to the bulk state.
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1. Introduction

Salts play important roles in the fields like electrochemistry,'™ atmospheric chemistry,*®
and biochemistry” 8 as well as in our daily life. Gas phase hydrated salt clusters offer a useful
model for investigating the microsolvation of salts which could provide molecular level
information to understand the initial process of salt dissolution. Two kinds of structural
configurations named contact ion pair (CIP) and solvent-separated ion pair (SSIP) are
suggested to be the key species that dominate the initial steps of microsolvation.’
Experimental'®"!” and theoretical'*** investigations have been conducted to reveal the initial
process of salt dissolution, especially interesting is how many water molecules are needed to
separate a specific salt CIP into SSIP. Since the solvent molecules can significantly affect the
electronic states of salt ion pair, the evolution of salt electronic states with increasing number
of water molecules can be probed by using anion photoelectron spectroscopy (PES).
Interesting results have been obtained for several salts by anion PES combined with
theoretical calculations. For example, the dissolution of NaSO4 by water was studied by
Wang et al? Recently, our group investigated the microscopic solvation of NaBO,,”* MI M

= Li, Cs)*” and NaCl trimer in water.”®

Metaborate (BO,) is a popular and important boron oxide anion and has been
extensively studied both experimentally and theoretically.®>* BO, acts as a superhalogen®
and its corresponding metaborate complexes such as Auy(BO5),” Cuy(BO,)m,> Fe,BO, > *
Mn(BOz)n,39 Al(BOz)n,40 and Agn(BOZ)m“’ 42 have been investigated by experiments and
theoretical calculations. Alkali metaborate can be considered as superhalogen salt analogous
to alkali halides. So far, very little is known on the dissolution process of metaborate salt
except for the NaBOz.26 Lithium metaborate is an important alkali metaborate. LiBO, melt is
widely used as flux or chemical modifier”™*® due to its low melting point, favorable
dissolvability, high SHG coefficient,” high hardness and preventing from transition-metal

contamination.’® Aside from LiBO, melt, nanostructurisation of LiBO, can be utilized in ion

conductors, battery systems, fuel cells or sensors®" > because of the Li ion conductivity.

Lithium metaborate solid has different types of phases, mainly existing as a-LiBO,,
y-LiBO, and amorphous LiBO,, which changes along with environment variation.”>°
Different increased temperature and dehydration rate allowed emergence of diverse phases of

LiBO,. LiBO;,'2(H,0) can arise from the baking of LiBO, 8(H,0) below 140 °C and be
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dehydrated to amorphous intermediate phase above 140 °C. The amorphous phase is formed
at about 190 °C. However, the previous studies on the thermal dehydration products of
LiBO,-8(H,0) crystal remain controversy,” * especially regarding the water content of the

amorphous phase after heating at 190 °C.

We here investigated LiBO,(H,0), by conducting anion photoelectron spectroscopy and
theoretical calculations, which may provide information for understanding the microsolvation
process of LiBO, and the dehydration properties in hydrated condensed phase. By comparison
with the hydrated NaBO,",*® apart from the evolution of ion pair from CIP to SSIP type of

structure, the intracluster reaction will also be explored during the hydration of LiBO;".

2. Experimental and computational methods

2.1 Experimental methods

The experiments were conducted on a home-built apparatus consisting of a time-of-flight
mass spectrometer and a magnetic-bottle photoelectron spectrometer which has been
described previously.®' Briefly, the LiBOy(H,0O), clusters were produced in a laser
vaporization source by ablating a rotating and translating LiBO, disc target with the second
harmonic (532 nm) light pulses of an 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 LiBO; cluster anions and for cooling the formed clusters. The cluster
anions were mass-analyzed by the time-of-flight mass spectrometer. The LiBO,(H,0), (n =
1-5) anions were each mass-selected and decelerated before being photodetached by 1064 nm
(1.165 eV) and 532 nm (2.331 eV) photons from another Nd: YAG laser. The photodetached
electrons were collected and energy-analyzed by the magnetic-bottle photoelectron
spectrometer. The photoelectron spectra were calibrated using the spectra of Cs™ and Bi™ taken
at similar conditions. The instrumental resolution was ~40 meV for electrons with 1 eV

kinetic energy.

2.2 Computational methods

The Gaussian09%® program package was used for all the calculations. The structures of
LiBO,(H,0),” (n = 0-5) clusters and their neutrals were optimized using density functional

theory method at B3LYP®" ® functional and 6-311++G(d,p) basis set level. No symmetry
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constraint was employed during the optimization. Natural bond orbital (NBO) analysis was
performed based on the same functional and basis set. Harmonic vibrational frequencies were
calculated to make sure that the obtained structures are the real local minima. The vibrational
frequencies reported in the text were scaled by a factor of 0.9688 which is recommended for
use with B3LYP/6-311++G(d,p) computations.” In order to obtain more accurate energies of
LiBOz(HzO)n'/O (n = 0-5), single-point energy calculations were conducted using CCSD(T)
method® with the same basis set. All the calculated energies except the vertical detachment
energies (VDEs) have been corrected by the zero-point vibrational energies. For further
examination of the above results, the structures of LiBO,(H0), (n = 1-5) clusters and the
corresponding neutrals were also optimized employing ®B97XD® functional and
6-31++G(d,p) basis set, which gave consistent results as B3LYP and are provided in the

Supporting Information.

3. Experimental results

3.1 Mass spectra

The typical mass spectrum of the cluster anions is displayed in Figure 1. We could
produce LiBO»(H;O), cluster anions with up to 5 water molecules. The mass peak
assignments were confirmed by analysis of the isotope abundance of B (19.9 % for B,
80.1 % for ''B). LiBOy(OH)(H,0),.;” anions (one mass unit less than the corresponding
LiBO,(H,0), clusters) may present in the experiments and perturb the isotope abundances of
LiBO,(H,0),” (n = 1-5). However, we were able to clearly mass-select the LiBO,(H,0),
anions and recorded their photoelectron spectra without the contamination from
LiBO,(OH)(H20),.1". Besides, the VDEs of LiBO,(OH)(H,0),.;” anions are higher than the

photon energies used in our experiments.

3.2 Photoelectron spectra

The photoelectron spectra of LiBO,(H,0), (n = 0-5) recorded with 1064 and 532 nm
photons are presented in Figure 2. The VDEs and the adiabatic detachment energies (ADEs)
of LiBO,(H;0), (n = 0-5) clusters were summarized in Table 1. Considering the broadening
of the photoelectron spectra due to the instrumental resolution, the ADEs were estimated by
adding the value of the instrumental resolution to the electron binding energies (EBEs) at the

crossing points between the baseline and the leading edge of the first peaks. The VDEs were
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measured from the maxima of the corresponding peaks.

In Figure 2, the 1064 nm spectrum of LiBO,™ displays two sharp peaks centered at 0.83
and 0.93 eV, respectively. These peaks are spaced by 810 + 80 cm™ which can be assigned to
the Li-O stretching of neutral LiBO; by referring to the experimental frequency of LiO radical
in the 720 to 850 cm™ range.68 The ADE and VDE of LiBO,™ are both estimated to be 0.83 eV
based on the first peak (X) in the 1064 nm spectrum. In addition, the ADE of LiBO;
corresponds to the electron affinity (EA) of neutral LiBO,.

The resolved main feature (X) of LiBO»(H,O) centered at 0.74 and 0.83 eV can be
ascribed to the vibrational progression of neutral LiBO,(H,O) with a frequency of 730 + 80
cm™. Another feature at around 1.17 eV shows up in the 532 nm spectrum, higher than the

feature X by ~0.41 eV (3310 cm™), close to the O-H stretch frequency of water molecule.

The main feature (X) of LiBO,(H,0), centered at 0.86 and 0.97 eV and a broad shoulder
(X") centered at 0.54 eV appears. The feature at 1.29 eV is higher than the peak X by ~0.43 eV
(3470 cm™) and can also be assigned to the O-H stretching of water molecule, similar to the

case of LiBO,(H,0)".

The spectra of LiBO,(H,0);™ are distinct from those of LiBO,(H,0)¢.,. They show a
broad major feature (X') centered at 0.50 eV. The spectrum recorded with 532 nm photons
exhibits one weak feature (X) at 0.92 eV. For LiBO,(H;0)4, the 1064 nm spectrum also
reveals a 0.57 eV broad feature (X') and a small tail between 0.75 and 0.90 eV. The spectra of
LiBO,(H,O)s" only show a broad feature (X') centered at 0.56 eV. In the spectra of
LiBO,(H»0);.5, we observe the lower EBE peaks X' as the dominant ones, distinct from the
higher EBE peaks X in those of LiBO,(H,0)o.,", indicating significant structural change may
start at n = 3.

Interestingly, we found that some spectra are experimental conditions dependent. They
behave differently when the water vapor content is enhanced in the carrier gas. We have taken
the spectra at the experimental condition with more water vapor in the gas line. These spectra
are shown in Figure 3. It can be seen that the spectra of LiBO,, LiBO,(H,0)," and
LiBO,(H,0O)s in Figure 3 are similar to those in Figure 2, however, the spectra of

LiBO,(H,0)’, LiBO,(H,0);" and LiBO,(H,0)4 present variations due to the increase of water
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vapor in the carrier gas. Specifically, for LiBO,(H,0)", two new small peaks centered at 0.53
and 0.64 eV appear. The space between these two small peaks is 890 + 80 cm™, which can be
tentatively attributed to the vibrational progression of a low-lying isomer. For LiBO,(H,0)j3,
the intensity of feature X increases due to the increasing of water vapor pressure at this
experimental condition. For LiBO,(H,0)4, in addition to the peak X', the spectrum recorded
with 1064 nm photons shows some peaks similar to the peaks X in those of LiBO,(H,0)o,"
with worse vibrational resolution, centered at 0.79 and 0.89 eV respectively. The 532 nm
spectra of LiBO,(H,0)4™ at two experimental conditions are rather similar probably due to the

broadening of the peaks and the low cross-section of the second and third peaks at 532 nm.

4. Theoretical results

The typical low-lying isomers of LiBO,(H,0), (n = 0-5) clusters and their neutrals are
summarized in Figures 4 and 5, respectively. More isomers were provided in the Supporting
Information. The relative energies, ADEs and VDEs of these low-lying isomers are

summarized and compared with the experimental values in Table 2.

4.1 LiBO; and LiBO,

As shown in Figure 4, the most stable structure of LiBO,™ (0A) is linear with the Li atom
binding to the BO, moiety through Li-O bond (1.73 A). The calculated VDE (0.86 eV) of

isomer 0A is in good accordance with the experimental value (0.83 eV).

The neutral LiBO; (0a) shown in Figure 5 is also linear but with shorter Li-O distance
compared to that of the anion. The calculated Li-O stretching frequency is about 693 cm™
after scaling, which is in reasonable agreement with our experimental value of 810 + 80 cm’

and other experimental observation in the region of 720 to 850 cm™.®

4.2 LiBO,(H,0) and LiBO,(H,0)

In the lowest energy isomer of LiBO,(H,O)™ (1A), the water molecule is connected to the
Li atom via its O atom. The arrangement of O-Li-O is linear and the structure of BO, moiety

is similar to that of LiBO,". Compared to bare LiBO;’, the Li-O distance between the Li atom
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and the O atom of the BO, moiety is unchanged (1.73 A). The theoretical VDE of isomer 1A
is 0.69 eV, in good agreement with the experimental VDE (0.74 eV) of peak X. The geometry
of isomer 1B is a hydroxyborate type of structure, in which the O atom of water molecule is
bound to the B atom with one H atom transferring to the oxygen atom of the BO, moiety. That
means the B atom attaches to two OH groups and one O atom, with the O atom bonding to the
Li atom. Isomer 1B can be recognized as LIBO(OH),’, in which the metaborate Li*-BO, ion
pair structure disappears and the B atom is tri-coordinated, resembling that in the bulk crystal
phase of a-LiB02.53’ 36 (a-LiBO; contains endless chains of BO; triangles bonded by Li-O
bonds). The relative energy of isomer 1B is 0.13 eV and its VDE (0.43 eV) is close to that of
the lower EBE peak X' (0.53 e¢V) in Figure 3. Isomers 1C and 1D can be ruled out as their
energies are much higher than that of 1A. Thus, isomer 1A is the dominating structure
observed in the experiments and isomer 1B may be weakly populated and contributes to the

band X'.

The most stable isomer of neutral LiBO,(H,O) (1a) is similar to anionic 1B and can stand
for the constituting motif of bulk crystal phase of a-LiBO,”® with two O atoms being
substituted by two OH groups. The rocking vibrational frequency of the OH groups is
calculated to be 913 cm™ after scaling, consistent with the experimental observation of 890 +
80 cm™ related to peak X' in Figure 3. The second stable neutral (1b) is metaborate with
circular ion pair structure, analogous to anionic 1C. The third sable neutral (1c) is similar to
1A with slight change of Li-O distance of Li’-BO," ion pair. The minor difference between the
equilibrium geometries of the neutral and anionic states is consistent with the sharp and short
vibrational progression of feature X in the 1064 nm spectrum. The calculated O-Li-O
anti-symmetric stretching frequency of neutral lc is 738 cm™ after scaling, in good agreement
with the experimental value of 730 + 80 cm™ related to peak X. In addition, the symmetric
stretching and anti-symmetric stretching of H>O in 1c are calculated and scaled to be 3699

and 3782 cm™' respectively, accordant with the observation of 1.17 eV peak.

4.3 LlBOz(HzO)z- and LlBOz(HzO)z

For LiBO,(H,0),, the most stable isomer (2A) is evolved from the hydroxyborate
isomer 1B with the second water molecule interacting with the Li atom, in the form of
LiBO(OH),(H,0)". The calculated VDE of isomer 2A is 0.40 eV, close to the experimental
value of feature X' (0.55 eV). Degenerate in energy with 2A, isomer 2B also exhibits
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tri-coordinated B atom and transferred H atoms, in the form of Li(OH)B(OH);". There is one
OH group bridging between Li and B(OH);. The theoretical VDE (0.83 eV) of isomer 2B
agrees well with that of peak X (0.86 eV). Derived from isomer 1C, isomer 2C has a
metaborate structure with a 6-member ring consisting of the entire BO, moiety, Li atom and
an OH group of one water molecule. The O-Li-O arrangement is non-linear (ZOLiO = 103°)
and the Li-O bond of Li"-BO,  ion pair is elongated by 0.13 A, comparing to that of 1A. Its
theoretical VDE of 0.42 eV reasonably agrees with the experimental result of peak X' (0.55
eV). Isomer 2D has both two water molecules binding to the Li atom and its calculated VDE
is 0.67 eV, close to the experimental result. [somer 2E is less stable than 2C by 0.11 eV. It is
derived from 1A with the second water molecule forming hydrogen bond (H-bond) with the
terminal O atom of the BO, moiety. The linear Li'-BO,™ ion pair distance hardly changes
comparing to that of 1A. Its theoretical VDE (0.81 eV) is in good accordance with the
experimental VDE (0.86 ¢V) estimated from peak X. The calculated VDE of isomer 2F
disagrees with the experimental one. Isomer 2G has much higher relative energy than that of
metaborate isomer 2C and therefore cannot be populated in our experiments. Thus, isomers
2B and 2E are the most probable ones contributing to the higher EBE peak X, whereas 2A and
2C most likely dedicate to the lower EBE peak X'. Isomer 2D may contribute to the
overlapped feature of X and X'. The experimental spectrum of LiBO,(H,0);" did not change
significantly with the increase of water vapor pressure probably because the spectral features

of the hydroxyborate and metaborate types of structures overlap with each other.

The lowest lying neutral isomer (2a) is similar to anionic 2A in the form of
LiBO(OH)>(H0). Its Li-O bond length in the LiBO(OH), moiety changes slightly by
comparing to that of neutral la. The geometry of neutral 2b is metaborate and circular,
analogous to that of 1b by interacting with the second water molecule through Li-O bond. Its
Li-O distance of Li"-BO," ion pair is elongated by 0.21 A compared to that of 1b. Isomer 2c is
analogous to anionic 2B with LiOH residing at different position. Isomer 2d is an 8-member
ring constituted by the Li atom, BO, moiety and two OH groups of two water molecules. The
relative energy of isomer 2e is significantly higher than that of isomer 2b, indicating that the
ring-type geometry is energetically more favorable than the linear-type one for the metaborate
neutrals. The symmetric stretching and anti-symmetric stretching of two waters in neutral
isomer are calculated to confirm the observation of 1.29 eV feature in the spectrum recorded

with 532 nm photons.
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4.4 LiBO,(H,0);" and LiBO,(H,0);

The most stable isomer of LiBO,(H,O);™ (3A) also a hydroxyborate type of structure
which can be developed from isomer 2B with the third water molecule interacting with the Li
atom in the form of Li(OH)B(OH);(H,O)". The calculated VDE of isomer 3A is 0.65 eV, in
reasonable agreement with the experimental value of peak X' (0.50 eV). The relative energy
of isomer 3B is 0.21 eV and its geometry is metaborate and circular, evolved from isomer 2C
by binding the third water molecule to the BO, moiety and forming H-bond to the adjacent
water molecule. Its Li-O bond length of Li’-BO, ion pair is comparable to that of isomer 2C.
The calculated VDE (0.40 eV) of isomer 3B reasonably fits the experimental measurement of
peak X'. Another hydroxyborate isomer 3C is formed by attaching the third water molecule to
the Li atom based on 2A, in the form of LiBO(OH),(H,0),". The theoretical VDE (0.39) of
isomer 3C is close to that of peak X', however, it is less stable than the most stable
hydroxyborate isomer 3A by 0.24 eV. Metaborate isomer 3D shows circular geometry while
the contact between the Li atom and the BO; moiety is broken to present SSIP with two water
molecules bridging the Li atom and two O atoms of the BO, moiety. The distance between the
Li atom and the nearest O atom of the BO, moiety is abruptly lengthened to 3.82 A,
significantly longer than those in the metaborate LiBO,(H,0)y.,™ clusters. It should be noticed
that the ring-type of SSIP structure contains the entire BO, moiety for ring-member and its
Li"-BO; ion pair exhibits no direct interaction. The calculated VDE of isomer 3D is 0.53 eV,
in excellent agreement with that of peak X'. Linear isomer 3E is derived from isomer 2D with
the third water molecule forming H-bonds with the other two water molecules. Its Li™-BOy”
ion pair distance hardly changes compared to those of isomers 2D and 2E. The theoretical
VDE (0.72 eV) of isomer 3E is in reasonable agreement with that of the higher EBE peak X
(0.92 eV). Isomer 3F has a linear-type of SSIP geometry and its calculated VDE (0.61 eV) is
far from the experimental VDE of feature X. Isomer 3G is scarcely populated in our
experiments due to its higher relative energy in comparison with that of isomer 3B. Based on
the above analysis, isomers 3A, 3B and 3D are suggested to be the lower EBE feature X'
carriers, while isomer 3E is the most probable structure detected in our experiments for the

higher EBE feature X.

For LiBO,(H,O); neutral, the first two isomers (3a and 3b) show hydroxyborate
structures in the forms of LiBO(OH),(H,0), and Li(OH)B(OH);(H,0) resembling anionic

isomers 3C and 3A, respectively, with some structural deformations. For isomer 3a, the Li-O
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bond length in the LiBO(OH), moiety is increased by 0.15 A compared to that of neutral 2a.
Isomer 3c is a ring-type metaborate structure similar to 3B and can be derived from neutral 2b

or 2d.

4.5 LlBOz(H20)4- and LlBOz(H20)4

The lowest-lying isomer of LiBO,(H,O)s (4A) is a hydroxyborate type of structure and
can be viewed as developed from isomer 3A in which the Li atom is surrounded by three
water molecules in the form of Li(H,0);BO(OH),". Two water molecules separate the Li atom
and BO(OH), group. Its theoretical VDE (0.50 ¢V) agrees well with that of the lower EBE
feature X' (0.57 eV). Isomer 4B is metaborate, circular and less stable than 4A by 0.42 eV.
The Li*-BO,  ion pair is separated by 3.38 A and bridged by three water molecules. It belongs
to ring-type of SSIP structure and its calculated VDE (0.38 eV) reasonably agrees with the
experimental VDE (0.57 eV) of peak X'. Isomer 4C has a larger circular geometry based on
3B, in which the Li-O bond length of Li'-BO," ion pair changes slightly. The calculated VDE
of isomer 4C is 0.40 eV, in reasonable accordance with the experimental measurement of peak
X'. Isomer 4D is also circular and evolved from 3B with the fourth water molecule bonding to
the titling O atom of the BO, moiety and the adjacent water molecule. The corresponding
theoretical VDE is considerably low, which implies that it is difficult to generate anionic
isomer 4D in our experiments. For isomer 4E, four water molecules surround the Li atom and
two of them form H-bonds with the two oxygen atoms of the BO, moiety. It is a ring-type of
SSIP structure and the distance between Li” and BO,™ is 3.88 A. The calculated VDE (0.64 ¢V)
is in good agreement with the experimental VDE (0.57 eV) of feature X'. [somer 4F is derived
from hydroxyborate isomer 3C, in which the fourth water molecule forms one H-bond with
one water molecule. It can be recognized as LiBO(OH),(H,0);". The theoretical VDE (0.54
eV) of isomer 4F is close to that of peak X'. Isomer 4G is linear with four-coordinated Li atom
separated from the BO, moiety by 3.43 A. The theoretical VDE of isomer 4G is 0.76 eV, in
excellent agreement with the experimental VDE (0.79 eV) of the higher EBE feature X.
Interestingly, this is the first arising of linear-type of SSIP structure compared to the circular
one. A larger ring-type of SSIP structure compared to 3D is formed for isomer 4H with large
distance (3.58 A) between salt ion pair. Isomers 4H and 4l are poorly populated in our
experiments owing to their higher relative energies than that of 4B. Thus, the lower EBE
feature X' can be mainly attributed to the isomers 4A, 4B, 4C and 4E, whereas the higher EBE
peak X is most likely dedicated by the linear-type of SSIP 4G.

10
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Two low-lying neutrals 4a and 4b have hydroxyborate configurations, similar to anionic
4A and 4D, respectively. For neutral 4a, the Li atom and BO(OH); are separated by two water
molecules with a distance of 3.02 A. Metaborate neutral 4c is identical to 4D and its salt ion

pair distance scarcely varies in comparison with that of neutral 3c.

4.6 LiBO,(H,0)s and LiBO,(H,0)s

There are a large number of isomers and some of them coexist in our experiments for
LiBO,(H,0)s". Isomer 5A is a hydroxyborate type of structure and is derived from isomer 4A
by inserting the fifth water molecule between the O atom and one water molecule in the form
of Li(H,0);BO(OH)»(H,0O)". The Li atom is further separated from the BO(OH), moiety by
comparing with that of isomer 4A. The calculated VDE of isomer 5A (0.58 eV) is consistent
with the experimental result (0.56 eV). Isomer 5B is metaborate and evolved from 4B with
the fifth water molecule inserting between the O atom of the BO, moiety and the adjacent
water molecule. Its calculated VDE (0.29 eV) is distinct from the experimental value. Isomer
5C is developed from isomer 4C with the fifth water molecule binding to both the dangling
water and another in-ring water through two water-water H-bonds. The Li-O bond length of
Li"-BO, ion pair is nearly unchanged in comparison with that of 4C. Its theoretical VDE of
0.50 eV is in good agreement with the experimental value. Isomer 5D can be seen as evolved
from 4E by attaching the fifth water molecule only to the O atom of the BO, moiety. The
calculated VDE (0.78 eV) is higher than the experimental value. Ring-type of SSIP structure
5E is also derived from 4E with a distance of 3.97 A between Li'-BO,  ion pair. Its calculated
VDE (0.69 eV) is in reasonable accordance with the experimental VDE. Isomer 5F is a
linear-type of SSIP developed from 4G with three water molecules separating the ion pair.
The theoretical VDE of 0.81 eV is larger than the experimental one by 0.25 eV. Another
linear-type of SSIP isomer 5G is also evolved from isomer 4G by binding the fifth water
molecule to the terminal O atom of the BO, moiety via H-bond. Its calculated VDE (0.88 eV)
is also far from the experimental value. Consequently, the broad feature in the spectrum of
LiBO,(H,0)s is mainly contributed by isomers 5A, 5C and 5E, including hydroxyborate
isomer and ring-type of SSIP structure. Isomers 5D, 5F and 5G may present to contribute to
the tail of band. The experimental spectra of LiBO,(H,0)s did not change significantly with
the increase of water vapor pressure probably because its spectral features are very broad and

the spectral features of the hydroxyborate and metaborate types of structures overlap with
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each other.

In the most stable isomer of neutral LiBO,(H,0)s (5a), the Li atom and B(OH); group
are separated by 3.25 A via an OH group and three water molecules, larger than that in 4a by
0.23 A. The energy gap of 0.39 eV between metaborate isomer 5c¢ and hydroxyborate isomer

Sa is greater than the corresponding tri-hydrate and tetra-hydrate neutrals.

5. Discussion

Overall, except for LiBO, and LiBO,(H,0), the LiBO»(H>0), (n = 2-5) cluster anions
have the hydroxyborate isomers as the most stable geometries, indicating that the interaction
of water with the Li atom and BO(OH), can stabilize the hydroxyborate isomers. Two
routines characterize the LiBO,(H,O), anions structural evolution, identified as
hydroxyborate and metaborate channels, as shown in Figure 6. In the hydroxyborate routine,
the structure is evolved from LiBO, to LiBO(OH),(H,O) (n = 0-1) and from
Li(OH)B(OH)3(H,0) to Li(H,0);BO(OH),(H,0), (n = 0-1). That means the Li’-BO, ion
pair reacts with the first water molecule to generate the LIBO(OH),” moiety similar to that in
the bulk crystal phase of a-LiBO,. It is gradually dissolved with increased distance between
Li and BO(OH), as increasing number of water molecules. In the metaborate routine, the
linear-type and ring-type geometries are identified. The geometric difference between them
depends on whether the entire BO, moiety constituting into ring or not. Thus, the
corresponding CIP and SSIP configurations can also be classified into two forms according to
the linear and ring types of structures, respectively. During the metaborate geometric
evolution process, the Li-O distance between the Li atom and the BO, moiety changes versus
the number of water molecules, as plotted in Figure 7. It shows that the Li-O distance in the
ring-type isomers increases abruptly when the LiBO;" is hydrated by three water molecules.
However, for the linear-type isomers, such dramatic elongation occurs with four water
molecules. We notice that the elongation of Li-O distance from CIP to SSIP configuration in
the ring-type structure is larger than that in the linear-type one. The hydroxyborate structures
such as 2A, 3A, 4A and 5A are derived from isomer 1B. Isomer 1B has to be formed before
isomers 2A-5A can be formed. Because the LiBO(OH), moiety (1B) is higher in energy than
the metaborate structure 1A of LiBO,(H,O) by 0.13 eV, the hydroxyborate channel with
increasing number of water molecules will be unfavorable, comparing to the metaborate

channel. That is why the metaborate isomers could be significantly populated in our

12

Page 12 of 29



Page 13 of 29

Physical Chemistry Chemical Physics

experiments although they are higher in energy than the hydroxyborate type of structures. The
higher EBE features (X) in the photoelectron spectra of LiBO,(H,0), (n = 0-5) are mainly
attributed to the metaborate linear-type isomers such as 0A, 1A, 2D, 2E, 3E and 4G (SSIP),
while the lower EBE features (X') are mostly contributed by hydroxyborate isomers 1B, 2A,
3A, 4A, 5A and ring-type isomers like 2C, 3B, 3D (SSIP), 4B (SSIP), 4C, 4D, 4E (SSIP), 5C
and SE (SSIP), respectively. The results imply that the dissolution process depends not only
on the number of water molecules but also on the intrinsic structures which are determined by

the competition between ion-ion, ion-water and water-water interactions.

In neutral LiBO»(H;0),, the first water molecule prefers to react with LiBO, to generate
LiBO(OH),, analogous to bulk crystal phase of a-LiBO, with two O atoms substituted by two
OH groups. It is dissolved step by step with increasing number of water molecules. The
structural evolution is presented in Figure 8 and the Li-O distance variation in LiBO(OH),
moiety versus the number of water molecules is shown in Figure 9. The distance elongates
abruptly at n = 4. Note that the process for the formation of LiBO(OH),(H,0), can be
considered as an intracluster reaction, which has been observed experimentally and
theoretically in some ion-molecules clusters.”” ™ Here, the salt-water intracluster reaction was

observed for the first time in LiBO»(H,0)y.

From the natural bond orbital (NBO) charge distribution analysis, we found that the extra

0948 of neutral to

electron mostly localizes on the Li atom in bare LiBO;  (from Li+0'948B02
Li%*B0, %% of anion). During dissolution, the extra electron also partly localizes on the
water molecule. When one water molecule is added, the EBE of feature X shifts toward lower
value compared to that of LiBO,". The spectral shift can be ascribed to the much stronger
electrostatic interaction between the water molecule and Li atom in the neutral state in which
the Li atom is more positively charged than that in the anionic state. This is similar to the

cases of LiI(HzO)'27 and NaBOQ(H20)3-.26

Here, we compare the structures of LiBO,(H,0),” with those of NaBO,(H,0),". In the
most stable isomer of LiBO,(H,0) (1A), the water molecule interacts with the Li atom. This
1s different from that of NaBOz(HzO)',26 in which the water molecule interacts with BO,
group via a O---H-O hydrogen bond. This implies that the water-Li interaction in
LiBO,(H,0O)" is stronger than the water-BO, interaction, while the water-Na interaction in

NaBO,(H,0) is weaker than the water-BO, interaction. In addition, the structural difference

13
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between the LiBO,(H,0O) and NaBO,(H,O) also coordinates with the difference between
their photoelectron spectra, in which the photoelectron peak of LiBO,(H,O) shifts toward
lower EBE compared to that of LiBO," while the photoelectron peak of NaBO,(H,O) shifts
toward higher EBE compared to that of NaBO,. When interacting with two or more water
molecules, LiBO, prefers to react with H,O and the Li'-BO, ion pair structure disappears.
This hydroxyborate routine is absent in NaBO,(H,0),". For metaborate geometric evolution,
the first SSIP is ring-type structure of LiBO,(H,O);” comparing to the linear-type of SSIP
structure of NaBO,(H,0)3". In neutral LiBO»(H,0),, the reaction between salt and the first
water molecule happens immediately and more water molecules continue to dissolve the

product of this reaction, while for NaBO,(H,0),, the Na" and BO, ions are always in contact.

6. Conclusions

We conducted photoelectron spectroscopic study combined with ab initio calculations on
the LiBO,(H,0), (n = 0-5) clusters and their neutrals to reveal the microscopic solvation of
LiBO; in water. Two structural evolution channels, namely the hydroxyborate and metaborate
channels, are presented in the anionic solvation process and the metaborate channel is more
favorable. The hydroxyborate structures are more stable than the metaborate ones for n > 2,
indicating that the intracluster reaction is preferred to generate the bulk-like structure motif.
For the hydroxyborate channel, the water molecules interact with the product (LiBO(OH),")
originated from the intracluster reaction between LiBO, and the first water molecule. In the
metaborate channel, two types of structures coexist. One type has almost linear Li-O-B-O
arrangement and the other type forms circular geometry with bent Li-O-B structure. The Li-O
distance of ion pair increases as the number of water molecules increases. Dramatic
increasing of Li-O distance emerges at n = 4 in the linear configurations while the significant
elongation of Li-O bond length appears at n = 3 for the ring-type of structures. The ion pair in
the ring-type isomer is more separated than that in the linear-type one during the
microsolvation process. For the most stable isomers of LiBO,(H,O), neutrals, the ion pair
starts to react with the first water molecule to form the proton transfer product, LIBO(OH)s.

Four water molecules can separate the Li atom and BO(OH), group.
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Table 1 Experimental VDEs and ADEs of LiBO,(H,0),” (n = 0-5). All values are in eV.

X' X

ADE VDE ADE VDE

LiBO, 083 0.83

LiBO,(HLO) 046 053 071 0.74

LiBOy(H,O), 047 055 0.80 0.86

LiBOy(H,O); 038 050 0.73 0.92

LiBOy(H,0); 042 057 074 0.79
LiBOy(H,0)s 033  0.56

Cluster
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Table 2 Relative energies of the low energy isomers of LiBO,(H,0),” (n = 0-5) as well as the
comparison of their theoretical VDEs and ADEs based on CCSD(T) // B3LYP/6-311++G(d,p)

to the experimental measurements. All energies are in eV.

ADE VDE

Isomer AE Theo. Expt. Theo. Expt.
LiBO, 0A 0.00 085 083 086 0.83
LiBO,(H,O0) 1A 0.00 0.72 071 0.69 0.74
1B 0.13 042 046 043 053

1IC 026 034 0.40

ID 0.28 0.99 1.04
LiBO,(H,0),” 2A 0.00 043 047 040 0.55
2B 001 048 080 083 0.86

2C 0.12 035 0.42

2D 0.14 0.51 0.67

2E 023 081 0.81

2F 028 0.25 0.29

2G 039 035 0.49
LiBO,(H,0);” 3A 0.00 0.31 038 0.65 0.50

3B 021 0.29 0.40

3C 024 -0.16 0.39

3D 030 047 0.53
3E 037 072 073 072 092

3F 038 0.64 0.61

3G 040 0.10 0.78
LiBO,(H,0);; 4A 0.00 046 042 050 0.57

4B 042 0.30 0.38

4C 047 0.27 0.40

4D 049 0.09 0.12

4E 0.50 0.38 0.64

4F 0.50 0.01 0.54
4G 0.54 050 074 076 0.79

4H 0.58 0.20 0.61

4  0.60 0.19 0.64
LiBO,(H,0)s 5A 0.00 0.17 033 058 0.56

5B 041 0.23 0.29

5C 048 045 0.50

5D 055 0.12 0.78

5E 0.55 0.16 0.69

5F 0.56 0.09 0.81

5G 057 0.09 0.88

5H 057 0.18 0.71

51 0.60 0.27 0.40

20

Page 20 of 29



Page 21 of 29 Physical Chemistry Chemical Physics

— <
(o] (o]
~ ~
L L P
J J o
o o ~
@ @ Iz
3 J
- o
@
> -
=
3 L~
Q 8 —
1= 4 @]
£ - ~
< o B
= o) o
=]
© 5 (]
= o —
[0} =
© S PR
[e) Lo
i) o P
g O
L ~
g T
b
o )
] @
-
— T T T T T

L L L
20 30 40 50 60 70 80 90 100 110 120 130 140 150
Mass (amu)

Figure 1 Mass spectrum of LiBO,(H,0),” (n = 0-5) cluster anions.
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Figure 2 Photoelectron spectra of LiBO»(H»0), (n = 0-5) recorded with 1064 and 532 nm
photons.
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Figure 3 Photoelectron spectra of LiBO,(H,0),” (n = 0-5) recorded with 1064 and 532 nm

photons. The LiBO,(H,0), clusters were generated at the experimental condition with higher
water vapor pressure in the gas line compared to those in Figure 2.
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Figure 4 Optimized geometries of the typical low-lying isomers of LiBO,(H,0O), (n = 0-5)

based on CCSD(T) // B3LYP/6-311++G(d,p). Relative energies and Li-O bond lengths (in A)
are indicated.
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Figure 5 Optimized geometries of the typical low-lying isomers of LiBO,(H,0), (n =
0-5) neutral clusters based on CCSD(T) // B3LYP/6-311++G(d,p). Relative energies and
Li-O bond lengths (in A) are indicated.
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Figure 6 The structural evolution of LiBO,(H,0), anions. The first row shows the
hydroxyborate channel. The second and third rows show the metaborate channel.
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Figure 7 The variation of Li-O bond length in LiBO,(H,O), with increasing
number of water molecules for the metaborate channel. All above structures are the
most probable ones in the experiments.
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Figure 8 The structural evolution of neutral LiBO,(H,0),.
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Figure 9 The variation of Li-O distance in LiBO(OH),(H,0),.; (n = 1-5) versus the
number of water molecules.
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