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ABSTRACT

We launched a combined negative ion photoelectron spectroscopy (NIPES) and
multiscale theoretical investigation on the geometric and electronic structures of a series
of acetonitrile-solvated dodecaborate clusters, i.e. Bi2Hi12>"-nCH3CN (n = 1-4). The
electron binding energies (EBEs) of Bi2H12*-nCH3CN are observed to increase with
cluster size suggesting their enhanced electronic stability. B3LYP-D3(BJ)/ma-def2-
TZVP geometry optimizations indicate each acetonitrile molecule binds to Bi2H12?~ via
a threefold dihydrogen bond (DHB) B3—H3 ::: H3C—CN unit, in which three adjacent
nucleophilic H atoms in Bi2Hi2*~ interact with the three methyl hydrogens of
acetonitrile. The structural evolution from n = 1 to 4 can be rationalized by the surface
charge redistributions through the restrained electrostatic potential (RESP) analysis.
Notably, a super-tetrahedral cluster of Bi2H12>~ solvated by four acetonitrile molecules
with twelve DHBs is observed. The post-Hartree-Fock DLPNO-CCSD(T) calculated
vertical detachment energies (VDEs) agree well with the experimental measurements,
confirming the identified isomers as the most stable ones. Further, the nature and
strength of the intermolecular interactions between Bi2H12?~ and CH3CN are revealed
by the quantum theory of atoms-in-molecules (QTAIM) and the energy decomposition
analysis. Ab initio molecular dynamics (AIMD) simulations are conducted at various
temperatures to reveal the great kinetic and thermodynamic stabilities of the selected
Bi2H12?"-CH3CN cluster. The binding motif in Bi2H122-CH3CN is largely retained for
the whole halogenated series B12X12*> -CH3CN (X = F — I). This study provides a
molecular-level understanding of structural evolution for acetonitrile-solvated
dodecaborate clusters and a fresh view by examining acetonitrile as a real HB donor to

form strong HB interactions.



I. INTRODUCTION

Specific-ion solvation effect has been known for more than 130 years since Lewith
and Hofmeister’s pioneering work.! It has been related to the widespread concepts
such as Hofmeister series or lyotropic sequence, the kosmotropic (structure-maker)
versus chaotropic (structure-breaker) properties of ions.*!° Many phenomena occurring
in condensed phases that involve electrolytes show pronounced ion specificity where
different solute molecules exhibit markedly different solvation characteristics.® '!-14
The versatility and impact of ion specific effects has been explored in numerous
biological and physicochemical processes, e.g., to change the solubility of hydrophobic
solutes, to influence the activities of proteins or enzymes, to seed polymerization of
aggregates, to tune the thermoresponsive behavior of surfactants, to alter the action of
ions on an ion-channel, and to modify the properties of air/water interfaces.!? '3 15-21

As important superchaotropic ions beyond the traditional Hofmeister scale, closo-
dodecaborate B12H12%~ and its halogenated derivatives B12X12>~ (X = F-I) and recently
attracted considerable attentions due to their potential biomedical applications, for
instances, as broadband carriers for peptides membrane translocation and candidates
for boron neutron capture therapy and HIV protease inhibitors.”>>> These borate
clusters possess icosahedral symmetry (In) with a unique delocalized o-electron
distribution, resulting in high electronic and thermodynamic stability.> 26?7 Replacing
H ligands in B12H12?>~ by cyano groups results in a highly stable Bi2(CN)12?~ dianion
with the second electron bound by more than 5 eV (the record in any dianion) and of
potential applications as halogen-free electrolytes in ion batteriesries.?® Furthermore,
the derived B12(CN)11~ fragment anion shows counterintuitive superelectrophilicity and
can bind Ar covalently at room temperature, opening up new directions for activation
of inert compounds and elements.?’ Recent studies by us have proved the nucleophilic
nature of the H atoms in Bi2Hi2>~ that enable preferable formation of B-H:--H-O
dihydrogen bonds (DHBs)*®* with water in microsolvation and aqueous
environments.” 203932

Different from the water molecule, acetonitrile (CH3CN) represents a classic

aprotic polar solvent that has been widely used in organic syntheses. Its large dipole



moment (u = 3.92 D¥), high dielectric constant, and high capability of dissolving
electrolyte salts have stimulated extensive studies on electrolyte-acetonitrile
interactions that has evolved into an important subject, particularly, in the fields of
electrochemistry and battery applications, where acetonitrile interacts favorably with
metal cations via its lone-pair electrons on the nitrile end.>**” Similarly, utilizing its
negative nitrile group, CH3CN can act as a weak HB acceptor to form conventional
H3CCN®"---%*H-X hydrogen bonds (HBs).*® Acetonitrile solvation on anions are less
common and under-studied, only a few cases involving halides and pseudo-halides
were reported.*** This is largely because the small positive charge is distributed over
the three methyl hydrogens in acetonitrile that makes the solvation of anions more
intriguing and subtle. The binding motif between an anion X~ and CH3CN complex is
also closely related to the intermediate X ---CH3Y in a general nucleophilic Sn2
substitution reaction X~ + CH3Y — X --CH3Y — XCH3 + Y .% %3 4648 Therefore
spectroscopic investigation, geometric and energetic characterizations of the
intermolecular interactions between anions and the methyl group of acetonitrile could
provide important mechanistic insights toward understanding these textbook S~2
reactions.*> * 4% Previous studies generally suggested that the coordination of an anion
with acetonitrile molecule was extremely weak*® and typically considered via charge-
dipole interactions.

Solvating Bi2H 12>~ dianions in CH3CN represents a qualitatively different scenario
in the context of anion solvation and posts new challenges/opportunities. The large size
of Bi2H12?>" implies less charge density, disfavoring the commonly observed charge-
dipole interaction scheme with CH3CN solvent, while the nucleophilic H atoms in
B12H12>” could enable formation of (B-H®---**H-C) DHB with the methyl group of
CH3CN. Structurally, Bi2H12*~ consists of four boron triangles each with three outward
nucleophilic H atoms that could potentially interacts with three electrophilic H on the
methyl end; such a combination would heavily favor formation of three (B—H?®---*H—
C) DHBs per CH3CN, i.e., B3—H3 ::: H3C—CN. Because CH3CN has been widely used
as a solvent in various dodecaborate salts, it is highly desirable to obtain a molecular-

level understanding on the CH3CN solvating motif and binding strength with Bi2H12>~



from both fundamental and applied science perspectives. Gas-phase negative ion
photoelectron spectroscopy (NIPES) coupled with high-level quantum chemical
computations has been demonstrated as an ideal and robust technique to obtain the
geometric and electronic structure information, and solute-solvent, solvent-solvent
interactions for solvated clusters.!> > °! In this work, we employed this approach to
investigate the structural evolution and intermolecular interactions over a series of size-
selected acetonitrile-solvated dodecaborate clusters Bi2Hi2>-nCH3CN (n = 1-4). Our
study indicates that each CH3CN preferably binds to the Bi2H12>~ solute via a B3—H3
;2 H3C—CN DHB unit, culminating in forming a highly symmetric tetrahedral cluster
of B12H12?>"-4CH3CN, in which all 12 nucleophilic H atoms in the solute are used up to
afford 4-fold B3—H3 ::: H3C—CN DHB units with 4 evenly-spaced solvent molecules

around the solute anion core.

II. METHODS
A. Negative ion photoelectron spectroscopy (NIPES)

The experiments were carried out using a magnetic-bottle NIPES apparatus
equipped with an electrospray 1onization source (ESI), a quadruple mass spectrometer,
a temperature-controlled cryogenic ion trap, and a time-of-flight (TOF) mass
spectrometer.!> >! The spraying solutions of ~ 1 mM were prepared by dissolving the
K>[Bi2Hi12] salt with a mixture solvent of H>O/CH3CN with v/v ratio of 1/3. The
produced clusters were guided by two RF-only quadruples and directed into the
cryogenic Paul trap set at 20 K, where they were accumulated and thermalized for 20—
100 ms by collisions with a cold buffer gas (20% H: balanced in helium). The
cryogenically cooled anions were then pulsed out into the extraction zone of the TOF
mass spectrometer for the subsequent mass-to-charge separation. The desired clusters
were each selected and maximally decelerated followed by direct photodetachment
using 193 nm photons (6.424 eV from an ArF laser). The detached photoelectrons were
collected with nearly 100% efficiency by the magnetic bottle and analyzed in a 5.2 m
long electron flight tube. The laser was operated at 20 Hz with the ion beam off and on

at alternating laser shots, affording shot-to-shot background subtraction. Those
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obtained TOF electron spectra were converted to the electron kinetic energy spectra,
calibrated with the known spectra of I" and OsCls*".5% 3 The electron binding energy
(EBE) spectra were obtained by subtracting the electron kinetic energy spectra from the
detached photon energy. The energy resolution (AE/E) was ~2%, i.e., ~20 meV full

width at half-maximum (fwhm) for 1 eV kinetic energy electrons.
B. Computational details

The most stable structures of Bi2Hi2?-nCH3CN (n = 1-4) and B12X12>-CH3CN (X
=F —I) were obtained using the home-built HydClus code. Firstly, an iterative sampling
of initial configurations of clusters was performed with the genmer code,> followed by
subsequent semi-empirical GFN1-xTB> optimizations using the Crest code*®. Single-
point (SP) energy calculations were conducted at the r*'SCAN-3c level®’ using the
ORCA 5.0.1 software package®® and thousands of low-energy configurations were
selected into the next step according to their energy levels. Secondly, the retained
configurations were further optimized at the r’'SCAN-3c level, and their SP energies
were refined at the ®B97X-2-D3(BJ)**/ma-def2-TZVPP level. Dozens of low-lying
configurations were selected into the next step accordingly. Finally, geometry
optimizations for selected structures were performed at the DFT-B3LYP-D3(BJ)*/ma-
def2-TZVP%! level using the Gaussian 16 software®?. Vibrational frequencies were
computed to obtain zero-point energies (ZPEs) and to confirm that they correspond to
stationary points on the potential energy surface. The final SP energies were calculated
at the post-Hartree-Fock (PHF) DLPNO-CCSD(T)%/maug-cc-pVQZ level. In addition,
the Shermo code® was applied to obtain the corrected Gibbs free energy at 20 K with
a scale factor of 0.9860% for the ZPE. The vertical detachment energies (VDEs) of
B12H12>-nCH3CN were calculated using various methods including DLPNO-CCSD(T),
IP-EOM-DLPNO-CCSD®, and PBE0%’, all with the consistent maug-cc-pVTZ basis
set. The independent gradient model based on Hirshfeld partition (IGMH),*® quantum
theory of atoms-in-molecules (QTAIM), and restrained electrostatic potential (RESP)%°
charges for each low-energy isomer were generated using the Multiwfn program’® and

rendered using the VMD software’!. The energy decomposition analysis (EDA) based



on symmetry-adapted perturbation theory (SAPT) at the SAPT2+/aug-cc-pVDZ level
was conducted using the PSI4 program’® to reveal the nature of intermolecular
interactions between Bi2Hi2>~ and acetonitrile molecules. The EDA based on
computationally more efficient SSAPTO/jun-cc-pVDZ(-pp) level is also performed for
B12X 12> -CH3CN (X =F -1).

The AIMD simulations based on the B97-3c method’® were carried out using the
ORCA 5.0.1 software to study temperature-dependent dynamic stability of the solvated
clusters. The canonical sampling with velocity scaling-reheat was employed to control
the temperature, with a time step of 1.0 fs and a time constant of 30 fs. The most stable
conformation from each cluster was selected as the initial state, and a 2 ps dynamic
trajectory was generated at different temperatures (20, 100, 200, 298, 400, 500, 600,
700, 800, 900, and 1000 K) by randomly initializing atomic velocities according to the

corresponding Maxwell distribution at each temperature.

ITI. RESULTS AND DISCUSSION

Fig.1 shows an overview of the NIPE spectra of Bi2Hi2>-nCH3CN (n = 0-4)
measured at 20 K using 193 nm photons. All spectra exhibit an overall similar broad
band with a 2-eV width measured from the baseline albeit with a distinct fine structure
for each species. The electron binding energy (EBE) increases monotonically but with
different degrees upon each CH3CN molecule addition, suggesting a stepwise
electronic stabilization for the solvated clusters. When the first CH3CN molecule is
attached, Bi12H 12>~ exhibits a significant EBE shift (AEBE) of 0.41 eV, estimated from
the photoelectron signal threshold. Subsequent addition of the solvent continues to
increase EBE with a slightly reduced AEBE (n) (EBE(n) — EBE(n-1)) values of 0.35,
0.33, and 0.30 eV for n = 2, 3, 4, respectively (Fig.1 and Table 1).

The experimental AEBE(n) is intrinsically connected to the stepwise binding
energy BE(n) upon the n™ solvent attaching to the (n-1) cluster.'> A notably larger
AEBE(1) for CH3CN (0.41 eV) than H20 (0.31 eV)*° suggests a stronger binding ability
for CH3CN than H20. The AEBE(n) slightly decreases with increasing n, 0.35, 0.33,

and 0.30 eV for n =2, 3, and 4, all of them still larger than or nearly the same compared
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to the 1% water BE. Thus the NIPES experiments unequivocally indicate unexpected

strong interactions between the Bi2H12>~ solute and CH3CN solvent.
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FIG. 1. The 20 K NIPE spectra of B12Hi2?> -nCH3CN (7 = 0—4) measured with 193 nm photons. The

dashed lines indicate the EBE increase trend upon solvation with each stepwise AEBE value listed.



TABLE I. Experimental and Calculated VDEs and AVDE:s (in eV) of Bj;H 2> nCH3CN (n = 0—4).

VDE AVDE
Calcb Calcb
n  Expt* IP-EOM- DLPNO- Expt* IP-EOM- DLPNO-
PBEO PBEO
DLPNO-CCSD  CCSD(T) DLPNO-CCSD  CCSD(T)
0 .15 127 1.35 1.33 - - - -
1 1.56  1.70 1.71 1.73 041 043 0.36 0.40
2 191 211 2.12 2.11 035 041 0.41 0.38
3 224 251 2.53 2.49 033  0.40 0.41 0.38
4 254 2091 2.93 2.86 0.30  0.40 0.40 0.37
MAE - 0.22 0.25 0.22 - 0.063 0.073 0.040

# Assuming AEBE (n) = AVDE(n), all experimental VDE(%) values can be estimated by summing up
VDE(n-1) and AVDE(n) with the VDE = 1.15 eV for BioH2* derived from ref>* The experimental
uncertainties are + 0.05, £ 0.02 eV for VDE and AVDE, respectively. All computations were

carried out with the maug-cc-pVTZ basis set.

Theoretical calculations were performed to provide crucial information for
assigning the cluster structures when combined with the above measured NIPE spectra.
Fig. 2 illustrates the B3LYP-D3(BJ)/ma-def2-TZVP lowest-lying structures and their
structural evolution. For n =1, the added acetonitrile molecule is bound by forming 3
DHBs in the form of B3—H3 ::: H3C-CN between the three adjacent nucleophilic H
atoms of B12H 12>~ and three methyl hydrogens of acetonitrile. For n > 2, distinct binding
motifs were observed for CH3CN compared to the cases in water. Unlike the hydrated
Bi2H12?"-nH20 clusters in which the added water molecules tend to attach with each
other,’! the added CH3CN molecules separately occupy different faces of the Bi2Hi2*~
spherical surface without bearing a tendency of self-aggregation, for example, by
forming HBs of acetonitrile themselves (H3CCN®--->*H3CCN). For n = 2, the 2™
acetonitrile binds to the boron ball’s surface by forming additional B3—H3 ::: H3C-CN
DHB unit, displaying a V-shaped arrangement. Five low-lying isomers, different with
respect to the arrangement of two CH3CN molecules around the borate core, are

identified for Bi12Hi12?>-2CH3CN (Fig. S1), among which isomer 3 with two CH3CN
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occupying exactly opposite side of the borate core and with an almost linear
configuration (D3a) is 0.27 kcal/mol high in energy. Such a binding motif, i.e., forming
a B3—H3 ::: H3C—CN DHB unit per CH3CN, continues for n = 3 and 4. Notably, the
B12H12>"-4CH3CN shows a super-tetrahedral configuration with a T symmetry and zero
dipole moment, in which all 12 methyl hydrogens perfectly occupy and interact with
the 12 hydrogen atoms of Bi2H12%".

Based on the above optimized geometries, three methods including PBEO, IP-
EOM-DLPNO-CCSD, and DLPNO-CCSD(T) were employed to calculate the VDEs
(see Table 1 for VDE:s of the lowest isomer 1, and supporting information for the VDEs
of all other isomers). The calculations show that all three methods can reproduce the
experimental VDE trend, but overestimated the experimental VDEs with the mean
absolute errors (MAEs) of 0.22 ~ 0.25 eV. When compared to the experimental AVDE:s,
the MAEs become much smaller between 0.040 to 0.073 eV (TABLE I). Particularly,
the PHF DLPNO-CCSD(T) predicts a AVDE trend (as a function of n) that is in an

excellent parallel with the experimental data (Fig. S3).
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FIG. 2. The lowest-lying structures of Bi2H»?> -nCH3CN (n = 1-4) optimized at the B3LYP/ma-

def2-TZVP level (see Fig. S1 for other low-lying isomers). The charges of hydrogens on the surface
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of B1oHi»? ™ are colored from dark blue (most negative) to light blue (least negative). The gray region
and the gray arrow suggest the possible potential binding sites for the next CH3;CN. The symmetry

(point group) and calculated dipole moment (in Debye) are also listed.

The above structural evolution for Bi2H12>"-nCH3CN (n = 1-4) can be rationalized
based on the surface charge redistribution of Bi2Hi2>~ induced by the added CH3CN
molecule (Fig. 2, Fig. S2, and Table S2). The isolated Bi2H12?~ possesses a uniform
charge distribution on its molecular surface. As one CH3CN attached, the surface
charges redistribute and the twelve H atoms can be divided into four types: (i) three
directly bonded H atoms (light blue) (with the three boron atoms connected to these H
atoms labelled as Buarget); (i1) three unbonded H atoms that connect to those boron atoms
each of which links to single Brarget (dark blue); (iii) three unbonded H atoms linked to
the boron atoms each of which connects to two Brareet; (iv) three unbonded H atoms
linked to the boron atoms which have no direct connections with Brarget (locating exactly
opposite side of the borate ball comparing to type 1). The calculated RESP charges show
that the amount of negative charges carried by the H atoms are in the order of ii > iv >
iii > 1. Therefore, for n = 2, the potential binding sites on the borate surface for the
second CH3CN is type ii H atoms to form a V-shaped configuration (Cav), not those on
the opposite side (type iii). Adding the third or fourth CH3CN molecule can be

explained in a similar way.

11
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B12H 2> -nCH;CN (n = 1-4). The 8g™*" = 0.005 a.u. isosurfaces are colored according to a blue-
green-red scheme over a range of -0.01 < sign(A;)p < 0.03 a.u., where blue represents the strong
electrostatic interaction (or HB), green means the weak van der Waals interaction, and red indicates
the strong repulsion interaction. The averaged dihydrogen bond lengths (A) and RESP charges of
CH3CN fragments (e) are also listed.

)"+ 75 is employed to

The Bader’s quantum theory of atoms-in-molecules (QTAIM
reveal the intermolecular interactions and their strengths between B12H12>~ and CH3CN.
Within the QTAIM theory, the bond critical point (BCP) is regarded as the most
representative point along the interaction path between two interacting atoms.”* As

74.76-78 guch as the electron

shown in Table S3, various QTAIM topological descriptors
density p(r), Laplacian function of electronic density V?p, electronic energy density H(r),
potential energy density V(r), Lagrangian kinetic energy density G(r), the ratio of
absolute potential energy density to Lagrangian kinetic energy density |V (r)|/G(r) at the
BCP of the intermolecular interaction of interest were analyzed. The positive values of

V2p and H(r) as well as [V(r)|/G(r) < 1 all indicate the existence of noncovalent

interactions between the two fragments, visualized intuitively by the blue (strong DHB

12



interaction) and green regions (weak van der Waals interaction) through independent
gradient model based on IGMH analysis®® (FIG. 3). Interestingly, the values based on
these descriptors consistently decrease as n increases, suggesting a gradually
weakening interaction strength for a single DHB with increasing n.

Meanwhile, the total BEs calculated at the SAPT2+4/aug-cc-pVDZ level are in line
with the experimentally measured blue-shifted VDEs (Table S4a), suggesting that total
BEs increase as the cluster size increases. However, when the total BEs are averaged
for a single DHB (note there are 3 single DHB per CH3CN), the averaged BEs are found
to gradually decrease as n increases. As a result, the averaged SAPT-derived BEs agree
well with the QTAIM analysis for characterizing the single DHB strength previously
described. Interestingly, a plot of the averaged BE against p(r) leads to a perfect linear
correlation (R = 0.99965), verifying the traditional viewpoint that the larger value of
p(r), the stronger is the corresponding HB interaction. Moreover, the fitted formula
(averaged BE = -349.47p(r) — 2.725) provides a very convenient way for evaluating a
single DHB strength for other acetonitrile-solvated dodecaborate clusters

The nature of the Bi2Hi2> and CH3CN intermolecular interactions can be
decomposed into four physically meaningful components, including electrostatic (Elst.),
exchange (Exch.), induction (Ind.), and dispersion (Disp.) terms. As shown in FIG. 4,
the increase of the BE upon each CH3CN addition arises from the increase of Elst., Ind.,
and Disp. contributions, in which the first one plays a dominant role although the latter
make appreciable contributions. Upon average, the gradual weakening of interaction
strength for a single DHB can be attributed to the decreases from both electrostatic and
induction terms (FIG. S5). As shown in FIG. 3, the averaged B-H%---3*H-C DHB
length gradually increases from 2.174 A (n = 1) to 2.223 A (n = 4), suggesting a gradual
weakening electrostatic interaction between the two interacting H atoms. The neutral
acetonitrile molecules in the meanwhile carry a certain amount of negative charges due
to the available induction effect with Bi2H12?". The induced charges on acetonitrile are
found to gradually decrease from -0.0634 ¢ (n = 1) to -0.0515 e (n = 4), echoing the
above decreased induction term based on the SAPT-derived energy decomposition

analysis.

13
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FIG. 4. (a) Calculated binding energies at the SAPT2+/aug-cc-pVDZ level, the red dotted line
represents the averaged binding energies corresponding to a single DHB (i.e., divided by 3 per
solvent). (b) Electrostatic (Elst.), exchange (Exch.), induction (Ind.), and dispersion (Disp.) terms
derived from the SAPT2+/aug-cc-pVDZ energy decomposition analysis for BioHi2? -nCH3CN (n

— 1-4).

To illustrate the dynamic stability of acetonitrile-solvated dodecaborate clusters,
temperature-dependent AIMD simulations were conducted for Bi2H12?"- CH3CN. (FIG.
5). At 20 K, the acetonitrile molecule hardly moves due to the threefold DHB locking
between Bi2H12?~ and CH3CN. As the temperature increases to 400 K, the acetonitrile
molecule can still stand on the spherical surface of Bi2H12?~ accompanied with only
molecular twisting motions. As the temperature further increases, CH3CN possesses
more freedom and starts to move freely until it detaches from the surface of Bi2Hi2%".
As a comparison, the water molecule starts to show significant rocking motions even at
T = 20 K and be able to swim around the Bi2H12>™ surface at T = 40 K.** The
temperature-dependent dynamics simulations confirm that Bi2Hi2>-CH3CN exhibits
significant kinetic and thermodynamic stability that can be attributed to the threefold

DHB locking force.

14
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In addition, the current Bi2H12?"-CH3CN model is extended to the whole halogen
series of B12X12>-CH3CN (X = F — I) (FIG. 6). Compared to Bi2Hi2?>-CH3CN,
B12F12>-CH3CN possesses the same binding motif with three acetonitrile methyl
hydrogens directly bound to three adjacent F ligands in the fashion of B3—F3 ::: H3C—
CN. For B12X122-CH3CN (X = CI, Br, I), each methyl hydrogen points to the middle
of two adjacent halogen atoms with the methyl group rotated by ~60° compared to the
H and F cases, a scenario that is similar to what occur in monohydrated B12X12>"-H20
clusters.’® Moreover, the EDA for B12X12>-CH3CN (X = F — I) are performed at a
computationally more efficient sSAPTO/jun-cc-pVDZ(-pp) level (FIG. S6).
B12H 12> -CH3CN possesses a total BE that is 9.5% larger than that for X = F, and 28%

lager on average than those of X = Cl, Br, I (Table S5), again illustrating the superiority

15



of DHB over conventional HBs. The total BE decreases appreciably (by 18%) from F
to CI and converges at Br and I. The EDA results show that the electrostatic and
induction interactions gradually decrease with the X size from F to I, while the

dispersion interaction increases due to their increased polarizabilities of B-X bonds.?’

IV. CONLUSIONS

We report a combined NIPES and multiscale theoretical simulation on
microsolvation of Bi2Hi2?>~ with 1 to 4 acetonitrile. Each added acetonitrile molecule is
found to bind to the solute via a B3—H3 ::: H3C—-CN DHB motif at the most negative
region on the surface of Bi2Hi2>~. The 3-fold DHBs per solvent leads to significant
strength advantage and stable electronic structures. Notably, the Bi2Hi2>-4CH3CN
cluster displays a super-tetrahedral (T) configuration with zero diploe moment and
restores a uniform charge distribution on the surface of closo-dodecaborate. The
experimental VDEs, particularly the AVDEs, are well reproduced by the calculations,
lending credence for the most stable structures assigned. In addition, the character and
strength of the DHB are characterized by QTAIM and EDA. The averaged BEs for a
single DHB decrease as the cluster size increases, attributed to the reduced electrostatic
and induction terms. This observation is consistent with an elongated B-H®"--3H-C
DHB lengths and decreased induced charges on acetonitrile molecules. Temperature-
dependent AIMD simulations confirm the extraordinarily kinetic and thermodynamic
stabilities based on the Bi2H12> - CH3CN cluster. The binding motif in Bi2H12*"- CH;CN
is largely retained for the halogenated B12X12>"-CH3CN (X = F —I) clusters.

This work expands our knowledge on anion-acetonitrile interactions (typically seen
as a weak charge-dipole type) and provides direct evidence that multiple DHBs with
significant strengths can be formed between Bi2H12>~ and CH3CN. It appears that the
four acetonitrile molecules fully occupy the spherical surface of dodecaborate and
whether they truly form its first-solvent shell remains an interesting question and we

reserve those issues for subsequent studies.
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SUPPLEMENTARY MATERIAL

Five low-lying isomers for each solvated cluster; calculated RESP charges of hydrogen
atoms on the surface of closo-dodecaborate Bi2Hi2?~ in Bi2Hi2>"-nCH3CN (n = 1-4);
experimental and calculated VDE values and AVDEs of the lowest-lying
B12H12>-nCH3CN (n = 1-4) using various levels of theory. EDA for the lowest-lying
structures of B12X12°"-CH3CN (X = F-).
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