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ABSTRACT

Understanding the interactions between metallic cations and anions is crucial for
elucidating the structure and reactivity of ionic systems. In this work, we investigate the binding
modes and energetic characteristics of a series of alkali metal cations (Li*, Na*, K*, Rb*, Cs") with
the tetramethylborate anion using density functional theory. Molecular electrostatic potential
analysis reveals three preferential binding regions corresponding to distinct local minima on the
tetramethylborate surface. Geometry optimizations and penetration index analysis confirm the
formation of ion pairs with site-specific interaction modes: «'C, «*C, and «'B. Energy
decomposition analysis shows that electrostatics dominates the interaction energy, with
polarization playing a significant secondary role. Correlations between penetration indices and
interaction energies provide insight into the nature of cation—anion interactions, including the role
of collective stabilization effects. These findings contribute to a deeper understanding of ion
pairing phenomena in organoborate-based systems and the broader field of supramolecular

chemistry.
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INTRODUCTION

Understanding how cations and anions interact is fundamental to nearly every field of
chemistry, from inorganic coordination chemistry to materials science and biochemistry. These
interactions, which are mainly electrostatic and often directional, affect the stability, solubility,
reactivity, and structure of many chemical systems. In solution chemistry, ion pairing can
significantly influence both the rate at which reactions occur and how they reach equilibrium.! In
solid-state chemistry, the way ions are arranged determines the structure of crystals and their
properties, like conductivity and magnetism.? Ionic interactions are also key for enzyme function,
membrane potential regulation, and molecular recognition in biological systems.® Chemists can
rationally design new compounds, optimize reaction conditions, and create functional materials
with specific properties by having a deep understanding of how certain cations and anions interact
with each other, both on their own and in complex matrices.*

Among the various borate-based anions, the tetramethylborate anion (TMB), [B(CH3)4]",
is of particular interest due to its compact geometry, disperse electron-rich nature, and potential
to engage in weak but structurally significant interactions with a variety of metal centers. Despite
its relevance in organoboron and ionic liquid chemistry, detailed studies on its coordination
behavior and binding characteristics with metallic cations remain limited.> ¢ Most of the current
literature on borate—metal interactions focuses on more complex or reactive borate species, such
as tetrafluoroborate (BF4)"® or tetrahydroborate (BH4),” '° which are well known for their roles
in coordination compounds and reduction chemistry. In contrast, the TMB anion, with its larger
size, sterically hindering methyl substituents, and relative chemical inertness, serves as a
distinctive model for exploring non-covalent cation—anion interactions in the solid state.

In this work, we systematically explore the interaction between various metallic cations,
namely alkali metals, and the TMB anion using a combination of computational techniques. By
comparing trends across different cationic species, we aim to elucidate the nature of the binding
motifs, the strength of association, and the structural preferences that govern these ion pairs. This
study not only contributes to the fundamental understanding of borate chemistry but also has
potential implications for the design of advanced materials in ionic liquids, battery electrolytes,

and coordination polymers.

COMPUTATIONAL METHODS

Geometry optimizations were performed using the WB97M-V!! (in Q-Chem6)'? and
MO06-2X" (in Gaussian16)'* functionals and the def2-TZVPD basis sets for all atoms, including
the quasi-relativistic def2 electron core potentials for heavy atoms (Rb and Cs). The geometrical
and energetic results are very similar for the two functionals (see the Supplementary Information

for the WB97M-V geometries and energies). All optimized structures were confirmed to be real



minima of the corresponding potential energy surfaces by diagonalization of the Hessian matrix.
Decomposition of the interaction energy was carried out by means of the second generation
ALMO-EDA method'® as implemented in Q-Chem6,'? at the M06-2X/def2-TZVPD and wB97M-
V/def2-TZVP levels with correction of the BSSE for the charge transfer term. Molecular
electrostatic potential maps were generated with GaussView'® on the corresponding 0.001 A
isosurfaces of the electron density.

For the analysis of interatomic interactions we use the newly developed penetration

index.!”> 8 The penetration index for an A-B atom pair (pag) is defined as:

PAB = 100‘(VA + vg — dAB)/(VA + Vg —ra— I”B) (Eq. 1)

where d is the interatomic distance between atoms A and B, and » and v are the
corresponding covalent' and van der Waals?® radii, respectively. When two atoms lie at a
separation equal to their summed van der Waals radii, the penetration index pag is 0%. As they
move closer to a distance defined by the sum of their covalent radii, pas rises to 100%. For
separations in between these two extremes, pas adopts intermediate values, reflecting weaker or
noncovalent forms of interaction. Moreover, pag can adopt values over 100% for distances shorter
than the sum of the covalent radii and under 0% for distances longer than the sum of the van de
Waals radii. The use of this parameter offers several advantages over relying on simple
interatomic distances because it provides a size-corrected, unified measure of how deeply two
atoms’ outer regions overlap regardless of their nature.?' %

Despite based on covalent radii, penetration indices have been successfully used for the
analysis of ionic solids, since the sum of cationic and anionic radii for atoms A and B yields a
value that is very close to the sum of the corresponding covalent radii.'® >} In the present case,
however, monoatomic ions interact with large counterions (namely TMB) which are held together
via covalent bonds with the charge density distributed all around the molecule. Given the
intermediate nature of these systems, we propose to evaluate the applicability of ionic radii for
monoatomic ions as a means to account for the respective contraction and expansion of the
electron cloud in cations and anions. Simultaneously, we retain the use of covalent radii for those
atoms constituting the larger counterions. To this end, we compare the sum of the covalent radii
of atoms A and B with the sum of the covalent radius of A and the ionic radius of B across a series
of atom pairs pertinent to the systems under consideration (Figurel). Accordingly, we incorporate

the ionic radii of Li, Na, K, Rb, and Cs.
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Figure 1. Correlation between the sum of the covalent radii of A and B and the sum of the covalent
radius of A and the ionic radius of B, for TMB-alkali metal pairs (A = C, H, B; B=Li", Na*, K*,
Rb*, Cs*).

[Acov + Bion] = 0.86 [(A+B)eoy] - 0.15 (Eq. 2)

Figure 1 shows that, for monoatomic cations (alkali metals) interacting with C, H and B,
there is a linear correlation between the sum of the covalent radii and the sum of the covalent and
ionic radii. Interestingly, the straight line is displaced -0.15 A with respect to that associated with
the sum of only the covalent radii, while the slope is reduced to 0.86 (equation 2; R? = 0.998). In
the light of these results, we assume that the use of the original formulation of the penetration
index can correctly capture possible trends without having to combine covalent and ionic radii.
Accordingly, all penetration indices throughout this article are calculated by means of Equation

1.

RESULTS AND DISCUSSION

First, in order to identify the molecular regions most likely to interact with an electrophile,
we have represented the molecular electrostatic potential (MEP) of the tetramethylborate anion
on its van der Waals isosurface. (Fig. 2). We have identified three points that represent minima
of the electrostatic potential. Point A is a local minimum and is located at the extension of each
of the C-B bonds (-99.9 kcal/mol). Point B is located between two methyl groups, at the center of
one of the edges of the tetrahedral system, representing the most negative value of the EP in the
entire molecule (Vs min = -111.6 kcal/mol). Finally, point C corresponds to another local minimum
(-109.1 kcal/mol), located at the center of one of the tetrahedron’s faces, and is therefore

equidistant from three methyl groups.
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Figure 2. Chemical structure (left) and Molecular electrostatic potential (MEP) of
tetramethylborate on the 0.001 A~ isodensity surface (right). Points A (-99.9 kcal/mol) and C (-
109.1 kcal/mol) represent local minimum values of the EP while point B is the global minimum

(I/S,min =-111.6 kCﬁl/mOl).

According to our MEP map, interaction with monoatomic cations should be energetically
favored at sites A, B and C. Each of these electrophilic regions might involve different interaction

modes depending on the closeness to carbon and hydrogen atoms of the methyl groups (Chart 1).
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Chart 1. Possible interaction modes between tetramethylborate and a metallic cation involving

regions A, B and C of the anion.

We next carried out geometry optimizations for ion pairs composed of TMB and a series
of alkali metal cations (TMB---M; M =Li*, Na*, K*, Rb*, Cs*). Exploration of the potential energy
surface for each TMB-alkali metal combination revealed several energy minima, which are
summarized in Table 1. As anticipated, three distinct interaction geometries were identified for
each metal cation, corresponding to binding sites A, B, and C. The sole exception was observed
for Cs*, where structures initially corresponding to interaction topology C consistently relaxed to
topology B upon optimization. This behavior is likely attributable to the large size of Cs*, which
hinders the stabilization of 3x'H,H’,H"” or «*C interaction modes.

Analysis of the computed penetration indices (Table 1) allows for unambiguous
assignment of the interaction mode adopted by each ion pair, as defined in Chart 1. For cations

interacting via site A, the k'C mode predominates, characterized by substantial M- --C penetration



values (103.0-107.5%) and moderately significant M---H ones (79.8-93.3%). In the case of site
B interactions, the ion pairs are best described as k*>C systems, with M---C penetration values
(103.5-107.1%) comparable to those observed for site A, but with the addition of notable M---B
peentrations (84.1-95.3%). Notably, for both A and B geometries, the degree of M---H
penetration increases progressively down the alkali metal group.

In contrast, ion pairs adopting interaction site C exhibit a more intricate interaction
pattern. Based on the calculated penetration indices, these interactions are best classified as k'B,
displaying unexpectedly large M:--B penetrations (99.5-108.4%). For Li*, the corresponding
M:---H penetrations are relatively small, whereas for Na‘, K* and Rb*, they become more
prominent. In the case of Rb*, M---H and M---B penetration values are particularly close,
suggesting a nearly balanced interaction. It is also noteworthy that, for site C geometries, M---H

penetration increases while M- --B penetration decreases with increasing cation size.

Table 1. Main geometrical parameters calculated at the M06-2X/def2-TZVPD level for the
adducts composed of tetramethylborate interacting with different metallic cations (M* = Li, Na,

K, Rb, Cs) via A, B and C interacting sites.

M* | Int. site | Py...c (%) Pum--u (%) pm--8 (%) | Int. mode
Li A 103.8 79.8 19.9 k'C

B 105.4 76.9 95.3 k’C

C 95.1 83.8 108.4 k'B (1°C)
Na A 104.9 83.2 20.4 k'C

B 105.4 84.4 90.1 k’C

C 95.7 96.4 105.8 k'B (°C)
K A 104.1 84.9 14.1 k'C

B 105.3 88.7 84.7 K2C

C 94.1 96.8 102.8 k'B Bx'HH’ H)
Rb A 103.0 88.4 26.4 k'C

B 103.5 91.6 84.1 k’C

C 94.1 98.9 99.5 k'B 3x'H,H H”)
Cs A 107.5 93.3 32.2 k'C

B 107.1 97.4 87.7 k’C

Focusing on systems in which the cation interacts via C, it is instructive to compare their
behavior with previously reported tetramethylammonium-halide (TMA-halide) ion pairs.?* In the
latter, optimized geometries typically display low N—C—H tetrahedral angles in the range of 104—
108°, consistent with relatively compact ion-pairing geometries. In contrast, systems involving
TMB and alkali metal cations exhibit significantly wider B-C—H angles—reaching up to 124°—
which facilitates notably short metal-boron (M---B) contacts compared to their TMA—halide
counterparts (Figure 3). This structural trend is particularly striking given that the boron center in

TMB carries a partial positive charge (see relevant NPA atomic charges in Table 2), which would



normally suggest a degree of electrostatic repulsion with the alkali metal cation. In fact, our
analysis reveals a correlation: as the positive charge on the boron atom decreases, the M---B
distance shortens, indicating deeper metal penetration into the boron center (Figure 4). We
propose that any repulsive interaction between the boron and metal centers is effectively offset
by three stabilizing interactions between the cation and the (partially) negatively charged carbon
atoms. This arrangement bears resemblance to the concept of collective interactions, wherein
multiple weak attractive forces act cooperatively to stabilize otherwise unfavorable configurations
(see Figure 3). Finally, the fact that atomic charges of H atoms are slightly positive can explain
the absence of hydrogen bond-dominated topologies (k*H, 2x'H,H’ and 3x'H,H’,H") among the
optimized systems (Table 1), also facilitating the establishment of M---C short contacts by
opening the B-C-H angle.
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Figure 3. Angles o for tetramethylborate-alkali metal (green circles) and tetramethylammonium-
halide (red squares) ion pairs. Values for the latter have been retrieved from geometry

optimizations in ref. [21]. The grey bar represents the standard value of a tetrahedral angle.

Table 2. NPA atomic charges (g) for the adducts composed of tetramethylborate interacting with
different metallic cations (M" = Li, Na, K, Rb, Cs) via C, calculated at the M06-2X/def2-TZVPD

level.
M* qc qn qs qm
Li -0.87 +0.14 +0.11 +0.93
Na -0.87 +0.13 +0.15 +0.97
K -0.86 +0.13 +0.16 +0.98
Rb -0.85 +0.12 +0.17 +0.98
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Figure 4. Dependence of the M- - -B penetration index with the atomic charge of B for the adducts
composed of tetramethylborate interacting with different metallic cations (M* = Li, Na, K, Rb)

via C interacting site.

Table 3. EDA terms with correction for the BSSE for the adducts composed of tetramethylborate
interacting with different metallic cations (M" = Li, Na, K, Rb, Cs) via A, B and C interacting
sites at the M06-2X/def2-TZVP level. The values in parenthesis represents the percentage of the

term with respect to the sum of the total attractive energy. All energies are given in kcal mol™'.

M* | Int. site AEelec AEpauli AEdisp AEpol AEct AENT
Li A -110.9 22.4 2.0 -20.9 -6.5 -117.9
(79.1) (1.4) (14.9) (4.7)
B -129.4 29.6 -3.1 -36.1 -1.0 -145.9
(73.7) (1.7) (20.5) (4.0)
C -133.9 31.8 -3.4 -39.9 -8.0 -153.5
(72.3) (1.8) (21.5) (4.3)
Na A -102.6 19.8 2.5 -14.8 -1.5 -101.6
(84.5) (2.1) (12.1) (1.2)
B -117.8 24.2 -4.1 -21.7 -1.6 -120.9
(81.1) (2.8) (14.9) (1.1)
C -123.7 27.8 -4.5 -24.0 2.1 -126.6
(80.1) (2.9) (15.6) (1.4)
K A -91.6 20.4 -3.3 -10.2 -2.5 -87.3
(85.1) (3.1) (9.5) (2.3)
B -106.2 26.4 -5.9 -16.0 -3.3 -105.1
(80.8) (4.5) (12.2) (2.5)
C -111.3 30.2 -6.5 -17.7 -4.0 -109.4
(79.8) (4.7) (12.7) (2.9)
Rb A -86.8 19.9 -3.9 -8.7 -3.3 -82.8
(84.5) (3.8) (8.5) (3.2)
B -100.1 25.0 -6.6 -14.2 -2.9 -98.9
(80.8) (5.4) (11.5) (2.3)
C -104.6 28.6 -1.4 -15.7 -3.6 -102.6
(79.7) (5.6) (12.0) (2.7)
Cs A -84.7 23.2 -4.8 -9.3 -4.5 -80.1
(81.9) (4.7) (9.02) (4.4)
B -97.4 28.7 -8.1 -14.8 -3.9 -95.5
(78.4) (6.5) (11.9) (3.1)




Table 3 shows the energy decomposition analysis (EDA) for the adducts composed of
tetramethylborate interacting with different metallic cations (M = Li, Na, K, Rb, Cs) via A, B
and C interacting sites. In general, the calculated interaction energies (AEt) are significantly
large (between -80.1 and -153.3 kcal mol ™), as expected for ion pairs. The interaction energy
decreases progressively down the alkali metal group for all three interaction sites. Among these,
site C exhibits the strongest interaction, whereas site A corresponds to the weakest. The
electrostatic term (AEc.) dominates the cohesive forces comprising 72-3 — 85.1% of the total
attractive energy. Polarization (AE,.) represents the second most significant energetic
contribution. Its relative importance increases in the order A < B < C, with corresponding
percentage contributions ranging from 9.0-14.9% for A, 11.9-20.5% for B, and 12.7-21.5% for
C. Across the series of alkali metal cations, the AE, contribution decreases progressively when
descending the group. Finally, dispersion (AEdisp) and charge transfer (AEcr) represent only a

small fraction of the total attractive energy (1.4 — 7.3% for AEgisp and 1.2 — 4.7% for AEcr).
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Figure 5. Linear correlations between interaction energies and relevant penetration indices,
namely pmu (red) and pms (blue) for the adducts composed of tetramethylborate interacting with

different alkali metal cations (M" = Li, Na, K, Rb) via A, B and C interacting sites.

For the systems under study, we have also discovered some intriguing relationships
between the interaction energy and various penetration indices involving the alkali metal cations.
For ion pairs interacting via A, the interaction energy depends linearly on the MH penetration
index: the larger the M- --H penetration, the weaker the TMB---M interaction (Fig. 5A). This is in
good agreement with the &+ character of the alkyl hydrogens, since even though the systems
interacting through A show a k!C type interaction mode, the M- -H penetrations are in all cases
greater than 80%. Regarding the M- --H penetration and its relationship to interaction energy, the
B systems show a similar trend to the A series (Fig. 5B). Furthermore, there is a distinct linear
correlation between the interaction energy and the M—B penetration, with increasing pms values
indicating interactions that become more stabilizing (Fig. 5B). This latter behavior is also found

for systems interacting via C (Fig. 5C), although the B central atom shows a slightly positive



atomic charge. However, it must be noted that despite these positive atomic charges, the
electrostatic potential is negative all around the molecule on the vdW surface, as it was shown in
Fig. 2. Interestingly, no correlation between the interaction energy and the M- --C penetration has

been found for any interaction site.

CONCLUSIONS

In this work, we have investigated the interaction between the tetramethylborate anion
(TMB) and a series of alkali metal cations (Li*, Na*, K*, Rb*, Cs*) using molecular electrostatic
potential (MEP) analysis, geometry optimizations, and energy decomposition analysis (EDA).
The MEP surface of TMB revealed three distinct electrophilic regions (A, B, and C)
corresponding to local and global minima in the electrostatic potential, which were used to define
different cation-binding topologies. Optimization of the TMB---M" ion pairs revealed several
stable interaction geometries, with three characteristic coordination modes (k'C, ¥*C, and «'B)
identified across the series. Notably, deeper M---B penetration was observed in geometries
involving interaction site C, despite the boron center bearing a partial positive charge. This
seemingly counterintuitive result is rationalized through the concept of collective interactions,
wherein stabilizing M- --C contacts compensate for electrostatic repulsion at the boron center.

Penetration indices provided a reliable metric for classifying interaction modes and
understanding the structural trends observed upon descending the alkali metal group. The
interaction strength generally decreased from Li* to Cs* and followed the trend C > B > A,
reflecting not only the increasing size and decreasing charge density of the cations, but also the
varying geometrical accessibility of the interaction sites. EDA results confirmed that electrostatics
dominate the attractive forces, while polarization contributions become increasingly important in
stronger interaction modes. Dispersion and charge-transfer effects, although present, play a
relatively minor role.

Finally, we uncovered linear correlations between interaction energies and M---H and
M:--B penetration indices in topologies A, B, and C. These trends underscore the importance of
non-covalent contacts involving hydrogen and boron in modulating the overall stability of the ion
pairs. Our findings provide valuable insight into the structural and energetic features governing
cation—anion interactions involving sterically hindered borate anions and may serve as a
foundation for understanding similar systems in coordination chemistry, ionic liquids, and

molecular design.
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