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Efficient hydrogen production from water is a key requirement for a successful hydrogen economy. The
dodecaborate anion [BioHil?™ and its derivatives [BioXi2l®™ (X = F, CL Br, I, CN), known for their
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(X =Br, I, CN; n =11, 10; g = 2—, 1—, 0) and the thermodynamics of their interaction with water. We
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show that, among these, [BXi0l™® (X = Br,
generation. A detailed description of the catalytic mechanism is presented.
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1 Introduction

The rising global temperature caused by the burning of fossil
fuels makes it imperative that the world switch to clean,
affordable, and renewable energy sources. Hydrogen is a
potential solution, as it produces water when burned. However,
hydrogen is not an energy source, but an energy carrier, and
must be produced. For a carbon-free world, it would be ideal if
it could be produced efficiently from water. Water splitting is
a non-spontaneous process that requires external energy to
proceed. The Gibbs free energy to break one mole of water in the
gas phase into molecular hydrogen and oxygen is approximately
2.37 €V at room temperature." Thermodynamic parameters of any
chemistry being proposed as part of a thermochemical cycle of
hydrogen production directly impact operating conditions and
hence the overall efficiency of the process.” Therefore, finding
spontaneous or near spontaneous reactions capable of producing
hydrogen is of great importance. In this paper, we explore the
potential of dodecaborate anion derivatives to produce hydrogen
via water splitting.

Dodecaborate anion, [Bj,Hi,]>", predicted in 1955 and
synthesized in 1960, is a deltahedral cluster whose stability is
explained by Wade’s rule. According to this rule, a closo-
deltahedral cluster cage with n vertices requires (n + 1) pairs of
electrons that occupy (n + 1) cluster bonding molecular orbitals.?
This is the case for [B;,Hy,]”, the closo-dodecaborate anion,
which has 12 vertices and 13 pairs of electrons for cluster
bonding. Modern synthetic methods have led to the synthesis
of perhalogenated [B,X,]* ions, where all twelve B-H bonds
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I) are the most suitable for spontaneous hydrogen

are replaced by B-X bonds. More than a decade ago, [B1,X;,]*~
(X = F, Cl, Br) were synthesized*™® and are currently available in
good yields under mild conditions. The substitution of all
H ligands by halogens or pseudohalogens (e.g:, CN) leads to
outstanding properties. For example, [B;,(CN)y,]*~ exhibits the
highest electronic stability of a dianion measured to date and
was used to generate [B;,(CN);4], the first anion that binds to
the noble gas argon at room temperature.” H,B;,Cl;, and
H,B,,Br;, were the first solid diprotic superacids described.®
In addition, [B;,X;,]*~ anions (X = Br, Cl) have been used to keep
highly reactive cations available in the condensed phase.’

Cleavage of an X ligand from [Bi,X;,]*” can cause the
uncoordinated boron atom to be electrophilic and reactive.
Even though the doubly charged [B;,X1,]* anions (X =F, Cl, Br, I)
are exceptionally stable, the cleavage of X~ can be induced in
the gas phase by collision-induced dissociation (CID) inside a
mass spectrometer,””'® giving access to a “naked” boron atom
in [B1,X;11]"- The cleavage can be homolytic or heterolytic,
depending on whether the ligand X is removed in its neutral
or anionic form. Using CID, Warneke and collaborators have
obtained new boron cluster ions that have never been synthe-
sized before.""'* Additionally, they have found that fragmenta-
tion of these [By,X;,]*~ anions in the gas phase strongly
depends on the identity of the X substituent. Under moderate
excitation energies, they found that for X = I, the main frag-
mentation pathway for [B;,15,]*~ is a homolytic bond cleavage
producing [B;,13:]°~*. The heterolytic product [By,I14] is also
detected but in a lower quantity. Another abundant fragment
detected was [B,1;0]>~ which results from a subsequent homo-
lytic cleavage from [By,1141]**. [B12lio] * is also measured but
has a lower abundance.

As we move towards smaller halogen substituents, the
tendency towards homolytic cleavage decreases. For X = Br,
the [By,Bry;]” product is preferred over [B;,Br;;]* * although
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both are detected. For the next cleavage, producing two unsub-
stituted boron atoms, the fragment [B;,Bry0] * is almost exclu-
sively measured. For X = Cl, the [B;,Cl;;]” fragment is almost
exclusively detected. Finally, for X = F, there is only electron
detachment to produce [B;,F,] °.

At higher CID excitation energies, the B core is degraded
with loss of BX or BX; fragments when X is F and Cl. When Br is
the ligand, there is further Br® loss up to having five naked
boron atoms. Then, there is a competition between eliminating
Br® and BBr/BBr; fragments. When I is the substituent, the B,,
unit does not degrade even after detaching all the ligands.
However, Farras et al. showed evidence of a transition from the
dodecahedral shape structure to a planar structure.”® They
found that the icosahedral structure of a partly substituted
dodecaborate is no longer stable when five or fewer iodine
substituents are present. For six and seven substituents, tem-
perature determines the relative stability, and energetically
accessible isomers that were neither icosahedral nor planar
were found. Overall, experimental evidence shows the possibi-
lity of having dodecahedral clusters with multiple unsubsti-
tuted boron atoms when the ligands are iodine and bromine.

The cleaved structures have interesting properties. One
example of this is the discovery of superelectrophilic boron,
even capable of binding to noble gases.”'*'* Kilic et al. com-
putationally investigated the stability and catalytic potential of
the [B1,X;1]>* dianions." They found that species with X = F,
Cl, Br, I, and CN are stable, especially [B;,(CN)y;]*~* with a
second electron binding energy of 3.17 eV. Stability increases
due to ligand size and electron affinity. They demonstrated that
these dianions can activate CO, and N,, as indicated by the
bond elongation in adsorbed CO,/N, and a bent CO, geometry.
Later, these authors expanded the scope of their study by
including other small molecules like H,, O,, CO, and NH;
and evaluated their interaction with [By,X1;,]>"* and [B12Xy4]~
for X = H, F, and CN."® Motivated by these studies, we explored
the potential of these species to split water. Here, we present
our results on hydrogen production by [B;,X;0] * type clusters
(with X = Br, I).

2 Computational methods

All calculations of neutral and ionic species were conducted
using density functional theory (DFT) as implemented in
Gaussian 16 software,'” employing the restricted Kohn-Sham
formalism for closed-shell species and the unrestricted form-
alism for open-shell species. Geometry optimizations and the
corresponding frequency calculations were done to verify the
presence of true minima. Optimizations used the default con-
vergence thresholds. We employed the B3LYP hybrid
functional*®*® in combination with the Stuttgart/Dresden effec-
tive core potential (SDD ECP) for iodine*® and the 6-31+G(d,p)
basis set for the rest of the atoms,>** as this approach
previously performed in good agreement with experiment.'®
We performed additional tests using the aug-cc-pVTZ basis
set*® with and without D3(BJ) dispersion,** but the results were
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qualitatively the same in terms of energetics (see Section S1 of
the SI for further details). Therefore, we continued our inves-
tigations using the previously mentioned level of theory.

The search for transition states (TSs) used the QST3 method,
which combines quadratic synchronous transit interpolation
with quasi-Newton optimization.”®> Another strategy was to
perform a relaxed scan of a carefully selected degree of freedom
to select a candidate geometry. A third strategy was the use of
the nudged-elastic-band method,*® as implemented in Orca
6.0, in combination with the PBEh3c composite method
developed by the Grimme group.”® These three strategies
generated a guess for the transition state, which was subse-
quently optimized using the level of theory described in the
previous paragraph. Frequency calculations of the transition
states found were then performed to verify that they only
possessed a single imaginary frequency. This guaranteed the
finding of a first-order saddle point on the potential energy
surface (PES). A visual inspection of each imaginary frequency
was performed to verify the correspondence with the expected
reaction coordinate. Finally, the calculation of Hirshfeld
charges, the conceptual DFT analysis, and the topological
analysis of the electron localization function (ELF) were per-
formed using Multiwfn version 3.8.>°

3 Results and discussion

The relative energies of different [B,X,]? species (n =11, 10; g =
2-, 1-, 0), as well as a quantitative measurement of their
deviation from the perfect icosahedral geometry, and the
charge distribution between the cluster core and the ligands
are discussed in Section 3.1. This section also discusses the
electron-accepting capabilities of the different atomic sites
within these species, particularly those of the unsubstituted
boron atoms, using the condensed Fukui function, a concept
derived from conceptual DFT. Section 3.2 discusses the differ-
ent homolytic and heterolytic pathways leading to dodecabo-
rate clusters with one or two uncoordinated boron atoms
starting from [B;,X;,]>~ clusters (X = Br, I, CN). We used DFT
to calculate the relative energies for ligand-detachment path-
ways. Knowledge of the preferred path for ligand removal is
important for understanding the reactivity of dodecaborate
ions and their derivatives. Section 3.3 discusses the thermo-
dynamics of the reactions of dodecaborate clusters with one
and two unsubstituted boron atoms with water. And finally,
Section 3.4 discusses the mechanisms of H, production from
clusters of the [B1,X;0] * type (X = Br, I), as well as subsequent
reactions.

3.1 Energetics, charge distribution, and electron-accepting
behavior in clusters of the [B;,X,]? type

Table 1 lists the relative energies of the [B;,X,]? species (g = 2—,
1—, 0) with respect to [B;,X,]*~ for a given value of (11 or 10),
including zero-point energy (ZPE). It can be observed that
within the series for each particular substituent, the lower
energy corresponds to [B;,X,]*, followed by [By,X,] , and
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Table 1 Relative energy including zero-point energy (eV), RMSD with respect to [B1oX12]?~ (A), core total charge (CTC), and substituent total charge
(STC) in units of e (elementary charge) for different [B12X,|? species (n = 11, 10; g = 2—, 1—, 0) with naked boron atoms

X = Br X=1 X =CN
Species E RMSD CTC (STC) E RMSD CTC (STC) E RMSD CTC (STC)

[B1oXyi** 0.00 0.02 —0.25 (~1.75) 0.00 0.03 —0.52 (—1.48) 0.00 0.01 0.27 (—2.26)
[B12X11] ™ 1.29 0.07 —0.01 (—0.99) 1.47 0.07 —0.36 (—0.64) 3.14 0.08 0.68 (—1.67)
[B12Xq4]* 6.99 0.08 0.08 (—0.08) 6.70 0.07 —0.40 (0.40) 11.50 0.08 0.85 (—0.85)
[B12X10]*~ 0.00 0.07 —0.24 (~1.76) 0.00 0.07 —0.45 (—1.55) 0.00 0.06 0.18 (—2.18)
[B12X10]* 1.27 0.07 0.01 (—1.01) 1.43 0.07 —0.31 (—0.69) 2.75 0.07 0.63 (—1.63)
B1,X10 6.73 0.09 0.22 (—0.22) 6.60 0.09 —0.20 (0.20) 10.28 0.09 1.01 (—1.00)

[B12Xy]; irrespective of having one or two unsubtituted boron
atoms (n = 11 or 10, respectively). It is also noteworthy that the
relative energies when the substituents are bromine and iodine
are somewhat similar within each series, but when CN is the
ligand, those energy differences increase to a large extent,
accounting for the “extreme” electronegativity of the CN
fragment.

Also listed in Table 1 is the root-mean-square distance
(RMSD) of the boron core of each species with respect to the
boron core of the corresponding [B1,X;,]>~ species. These last
species are considered the point of comparison because they
basically correspond to perfect icosahedra. The purpose of
calculating the RMSD is to quantify how much a given species
deviates from the corresponding perfect icosahedron. Generally
speaking, none of the species deviates much from ideality since
the RMSD ranges from 0.01 to 0.09 A. We can also observe that
the [B1,X,,]>~ species deviates the least from the perfect icosa-
hedron within each particular series, but the deviation is
considerably smaller for the [B;,Xy;]* * species.

Finally, the last quantities in Table 1 correspond to the sum
of the Hirshfeld charges on the core of the dodecaborate cluster
(core total charge, CTC) and the sum of the charges on the
cluster’s substituents (substituent total charge, STC). The rea-
son for calculating these quantities was to evaluate the influ-
ence of the different charge states and ligands on the charge
distribution between the core and ligands. For the charged
species of [B1,Br,]? type, it can be observed that the negative
charge basically resides on the substituents, while this is no
longer true for the charged species [By,1,]?, where there is an
increment of the negative charge residing on the core of the
cluster. This can be explained in terms of the higher electro-
negativity of bromine compared to iodine. The effect of electro-
negativity is more pronounced in the case of CN, as evidenced
by the fact that the cluster core is positively charged to counter-
act the large negative charge distributed among the ligands.

Fukui function is an important concept in conceptual den-
sity functional theory (CDFT). It indicates the change in elec-
tron density at a given molecular site when the number of
electrons is changed.***' Under its finite difference version, it
takes the form shown in eqn (1) for the addition of an electron
(nucleophilic attack):

F(1) =pna(r) — palr) (1)

ﬁ = qg\l - q;\Hl (2)

This journal is © the Owner Societies 2026

Fig. 1 Dodecaborate cluster with one unsubstituted boron atom labeled
Bl. The potential removal of an additional substituent, marked in gray
color, would leave a second unsubstituted boron atom labeled B2.

where pyy1 and py corresponds to the electron density of the
system with N + 1 electrons and N electrons, respectively. This
definition can yield a qualitative yet useful description of the
electronic structure. However, if we want to use the Fukui
function quantitatively, we should consider the so-called con-
densed Fukui function, which is shown in eqn (2).>* Here, i
denotes a particular nucleus and g denotes charge. There are
multiple ways to calculate atomic charges, though there is no
consensus on which method is ideal for calculating the con-
densed Fukui function. However, the Hirshfeld charge scheme
has proven to be a very suitable choice.*® Using this approach,
we intend to quantify the propensity of the unsubstituted boron
atoms in these species to accept an electron. This should be
related to their susceptibility to nucleophilic attack or, in other
words, to their Lewis acidic character.

Fig. 1 shows a dodecaborate cluster with one unsubstituted
boron atom labeled B1; it also shows one of the substituents in
grey, indicating that if that substituent is removed, the cluster
will be left with a new naked boron atom labeled B2.

Fig. 2 shows the different values of the condensed Fukui
function: on the unsubstituted boron atoms (pink bars), the
sum over the entire boron core, including the uncoordinated
boron atom(s) (cyan), and the sum over the substituents (blue)
for all the species considered in this section. It is worth noting
that the pink bars in panels a, b, and c represent only one boron
atom (B1), while in panels d, e, and f they represent the sum of
two boron atoms (B1 and B2). It is also important to mention

Phys. Chem. Chem. Phys., 2026, 28, 8323-8333 | 8325
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Fig. 2 Condensed Fukui functions on the unsubstituted boron atom(s) (pink), over the entire boron core (cyan), and over the substituents (blue). The
corresponding species are noted at the bottom of each panel. The pink bars in panels a, b, and c represent only one boron atom (B1), while in panels d, e,
and f they represent the sum of over two boron atoms (B1 and B2, see Fig. 1).

that the sum of the condensed Fukui function over all atoms
within a particular molecule equals one. In simple terms, the
condensed Fukui function is one spread over the whole mole-
cule, with the particular distribution depending on each atom’s
capability for accepting electrons. For the systems shown in
Fig. 2, the comparison between the pink bars and the cyan bars
tells us that the Fukui function, and therefore the electron-
accepting capability, of the core is mainly located in the
unsubstituted boron atoms, as the size of the bars is compar-
able for all them, except for systems of the [B;,Xi;]° type
(Fig. 2c) in which the electron-accepting character remains
mainly in the substituted boron atoms. Another general trend
we observe is the influence of the substituent on the Fukui
function of the unsubstituted boron atom(s) and, therefore, on
their electron-accepting capability. The panels in Fig. 2 show
that the pink bar in each series is largest when the substituent
is CN, followed by Br, and then by I. This observation correlates
with the well-known electronegativity order of the substituents
(CN > Br > I). This fact, along with the nature of the Fukui
function, results in the CN-containing species having the
smallest condensed Fukui function sum over the substituents

8326 | Phys. Chem. Chem. Phys., 2026, 28, 8323-8333

(blue bars in Fig. 2). All optimized geometries, Hirshfeld
charges, and condensed Fukui function values related to this
section, and summarized in Table 1 and Fig. 2, can be found in
Section S2 of the SI.

3.2 Homolytic/heterolytic dissociations from [By,X;,]>~

As mentioned previously, the fragmentation reactions of
[B1xX1,]*~ species strongly depend on the identity of the X
substituent. In this section, we discuss the thermodynamics of
these fragmentation reactions and provide insights into rele-
vant kinetic aspects. Since we are interested in describing the
reactivity of dodecaborate-based clusters having one or two
unsubstituted boron atoms, we restrict our analysis to the
different fragmentation pathways starting from [B;,X,]>~ spe-
cies and leading to species of the type [B1,X;,]? (X = Br, I, CN;
g =2—,1—,0). Fig. 3 summarizes such possible pathways. Here,
we emphasize the heterolytic or homolytic nature of the bond
cleavage and which kind of fragmentation leads to the thermo-
dynamic or the kinetic products (respectively marked as “¢” or
“k” within parentheses). The computational results that give

This journal is © the Owner Societies 2026
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Fig. 3 Summary of the homolytic (hom.) and heterolytic (het.) pathways

going from [B1oX15]2™ to [BioX10l? species (X = Br, I, CN; g = 2—, 1—, 0).

Labels “t" and "k correspond to thermodynamic and kinetic products. Red

arrows mark fragmentations with a Coulomb barrier.

Table 2 Gibbs free energy changes (in eV) at 298.15 K for homolytic
(hom.) and heterolytic (het.) bond cleavages starting from different [B1>X,]7
initial species (n = 12, 11; g = 2—, 1-). The numbers within parentheses are
the Gibbs free energies of the corresponding transition states relative to
the initial species in eV

Initial X =Br X=1 X =CN

species hom. het. hom. het. hom. het.
[BoXio”~  4.51  2.24(3.34) 3.04 1.14(2.32) 6.21  4.46 (5.49)
[B1oX11]~  3.97 5.83 2.58 4.35 5.45 8.07
[BioXy1*® 4.02  1.69 (2.63) 2.64 0.68 (1.76) 5.86  3.69 (4.51)

rise to this distinction are presented in Table 2 and will be
further discussed in the rest of this section.

Table 2 shows the Gibbs free energy changes at 298.15 K
associated with different homolytic and heterolytic bond dis-
sociation reactions starting from [Bi,X1,]*", [B12X11]”, and
[B1oX11]** species. These species are indicated in Fig. 3. From
the values in Table 2, we can see that the heterolytic fragmenta-
tions of [B;,X;,]>” are thermodynamically more favorable than
the homolytic ones for all the ligands considered in this work.
However, as discussed previously, Warneke et al. found differ-
ent amounts of the homolytic products depending on the
identity of the substituent,">">** with significant amounts of
the homolytic products for bromine and particularly for iodine.
A rationalization of these experimental observations can be
based on the existence of high-energy transition states for the
heterolytic fragmentations. In other words, the heterolytic and
thermodynamically favored cleavage could be kinetically con-
trolled or suppressed. The origin of this kinetic control has
previously been explained in terms of a repulsive Coulomb
barrier arising from the formation of two negatively charged
fragmentation products.®® To further explore this, we proceed
to find the hypothesized transition state. Our strategy was to
perform a scan of one of the B-X bonds in [B1,X;,]*", relaxing
the remaining degrees of freedom at each step, i.e., a relaxed
scan. It is important to mention that the multiplicity of the
system as a whole was kept as a singlet, even for long B-X
distances. We quantified the natural charges during the scan

This journal is © the Owner Societies 2026
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and confirmed that the X fragment retained a negative charge,
consistent with heterolytic cleavage. Details of the relaxed scans
and the natural charges can be found in Section S3 of the SI.
The geometry corresponding to the energy maximum within
the scan was used as a starting point for transition-state
optimization, along with a frequency calculation to confirm
the presence of a first-order saddle point. Using this methodol-
ogy, we were able to determine the transition states involved in
the heterolytic cleavage of [B1,X1,]>” (X = Br, I, CN), whose
energies are listed within parentheses in Table 2. The B-X
distances for these transition states were 6.02, 5.30, and 6.06 A
for Br, I, and CN, respectively. The geometries and frequencies
of these transition states are presented in Section S3 of the SI.

At this point, it is instructive to compare the computational
results of Farras et al. on the dissociation of [B,l;,]>~ with the
results obtained in this work."® These authors found the hetero-
Iytic cleavage to be favored over the homolytic one by 1.55 eV,
compared to 1.9 eV in this work. The discrepancy can be
attributed to the different levels of theory used in both works:
Farras and collaborators optimized geometries using the BP86
functional,***” considered scalar relativistic corrections using
the zero-order regular approximation (ZORA) formalism,*® and
used an all-electron basis of triple-zeta plus polarization quality
(not completely specified but referred to as TZP). Their geometry
optimization was followed by single-point calculations at the
B3LYP/ZORA/TZP level of theory. In this work, as described
previously, we optimized geometries using the B3LYP functional
in combination with the SDD ECP for iodine and the 6-31+G(d,p)
basis set for the boron atoms and considered the energy of the
optimized structure at the same level of theory. It is worth noting
that the SDD ECP includes scalar-relativistic effects via parame-
terization derived from relativistic atomic calculations, while
ZORA explicitly incorporates relativity through a modified
kinetic energy operator in the Hamiltonian. Additionally, all
the thermodynamic discussion in this work is given in terms
of the Gibbs free energy at 298.15 K, ie., considering thermal
and entropic contributions on top of the energetic one at 0 K,
while the discussion by Farras seems to be done only in terms of
the energetic contribution at 0 K. Despite the mismatch, both
approaches predict the heterolytic cleavage to be more favorable.
Regarding the transition state, Farras et al. attempted to model
the transition state involved in the fragmentation to [By,l;;]”
and I starting from the singlet electronic state of the parent
[B1,11,]* cluster using second-order Mgller-Plesset perturbation
theory single-point calculations on Hartree-Fock optimized geo-
metries employing 6-311+G(d) and 6-311G(d) basis sets for boron
and iodine, respectively. Using this approach, they found a
transition state with an energy of 3.98 eV and a B-I distance of
5.40-6.00 A. Using our methodology, we found a transition state
with a Gibbs free energy of 2.32 eV and a B-I distance of 5.30 A.
The difference in the energy might be analogously explained by
the very different approaches employed, but in either case, both
works point to transition states with very elongated B-I bonds.
As far as we know, no CID experiments have been performed to
study [B1,(CN);,J>~ fragmentation, but based on our computed
results shown in Table 2, we can expect an analogous behavior to
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the cases when the ligands are Br and I with both the heterolytic
and homolytic products present.

For the dissociation from [B;,X;;]", Fig. 3 shows that both
possible fragmentation pathways produce only one charged
product; therefore, the presence of the so-called Coulomb
barrier is not expected for any of them and we can simply state
that the thermodynamic homolytic product is the one favored
for the three substituents (see Table 2). The case of [By,X;1]**
is different since the heterolytic cleavage can produce two
charged fragments, and, therefore, a Coulomb barrier is
expected. The fragmentation of [By,Xy;]°"* is analogous to
the one for [B;,X1,]>~ in the sense that even when the hetero-
lytic dissociation is thermodynamically favored, this is kineti-
cally controlled and both products can be expected although in
different proportions depending on the identity of the ligand.
The Gibbs free energies of the corresponding transition states
are shown within parentheses in Table 2. These previous
arguments justify further study of the reactivity of vacant boron
sites within species of the kind [B,,X,]? (n = 11, 10; ¢ = 2—, 1—)
(see Fig. 3).

3.3 Reactions of [B,X,]? (n = 11, 10; g = 2—, 1—) with water

Warneke and collaborators gathered evidence through CID
experiments that vacant boron atoms within [By,I,]” species
with n = 11 to 8 readily added water molecules, ultimately
recovering a structure with twelve ligands.""'> Eqn (3) describes
the reaction of clusters of the [B1,X;4]? type (g = 2—, 1—) with
one water molecule. For this and the rest of the reactions
considered in this work, the Gibbs free energy change was
calculated by subtracting the Gibbs energy of the reactants
from the Gibbs energy of the products. The corresponding
energy changes when the substituents are Br, I, and CN are
shown in Table 3. We can observe that when g = 2—, all the
reactions are endergonic; however, the energy required is not
very high and corresponds to 0.5, 0.2, and 0.9 eV for Br, I, and
CN, respectively. Alternatively, when g = 1—, all reactions are
exergonic and therefore spontaneous, in line with Warneke’s
experimental findings.

[B12X11]? + H,O™ — [B1:X4:(H,0))? 3)
[B12X11(H20)]"™ — [B12X1:(OH)]? + H* (4)
[B12X::(OH)J™ — [B1,Xy;] + OH® (5)

Equation 4 represents the generation of a hydrogen atom
from the [B,,X;,(H,0)]? species generated after a water mole-
cule is attached to the uncoordinated boron atom. Table 3
shows that when g = 2—, this reaction is exergonic when the

View Article Online

PCCP

ligands are Br and CN and slightly endergonic when the
substituent is I. Alternatively, when g = 1—, the reaction is
highly endergonic for the three ligands. Finally, eqn (5)
describes the process in which OH* detaches from the boron
cluster, leaving a vacant boron atom. This step is important if
we want to reuse the catalytic site to perform the reactions
described in eqn (3) and (4), resulting in H*® production.
Unfortunately, the OH* detachment process is highly endergo-
nic for both the cases with ¢ = 2— and g = 1—. Summarizing,
species of the kind [B;,X;;,]*~ (X = Br, I, and CN) could have
some interest for H* production since they require little energy
to attach a water molecule to the uncoordinated boron atom
and then release H*® either spontaneously (X= Br and CN) or
with a small energy input (X = I). However, the OH® detachment
step required for catalyst recycling is energetically forbidden for
all the ligands.

Eqn (6) and (7) describe the consecutive reactions of
[B12X10]? (X = Br, I, CN; ¢ = 2—, 1—) species with water in order
to get a substituent on each of the twelve boron atoms. The
corresponding Gibbs free energy changes are given in Table 4.
We were not able to find stable products of the form
[B1oX10(H,0),]>~ for any of the ligands. Additionally, the
[B12(CN);9(H,0),] product could not be found. This leaves us
with only two possible species incorporating two water mole-
cules: [B1,Bryo(H,0),]"* and [By,l10(H20),]°. In the following
section, we will study some of the reaction pathways starting
from these two species.

[B12X10)? + H,O™ — [B12X10(H,0)}* (6)

[B12X19(H20)]? + H,O™ — [B12X10(H20),] 7

3.4 Mechanisms of H, production

As mentioned in Section 3.3, there are two dodecaborate-based
clusters capable of attaching two water molecules among the
species studied in this work. These species are [B;,Br;o] * and
[B12110] °- The importance of the attachment of these two water
molecules lies in the possibility that it could lead to the
production of molecular hydrogen. In this section, we explore
some mechanistic aspects of H, production after the incorpora-
tion of two water molecules on the naked boron atoms within
the previously mentioned moieties.

Fig. 4 details two possible reaction mechanisms starting
from [B,,Br;4(H,0),]*, labeled as species I. Both mechanisms
go through transition state TS1 to produce.

[B1,Brio(OH),] * (intermediate II) and H,. TS1 has a relative
Gibbs free energy of 0.06 eV with respect to I, indicating that
the first step in H, production is basically barrierless. Starting

Table 3 Gibbs free energy changes (in eV) at 298.15 K for reactions described in eqn (3) and (4) starting from species with g = 2— and q = 1—

X =Br X=1 X =CN
Charge Eqn (3) Eqn (4) Eqn (5) Eqn (3) Eqn (4) Eqn (5) Eqn (3) Eqn (4) Eqn (5)
q=2— 0.5 —-0.4 4.9 0.2 0.1 4.7 0.9 —-0.8 5.0
qg=1-— —-1.8 3.0 3.8 —-1.6 2.7 3.9 —-2.0 3.6 3.5
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Table 4 Gibbs free energy changes (in eV) at 298.15 K for the reactions
described in egn (6) and (7) starting from species with g = 2— and g = 1—

X =Br X=1 X =CN
Charge Eqn(6) Eqn(7) Eqn(6) Eqn(7) Eqn(6) Eqn (7)
q=2— 0.10 — 0.02 — —4.02 —
qg=1-— —-1.25 0.49 —-1.16 0.22 —1.44 —

from intermediate II, we propose two possible reaction path-
ways. The first involves two consecutive barrierless OH* detach-
ments to give intermediate VI and the final product V, i.e., the
dodecaborate cluster with two unsubstituted boron atoms. The
barrierless character of these bond-breaking events was con-
firmed through relaxed scans, both of which increase mono-
tonically in energy without showing a maximum that could be
associated with a transition state. The other pathway involves
the production of a second H, molecule to generate intermedi-
ate III. At this point, it is worth mentioning that there should be
a competition between reaching intermediate VI and TS2, since
the corresponding relative energies are 1.58 and 1.73 eV,
respectively. Therefore, under experimental conditions, which
normally involve a distribution of energies, there should be a
branching between the two pathways. Additionally, it should be
noted that there is a very high energetic cost of 4.27 eV for going

View Article Online
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from species VI to V, and this might contribute to having a
fraction of [B,,Br;0OH]  as the final product. On the other
hand, the transformation between intermediate III and IV,
occurring through TS3, involves a change in the O-O distance,
from 3.30 to 1.46 A (closer to the O, molecular bond length of
1.21 A) and an energetic barrier of 2.21 eV. Actually, the oxygen
atoms within species IV form a four-membered ring with two
boron atoms (see Fig. 4). Finally, molecular oxygen is produced
during the transition from species IV to V through TS4 with an
energetic barrier of 2.70 eV. The absolute and relative Gibbs
free energies and geometries of the species shown in Fig. 4 and
5 are given in Section S4 of the SI. Additionally, the vibrational
frequencies for the transition states, which show only one
imaginary frequency, are given in the same section.

Fig. 5 shows two reaction pathways for [B;,l;o(H,0),] *
(species VII). As in the case when iodine is the ligand, both
pathways start with the generation of H, upon reaching TS5. It
is important to note that the Gibbs free energy corresponding
to TS5 appears as negative. This behavior arises because
minima and transition states are localized on the Born-Oppen-
heimer surface, and other contributions, such as the thermal
(which includes the zero-point energy) and entropic ones, are
added on top of that.>*™*' In this particular case, if we only
consider the Born-Oppenheimer energy relative to VII, we have

A V
040 [B12Brso] ~ + OH
> /585 TS4
4.80| / 527  TSo7
ol / B,,Bri] ~+ O
3.20} / TS3 [B12 V10] 2
S TS2
%) 240 1.73 / 2.57 )
o (1)-23- [B12Br1¢0, _B]
2 0.00l TS1  [BizBry ) v
0.80- 0.00 0.06 VI [B12Br¢O,_A] "+ H,
-1:60. [B12Brio(H20)] - i
BN | 2.38
-3.20} -2.38
[B12Brig(OH);] ~ + H,
]
) o0
“y/ o
[ d(B-0)=1.59 d(B-0)=1.52/1.53 | d(B-0)=1.38 | d(B-0)=1.29 d(B-0y=1.24
$-p a(H-0-H)=108.5 a(H-0-H)=105.8/111.3 ¢ d(0-H)=0.97 " d(0-H)=1.63 ooy
OI d(0-H)=0.98/0.99  1gq d(O-H)=0.99-1.03 " Tgp  d(HH)=0.82 "
o
[
Q

d(B-0)=1.41/1.43 ¢ d(B-0)=1.47
d(B-B)=1.70 J d(B-B)=1.68
d(0-0)=1.88 d(0-0)=1.46

TS3

TS4

. d(B-0)=1.39
d(B-B)=1.61 4 \.d(B—B)=1.62 d(0-H)=0.97

d(B-0)=3.25-4.12

\

Fig. 4 Relative Gibbs free energy diagram (in eV) at 298.15 K for H, production starting from [B12Brio(H20),]"* and subsequent reactions. The bottom of
the figure shows the geometries of all species involved with distances in A (denoted as “d”) and angles in degrees (denoted as “a") important in bond-

breaking and bond-forming processes.
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Fig. 5 Relative Gibbs free energy diagram (in eV) at 298.15 K for H, production starting from [B12l10(H2O),]"* and subsequent reactions.

0.09 eV for TS5 and —1.44 eV for products VIII plus H,. Under
these conditions, TS5 effectively looks like a barrier. After adding
the above-mentioned contributions or corrections, this H, pro-
duction reaction can be regarded as barrierless. This point
underscores the importance of considering both thermal and
entropic contributions when discussing reaction mechanisms.

After producing intermediate VIII and H,, we again observe
two consecutive OH*® barrierless detachments, confirmed by
relaxed scans as discussed previously. We also have a high
energetic cost of 4.33 eV to go from intermediate XII to XI,
giving rise to the possibility of having the [B;,1;00OH] product.
Additionally, TS6 is 0.68 eV above product XII plus OH®. There-
fore, it is reasonable to expect that a good fraction of inter-
mediate VIII will go into producing XII rather than producing
IX and a second H, molecule. For the fraction of VIII that
converts into IX, the rest of the pathway is analogous to the one
shown in Fig. 4, with TS7 leading to the formation of a four-
membered ring involving two oxygen and two boron atoms
within X. Finally, TS8 precedes the formation of molecular
oxygen and XI, the original cluster with two unsubstituted
boron atoms.

Finally, in order to get more insights into the way a specific
modification of the dodecaborate ion facilitates the O-H bond
cleavage during hydrogen generation, we performed a topolo-
gical analysis of the electron localization function (ELF).*>** In
this context, each local maximum of this function is called an
attractor, and can be classified into the core, bonding, and non-
bonding categories. We performed this analysis for
[B12Bryo(H,0),] ™ and [Bi,110(H,0),] * (species I and VII on
Fig. 4 and 5 respectively), but since we are interested in the
cleavage of the water moieties within these species, and for the
sake of clarity in the discussion, Fig. 6 only shows the frag-
ments of species I and VII near the water molecules. In Fig. 6a,
we can see such a fragment for [B;,Br;o(H,0),] * as well as the
attractors (shown as green spheres and labeled as in the
Multiwfn output) related to the water moieties. The water

8330 | Phys. Chem. Chem. Phys., 2026, 28, 8323-8333

molecule linked to boron atom 1 (B1) in Fig. 6a is shown in
transparent form to facilitate visualization of the corres-
ponding attractors. At this point, we want to briefly describe
some situations regarding these attractors: bonding attractor
95 lies between the core attractors for boron (not shown) and
oxygen. Non-bonding attractor 69 corresponds to an oxygen
lone pair. Attractor 102, corresponding to the oxygen core, has
coordinates very close to those of the oxygen nucleus, as is
common for core attractors. Finally, although attractors 75 and
80 are very close to the hydrogen nuclei, they should be
identified as O-H bonding attractors because hydrogen does

[a]

Fig. 6 Fragments

the
[B12Brig(H>0),1 7 and (b) [B1xlio(H2O)o1 7. The ELF attractors related to
the water moieties are shown as green spheres. On panel (a), a water
molecule and its bond to the Bl atom are shown transparently to allow
visualization of the corresponding attractors. In panel (b), only the B1-O
bond is shown in transparent form for the same reason.

surrounding water moieties  within  (a)

This journal is © the Owner Societies 2026
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Basin 69, V(O) Basin 95, V(B,0)
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Basin 80, V(O,H) Basin 75, V(O,H)

Basin 94

Basin 90

Basin 67

Basin 72 Basin 92

Fig. 7 ELF basins related to the water moiety bonded to the boron atom labeled as Bl in Fig. 6 within (a) [B12Brio(H20),]17* and (b) [B1ol19(H20),]1 ¢, The
basins shown correspond to regions with electron density greater than 0.001 a.u.

not have core electrons, and these attractors contribute to the
O-H bond. Each of these attractors is associated with a corres-
ponding basin, and these can be visualized in Fig. 7a, with the
exception of the oxygen core basin C(O), which has a very small
volume and has an attractor that lies very close to the oxygen
nucleus. Different basin properties can be estimated; in this
work, we computed the average electron population (by inte-
grating the electron density over each basin) and the volume.
Table 5 lists those values for the basins associated with the
attractors shown in Fig. 6a, as well as the corresponding labels
describing the type of basin. We have an average electron
population of 2.14 for the oxygen core -C(O)-, 2.46 for the
oxygen lone pair -V(0)-, 1.79 for the B-O bond -V(B,0)-, and
1.83 for each of the O-H bonds -V(O,H). Therefore, the total
electron population for this water moiety is 10.04. The situation
is completely analogous when we consider the water molecule
bonded to the other boron atom in Fig. 6a. For comparison, the
total electron population of an isolated water molecule should
roughly correspond to 10: two each for the oxygen core, the
oxygen lone pairs, and the O-H bonds. Therefore, loosely

This journal is © the Owner Societies 2026

Table 5 Average electron population (in e), volume (in A%), and label for
the basins corresponding to the ELF attractors found for [B1Brio(H,0)o]
and shown in Fig. 6a

Basin Population Volume Label
102 2.14 0.04 c(o)
69 2.46 61.43 v(0)
95 1.79 2.07 V(B,0)
80 1.83 48.09 v(0,H)
75 1.83 74.99 V(O,H)

speaking, each water moiety in [By,Brio(H,0),] * can be
regarded as forming some sort of dative bond with one boron
atom through one of its lone pairs.

When we considered the water moieties in [By,I;10(H20),]*
described in Fig. 6b, 7 and Table 6, we could observe the
following situations in comparison with the bromine substi-
tuted species I: basin 99 corresponds to the bonding type and
pertains to the B-O bond, it has an electron population of 2.11.
This is analogous to the V(B,0) basin found for species I. The
fact that basins 7 and 26 have very large volumes compared to
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Table 6 Average electron population (in e), volume (in A%), and label for
the basins corresponding to the ELF attractors found for [Biolio(H20)ol
and shown in Fig. 6b

Basin Population Volume Label
99 2.11 1.87 V(B,0)
7 1.77 290.92 v(0)
26 1.09 217.79 v(0)
94 1.16 3.66 —

90 1.25 4.52 —

67 1.03 5.75 —

72 0.92 4.01 —

92 1.30 4.60 —

the other basins supports their classification as non-bonding
basins (Table 6), as is well known for this basin type.** Visual
inspection of these basins in Fig. 7b also points in the same
direction. The corresponding populations are 1.77 and 1.09,
respectively. This is in sharp contrast to species I, which had
one non-bonding basin with an electron population of ~2. At
this point, identifying the remaining basins for the water
moiety in [Biyl;0(H20),] * becomes more difficult, as they
depart significantly from the commonly observed patterns.
However, we will offer some insights. The sum of the electron
populations identified so far (basins 99, 7, and 26) is 4.98, while
the total population for all the basins is 10.64 (Table 6). This
means the population for the yet-to-be-identified basins is 5.66.
If our current designations are correct, we still need to account
for the oxygen core basin and the O-H bonding basins, which
can naively be assumed to have a population of ~2 each to give
a total of ~6, which reasonably matches the population of the
unidentified basins. This means that those ~6 electrons
should be distributed among the five unidentified basins, a
very unexpected pattern. Additionally, the attractor for the
oxygen core is no longer near the nuclear coordinates as was
the case for [B;,Bryo(H,0),] ", with the distance between
attractor 94 and oxygen nucleus of 0.89 A being the smallest
possible. This unexpected five-fold basin pattern could be
related to the strong Lewis acidity of the naked boron atom,
which might be inducing a strong polarization in the attached
water moiety, in a similar fashion to a previous report of basin
attractors at non-intuitive positions due to the polar/ionic
character of the P-O bond in H;PO.** This hypothetical strong
polarization should be enhanced by the iodine substituents, or
otherwise we would see the same behavior for the brominated
species. This is by no means an in-depth study of the chemical
bonding environment of the water moieties within these mod-
ified dodecaborate ions; further studies should be conducted,
but our results suggest interesting differences between the
bromine- and iodine-substituted ions. Spatial coordinates and
detailed information for all the ELF attractors and basins
identified in this work are provided in Section S5 of the SI.

In summary, we present pathways by which both [B;,Br;o]*
and [B;,l;4] * can produce a first H, molecule spontaneously by
mechanistic steps that can essentially be regarded as barrier-
less. Unfortunately, the subsequent reaction steps necessary to
regenerate the original dodecaborate clusters with two

8332 | Phys. Chem. Chem. Phys., 2026, 28, 8323-8333
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uncoordinated boron atoms have a non-negligible energetic
cost. However, this work demonstrates the potential to tune the
reactivity of modified boron clusters to generate hydrogen via
water splitting, which could pave the way for further studies
exploring this concept. Additionally, our calculations showed
different bonding environments for the water moieties in the
bromine and iodine substituted species. The practical conse-
quence of this for the hydrogen generation scheme we are
proposing is that the hypothesized strong polarization of water
moieties within the iodine-substituted system, compared to the
brominated system, could be responsible for lowering the
energy barrier for the hydrogen generation step on the mechan-
isms described in Fig. 4 and 5. Of course, further work is
needed to test this hypothesis.

4 Conclusions

In this study, we have demonstrated that appropriately functio-
nalized closo-dodecaborate anions ([B1,Brio] * and [Bislio] °)
can promote spontaneous molecular hydrogen production
from water under ambient conditions. The results establish
that selective modification of the boron cluster framework can
modulate the cluster’s reactivity, enabling hydrogen release in
the absence of external catalysts, photochemical activation, or
an applied electrochemical potential. These findings expand
the chemical utility of boron clusters by identifying a
molecular-level pathway for water activation. Moreover, they
underscore the potential of dodecaborate-based systems as
tunable platforms for hydrogen generation, with possible
implications for future energy-relevant material design. Addi-
tionally, our calculations indicate very distinct bonding envir-
onments for the water moieties in the brominated and
iodinated dodecaborate species. This difference may influence
the proposed hydrogen generation pathway, but further inves-
tigations are necessary to fully understand this aspect.
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