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Locking water molecules via ternary O-H::-O intramolecular
hydrogen bonds in perhydroxylated closo-dodecaboratet

Yanrong Jiang,®° Zhubin Hu,® Cheng Zhong, Yan Yang,® Xue-Bin Wang,© Zhenrong Sun,” Haitao
Sun,® Zhi Liu™ and Peng Peng*®

A multitude of applications around perhydroxylated closo-dodecaborate B;,(OH);,%" in condensed phase is inseparable from
the fundamental mechanisms underlying high water orientation selectivity based on By,(OH),,%>~ base. Herein, we directly
compare the structural evolution of water clusters, ranging from monomer to hexamer, oriented by functional groups in
Bi,H1,%, B1,H1;0HZ and By,(OH)1,% bases using multiple theoretical methods. A significant revelation is made regarding
B1,(OH),%: each additional water molecule is locked into the intramolecular hydrogen bond B-O-H ternary ring in an
embedded form. This new pattern of water cluster growth suggests that B-(H-O)-:-H-O interactions prevail over the
competition from water-hydrogen bonds (O---H-0), distinguishing it from the behavior observed in B;,H;,2~ and B;,H;;,0H?"
bases, where the competition arises from a mixed competing model involving dihydrogen bond (B-H::-H-0O), conventional
hydrogen bond (B-(H-O)---H-O) and water hydrogen bond (O-:-H-O). Through aqueous solvation and ab initio molecular
dynamics analysis, we further demonstrate the largest water clusters in the first hydrated shell with exceptional
thermodynamic stability around By,(OH),%". These findings provide a solid scientific foundation for the design of boron

cluster chemistry incorporating hydroxyl group-modified borate salts with potential implications for various applications.

1. Introduction

As an important non-covalent interaction, inter- and intra- molecular
hydrogen bonds (HB) are essential in both natural and artificial
structures, ranging from biomacromolecules to supramolecular
materials.1® Especially, anionic HB are noteworthy as they are
reinforced by strong electric fields.*® This unique property endows
them with exceptional capabilities in diverse areas, including
aggregation-induced enhancement system,’? novel
supramolecular anion cages,’* and transmembrane anion
transport.}2 However, anionic HB is highly susceptible to the
environmental interference due to the competition between ion-
water interactions and inter-water HB in aqueous solutions. These
subtle competition mechanisms highlight the effects of anionic HB,
which is an eternal topic due to its essential role in surface and
interface chemistry,'317 electron-driven chemistry,'® 1° mass
transfer kinetics?® and solvation sheath structure.?! Several major
open questions regarding anionic HB have been extensively
investigated for smaller-sized anions,® 2228 including the binding
motif of the electron or energy extrapolation from water clusters to
bulk water, the competitive mechanism of HB, the characteristics of
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the local first solvation shell, and the thermally activated behaviour
under the latent asymmetry of electron density of hydrated anionic
clusters. Recently, there is a growing demand to expand the
exploration to encompass larger functional anions with specific
electronic structures and charge distributions. Therefore, it is
necessary to build a reasonable model and reveal the influence of
these anionic HB on the solvation process.

Our attention has been drawn to an icosahedral borane dianion,
closo-B;,H1,27, which contains electron-deficient three-center two-
electron (3c2e) bonds and an excess of delocalized o-electron density
with two negative charges.?®31 Moreover, the negatively charged
hydrogen in B-H bond can form hydric-to-protonic X—H5*--H%--B
dihydrogen bond (DHB).32 33 These distinctive properties have been
extensively studied3* and have found applications in diverse fields,
including indirect hydrogen storage material,3> boron neutron
capture therapy (BNCT) agents or pharmacophores,3® and enzyme
inhibitors.3”. 3% In general, these macroscopic behaviors under
condensed phase are intimately linked to the microscopic solvation
mechanism governed by anionic HB and intra water-HB. In our
previous work,32 we established an ideal model, Bj;H1,2-H,0, to
explore these phenomena. Our findings revealed that the O-
H&*..-H5—B dihydrogen bond is stronger than the O-H®&---X—B
conventional HB of B1,X1,27-H,0 (X =F, 1).32 To connect the molecular-
level information with the macroscopic behavior, we further
investigated the microhydrated borane clusters B;,X1,2"-nH,0 (n = 1-
6) to gain a deeper understanding of the collective cooperativity of
anionic HB and intra water-HB.3°® The results show that highly
structured water networks are weaved by joint DHB and water-HB
interaction in hydrated B;,Hq,% cluster. Moreover, we were intrigued
by the modification effect of B-H bond, especially the selective
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functionalization of the B-H to B-O-H vertices achieved by two
efficient pathways, i.e., acid-catalyzed reaction*® %! and oxidation
with  hydrogen peroxide.*?* The per-hydroxylated closo-
dodecaborate B;,(OH).,>~ bearing twelve organic linkers have
intriguing properties that find applications in various fields, e.g.,
molecular  cross-linking  skeleton,*  electrolyte  materials,*®
coordination polymers,*” and MRI contrast agents.*® Despite its
fundamental role in multitudinous research areas, the intrinsic
electronic structure and related anionic HB in micro-solvation still
need to be investigated.

In this work, we conducted comprehensive theoretical
investigations on mono- and per-hydroxylated dodecaborate
(B12H130H?, B15(OH)q,%) to gain a deeper understanding of their
electronical stability, the structural arrangements in solvation
processes and corresponding thermodynamic stability. The four
closed ternary O-H intramolecular hydrogen bonds of B;,(OH)1,*
give full play to its unique function in the layout of water clusters,
ignoring the external competition from intra-water HB. Each water
molecule falls inside the claw formed by the ternary O-H bonds
associated with the strong anionic HB, as revealed by the SAPT2+4%
50/aug-cc-pVTZ method. This behaviour differs from the hydration
pathway observed in B;,H;,0H%", where a combination of DHB, water
HB, and conventional HB formed by a single B—OH vertex is involved.
Additionally, the modification of B-H vertices to B-OH in B1,(OH)1,%~
leads to larger water shell with improved thermal stability. This
modification likely alters the electronic and steric properties of the
compound, enhancing its interaction with water molecules and
making it more stable under different conditions.

2. Computational methods

A well-designed conformation search strategy with gradient accuracy
is comprehensively applied to obtain the global minimum and low-
lying isomers of By;H1p.m(OH)m2nH,0 (m =1, 12; n = 1-6). Combined
with semi-empirical method, the sample of initial guess
conformations can reach millions by iterative cyclic accumulation
incorporated with a homemade automatic judgment convergence
rule. The initial optimization screening was performed by semi-
empirical method of GFN2-xTB based on Molclus code. >33 A
medium precision single point calculation and optimization
procedure are then performed to sort the isomers using r2SCAN-3c
method embedded in ORCA 5.0.3 codes.>* Further energy-based
structural screening is efficiently conducted at the wB97X-2/ma-
def2-TZVP level with Grimme’s dispersion corrections® ¢ and re-
optimized at the PBEQ/aug-cc-pVTZ>7 >8 level. The final energy level
is set to the 20K Gibbs free energy, which consists of electronic
energy at the DLPNO-CCSD(T)** ®/aug-cc-pVTZ level using ORCA
code and thermal correction energy at the PBEO/aug-cc-pVTZ level to
ensure the most stable structure and related isomers without
imaginary frequencies. The scaling factor for zero-point energy were
set as 0.9771.5! The vertical detachment energies (VDEs) calculated
at the PBEO/aug-cc-pVTZ level was obtained by the energy
differences between the corresponding monoanions and dianions
based on the dianions’ optimized geometries. And the IP-EOM-
DLPNO-CCSD method® with aug-cc-pVTZ basis set have been verified
to predict ionization potential values with good accuracy in our
previous results, which is also applied in this work. Based on the most
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stable structures of By;Hip.m(OH)m2nH,0 (Mm =1, 12; n = 1-6), the
energy decomposition analysis of weak interaction between borane
monomer and remaining water shell was performed at the SAPT2+%%
50/aug-cc-pVDZ level employing two-body symmetry adapted
perturbation theory (SAPT) using PSI4 code.®® The plots of
independent gradient model based on Hirshfeld partition (IGMH)
were generated by the Multiwfn code® and rendered by the VMD
program.® All DFT calculations were carried out using the Gaussian
16 software.®® Ab initio molecular dynamics (AIMD) simulations were
performed using the ORCA code. And the force-field molecular
dynamics simulations and analyses of trajectories were conducted
using the GROMACS code.®’” (see details in the Supporting
Information, Sl)

3. Results and discussion

3.1 Hydroxylation mechanism of Bj,H;,2"
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Fig. 1. Reaction mechanisms and energy profiles of BjH;;>> mono-
hydroxylation (a) catalyzed by H;O* under aqueous sulfuric acid and (b)
oxidated by hydrogen peroxide calculated at the DLPNO-CCSD(T)/aug-cc-
pVTZ level. (c) Two- and three-dimensional schematic diagrams and plots of
the independent gradient model based on Hirshfeld partition (IGMH) of
B1oH13.m(OH)w2™ (m = 0, 1, 12). The intramolecular hydrogen bonds are
indicated by the blue dashed line. Blue, green, and red isosurface represents
the strong electrostatic interaction, the weak van der Waals interaction, and
the strong repulsive interaction, respectively (isovalue = 0.05). The ball-stick

models with B, H, and O atoms are in pink, white, and red, respectively.

The hydroxylation of B1,H1,%~ was previously mainly carried out using
two protocols: sulfuric acid and hydrogen peroxide. Both protocols
resulted in the formation of B;,(OH)1,2". Our results revealed two
distinct reaction pathways: a two-step route catalyzed by H;O* under
aqueous sulfuric acid*® 4 (Fig. 1a) and a one-step oxidation by
hydrogen peroxide*? (Fig. 1b), respectively. The energy barrier was
calculated at the DLPNO-CCSD(T) /aug-cc-pVTZ level, for sulfuric acid
catalysis reaction with 8.7 kcal/mol and hydrogen peroxide oxidation
reaction with 31.5 kcal/mol. The intrinsic reaction paths and energy
profiles of the transition states in two reactions were shown in Fig.
S1. Consequently, we observed that the hydrogen atoms in H30* and
H,0, were directed towards the H atoms in polyhedral Bi,Hq,%,
resulting in strong dihydrogen bonding interactions at the B-H:--H-O
interfaces. The dehydrogenation process in the former pathway may
involve nuclear quantum effect,%8 which hold significant implications
for the advancement of green propellant and hydrogen storage

This journal is © The Royal Society of Chemistry 20xx
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technology. While in latter reaction, the isolated oxygen atom in
H,0, attacks the relatively positively charged B atom and links to the
H of the B-H vertex to form the B-O-H hydroxyl.

The discovery of B-H polyfunctional hydroxylation reaction led to
a variety of polyhedral structures, such as BjH;o(OH),2~ and
B1,Ho(OH)3%~ and eventually progressively evolved into the 12-fold
hydroxylated derivatives By,(OH)1,2~ with C3 symmetry, which has
not been previously emphasized. Intrigued by the relatively high
symmetry of By,(OH);,2", we conducted a weak interaction analysis
using the independent gradient model based on Hirshfeld partition
(IGMH). In contrast to the previously reported intermolecular
dihydrogen bonding involving the 12 B-H vertices in B;,H;,%7, the
mono B-O-H bonds in Bj,H1;0H? exhibits the distinct characteristic
of intramolecular dihydrogen bonding with a green interaction zone,
as shown in Fig. 1c. Interestingly, four identical closed ternary O-H:-O
bonds were observed in B1,(OH);,2~ with 12 green action zones. This
internal interfacing would potentially engender unique properties
not typically observed in boron-rich materials.
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Fig. 2. Structural evolution of monomer to hexamer micro-hydrating cage and
corresponding IGMH plots based on B-H:::H-O DHBs, B-H::-H-O/B-O-H:--O-H
mixed di-traditional HBs, and ternary B-O-H:--O-H HBs in B;,H15.(OH)m2:nH,0
(m=0,1,12; n=1-6), respectively. The water molecules were shown in light
blue for pure hydrated hydroxylation structures.

3.2 Structural arrangement in solvation process

Benefiting from an ideal model B1,X1,>H,0 (X = H, F, 1), previous
experimental and theoretical results have drawn a consistent
conclusion that B-H---H-O DHB is superior to the conventional B-X:--H-
O HBs (X =F, 1), even prevailing over the prototypical strong HB with
X = F.32 And water monomer to hexamer can be arranged with a
uniform binding mode in BjHy;?nH,0 due to the subtle
competition between B-H:--H-O (solute — solvent) and O--H-O
(solvent — solvent) water-HBs (Fig. 2).3° Here, we were curious to
know the difference between the DHB system B;,H;,2~ and the
corresponding mono- and per- hydroxylated derivatives of
B1,H1;0H?™ and B;,(OH)1,> regarding hydration shell formation in
their immediate vicinity. The most stable topology structures were
shown in Fig. 2, while the top three lowest-lying energy conformers

This journal is © The Royal Society of Chemistry 20xx
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were displayed in Fig. S2. To clearly visualize the sites of action of
water molecules surrounding the hydroxylated derivatives, an
intuitive and semi-quantitative estimation of the intermolecular
interaction can be obtained through IGMH analysis. This analysis
allows for an examination of various patterns of noncovalent
interactions (Fig. 2 and Fig. S3). In the IGMH analysis, the
intermolecular interaction can be categorized into three types based
on their strength: strong electrostatic attraction (in blue, such as DHB
and conventional HB interactions), weak van der Waals interactions
(in green, dispersion interaction), and strong repulsions (in red, steric
effects).

Fig. 2 shows the mono B-O-H vertex in By,H,;0H?" elaborately
regulated the water orientation from monomer to hexamer by
simultaneously considering the intermolecular DHB system and
water hydrogen bond networks. Especially in the case of a small
amount of water (n < 4), the arrangement of water molecules is
predominantly influenced by the B-O-H vertex due to the significant
negative charge present in the single O-H, as illustrated in Fig. S4.
This arrangement somewhat resembles the structure of hydrated
OH- as reported by Wang et al..%® For Bi,H1;0H?"-H,0, the two
vertices of hydrogen in water are individually connected to B-O-H
and B-H, forming a mixed combination of typical B-(H-O)---H-O HB
and B-H:--H-O DHB. And in the former case, a larger blue region with
stronger electrostatic interaction was observed compared to the
other endpoint of B-H:---H-O DHB. This indicates that when a second
water molecule is added, it also attached symmetrically to the B-O-H
endpoint, resembling the structure of pure OH™2H,0. And the
remaining two H atoms in both water molecules form B-H:--H-O DHB
with long interaction distance. For the B;,H;;0H%3H,0 cluster, the
third water molecule is added without direct contact with
B1,H1:0H?, but it is bonded to the two O atoms of water based on
the original By,H,,0H?™:2H,0 configuration shown in the IGMH plots.
This water arrangement is similar to the second lowest-energy
isomer of OH™-3H,0, rather than the most stable one, due to the
steric requirements of inter-DHB. For n = 4, there’s still one water
molecule that remains excluded without directly contacting to the
base. While as for n =5, a noncyclic pentamer with three dimensional
(3D) topological configurations were formed through the
cooperation of the inter-water hydrogen bond and DHB bonds. This
configuration is consistent with the second higher-energy isomer of
pure 5H,0 and Bi,H1,%:5H,0 as reported previously.”® It is also
similar to the prismatic lowest-energy structure of hydrated
halogenated B1,X1,2:5H,0 (X =F, I). For n = 6, the hydroxyl functional
group once again shows subtle difference in controlling the water
configuration. Two water molecules maintain the water shape
observed in Bj,H;;0H?7-2H,0, while the remaining four water
molecules adopt a flat square form, unlike the sixth water in
B1,H1,26H,0.

Upon sequential hydration of Bi;,H;;0H%", the mono hydroxyl
group have certain effect on the arrangement of solvent layers
during the solvation process. Notably, the averaged negative charge
of single O-H in 12-fold hydroxylated derivatives B;,(OH);,2~ with C3
symmetry approach that in B;,H;,0H?" (Fig. S4), resulting in more
nucleophilic sites and a unique hydrated shell. For B1,(OH);,2-H,0
cluster, the water molecule was completely trapped in a cage formed
by three B-O-H endpoints with two H atoms attaching O atoms of
two B-O-H vertices and one O atom attaching H atom of B-O-H. The

J. Name., 2013, 00, 1-3 | 3
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total interaction zone formed by three acting sites resembles a
cloverleaf in Fig. 2. Subsequently, each additional water molecule
falls into the adjacent closed B-O-H ternary ring without touching
other water clusters. Moreover, in the top three lowest-lying
isomers, each added water molecule is nested within the negatively
charged B-O-H ternary ring with strong grasping force as shown in
Fig. S2. Unlike the competition between B-H/(O-H)---H-O (solute-
solvent) and O-H--O (solvent-solvent) interactions in hydrated
B1,H1,%" and Bi,H;,0H? clusters, the closed ternary O-H bonds in
B1,(OH).,% effectively locked the H,O molecules, ignoring the
competition of water-hydrogen bonds. With up to 6H,0, each B-O-H
vertex participates in the locking behavior, forming a 3+3
configuration on both sides with C, symmetry.

Table 1. Experimental vertical detachment energies (VDEs) and comparison
with calculated VDEs using PBEO and IP-EOM-DLPNO-CCSD methods with the
aug-cc-pVTZ basis set for B;,Hip.m(OH),2-nH,0 (M =0, 1, 12; n = 0-6) (in eV).

VDE B Hy?™ B1,H1,0H* B12(OH) 1%
IP- IP- IP-
EOM- EOM- EOM-
Expt. PBEO PBEO PBEO
DLPNO- DLPNO- DLPNO-
CCsD CCsD CCsSD
1.15 1.31 1.29 0.81 0.70 0.58 0.47
1H,0 1.46 1.63 1.61 1.27 1.19 0.73 0.60
2 H,0 1.73 1.90 1.88 1.65 1.59 0.87 0.74
3 H,0 1.97 2.13 2.11 1.92 1.87 1.04 0.91
4 H,0 2.19 2.36 2.34 2.19 2.14 1.25 1.13
5H,0 2.31 2.49 2.46 2.19 2.13 1.29 1.16
6 H,0 253 2.77 2.75 239 233 153 1.40

aThe experimental and calculated VDEs of By,H;,%nH,0 were derived from

ref.3239

3.3 Vertical detachment energies and binding energies

In order to characterize the electron binding energies in hydrated
hydroxylated borane, a systematic study was conducted using
quantum chemical calculations. It has been previously verified that
IP-EOM-DLPNO-CCSD/aug-cc-pVTZ method can qualitatively and
quantitatively reproduce the experimental measurements of vertical
detachment energy (VDE) for Bj,H1,>:nH,0 (n = 0-6), as shown in
Table 1.32 3% Therefore, the same method was applied in this work to
ensure reliable results. Fig. 3(a) shows that VDEs of mono- and per-
hydroxylated boranes and their corresponding hydrates are lower
than that of B;,H:,2nH,0 (n = 0-6). This change in ionization
properties can be attributed to the position of the highest occupied
molecular orbital (HOMO) and the distribution of excess negative
charge (Fig. S4 and S5). Previous investigations on B;;X3,>” (X = H, F,
Cl) have shown that the excess detached electron is usually taken
from the most positively charged region of boron core, where the
HOMO is mainly located.3 7* Compared to an averaged 92%
contribution of boron core in By;H1,2-nH,0, the HOMO distributions
in By;H1;0H?nH,0 and Bi,(OH)1,>nH,0 gradually shifts to the
hydroxyl shell, where the averaged contribution of boron core drops
to 79% and 62%, respectively (Fig. S5). Additionally, the hydroxylated
groups also carry a higher excess of negative charges (Fig. S4). These
factors contribute to the lower VDEs observed in the hydrated
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hydroxyl clusters compared to Bi,H1,2:nH,0. It is worth noting that
in Fig. 3a, a slight VDE increment of 0.12 eV can be seen fromn =4
to 5 for By,H1,27:nH,0. While B;,H;;0H2nH,0 and By,(OH)1,2:nH,0
exhibit a distinct “plateau” with a VDE shift of only 0.01 eV and 0.04
eV, respectively. This behaviour is similar to the 0.03 eV VDE shift
observed in B1,F1,27:nH,0 from n = 4 to 5. Subsequently, when n = 6,
the VDE of all three hydrates continues to increase.
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cc-pVTZ level. (b) Total binding energies (BE, in kcal/mol) for By,Hj,.
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analysis for By;Hipm(OH)w2*nH,0 (m = 0, 1, 12; n = 1-6) calculated at the
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B1,H110H?nH,0 and By,(OH)1,2nH,0 also change upon the
addition of water molecules, as shown in Fig. 3(b, c) and Table S2. For
mono hydrate of B;,H;;0H%™ and B;,(OH)1,2 bases, the total binding
energies (BE) are 4.07 and 7.14 kcal/mol higher than that of
Bi,H1527°H,0, which is consistent with the simulated infrared
spectrum (Fig. S6). The strong binding energy in B;,(OH)1,2+H,0
leads to the largest blue shift of 46 cm™ in typical bend vibrational
modes in H,0, compared to the shifts of 34.4 and 0.9 cm™ observed
in By,H110H2-H,0 and By,H1,27+H-0, respectively. Normally, the VDE
difference between a hydrated anion and the corresponding isolated

anion

(AVDE), defined as [E(Blelz_m(OH)mZ_'Hzo) - E(Bnle_

m(OH)m?7)] = [E(B12H12.m(OH)m""*H20) — E(B12H12.m(OH) )], can be
considered as a direct estimate for measuring the binding energy
(BE) between the water and anions,3® 72 However, this AVDE
predicted BE trend among B1,H12.m(OH)m2+H,0, i.e., BE (m = 1) > BE
(m =0) >BE (m = 12), contradicts the results of BE (m =12) >BE (m =
1) > BE (m =0) revealed by both SAPT2+/aug-cc-pVTZ and SAPTO/jun-
cc-pVDZ methods as listed in Table S3. This incorrect prediction can
be attributed to the fact that each B-O-H vertex carry uniformly large
number of negative charges, so the single charged B1,(OH),° still
maintains a strong binding energy with H,O molecule calculated at
the SAPTO/jun-cc-pVDZ level. While for Bj,H1;0H?-, the single OH
endpoint involved in HOMO distribution has little effect on the
binding energy of B;,H;;0H*"H,0. Therefore, the advantage of BE in
B1,H110H?-H,0 over B;;H1,2+H,0 can be well reproduced by AVDE.

This journal is © The Royal Society of Chemistry 20xx



Page 5 of 7

In addition, the BEs maintains an advantage in Bi;H;;0H?nH,0
compared to the hydrated Bi,Hq,>" cluster. However, this BE
advantage decreases at n = 5, and further reduces to 4.65 kcal/mol
at n = 6. Note that the linear BE of B;,(OH);,2:nH,0 consistently
surpasses the other two clusters, and at n = 6, the BE gap between
B1(OH)1,2nH,0 and By,Hq,%>nH,0 reaches an astonishing 51
kcal/mol. This can be ascribed to the unique mono-water structure
locked by each B-O-H ternary ring. In addition, the BE of
B1,(OH)1,27:nH,0 is n times that of mono hydrated per-hydroxylated
closo-dodecaborate.

To obtain additional insight into the influence of attraction
terms, the total attraction terms were decomposed to three parts:
electrostatic (Elst.), induction (Ind.) and dispersion (Disp.) terms.
These calculations were performed at the SAPT2+/aug-cc-pVDZ level
(Fig. 3c). For all these three hydrates, the electrostatic term
dominates the total attraction terms, contributing approximately
62% to the total, while the remaining 38% is attributed to the
induction and dispersion terms. This distribution ratio remains
invariant across all three hydrates. This differs from the pattern
observed in hydrated B;,F1,>nH,0 and Biyl,2°nH,0, where the
polarizability of the compounds plays a role in altering the relative
importance of the three terms. In the case of mono-hydroxyl
functionalization, the weak advantage in binding energies of
B1,H1;0H?"-nH,0 compared to B1,H1,%°nH,0 can be attributed to the
electrostatic term. And the contribution of electrostatic term (Egt.)
to the difference of the total three attraction terms (AEgst. + ind. + pisp.)
between B;,H;,0H%?nH,0 and B;,H;,2:nH,0 (n = 1-6) are 61%, 64%,
71%, 75%, 75%, and 72%, respectively. While for that between
B1»(OH)1,2nH,0 and  BjyHi,2+nH,0, the contribution from
electrostatic term remains constant at 61%, indicating that the
increase of total BE after hydroxyl functionalization is primarily due
to the electrostatic term. The three-ring locked water structures in
B1,(OH)1,2:nH,0 clusters lead to a constant growth rate for each
attraction term, with the dispersion term exhibiting the largest
growth rate, followed by the induction term.

—_—
o

2.5F= B1zH1;*~ _com...0-H
s B1;H13OH?2 " _com...0-H
2.0= B12(0H);22~ _com...0-H

Radial distribution function (RDF)

T 1 7
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Fig. 4. (a) Radial distribution function (RDF) plots of the distance between
centre of mass (com) of By,H15.m(OH)m2" (m =0, 1, 12) and O atoms in water

shell. (b) Temperature dependent trajectories of water molecules in By,Hi.
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m(OH)2*H,0 (m = 0, 1, 12) during AIMD simulations. Trajectories tracking
goes from blue (start) to white (end).

3.4 Aqueous solvation and ab initio molecular dynamics

Inspired by the characteristic hydrated structure growth patterns
and the resulting electronic structure evolution, we attempt to
describe the influence of hydroxyl groups on the first solvent layer
based on force-field molecular dynamics simulations (see details in
SlI). As shown in Fig. 4(a), the calculated radial distribution function
indicates that both B;,Hq,% and B1,H;;0H%™ exhibit a closer water
packing distance compared to By,(OH)1,2". The average number of
water molecules in the first solvent shell was counted, and it was
found that there are approximately 21 water molecules surrounding
B1,H1,%, which is close to the previously reported value of 22.73 The
size of hydrated shell around By,H1,%~ was enhanced upon mono
hydroxyl, resulting in 23 water molecules in the solvation shell of
B1,H110H?". B1,(OH)1,%7, characterized by four closed ternary O-H
bonds, exhibits largest attached water molecules increasing to 28.

The dynamic properties of water shell also vary with the
functional groups. We take the mono hydrated clusters BiyHj,.
m(OH)m?H,0 (m = 0, 1, 12) as a representative to investigate the
thermodynamics stability of water molecule controlled by functional
groups based on temperature-dependent ab initio molecular
dynamics (AIMD) analysis (Fig. 4b, see details in Sl). As pervious
reported, the water molecule moves back and forth around two B-
H---H-O dihydrogen bond and is stuck by the B-H bonds on both sides
in 20 K for By,Hq,27.32 At 40 K, the water molecule begins to move in
circular motion along the five B-H vertices, and then enters a random
motion around B1,H1,2" at 50 K. Similarly, in the case of B;,H1,0H%,
the water molecule also undergoes circular motion, but the
transition temperature for this motion mode is different. Circular
motion occurs at 70 K, and at 500 K, the water molecule exhibits free
motion due to the presence of H-O---H-O hydrogen bonds. Notably,
when the water moves in a circular motion, the O-H bond of B-O-H
group also exhibit clockwork-like motion. In contrast, the addition of
hydroxyl functional groups in Byy(OH);,2~ leads to stronger
stabilization of the water shell. At 250 K, the water molecule begins
to move within the four B-O-H vertices, indicating confinement to a
smaller area compared to By,Hq1,> and By,H1;0H?. At 500 K, the
water molecule exhibits free motion, similar to Bj;H;;0H?".
Moreover, the movement trajectories observed at 20 K can be
correlated with the low-frequency vibration patterns in the
simulated infrared spectrum. It is worth noting that there is no
significant contribution from the H,0 vibration mode in the infrared
spectrum of B1,(OH)1,%-H,0, which corresponds to the absence of
motion of the water molecule at this temperature. Overall, the
introduction of hydroxyl functional groups increases the
thermodynamic stability of the water shell and leads to distinct
dynamic properties compared to the B;;H,%2 cluster.

4. Conclusions

In summary, our study provides insights into the reaction mechanism
of B-H hydroxylation in By,H:,2" using protonated water and
hydrogen peroxide as reactants. The reaction energy barriers for
these processes are determined to be 8.7 and 31.5 kcal/mol,
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respectively. The per-hydroxylated closo-dodecaborate (C;) retain
the globular skeleton of dodecaborate while introducing intra-
hydrogen bond network of O-H ternary ring hold by polyhedral core.
The hydrated clusters, represented by B;;H;:0H?™ and By,(OH)1,2,
serve as models to explore the water orientation and the number of
the first hydrated shell around the mono- and per-hydroxylated
closo-dodecaborates. This allows us to elucidate the molecular-level
mechanisms underlying hydroxyl modification and the arrangement
of water clusters. In Bj,H1;0H?-, the mono B-O-H functional group
exhibits unique water distribution characteristics in its immediate
vicinity and inherited the arrangement of hydroxide ion (OH") within
3H,0. For n > 3, the evolution of water clusters are reconciled by
intermolecular interaction, including conventional HB B-(H-O)---H-O,
DHB B-H::-H-0, and inter-water HB O-H--O. In the case of B;,(OH)1,%,
the structure is dominated by the aromatic icosahedral cluster with
4 identical O-H---O ternary rings that lock the water molecules in a
fully enclosed form. This structure persists until six water molecules
are present, at which point each B-O-H vertex is exhausted, resulting
in a C; symmetry. The unique structure of the water shell can be
attributed to the strong weak interaction energy modified by
hydroxyl vertices with more excess negative charge. Bi;(OH)q,%"
exhibits dense water clusters with improved thermodynamic stability
in the first hydrated shell, resulting in well electrochemical and
photochemical behaviours. These findings make it a promising
candidate for applications in hydrogen storage and battery
technologies, providing a prototype for the development of effective
synthetic boron-richer materials.
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