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ABSTRACT: Two of the basic requirements of a good catalyst are that molecules be co & o9,

o) G ih s s b ottt evod) hrarleasys i el ? B PA
ound to it with energies intermediate between physisorption and chemisorption and be o R. ‘5 .

simultaneously activated in the process. Using density functional theory, we have o o o °

studied the interaction of small molecules such as H,, O,, N,, CO,, CO, and NH; with o o

modified dodecaborate anion [B;,H;,]*", namely, [B;,X;;]™ and [B,X;;]*” (X = H, F,

CN). Calculations of the structure, stability, and electronic properties of these species o %o o O

interacting with the above molecules show that they meet the above requirements. In |

addition, [B;,X;;]*~ (X = F, CN) species are not only more stable than [B,X;;]~ é

species but also bind to O, more strongly than their monoanion counterparts. [B,,X,,I* [B,, X, ]™

I. INTRODUCTION could bind noble gas atoms, Kr and Xe, spontaneously at room

temperature.”” Mayer et al. later observed binding of CO with
[B.X;1]” (X =F, Cl, Br, I, CN). They showed that the strong
electrostatic effect of the “naked” boron overcompensates the
weak ﬂ-backbonding23 and, therefore, a blue shift of the
vibrational frequencies was observed.

In a recent article,”* we showed that if one of the ligands X
from [B,X;,]*” (X = F, CN) could be removed in neutral
form, the resulting cluster, [B1,X;;]>”, can remain stable
against the detachment of the second electron. This is
consistent with an earlier experimental observation of
[B,,Br;;]>"."" Here, we show that [B,X,,]*” (X = F, C], Br,
I, CN) clusters are electronically more stable than their
corresponding monoanions [B,X;;]”. In addition, [B;,X;;]*~
(X = F, CN) binds to O, more strongly than its monoanionic
counterpart.

Note that whether the ligand X in [B},X},]*” would detach
in anionic or neutral form would depend not only on which
detachment path costs the least energy but also on the energy
barrier the ligand needs to cross in the process. From the
energy cost point of view, the ligand would detach in the
anionic form if the electron affinity of the ligand is higher than
that of the second electron affinity of [B},X;,]*". In Figure SI,
we plot the energy cost to remove the ligand X in neutral as
well as in the anionic form. Note that the energy cost to
remove the ligand in the anionic form is less than that in the
neutral form, leaving behind [B,X;,]”. However, this is not
always the case. As mentioned before, the existence of
[B,Br,,]>, observed experimentally,'" implies that the energy

Dodecaborate ions, namely, [B;,H;,]*", were predicted and
synthesized more than half a century ago.' > These are cage
clusters composed of 12 B atoms occupying the vertices of an
icosahedron with 12 hydrogen atoms radially bonded to the B
atoms. Over the past several decades, considerable efforts have
been made to study their properties not only by changing the
ligands from hydrogen to halogen, pseudo-, and superhalogen
moieties but also by replacing the core B atoms with Be, C, and
N.*"* The stability of these species was explained by Wade'*
and later extended by Mingos'® and Jemmis.' Commonly
known as Wade’s rule, it is based on the polyskeletal electron
pair theory (PSEPT) which states that [B,H,]*” (n > 6)
requires (n + 1) pairs of electrons for its stability. Despite its
small size (radius of 5.81 A), [B;,H,,]*” is stable as a dianion
in the gas phase with the second electron bound by 0.9
eV."” " It was later shown that the binding energy of the
second electron, known as the second electron affinity, can be
higher if the H atoms are replaced by halogen atoms; the
second electron affinity of [By,Br;,]*” reaches as high as 2.71
eV."" Recently, Zhao et al. predicted that if a halogen can be
replaced by a superhalogen, CN, the second electron affinity
could be even higher, namely, 5.3 eV.”” This unprecedented
high binding energy of the second electron was later
experimentally confirmed to be 5.5 eV, makin
[B,,(CN),,]*" the most stable dianion to date in nature.”
In the same experiment, the authors showed that if one of the
CN ligands is detached, the uncoordinated or “naked” B atom
(i.e., the B atom without a ligand) in [B;,(CN);;]” can bind
noble gas atom Ar at room temperature. Using density
functional theory, the authors showed that the “naked” B atom Received: November 6, 2023
carries a positive charge while the excess electron in Revised:  February 22, 2024
[B1»(CN),,] is distributed mostly over the CN ligands. The Acce}’ted: February 23, 2024
electrophilic nature of the “naked” B atom was shown to be Published: March 8, 2024
responsible for Ar binding. A few years earlier, Rohdenburg et

al. had also shown that the electrophilic B atom in [B,,Cl;]”~
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Figure 1. Optimized atomic structures of (a) [B;,X;,]*” and (b) [B},X;;]™ and [B},X;;]*". B/, Biyn, Banny and Byyy represent the “naked” boron
atom (which lost a ligand) and its first, second, and third nearest neighbors, respectively. X;yn, Xonn and Xy represent the ligand atoms bound to

B avw Bonnw and By, respectively.

barrier the ligand needs to cross, commonly known as the
repulsive Coulomb barrier, would also play a role.

We had earlier shown that [B},X;;]*~ (X = F, CN) can
activate CO, and N, more strongly than their monoanionic
counterpart, [B},X;;]™.”* To understand the underlying reason
for this enhanced reactivity, we examined the distribution of
the second electron in [B},X;;]*". This was found to primarily
go to the “naked” B site, reducing its charge from 0.70 e in
[B1,(CN),;]™ to 0.26 e in [B;,(CN);,]*>", making the “naked”
B less electrophilic. The reason for [B;,X;;]*” to be more
reactive than [B,X;;]” is that the former is a radical ion with
an unpaired electron and its second electron affinity, namely,
3.17 eV, is smaller than the ionization potential of any atom in
the periodic table.

In this paper, we show that [B,X;;]*” (X = F, CN) clusters
bind to O, more strongly than [B;,X;,]~ while reverse is the
case for the binding of CO and NH;. In what follows, we
describe our computational procedure and discuss our results.
Our reasons for focusing on the reactions with H,, O,, CO,
and NHj are outlined in Section IIL

Il. COMPUTATIONAL METHODS

The geometries and total energies of [B1,X,], [B5X;;]"", and
[B.X11)"™ (n=0,1,2; X =H, F, CN) clusters interacting with
small molecules, Y = H,, O,, CO, and NHj, are calculated
using density functional theory (DFT) and the B3LYP
exchange-correlation functional.” We used the Gaussian 16
code’® with the 6-31+G(d,p) basis set for all atoms as this
choice has led to good agreement between theory and
experiment.”* All the structures are fully optimized without
any symmetry constraint. The convergence in the total energy
and force are set at 107° eV and 1072 eV A7, respectively. To
determine the preferred spin multiplicities of [B1,X;;]"” (n =1,
2) clusters, we calculated the total energies of the species for
the two lowest spin multiplicities, i.e., singlet and triplet states
for an even number of electrons and doublet and quartet states
for those containing an odd number of electrons. With the
exception of [B1,(CN),;0,]7, all clusters with an even (odd)
number of electrons are found to be in the spin singlet
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(doublet) state. Note that all the molecules studied here have
singlet spin states except O,, which has a spin triplet ground
state with the singlet state lying 1.67 eV above the triplet state.
Hence, O, is known as a diradical. We will discuss the
preferred spin multiplicities of [B;,X;;0,]"” (n =1, 2) in more
detail in the following section.

The first and second electron affinities (EA; and EA,) of
these species are calculated using the following equations:

EA,; = E([C]) - E([CT") (1)

EA, = E([C]") — E([C[*") )

The terms E([C]), E([C]7), and E([C]*") refer to the total
energy of the neutral, monoanionic, and dianionic form of C,
respectively, where C represents either [B,X;,] or [B},X;]
with or without adsorbed gas molecules, Y. The energy costs,
AE° and AE", to detach a ligand in a neutral state (X) or in a
monoanionic state (X~), respectively, are calculated as

AE® = E(X) + E([Blzxu]z_) - E([Bquz]z_) (3)

AE™ = E(X7) + E([B,X,,]7) — E([B,,X,]*") (4)

lll. RESULTS AND DISCUSSION

In the following we provide the results of our calculations for
[B1»X1,] and [By,X;;] with or without the adsorbed gas
molecules, Y.

lll.I. Geometries and Electronic Structure of
[B1,X150%7, [BiXyy1"™ (n =0, 1, 2) (X H, F, CN).
LI [B;5X;5]. As mentioned before, [B,X;,]> clusters
consisting of 12 boron and 12 X (X = H, F, and CN) ligands
have been studied extensively and are known to have an
icosahedron geometry (Figure 1a). To validate our computa-
tional method, we first calculated the ground-state geometries
and total energies of [B,X;,]"” (n = 0, 1, 2) clusters and
compared them with previous calculations.”'>'”***" The
dianionic states of [B},X,,]*” are found to have the lowest
energies, and thus the highest stability. We also note that, for
each ligand X, the dianion is in the spin singlet state and has

https://doi.org/10.1021/acs.jpca.3c07361
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Table 1. First (EA;) and Second (EA,) Electron Affinities in eV of [B,X;,], [B1,Xi;], and [B,X;,Y] where Y = H,, O,, CO,

and NH,"
[BIZXIIY]
[B1:Xy,] [B1:Xy4] Y=H, Y=0, Y =CO Y = NH;
EA, (EA,) EA, (EA,) EA, (EA,) EA, (EA,) EA, (EA,) EA, (EA,)
X=H 4.77, 453", 4.55°, 4.577 (0.86, 0.81%, 0.96°, 0.867, 0.95) 530 (-1.81)  5.07 5.42 524 4.53
X=F 5.75, 5.697¢ (1.58, 1.30°) 5.79 (0.83) 5.60 (—0.32) 591 (1.96) 5.67 (—0.66) 5.12 (—1.61)
X=CN 857, 871", 8567 (528, 526", 5.287, 5.45°, 5.53) 8.49 (3.17) 8.36 (2.09) 833 (4.69) 833 (1.78) 8.09 (—0.39)

“The EA, values are given in parentheses. PRef 9 with PBE0/def2-TZVP. “Ref 13 with PBE0/def2-TZVP. “Ref 20 with B3LYP/ 6-31+G(d,p). “Ref
9 with B3LYP/6-331++G(2d, 2p). /Ref 9 with PBE0/def2-TZVPPD. €Ref 17 with B3LYP/6-311G+(d).

Table 2. Structural Parameters (Bond Distances, d, in A) and Natural Charges (q) in Electrons of Boron and X Ligands (X =
H, F, and CN) in [B12X12:|2_) [B12X;]7, and [Blzxu]z_a

X [B1X,)*" [B1oX11]/[BuXy >
d(B—B) d(B'—By) d(Bjan—Binn) d(Bixnn—Ban) d(Bnn—Bawn) d(Byn—Bsnn)
—H 1.787 1.696 1.833 1.791 1.801 1.781
—F 1.797 1.736/1.753 1.856/1.800 1.802/1.798 1.815/1.804 1.802/1.796
—CN 1.798 1.715/1.768 1.845/1.793 1.806/1.804 1.815/1.800 1.801/1.798
d(B-X) d(B') d(Bin—Xinn) d(Bynn—Xonn) d(Bin—Xsnn)
—H 1.206 1.192/ 1.194/ 1.194
—F 1.396 1.372/1.400 1.376/1.397 1.377/1.397
—-CN 1.543 1.533/1.547 1.536/1.544 1.537/1.544
‘I(B) ‘I(B’) q(BlNN) q(BZNN) q(BSNN)
—-H —0.19 +0.45/ -0.22/ —0.17/ -0.21/
—F +0.34 +0.37/-0.08 +0.36/+0.33 +0.36/+0.35 +0.35/+0.34
—CN —0.03 +0.70/0.26 —0.08/-0.10 —0.02/-0.03 —0.05/-0.04
q(X) 9(Xinn) 9(Xonn) q(Xsnn)
—H +0.02 +0.07/ +0.06/ +0.07/
—F —0.51 —0.48/—-0.52 —0.48/-0.51 —0.48/—0.51
—CN —0.14 —0.11/-0.07 —0.11/-0.08 —0.10/-0.08

“B’, Binn Bann and Bany represent boron atoms with the absence of X ligand and first, second, and third nearest neighbor boron atoms to B/,
respectively. X nn, Xonn and Xayy denote ligand atoms attached to By, Banny and Bayy, respectively.

lower energy compared to that in the spin triplet state. All
these findings adhere to Wade’s electron-counting rule, which
states that [B,,X;,] clusters are most stable as a dianion.

The calculated first (EA;) and second (EA,) electron
affinities of [B;,X;,] are summarized in Table 1 and compared
with previous calculations. The EA, values of B,,X,, are 4.77,
5.75, and 8.57 eV for X = H, F, and CN, respectively. The
second electron affinities of B,,X;, with the EA, values of 0.86,
1.58, and 5.28 eV for X = H, F, and CN, respectively, not only
demonstrate their stability as a dianion but also that ligands
have a substantial effect on their stability. These findings are
consistent with theoretical results reported earlier, as well as
with the experiment results presented in Table 1.”''7*%*! For
the cyano ligand (CN), the total energy of [Bj,(CN);,]*~
(where the C atom of CN is bound to the boron atom) is 4.03
eV lower in energy than that of [B,,(NC),]*” (where the N
atom of CN is bound to the boron atom). As the binding of
the C atom of the CN bound to B is more favorable than that
of the N atom, we only study [B;,(CN),,]*" clusters in the
following.

To further investigate the influence of the X ligand on the
geometrical parameters, we calculated the B—B and B—X bond
lengths in [B},X},]*” dianions (see Table 2). The B—B bond
lengths are 1.787, 1.797, and 1.798 A for X = H, F, and CN,
respectively. This shows that the variation of X has only a
marginal effect on the B—B distances. In contrast, the B—X
distances vary significantly. The calculated B—X bond lengths
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are found to be 1.206, 1.396, and 1.543 A, for X = H, F, and
CN, respectively, and are consistent with the sum of the
covalent radii of the corresponding elements B and X.

To gain insights into the electron distribution within
[B,X;,]*", namely, where the negative charges reside, we
performed a Natural Bond Orbital (NBO) analysis. Schematic
partial charges are illustrated in Figure 1. For X = H, the
negative charges are entirely localized on the boron atoms.
Each hydrogen atom donates a minute amount of charge of
approximately 0.02 e to the boron atoms whereas each boron
atom gains 0.19 e. On the other hand, in the case of X = F,
each boron atom lost 0.34 e and became positively charged. As
the electron affinity of the F atom is higher than that of the
boron atom, all the negative charges are transferred to the F
ligands and each of them gains 0.51 e. These results agree well
with previous results where each B lost 0.3 e and each F gained
0.47 e."° Unlike when X = H and F, for X = CN, boron atoms
do not participate in any cooperative charge transfer. Each
boron atom gains only 0.03 e in [B;,(CN);,]*7; the main
contributors to charge transfer are the carbon and nitrogen
atoms of the CN ligands.

HLLIL [B;5X;,]. Next, we focus on [B,X;;] clusters, which
are formed by removing one X ligand and generating an
uncoordinated boron (referred to as the “naked” boron atom
and labeled as B") (Figure 1b). As discussed before, the ligand,
when removed, prefers to detach as a negative ion carrying the
excess electron with it. Removing a ligand X in its neutral form

https://doi.org/10.1021/acs.jpca.3c07361
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Figure 2. Optimized atomic structures corresponding to the lowest energy configurations for (a) [B,H;H,]7, (b) [B,FH,]7, (c)
[B,(CN)H,]", and (d) [B,,(CN),;H,]*". Additionally, HOMO—LUMO molecular orbitals for [B,,F,,H,]™ are given in (b). The figure also
includes binding energy with D3 dispersions and H—H distance for each corresponding structure. (e) Natural charges on the “naked” boron and

hydrogen molecule are depicted by black and red pillars, respectively.

would lead to [B;,X;;]*". In a recent paper, we showed that
[B,,X,,]*" dianions (X = F, CN) are not only thermodynami-
cally and dynamically stable but also demonstrate exceptional
ability in activating CO, and N,** We also noted that the
second electron occupies the singly occupied molecular orbital
(SOMO) and the spin is strongly localized on the “naked”
boron atom. In this work, we systematically study the potential
of both [B,,X;,]” monoanion and [B,X;,]*~ dianion clusters
to activate a range of other molecules, Y = H,, O,, CO, and
NH;. We examine the role of the electrophilicity of the
“naked” boron atom in binding these species.

After full geometry optimization without any symmetry
constraint, we found that the “naked” boron atom slightly
moved toward the center of the dodecahedral cage, resulting in
a shorter distance from B’ to its first nearest neighbor boron
atoms (B;yy) and an elongation of the bonds between Biyy
atoms. It is noted that the changes in the atomic positions of
the boron atoms in [B;,X;;]*” are marginal when compared
with those in [B},X;;]”. As a result, structural integrity from
[B,X;,)*™ to [B;,X;;]” and [B,X;]*” is maintained. All
structure parameters are summarized in Table 2.

In addition to the thermodynamical stability, we investigated
the dynamical stability of [B;,X;;]” monoanion and [B;,X;;]*~
dianion clusters. The absence of imaginary vibrational
frequencies (see Table S3 for details) in these structures
confirms that they belong to minima in the potential energy
surface. To further study their stability when negatively
charged, we calculated their electron affinities which measure
the energy gain when an additional electron is added. The
calculated EA, values are 5.29, 5.79, and 8.49 eV and the EA,
values are —1.81, 0.83, and 3.17 eV for X = H, F, and CN
ligands, respectively. The positive electron affinities of
[B,X,,)*” (X = F, CN) confirm that these are stable.

To further examine the electronic structure of [B;,X;;]™ and
[B1,X,,]*", we studied the distribution of negative and positive
charges within [B,X;;] clusters by calculating the NBO
charges. The results are given in Table 2. In [B,H;;]", the
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different boron atoms exhibit the following charges: B': +0.45
e, Binnt —0.22 e, Byyn: —0.17 ¢, and Byyy: —0.21 e. This
suggests that B’ loses electrons, while the other boron atoms
gain electrons. Their natural electronic states are as follows: B':
26065 pl88 B 26060 p2S3 By 26065 2p249 and By
25%6* 2p>%*, Notably, the differences arise primarily from the
2p orbital of B’. It is worth mentioning that the average natural
charge on the H ligands is 0.07 electrons per hydrogen atom,
with natural electronic states showing 1s®**. This suggests that
hydrogen makes a minimal contribution to the charge transfer.
Thus, the polarization in [B;,H,;]” primarily results from the
presence of the positively charged “naked” boron atom and the
negatively charged coordinated boron atoms.

In the case of [B,F;]", the boron atoms possess charges as
follows B': +0.37 e, Bjxn: +0.36 €, Byyn: +0.36 e, and By
+0.35 e per boron atom, while each fluorine ligand carries a
charge of —0.48 e. Therefore, the positive and negative charges
are distributed forming a core—shell model in [Bj,Fy;]” (see
Figure 1b, middle panel). As for [B},F;;]*", the boron atoms
possess charges as follows B’: —0.08 e, Bjxn: +0.33 €, By
+0.35 e, and Byyy: +0.34 e per boron atom, while all fluorine
ligands carry a charge of —0.51 ¢/—0.52 e each. Thus, the extra
electron moved to the “naked” boron atom in [Bj,F;;]*,
nearly neutralizing its charge.

For [B,,(CN),;]~, the “naked” boron atom has +0.70 e,
making it the most electrophilic among [B,H;;]” and
[B,F1]™. On the other hand, the remaining boron atoms
exhibit the following charges: Bjyy: —0.08 e, B,yy: —0.02 e,
and B;yy: —0.05 e, indicating that they do not participate in
charge transfer in [B;;,(CN),;]7, contrary to their behavior in
[B;,H;,]™ and [B,F;;]". Furthermore, the carbon atoms have
electronic states of 25> 2p*®* and the nitrogen atoms have
electronic states of 2s™? 2p*%. Due to the higher electro-
negativity of nitrogen compared to carbon, the shared
electrons in the CN ligands are pulled toward the nitrogen
atom, resulting in a partial negative charge on the nitrogen
atoms (—0.24 e) and a partial positive charge on the carbon

https://doi.org/10.1021/acs.jpca.3c07361
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atoms (0.13 e) in each CN ligand. Consequently, the negative
charges are primarily localized on the nitrogen atoms, with
only a small number of electrons being present on the
coordinated boron atoms, while the positive charges reside on
the carbon atoms. In the case of [B;,(CN);;]*", the boron
atoms possess charges as follows B’: 0.26 e, Bjyy: —0.10 e,
Byyn: —0.03 e, and Byyy: —0.04 e per boron atom, while all
CN ligands carry a charge of —0.07 ¢/—0.08 e each.

lILIl. Geometries and Electronic Structure of [B,,X;,1”
and [B;,X;]>~ (X = H, F, CN) Interacting with Small
Molecules Y (Y = H,, O,, CO, NHs). In a recent report, we
have shown that [B,,X,,]>~ (X = F, CN) clusters are able to
activate CO, and N, more strongly than [B,,X;;]™.>* Here, we
extend these studies to H,, O,, CO, and NH;. From the DFT
total energy calculations, we determine the most stable atomic
configurations of [B},X;,Y]™ and [B},X;,Y]*” where Y = H,,
0O,, CO, and NHj. These molecules were initially placed in
various orientations on the corresponding clusters and the
geometries were optimized without any symmetry constraint.
In the following, we focus only on the lowest energy
configurations. Their xyz atomic coordinates, total energies,
and vibrational frequencies are presented in Tables SI—-S3. To
gain insight into the adsorption strengths, we calculated the
binding energies, EB; and EB,, of the molecules using the
following equations:

EB, = E([B),X;,]") + E(Y) — E([B,,X;,Y]") (5)

(6)

Furthermore, we performed vibrational frequency calcu-
lations for the lowest energetic configurations and confirmed
that all the presented structures are dynamically stable with no
negative frequencies.

HLILL. Y = H, Our initial focus lies in examining whether
hydrogen molecules can establish physical or chemical bonds
with these clusters. To accomplish this, we investigated the
lowest energy geometry of H, when interacting with [B,X;,]”
and [B,X;;]*” and calculated the corresponding binding
energies. Our DFT calculations reveal that the “naked” boron
atom, irrespective of the ligands (H, F, and CN), is the most
reactive site for H,, resulting in the formation of bonds with
two hydrogen atoms. This configuration is referred to as
“parallel adsorption”. The lowest energy geometries for
[B,X;H,]™ are presented in Figure 2. The calculated H,
binding energies in [B;,X;;H,]™ are 0.52, 1.33, and 1.28 eV for
X = H, F, and CN, respectively. The corresponding H-—H
distances of 0.834, 0.883, and 0.827 A are slightly larger than
the H—H bond length in the H, molecule, namely, 0.743 A.
These results are consistent with earlier calculations”” where
the authors computed the H—H bond lengths (binding
energies) using the PBEO functional as 0.850 A (0.38 eV),
0.910 A (1.14 eV), and 0.842 A (1.12 eV) for X = H, F, and
CN, respectively.

In the case of the [B},F,;]*>" cluster, H, is not bound and
when placed on the “naked” B’ atom in [B;,(CN),,]*7; it
dissociates (see Figure 2d). Thus, [B;,X;;]” monoanions are
more favorable for H, adsorption when compared with their
dianions. The average B’—Hy, distances in [B,X;;H,]™ are
calculated to be 1.346, 1.295, and 1.357 A for X = H, F, and
CN, respectively. These distances are larger than the B—H
distance in [B;,H;,]*” (1.206 A). Notably, the H, molecule on
the [By,F;;]™ anion cluster exhibits the closest distance, which
correlates with the highest binding energy. As a result, these

EB, = E([B,,X,"") + E(Y) — E([B,,X,,YI"")
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closely interacting distances may provide a favorable condition
for the facile activation of the H, molecule. All these results
suggest that the introduction of the “naked” boron strengthens
the adsorption toward the H,, weakens the H—H bond, and
thus enhances the reactivity of the H, molecule.

To further elucidate the nature of interaction and charge
transfer in [B,X;;H,]”, we carried out the NBO charge
analysis. The variation of partial charges for the “naked” boron
and the adsorbed molecules is presented in Figure 2e. The
adsorbed H, molecule is found to have lost 0.58 (0.29
electrons from each hydrogen), 0.66, and 0.66 electrons for X
H, F, and CN, respectively, which are gained by the
[B1,X;1] clusters. The natural charges of the “naked” boron in
[B,X;;H,]™ are —0.36, —0.59, and —0.17 e for X = H, F, and
CN, respectively. To be more specific, upon H, adsorption, the
natural electronic configuration of the “naked” boron atom is
changed from 25%% 2p'8 to 25°%3 2p>”° for X = H, from 2s°7°
2p™ to 25! 2p*!7 for X = F, and from 25 2p¢7 to 25!
2p>% for X = CN. Thus, there is a charge transfer from H, to
B’

To determine and analyze the enhancement in the chemical
activity of the H,, we examined the molecular orbitals (MOs)
of the studied structures before and after they bind to
[B1,X11]". The energy gaps between the highest occupied
molecular orbitals (HOMO) and lowest unoccupied molecular
orbitals (LUMO) for [B,,X;,H,]™ are 5.84, 5.15, and 5.77 eV
for X = H, F, and CN, respectively. HOMO/LUMO molecular
orbitals for [Bj,F;;H,]” are presented in Figure 2b (right
panel), while for the remaining cases, they can be found in
Figure S2b. Notably, the HOMO exhibits greater delocaliza-
tion on the coordinated boron atoms (B;xy, Bonny and By,
whereas the LUMO predominantly resides on both the
“naked” boron atom and the H, molecule. This observation
underscores the observed charge transfer between the H,
molecule and the [B;,X;;]” monoanions.

HILILIL Y = O,. An oxygen molecule (O,) is essential in many
catalytic oxidation reactions as catalysts can facilitate the
transfer of oxygen atoms or molecules to other compounds,
leading to their oxidation. For instance, O, reacts with
hydrocarbons to produce CO, and H,O in the automotive
catalytic converter. When O, is activated on a catalyst, it can
undergo various chemical reactions depending on the catalyst
and the reaction condition. Activating an O, molecule typically
means breaking the O—O bond and creating reactive oxygen
species that can participate in chemical reactions.”® Warneke et
al. studied the reaction of O, molecules with closo-borate
radical anions and showed the formation of very strong B—O
bonds.” In experiment, the halogenated closo-dodecaborates
exhibit exceptional stability against oxidation.”

We carried out DFT calculations to first examine the
activation of O, molecules on [B,,X,;]” and [B,X,,]*~
clusters. From the energetic screening, the “naked” boron
atom, once again, is the most active site for O, binding. The
lowest energy configurations of [B},X;,0,]” for X = H, F, CN
and [B,X;,0,]* for X = F and CN are presented in Figure 3.
It can be seen that one oxygen atom of the O, is energetically
favored to bind to the “naked” boron atom. Thus, in contrast
to the H, binding, O, with the parallel adsorption on both
[B1,X;,]™ and [B;,X,;]*" is not favorable. The B'—0* (O*
refers to the oxygen atom bonded to B’) bond distances are
1.406, 1.393, and 1.495 A for X = H, F, and CN in [B,,X,,]",
while they are 1.465 and 1.443 A for X = F and CN in
[B,,X;;]*7, respectively. Therefore, the adsorbed O, molecule
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Figure 3. Optimized atomic structures corresponding to the lowest
energy configurations for (a) [B;,H;;0,]7, (b) [B,F;,0,]”
([B12F1102]2_); and (c) [B1,(CN),,0,]” ([Blz(CN)nOz]z_)- NBO
charge analysis is presented in (d) where the natural charges of
“naked” boron (B’), oxygen (O*) bonded to “naked” boron, and the
other oxygen (O) are illustrated by black, red, and blue bars,
respectively. Calculated binding energies with D3 dispersions and
O*—0 distances for each corresponding structure are depicted. The
values for the dianions can be found enclosed in parentheses.
Additionally, the HOMO—LUMO molecular orbitals for [B;,F;;0,]”
are depicted in (b) (right panel).

is in close proximity to the [B;,X;;]” monoanion as well as to
the [B;,X,,]*>" dianion.

The O, binding energies on the [B;,X;;]” monoanion are
calculated to be 0.58, 1.63, and 1.21 eV for X = H, F, and CN
ligands, respectively, while those on the [B;,X;;]*” dianion are
2.75 and 2.70 eV for X = F and CN ligands, respectively. It is
interesting to note that the binding energies of O, to
[B,X,,]*" are significantly larger than that to [B,X;,]™.
This is because [B;,X;,]*” is a radical ion. These results are
consistent with experimental observation® that [Bi,I;;]*~
spontaneously adds an O, molecule. In addition, the preferred
spin multiplicities of [B|,X;;0,]™ are singlets for X = H and F
with the triplet states lying 0.10 and 0.14 eV above the singlet
states, respectively. On the other hand, the preferred spin
multiplicity of [B;,(CN);;0,] is a triplet with the singlet state
lying 0.29 eV above the triplet state. However, the preferred
spin multiplicities of [B;,X;,0,]*” are doublets for both X = F
and CN with the quartet states lying more than 2 eV.

Because of the close distances and strong binding energies
between O, and [B,X;;]” ([B},X;;]*7), the electrophilic B’
can easily promote the breaking of the strong double bond in
O,. The O—O bond lengths are calculated to be 1.296, 1.307,
and 1254 A in [B;,X;;]” where X = H, F, and CN,
respectively, and 1.342 and 1.341 A in [B,,X,;]*” where X = F,
and CN, respectively. These O—O distances are larger than
that in the free O, molecule, namely, 1.215 A. The relatively
short B—O* distances and the significantly large O—-O%*
distances suggest that one of the oxygen atoms can be easily
detached from the other, thereby allowing it to engage in
oxidation reaction. Notably, the greater elongation observed in
the O—O bond in the [B,X;,]*~ dianion makes it particularly
more effective than [B},X,,]” for activating the O, molecule.

Due to the significant electronegativity difference between
boron (2.04) and oxygen (3.44), charge transfer is likely to
occur from the cluster to O,. To determine the charge transfer
in [B,X;,0,]” and [B,,X;,0,]*, we calculated the NBO
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and oxygen are illustrated by black, red, and blue bars, respectively. Calculated binding energies with D3 dispersions and C—O distances for each
corresponding structure are depicted. The values for the dianions can be found enclosed in parentheses. Additionally, the HOMO—-LUMO

molecular orbitals for [B;,F;;CO]~ are depicted in (b) (right panel).
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Figure 5. Optimized atomic structures corresponding to the lowest energy configurations of (a) [B;,H;;NH;], (b) [B,F;;NH;]~
([B;,F1;,NH,]*7), and (c) [By,(CN),\NH;]~ ([B;,(CN);;NH;]*"); (d) NBO charge analysis where the partial charges of “naked” boron,
nitrogen, and three hydrogen atoms are depicted by black, red, and blue bars, respectively. The calculated binding energies with D3 dispersions and
N-H bond distances for each corresponding structure are illustrated. The values for the dianions can be found enclosed in parentheses.
Additionally, the HOMO—LUMO molecular orbitals for [B,,F;;NH,]™ are depicted in (b) (right panel).

charges; the results are illustrated in Figure 3d. The [B;,H,,]”
and [B},F,;]” clusters donated 0.30 and 0.32 electrons in total
to the O, molecule, respectively, where the O* and O gained
—0.10 and —0.20 e in [B,H;;0,]” and —0.14 and —0.18 e in
[B1,F1;0,]”. However, [B;,(CN),;]” gained 0.13 e in total
from the O, molecule where the O* gained —0.055 e and O
lost 0.19 e and became positively charged.

In order to assess and analyze the enhanced chemical activity
of O,, we analyzed the MOs. The calculated HOMO—-LUMO
gaps in [B},X;,0,]” are 2.28, 1.79, and 1.25 eV for X = H, F,
and CN, respectively, which are significantly reduced
compared to the corresponding values observed in
[B,X; H,]™. Therefore, the binding of O, to [B;,X;,]”
clusters leads to a reduction in the gap, enhancing the charge
transfer between them. This observation is further supported
by an analysis of electron distributions within the HOMO/
LUMO orbitals (see Figure 3b right panel and Figure S2c).

HLILIIL Y = CO. We now shift our focus onto a heteroatomic
molecule, carbon monoxide (CO). The importance of CO in
some catalytic reactions is that it can act as a poison or
inhibitor. It can bind strongly to certain catalyst surfaces and
block active sites, thus reducing the catalyst’s ability to function
effectively. On the other hand, in certain catalytic processes,
CO can be intermediate species that plays a vital role in the
overall reaction mechanism. The activation of CO typically
involves breaking the strong bond between C and O atoms and
creating reactive intermediates that can participate in
subsequent reactions. It is worth noting that CO has an
exceptional sensitivity to both the binding site’s characteristics
and the electron density, which is evident in the C—O
stretching frequency.”® We recall that Rohdenburg et al.

1999

studied the interaction between [B;,Cl;]” and CO exper-
imentally and observed a positive partial charge at the “naked”
boron site through the pronounced blue shift observed in the
CO stretching frequency of [B;,Cl;;CO]~ when compared to
free CO, which is strongly influenced by electrostatic effects.””
Mayer et al. further observed the strong binding of CO with
[BxXy;]” (X = F, C, Br, I, CN) and found that the strong
electrostatic effect of the “naked” boron overcompensates the
weak 7-backbonding and therefore a blue shift of the
vibrational frequencies was observed.*’

With this motivation, we performed the DFT calculations to
study the activation of CO molecules by both [B;,X;;]” and
[B,X,,]*” clusters. The carbon atom in the CO molecule is
found to bind to the “naked” boron atom in both [B,X;;]”
and [B,X;;]*". The most stable structures for [B,,X;;CO]~
and [B},X;;COJ]*" are shown in Figure 4. Note that the CO
molecule forms a linear bond with the “naked” boron atom in
[B1,X;1], whereas it adopts a tilted configuration when
binding to [B,X;;]*". The binding energies of CO in
[B1,X;,]™ are 2.0S, 3.00, and 2.76 eV for X = H, F, and CN
ligands, respectively. These energies, including the trend, are
consistent with prior research®® where the authors, using the
def2-QZVPP basis set, found [By,F;;]” to exhibit higher
binding affinity to CO molecules (2.77 €V) than [B;,(CN);]~
(2.61 eV). In the case of [B},X;;]*", the binding energies are
1.49 and 1.35 eV for X = F and CN, respectively. Because of
the stronger binding, [B;,X;;] clusters can be considered as
promoters and can be added to the list of catalysts to enhance
their selectivity and resistance to CO poisoning. That is, we
suggest that catalysts can be regenerated by removing the
adsorbed CO through [B,,X;;] clusters.
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To further evaluate the capability of [B;,X;;]” and
[B,X;,]*” in activating the CO molecule, we calculated the
C—O bond lengths. In the case of [B,,X;;CO]", we found C—
O bond lengths of 1.148, 1.145, and 1.129 A for X = H, F, and
CN ligands, respectively. For [B},X;;CO]*", the C—O bond
lengths are found to be 1.200 A for X = F and 1.190 A for X =
CN ligands. These values exceed the C—O bond length in
gaseous CO (1.137 A), confirming that the CO molecule is
activated while interacting with [B;,X;;]” and [B;,X;;]*~
clusters.

The NBO charge analysis in the [B,X;,]” shows that the B’
atom carries a partial negative charge, with values of —0.41,
—0.54, and —0.26 electrons for X = H, F, and CN ligands,
respectively. Additionally, the carbon atom in CO carries a
natural charge of +0.87, +0.84, and +0.93 electrons, while the
oxygen atom carries a charge of —0.40, —0.35, and —0.27
electrons for X = H, F, and CN ligands, respectively. As for
[B1,X;,]*, the “naked” boron B’ possesses —0.36 and —0.04
electrons for X = F and CN ligands, respectively. For X = F,
the natural charges of carbon and oxygen in the CO molecule
are C: +0.42 e and O: —0.54 ¢, while for X = CN ligand, these
charges are C: +0.44 e and O: —0.47 e.

The HOMO—-LUMO gaps are 4.83, 3.92, and 4.26 eV for X
= H, F, and CN ligands, respectively. The HOMO—-LUMO
gap of [B,F ] is presented in Figure 4b. Similar to H, and
O,, the HOMO demonstrates heightened electron delocaliza-
tion over the coordinated boron atoms, whereas the LUMO
predominantly localizes on both the “naked” boron atoms and
the CO molecule. The results of the MOs in [B1,X;,]” X = H,
F, and CN are illustrated in Figure S2d.

HILILIV. Y = NH3. The process of activating ammonia (NH;)
involves enhancing its chemical reactivity, typically achieved by
either breaking its N—H bonds or forming new chemical
bonds. Activated ammonia is often used as a reactant in various
chemical reactions and industrial processes. The interaction of
NH; molecules with boron clusters has been a subject of study
for a long time. For instance, an ammonioborane monoanion,
denoted as [B,,H,;NH,]~, was initially synthesized in 1964,
and subsequently, its halogen derivatives have been synthe-
sized.”??*>* In our study, we performed the DFT calculation
to investigate the interactions between [B;,X;;] clusters and
NH;. Initially, NH; was placed on different sites on the cluster,
but the most stable site is again at the top of B’ with B’ bound
to the N atom (see Figure 5). Notably, we predict a strong
chemisorption between NH; and [B,X;,]” with the binding
energies of 2.07, 3.42, and 4.21 eV for X = H, F, and CN,
respectively. These values are higher than the adsorption of
NH; on a Pt surface (0.6—1.2 eV).>* As for [B},X;,]*", the
binding energy is found to be 0.95 and 0.60 eV for X = F and
CN ligands, respectively. The distances between B’ and the N
atom in NHj are 1.596, 1.564, and 1.563 A in [B,X;;]” for X
=H, F, and CN, respectively, while they are 1.570 and 1.559 A
in [B;,X;;]*” for X = F and CN, respectively.

In order to analyze the impact of the strong chemical
interactions on the geometry of NH;, we calculated the bond
lengths and angles within the NH; molecule. The calculated
N-—H bond length of 1.016 A, H-N—H bond angle of 108°,
and H-N—-H-H dihedral angle of 117° in a free NH;
molecule agree well with previous results in the literature.
Upon NH; adsorption onto [B;,X;;]” monoanions, we
observed elongation in the N—H bond lengths to 1.020,
1.023, and 1.027 A, with the corresponding H-N—H bond
angles of 109, 109, and 108°, and H-N—H—H dihedral angles

2000

of 118, 118, and 116° for X = H, F, and CN, respectively. In
the case of [B,,X;,]*~ dianions, we also observed stretched N—
H bond lengths of 1.036 and 1.027 A for X = F and CN,
respectively. The H-N—H bond angles remained at 109, 109,
and 108° while the H-N—H—H dihedral angles were 106 and
108°, for X = F and CN, respectively. Consequently, the N—H
bond distances in the NH; exhibited small increases when
bound to [B,,X;,]” monoanions and [B,,X;;]*” dianions while
the changes in the H-N—H bond angles and H-N-H-H
dihedral angles were minimal.

As NH; is a polar molecule with a lone pair of electrons on
the nitrogen atom, it is expected that the highly electron-
deficient boron (B') in [B1,X;;]” would likely take electrons
from NH;. In order to investigate the charge transfer taking
place between NH; and [B,X;;]” monoanions and [B;,X;;]*~
dianions, we performed NBO charge analysis (Figure 5d). The
results show that the natural charges of B’ in [B;,X,;NH;] ™ are
+0.08, —0.07, and 0.26 electrons for X H, F, CN,
respectively. Significantly, the nitrogen atom acquired —0.95
electrons while the hydrogen atoms lost +0.46, +0.47, and
+0.49 electrons per hydrogen in [B,X;;NH;]™ for X = H, F,
CN, respectively. Concerning [B,,X;;NH;]*", the charges on
B’ are —0.30 and +0.25 electrons, those of nitrogen are —1.25
and —0.97 electrons, and those for hydrogen atoms are +0.41
and +0.49 electrons per hydrogen for X F and CN,
respectively.

The HOMO—-LUMO energy gaps are 4.52, 4.29, and 6.30
eV for X = H, F, and CN ligands, respectively. In Figure 5b, the
HOMO-LUMO distribution for [B},F,,]™ is presented. The
HOMO shows increased electron delocalization over the
coordinated boron atoms, while the LUMO predominantly
localizes on the NH; molecule. More detailed results of the
molecular orbitals (MOs) of [B;,X;;]” (X = H, F, and CN) are
given in Figure S2e.

IV. CONCLUSIONS

Using density functional theory, we carried out a compre-
hensive analysis of the interactions of [B1,X;,]*, [B,X1]7,
and [B,X;;]* clusters (X = H, F, and CN) with various small
molecules (H,, O, CO, NH;). We studied (i) the
thermodynamic and dynamical stability of these systems, (ii)
the strength of their binding, (iii) structural characteristics
such as bond lengths and angles, and (iv) electronic properties,
including charge transfer and molecular orbital analyses. In
both [B,X;;]” monoanion and [B,X;;]*” dianion clusters,
the “naked” boron atom consistently emerges as the most
reactive site for molecule adsorption, leading to the formation
of stable bonds. The results are summarized in Table 3.
Molecules such as H,, CO, and NH; bind more strongly to
[B1,X1,]™ clusters than to [B,,X;,]* clusters while the binding
of O, with [B,,X,,]*" dianion clusters is stronger compared to
their monoanion counterparts. This is due to the fact that
[B1,X;1)*” has a radical character. With the exception of
[B1,X,]” interacting with CO and NH; and [B},X;;]*~ (X =
F, CN) interacting with O,, the binding energies of the
molecules are intermediate between physisorption and
chemisorption. The interaction of these molecules with the
corresponding clusters leads to noticeable structural deforma-
tions such as bond elongation and molecular bending. These
changes indicate the potential of B;,X;; clusters in activating
these molecules. These insights into the reactivity and stability
of [B;,X;;]” and [B},X;;]*" clusters interacting with small
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Table 3. Binding Energies of H,, O,, CO, and NH;
Interacting with [B;,X;;]” and [B,X;;]>*” (X = H, F, CN)“

adsorbed molecules

clusters H, 0, (efe] NH,
binding [B,H,,] 0.52 0.58 2.05 2.07
E:\e;)gies [BL,Fyy] 1.33 163 300 342
[BL(CN),,]- 128 121 2.76 421
[B,Fii] not bound  2.75 1.49 0.95
[B;,(CN),,] dissociated ~ 2.70 1.35 0.60
bond lengths  [B},H,;] 0.834 1296 1148  1.020
G [B,F,] 0.883 1307 1145  1.023
[BL(CN),,]-  0.827 1254 1129  1.027
[B,Fy > not bound  1.342 1200  1.036
[B,(CN),,]*~  dissociated ~ 1.341  1.190  1.026

“The corresponding bond lengths of isolated H,, O,, CO, and NH;
molecules are 0.743, 1.215, 1.137, 0.980, and 1.016 A, respectively.
The bond length, 1.016 A, in NH; represents the N—H bond.

molecules may motivate future work on their smaller cousins
such as mono- and dianionic [B,X,_;] (n = 6, 8, and 10).
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