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ABSTRACT

Collective interactions represent a recently proposed bonding mode in which stabilization arises not from a localized two-center
bond but from the distributed exchange-correlation effects between a central site and several surrounding atoms, whereas the
interaction between the central atom and the metal is destabilizing. While this phenomenon has been demonstrated in certain
organometallic complexes, its possible existence in predominantly ionic systems remains unexplored. Here, we present a com-
prehensive study on a family of ion pairs of general formula M[AX,] (M =Li*, Na*, K*, Rb*, Cs*; A=B, Fe Co, Zn, Cd; X= =(ClHl
-CO, -CCH, -OCH,, -Cl) aimed at determining whether collective interactions can arise in systems conventionally described as
ionic. Through a combination of penetration index analysis and Interacting Quantum Atoms (IQA) decomposition, we quantify
the contributions of Coulombic and exchange—correlation terms to the total interaction energy. The calculated exchange-cor-
relation interaction collectivity indices (ICI,..) reveal that alkali metal-tetramethylborate ion pairs and several transition metal
tetrahedral anions exhibit distinctly collective behavior, particularly when complexes possess electron-rich or polarizable ligands
(-CCH, -OCH,, -Cl). In contrast, carbonyl-containing systems display larger ICI, . values, consistent with a classical noncol-
lective bonding scheme. These results demonstrate that collective interactions can indeed manifest in ionic environments, ex-
tending the scope of the concept beyond covalent or organometallic frameworks and offering new insights into the fundamental
nature of ion pairing and electronic delocalization.

1 | Introduction

Chemical bonding has traditionally been categorized into well-
established motifs, namely covalent and ionic, dative, charge-
shift, and various multicenter bonding frameworks, such as
3c-4e, each reflecting different ways that electrons can be
shared or exchanged between atoms. However, emerging re-
search suggests that this classical taxonomy may be overlooking
subtler bonding phenomena that lie outside the conventional
two-electron, two-center paradigm [1]. One particularly riveting
example is the so-called collective interaction in organometallic
complexes of general formula MAX,, a recently described bond-
ing mode in which a metal center (M) interacts not solely with a
close central atom (A =boron, aluminum, carbon, etc.), but also
significantly with the substituents attached to that atom (X) [2].

As a consequence, the weak (destabilizing) interaction of the
metal with the central atom (M---A) is compensated by the stabi-
lizing interactions between the former and the adjacent groups
(M---X). Since the original publication in 2022 [2], the concept of
collective interactions has been the subject of intense debate in
the chemical bonding community [3-6].

Recent work on organometallic reagents, such as organolithium
and Grignard compounds, highlights that these collective inter-
actions are common in systems once assumed to be primarily
based on classical interactions [2]. In these species, the net stabi-
lization arises not so much from a pairwise metal-central-atom
bond, but rather from a network of weaker, yet cumulatively
significant, interactions between the metal and peripheral
groups such as hydrides, alkyl substituents, fluorines, etc. This
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SCHEME1 | Structural motifs previously known to display collective interactions (MAX, and M,AX;) and ion pairs studied in this work (MAX,).

insight challenges the Lewis-based picture in which the metal is
depicted as bonded directly to the central atom, while the sub-
stituents serve merely as spectators. To quantify the extent of
these multifaceted interactions, a new index was introduced:
the exchange-correlation interaction collectivity index (ICIy).
This index compares the share of exchange-correlation energy
from conventional, pairwise interactions against the share dis-
tributed over the rest of the molecule. When ICI, . approaches
unity, the bonding more closely resembles a traditional two-
center bond, whereas when it departs significantly from unity,
the bond's character reflects collective, many-atom interactions.

In the context of collective interactions, geometry plays a crucial
role in enabling a metal (or other bonding partner) to distrib-
ute its stabilizing exchange-correlation effects across multiple
nearby substituents, rather than focusing exclusively on a sin-
gle atom. While there is no single, rigid structural formula that
guarantees collective interactions, studies to date point to a few
common geometric features that favor this many-atom bonding
mode [2]. A key requirement is that the putative collective center
(e.g., a metal) be positioned such that it can have meaningful
(often short-to-moderate) noncovalent contacts with several pe-
ripheral atoms rather than engaging in a single dominant two-
center bond. For instance, in organometallics featuring MAX,
units, the metal is often near the substituents (X) on the central
atom (A) at distances where partial exchange-correlation inter-
actions can occur (Scheme 1) [7].

Many examples of collective interactions appear in or near sym-
metrical geometries (e.g., D, C;, or slightly distorted variants).
These symmetries allow the metal center or positively charged
site to align effectively with all substituents, ensuring each sub-
stituent is close enough to participate in bonding-like interac-
tions. Additionally, such arrangements prevent the system from
collapsing into a single, strong two-atom bond at the expense of
the others. Furthermore, quantum chemical topology [8] ana-
lyzes often reveal more than one bond path or critical point con-
necting a metal with various substituents in collective-bonding
scenarios [9], especially in geometries where the central atom
is somewhat displaced and the metal is effectively closer to the
substituents than to the central atom. It is worth noting that
while having multiple bond paths does not by itself prove col-
lective interactions, it often signals that the metal is engaging in
multiple, partial stabilizing contacts.

In some molecules, particularly those featuring heavier metals
or strongly electron-withdrawing substituents, the system may
adopt an inverted geometry in which the central atom is bent

away from the metal, giving the substituents more direct con-
tact with that metal center. These inverted local minima often
show the most pronounced collective interactions because the
geometry maximizes metal-substituent overlap, even though it
departs from what a simple Lewis or ionic model would predict.
An example of this behavior is found, for instance, in trigonal
bipyramidal alkaline metal-boron halide complexes of general
formula M,AX, (A =B; Scheme 1) [9].

As mentioned above, collective interactions arise when a bond-
ing center extends its stabilizing exchange-correlation influence
through multiple atoms at once, rather than channeling it solely
into a single, two-center bond. In terms of charges and electronic
structure, there are some features that seem to facilitate this be-
havior. First, there must be an electron-deficient center or cat-
ionic region, often a metal or positively polarized atom, capable
of receiving electron density from multiple directions. This par-
tial or formal positive charge promotes simultaneous attraction
to several negatively charged or electron-rich groups. Second,
the system requires substituents with partial negative charges
or accessible electron density. These substituents, such as hy-
drides, alkyls, or electronegative ligands, offer alternative sites
for bonding interactions, enabling a more “spread-out” form of
stabilization than a single localized bond could provide. Third,
the molecule needs an electronic structure flexible enough to de-
localize or distribute these interactions. This flexibility typically
arises from orbitals that allow partial electron sharing with sev-
eral neighbors. When these conditions converge, the result is a
network of multiatom bonding contributions whose cumulative
effect significantly stabilizes the system. The traditional two-
center model often underestimates this additional stabilization
because it focuses primarily on a single bond and relegates other
contacts to mere noncovalent interactions.

Based on a recent computational study that suggested a
more complex chemical bonding scenario than expected in
tetramethylammonium-halide pairs [10], this article aims to
investigate whether collective interactions can arise even in
nominally ionic pairs of formula MAX, (Scheme 1), systems
traditionally viewed as governed predominantly by electrostatic
attractions. If such interactions exist in different strongly po-
larized or near-ionic environments, it would call for a reexam-
ination of how we define, classify, and predict the properties of
several ionic compounds. By combining computational analyses
with theoretical insights into exchange-correlation effects, we
seek to determine whether the stabilizing-destabilizing network
of interactions documented in certain organometallic species
can also appear in simpler ionic pairs and what the requirements
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(in terms of geometry, electronic structure, etc.) of the involved
ions are to engage in collective interactions. Establishing the
presence of collective interactions in common ion pairs will help
refine our knowledge of chemical bonding, offering new per-
spectives on how ions assemble, react, and stabilize in complex
chemical environments.

2 | Methods

For the structural analysis of interatomic interactions we use
the penetration index [10, 11]. The penetration index for an A-B
atom pair (p, ) is defined as p,, =100-(v, +vy—d ,5)/(V, +Vv—
r,—Tg), where d is the interatomic distance between atoms A
and B, and r and v are the corresponding covalent [12] and van
der Waals radii [13], respectively. When two atoms lie at a sepa-
ration equal to their summed van der Waals radii, the penetra-
tion index p, ; is 0%. As they move closer to a distance defined
by the sum of their covalent radii, p,; rises to 100%. For sepa-
rations in between these two extremes, p,, , adopts intermediate
values, reflecting weaker or noncovalent forms of interaction.
Moreover, p,, 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 in-
teratomic distances because it provides a size-corrected, unified
measure of how deeply two atoms' outer regions overlap regard-
less of the nature of the atoms [14, 15]. Despite based on cova-
lent 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 [11].

The energetics of the ion-pair interactions, as well as the assess-
ment of whether these interactions are collective in nature, were
examined using the Interacting Quantum Atoms (IQA) energy-
decomposition scheme. IQA provides a rigorous partitioning of
chemical space based on the topology of a scalar field—here,
the electron density. In broad terms, it enables the calculation
of interaction energies between predefined fragments (individ-
ual atoms or groups of atoms) and decomposes them into two
components: an exchange-correlation term (V, ), associated
with electron-sharing and regarded as the covalent contribution
to bonding, and a classical term (V,,), which reflects the electro-
static component of the interaction [16]. Beyond its role in es-
tablishing the concept of collective interactions, this framework
has been broadly employed to characterize chemical bonding in
exotic regimes and in metal-based systems [17-20], among other
applications that have been reviewed elsewhere [21]. The V.
term provided by IQA decomposition also allows us to deter-
mine whether a given chemical interaction is collective or not.
Namely, the exchange-correlation interaction collectivity index
(ICIL,) for atom M in MAX, systems (Scheme 1) is defined as
the ratio between V,(M,A) and V.(M,T), where T stands for
all atoms in the system except M [2]. ICI,.. is equal to 1 in di-
atomic species and diminishes as the number of atoms in the
molecule increases, approaching zero for systems displaying
collective interactions.

Geometry optimizations and energy calculations of coordination
complexes were conducted with the B3LYP exchange correlation

functional, in conjunction with the D3BJ empirical dispersion
correction scheme; while tetramethylborate-based species were
calculated with the M06-2X functional. In all cases, we con-
sidered the Ahlrichs def2-TZVPP basis sets, as implemented in
the Gaussianl6 software package [22]. To obtain all-electron
wavefunctions for the IQA analysis, we performed single-point
energy calculations using ORCA 5.0 package [23]. For systems
including Rb or Cs atoms, we applied the zeroth-order regular
approximation (ZORA) to account for relativistic effects. In
these calculations, we employed the SARC/J auxiliary basis sets
and the SARC-ZORA-TZVPP basis set for Rb and Cs. To accel-
erate the calculations, the RIJCOSX approximation was applied.

IQA and QTAIM calculations were performed on the single-
determinant all-electron MO06-2X and B3LYP pseudo-
wavefunctions by means of the AIMALL package [24], using
the program's default integration algorithms.

3 | Results and Discussion

In light of the aforementioned electronic and geometric motifs, a
promising way to broaden the scope of collective interactions in
ionic systems is to look at tetrahedral or near-tetrahedral archi-
tectures. We have chosen tetramethylborate [B(CH,),]~ (TMB)
as the tetrahedral anionic system. Then, a monoatomic cation
can be placed near one of the tetrahedral faces of TMB (i3 inter-
action), mirroring geometries known to favor collective inter-
actions (Scheme 2). Although these salts might initially appear
governed mostly by ionic attractions, their structural similarity
to previously studied organometallics suggests that they, too,
may exhibit many-atom interactions. Consequently, if such col-
lective effects are indeed operative in these seemingly straight-
forward ionic complexes, then part of their overall stability
would arise not merely from electrostatic attractions but from
distributed exchange-correlation contributions as well.

In order to test our hypothesis, we have optimized the geom-
etries of ion pairs of general formula MAX,, where A=B",
M=Li*, Na*, K*, Rb*, Cs* and X=CH, (i.e., alkali metal-TMB
pairs). In these systems, the monoatomic cation M can interact
with a tetrahedral moiety of TMB in a x> fashion, as depicted
in Scheme 2. Relevant penetration indices of the optimized

SCHEME 2 | Interaction of M* with [B(CH,),]” involving three
methyl groups in a k3 fashion.
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structures are shown in Table 1. It is worth mentioning that
[B(CH,),|~Cs* could not be obtained in a x* fashion since geom-
etry optimizations ended up in x? interaction topology with two
shorter Cs---C distances. If we look at the penetration indices,
it can be observed that they are higher for the B-M pairs, with
Py Values typical of covalent bonds (99.7%-108.4%), while they
are lower for M-C and M-H atomic pairs. This indicates that
the interaction of the alkali metal cation with the boron center
is not negligible and can determine the nature of the bonding in
these systems.

The main IQA parameters for the alkali metal-TMB pairs are
summarized in Table 2. Both the metal (M) and boron (A) atoms
exhibit positive atomic charges, which indicates the presence of a
Coulombic repulsion between these two atoms. Thisis confirmed
by the positive values of V.(M,A), reflecting an overall repulsive
interaction in all analyzed systems (E, (M,A)>187kcalmol™).
In contrast, the exchange-correlation contribution between M
and A is minimal, with IVXC(M,A)|<3kcalm01‘1, suggesting
a negligible covalent character in this interaction. The princi-
pal stabilization within these complexes thus arises from the
interaction between the metal and the remainder of the TMB
framework, as evidenced by the significantly larger V,(M,T)
values, ranging from —36.9 to —50.1 kcal mol~!. Remarkably, the
calculation of the exchange-correlation interaction collectivity
indices (ICI, ), with very small values between 0.030 and 0.073
(Table 3), confirms that the interaction of alkali metal cations
with TMB is of collective nature.

Next, we broaden our focus to include transition metal anions.
We have selected a set of tetrahedral complexes, shown in
Scheme 3, containing different ligands (-CO, -CCH, -OCH,,
-CH,;, and -CI) and metal centers (Fe, Co, Zn, Cd). We have
optimized the geometry of each anionic complex interacting

TABLE 1 | Relevant penetration indices (%) and average « angle for
M[B(CH,),] (M=Li*, Na*, K*, Rb*, Cs*) ion pairs.

with the five alkali metal cations, and the most relevant pene-
tration indices and a angles are presented in Table 4 (Cartesian
coordinates for all optimized complexes are given in Table SI).

All M-A penetration indices exceed 100%, with the highest
value observed for ([Zn(CH,),|Cs), reaching 125.4%. In most
complexes, p,,, is greater than p,,, indicating stronger pene-
tration between M and A than between M and X. An exception
occurs for the [ZnCl,|M series (M =K, Rb, Cs), where the M-Cl
penetrations slightly surpass the corresponding M-Zn values.
Overall, the penetration indices increase systematically down
the alkali metal group, reflecting the enhanced overlap associ-
ated with the larger cationic radii. It is also worth noting that for
carbonyl complexes, metal-ligand associated penetrations (p,,.
and p,,,) are somewhat smaller than those found for other sys-
tems with different ligands.

The QTAIM parameters for all ion pairs in Scheme 3 are sum-
marized in Table 5. If we focus first on the atomic charges,
some interesting comments can be made. The charge of the
alkali metal atom (M) is consistently positive, as expected for
a monoatomic cation. In most complexes, the charge exceeds
+0.8, except for the Fe-containing tetracarbonylferrates of Na,
K, and Rb, where slightly lower values are observed. A gen-
eral trend is evident across the periodic group: the charge on
M becomes progressively less positive as one descends from Li
to Cs, reflecting the increasing metallic character and reduced
charge localization in larger alkali cations. Notably, this trend
is not followed by the Fe and Co carbonyl complexes, which
show a relatively constant charge on M, likely due to the dis-
tinct electronic environments imposed by the transition metal
centers. The atomic charge of the central atom A is also always

TABLE 3 | Coulombic (ICI.) and exchange-correlation (ICI.)
interaction collectivity index values for M[B(CH,),] (M=Li*, Na*,
K*, Rb*, Cs*) ion pairs calculated at the M06-2X/def2-TZVPP level of
theory.

Ion pair P Py a(®)

Ion pair ICI ICI

Pmsg MC c XC
[B(CH,),]"Li*  108.4 95.5 84.2 108.9 [B(CH,),]"Li* ~1.851 0.073
[B(CH,),]"Na*  105.8 95.7 91.9 106.3 [B(CH),] Na* ~1.940 0.054
[B(CH,),IK* 1027 94.4 97.4 104.9 [B(CH,),] K+ ~1.997 0.043
[B(CH,),]"Rb* 997 94.3 99.5 104.5 [B(CH,),]"Rb* ~2.002 0.037
[B(CH,),]"Cs* 1039 91.6-107.8 97.6-98.6  — [B(CH,),]-Cs* ~1.978 0.030

TABLE 2 | Relevant atomic charges and IQA parameters for M[B(CH,),] (M=Li*, Na*, K*, Rb*, Cs*) ion pairs calculated at the M06-2X/def2-

TZVPP level of theory. All energies are given in kcal mol .

Ton pair aM) qA); 9X). 9X)y  VecMA) Vi (MT) V(MA) V.(MT) E,_(MA) E,_(MT)

[B(CH,),]"Li* 0.891 1.818 —-0.476 —0.164 -2.7 -36.9 270.4 -146.0 2677 -182.9
3/4

B(CH,),|"Nat 0.904 1.833 —0.447 —0.177 2.1 -38.8 228.0 -117.5 225.9 ~156.3

[ Vs

[B(CH,),]"K* 0906 1.834 —0431 —0.175 2.0 —45.3 199.6 -99.9 197.6 ~145.2

[B(CH,),]"Rb* 0905 1.844 —0.438 —0.172 -1.7 -45.8 189.4 -94.6 187.7 -140.4

[B(CH,),]"Cs* 0917 1841 —0442 -0.137 -1.5 -50.1 189.2 —95.7 187.6 ~145.8
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SCHEME 3 |

positive, although its magnitude depends on the metal nature.
For Zn and Cd complexes, the charge remains close to +1.0,
consistent with their typical divalent character. In contrast,
Fe and Co complexes exhibit smaller positive charges, around
+0.5, indicating a higher degree of electron sharing with the
surrounding carbonyl ligands.

The atomic charges of the ligand atoms display a wide vari-
ation depending on the chemical nature of the substituent,
reflecting the distinct electronic environments within each
functional group. In carbonyl ligands (-CO), the carbon atom
bears an average positive charge of +0.76, while the oxygen
atom is significantly negative (—1.25), consistent with the
strong polarization of the C=0 bond and the oxygen's high
electronegativity. For the acetylide ligand (-CCH), both car-
bon atoms are negatively charged (—0.28 for C! and —0.52 for
C?), indicating electron density delocalization along the C=C
bond. In the methyl group (-CH,), the carbon atom carries
a modest negative charge (—0.36), while the hydrogen atoms
exhibit slightly negative charges (—0.16). The methoxy ligand
(-OCH,) shows a strongly negative oxygen (-1.21) and a pos-
itively charged carbon (+0.64), revealing substantial charge
separation due to the electron-withdrawing character of ox-
ygen. Finally, in the chloro ligand (-Cl), the chlorine atom
possesses a negative charge (—0.78), consistent with its high
electronegativity and its role as an electron donor toward the
metal center.

We can analyze next the IQA results. The interaction energy
components between the alkali metal (M) and the central
atom (A) reveal distinct trends across the series. The ex-
change-correlation term (Vy.(M,A)) is very small for the Zn
and Cd compounds, indicating negligible covalent character
in these interactions, but it becomes noticeably larger for the
Fe and Co analogs, suggesting a greater degree of electronic
delocalization. In contrast, the classical Coulombic compo-
nent (V.(M,A)) is highly repulsive for Zn and Cd complexes
and significantly less so for Co and Fe. The strongest repulsion
is observed for [Zn(OCH,),]*~, with V(M,A) values ranging

Ion pairs involving transition metal complexes studied in this work.

from 137.4 to 178.2kcal mol~1, consistent with the particularly
high positive charge of the Zn center. As a result, the total
interaction energy (E, ,(M,A)) is only slightly repulsive for
Fe and Co complexes (10.9-34.6kcal-mol~!), but strongly re-
pulsive for Zn and Cd (76.9-177.0 kcal mol~?). In contrast, the
exchange-correlation term between the alkali metal and the
whole molecule, V,(M,T), remains relatively constant across
all systems, while the Coulombic component V.(M,T) is at-
tractive in every case. However, its magnitude is smaller for
[Co(CO),], likely due to the single negative charge of this
complex, which reduces the electrostatic attraction toward the
alkali metal cations.

In order to determine whether these ion pairs are held together
by collective interactions, we have calculated the correspond-
ing exchange-correlation interaction collectivity indices (ICIy.)
that are shown in Table 6. The ICI, . values reveal notable differ-
ences in the degree of electronic collectivity among the studied
systems. For the tetracarbonylferrate and cobaltate complexes,
ICI, values range between 0.253 and 0.529, indicating the ab-
sence of collective interactions and suggesting that the bonding
between the alkali metal and the transition metal fragment re-
mains largely localized. In contrast, the methyl complexes ex-
hibit slightly lower ICI, . values, between 0.103 and 0.134, which
point to a moderate degree of electronic collectivity. The small-
est ICI,. values, below 0.07, are found for the ~-CCH, -OCH,,
and -Cl derivatives, signifying the presence of distinctly collec-
tive interactions in these systems. These results demonstrate
that the nature of the ligand exerts a significant influence on the
extent of electron delocalization between the alkali metal and
the molecular fragments.

Collective behavior seems to arise only when the ligand's
electronic structure promotes delocalized charge distribution
and/or negatively charged atoms directly bound to the metal
center. Ligands such as ~-CCH, -OCHj,, and -Cl, which ex-
hibit low ICI, . values (<0.07), fulfill these conditions. Their
negative or highly polar atoms enable electron density to ex-
tend over multiple bonds, allowing the alkali metal to interact

Journal of Computational Chemistry, 2026

50f 11

1umod y1 ‘970z “XL869601

:sdny woiy pap

Asu20I'T suowto)) dAneaI) a[qearjdde oy £q pauraAoS a1e sa[onIe YO (28N Jo sa[nI 10§ AIeIqIT SUIUQ AS[IA\ UO (SUONIPUOI-PUL-SULIA)/ WO A[IM"ATRIqI[aUI[U0//:sd))Y) SUORIPUO)) pue SWIA ], Ay 23S [9707/90/80] U0 Areiqry auruQ Ad[ip\ ‘ezoSerey (] pepisioatun) £q 80+0L99(/Z001°0/10p/wod K[



TABLE 4 | Relevant penetration indices (%) and average a angle for
M[AX,] (M =Li*, Na*, K*, Rb*, Cs*; A=Fe, Co, Zn, Cd; X=-CO, -CCH,
-OCH,;, -CH,, and -Cl) ion pairs.

Ion pair Pma Prc Pumo a(®)
[Co(CO),] Li* 111.9 70.4 18.5 103.4
[Co(CO),]"Na* 113.6 75.4 26.7 102.4
[Co(CO),] K+ 108.7 80.7 45.6 107.0
[Co(CO),]"Rb* 108.0 86.7 62.3 107.9
[Co(CO),]-Cs* 109.3 90.5 72.2 108.4
[Fe(CO),J>"Li* 118.5 73.8 20.6 103.4
[Fe(CO),]> Na* 119.5 73.9 20.7 99.4
[Fe(CO),I>"K* 120.4 78.8 30.6 101.9
[Fe(CO),]>"Rb* 119.6 90.6 58.8 104.2
[Fe(CO),J>~Cs* 120.5 102.3 88.3 110.3
Puc! Py’
[Zn(CCH)A‘]Z‘Li+ 105.0 89.9 65.8 123.1
[Zn(CCH),]>"Na* 107.7 93.3 71.9 120.0
[Zn(CCH),]> K* 109.2 94.1 70.6 117.3
[Zn(CCH)4]2_Rb+ 110.0 97.5 77.0 116.5
[Zn(CCH),]>~Cs* 112.5 100.8 81.5 115.7
[Cd(CCH),]>"Li* 108.2 88.5 68.2 127.1
[Cd(CCH)4]2_Na+ 112.4 92.1 72.9 123.5
[Cd(CCH), > K+ 115.0 92.6 70.4 120.4
[Cd(CCH),]* Rb* 114.8 95.7 75.8 119.4
[Cd(CCH),J>~Cs* 117.4 99.1 80.1 118.7
Pwmo Pmc
[Zn(OCH,),]>"Li* 112.2 103.7 48.9 128.3
[Zn(OCH,),]>"Na* 116.2 107.1 47.6 123.8
[Zn(OCH,),]*"K* 119.7 110.8 41.5 120.8
[Zn(OCH,),* Rb* 118.8 111.9 53.4 120.0
[Zn(OCH,),]>Cs* 120.0 116.4 65.5 120.1
Pyc Pyu
[Zn(CH,),]*"Li* 118.3 93.7 74.2 121.2
[Zn(CH,),]* Na* 121.1 94.7 79.5 115.5
[Zn(CH,),]>"K* 121.4 101.9 75.2 115.6
[Zn(CH,),]>"Rb* 121.3 104.4 83.9 114.4
[Zn(CH3)4]2‘CS+ 125.4 108.2 87.4 112.8
Pumci
[ZnCl,]>"Li* 101.4 99.4 123.5
[ZnC14]2*Na+ 104.3 103.6 119.9
[ZnCl,]> K+ 104.1 106.5 117.8
[ZnCl,]>"Rb* 105.1 108.6 117.3
[ZnCl4]2’CSJr 106.6 112.4 116.8

simultaneously with several atoms of the molecular fragment
rather than with a single localized site, which results in a di-
minishment of V,.(M,A). In contrast, ligands featuring posi-
tively charged atoms bound to the metal center, such as -CO,
favor more isolated electrostatic contacts with the alkali metal
and an increase in the magnitude of V,(M,A). These systems
display higher ICI,. values (>0.25), consistent with a reduc-
tion or absence of collective interaction.

Although it may appear counterintuitive that an exchange-
correlation-based index is governed by atomic charges, a
remarkably strong linear relationship (R?=0.99) is observed
between the boron atomic charge and V,.(M,A) (A being
boron) in the TMB-alkali metal ion pairs. Interestingly, the
correlation between the boron charge and the corresponding
Coulombic term V(M,A) (A being boron) is noticeably weaker,
with an R? value of 0.90, suggesting that the exchange-cor-
relation component is more correlated to variations in the
boron electronic environment than the purely electrostatic
interaction. Such correlation is not observed for transition
metal ion pairs. Instead, clear linear relationships are found
between the charge of the alkali metal cation and V,.(M,A)
for several systems, including [Zn(CCH),*>~ (R*=0.98),
[Cd(CCH),]*” (R*=0.98), [Zn(OCH,),]*~ (R*=0.93), and
[ZnCL]*~ (R*=0.97), [Fe(CO),]*~ (R?*=0.96), [Co(CO),|~
(R*=0.87). The only exception is [Zn(CH,),]*, which displays
a much weaker correlation (R?=0.28), suggesting that the na-
ture of the alkyl ligand significantly modulates the relation-
ship between charge distribution and exchange-correlation
interaction in these complexes.

The degree of interpenetration between the atoms partici-
pating in the interaction is closely related to the IQA energy
components. For all studied systems, an increase in the M-A
penetration index (p,,,) correlates with a higher absolute
value of the exchange-correlation energy (IVy.(M,A)l), re-
flecting enhanced orbital overlap between the alkali metal and
the interacting atom. However, as we have seen before, lower
Vyc(M,A) values are associated with smaller ICI, indices,
indicating that although M and A atoms may become more
interpenetrated, such overlap does not promote collective in-
teractions. In fact, large M-A penetration values correspond
to interactions that remain classical rather than cooperative
in nature ([Zn(CH,),]*~ systems show p,,, values up to 125%).

The energetic consequences of this behavior differ between
the TMB-alkali metal pairs and the transition-metal-alkali
metal complexes. In TMB systems, increasing p,;, results
in more positive E; (M,A) values, meaning that the interac-
tion becomes increasingly repulsive as penetration grows.
Conversely, in transition metal complexes, greater interpen-
etration between M and A leads to less positive (i.e., less re-
pulsive) E; (M,A) values, suggesting partial stabilization.
This contrasting behavior can be rationalized by considering
the Coulombic component V.(M,A), which directly reflects
the charge distribution of M and A within each complex. In
TMB systems, both interacting atoms carry positive charges,
that of boron being greater than 1.8, giving rise to strong elec-
trostatic repulsion upon closer approach. In transition-metal
complexes, however, the presence of a more delocalized and
partially negative electronic environment around A mitigates
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TABLE 6 | Coulombic (ICI.) and exchange-correlation (ICI,.)
interaction collectivity index values for M[AX, | (M =Li*, Na*, K*, Rb*,
Cs*; A=Fe, Co, Zn, Cd; X=-CO, -CCH, -OCH;, -CH;, and -Cl) ion
pairs calculated at the B3LYP-D3BJ/def2-TZVPP level of theory.

Ion pair ICI, ICIy .
[Co(CO),]"Li* —-0.181 0.529
[Co(CO),]"Na* —-0.387 0.486
[Co(CO),]K* —0.456 0.355
[Co(CO),]"Rb* —0.469 0.325
[Co(CO),]~Cs* —0.463 0.295
[Fe(CO),]*"Lit —-0.176 0.469
[Fe(CO),J>"Na* —-0.332 0.459
[Fe(CO), > K+ —-0.357 0.414
[Fe(CO),]* Rb* —0.355 0.381
[Fe(CO),J>~Cs* —-0.337 0.253
[Zn(CCH),]*-Li* —0.585 0.061
[Zn(CCH),]*"Na* —0.603 0.056
[Zn(CCH),]>"K* —-0.626 0.056
[Zn(CCH),]* Rb* —-0.630 0.057
n ~Cs —0.627 0.055
[Zn(CCH),]*~Cs*
[cd(CCH),]*Li* —0.493 0.062
4
[Cd(CCH),]*"Na* —0.523 0.064
[Cd(CCH) > K* —-0.552 0.067
[Cd(CCH),]*"Rb* —-0.563 0.068
H),]>* Cs —0.555 0.066
Cd(CCH),]>-Cs*
n “Li —0.484 0.123
[Zn(CH,),]*"Li*
[Zn(CH,),]*"Na* —-0.518 0.134
[Zn(CH,),]*"K* —0.525 0.103
[Zn(CH,),]*"Rb* —-0.539 0.108
[Zn(CH,),]>~Cs* —0.547 0.115
Zn(OCH)),]*>"Li —0.649 0.028
(OC 3)4 2-1 i+
[Zn(OCH,),|*"Na* —0.694 0.033
[Zn(OCH,),|*"K* —-0.712 0.039
[Zn(OCH,),]>"Rb* —0.710 0.040
[Zn(OCH,),]*~Cs* —-0.708 0.031
[ZnCl,J>-Li* —-0.616 0.037
[ZnCl,]>~Na* —0.655 0.036
[ZnCl1,J*-K* —0.661 0.033
[ZnCl,J>-Rb* —0.650 0.032
[ZnCl,]*~Cs* —0.649 0.029

this repulsion by diminishing the positive charge of the metal
center, allowing increased M-A penetration to contribute
slightly to stabilization.

As illustrated in Figure 1, the penetration index between
atoms M and A (p,,;,) exhibits strong linear correlations with
all IQA energy components for the systems that display collec-
tive interactions. This clear linear behavior indicates a direct
and coherent relationship between atomic interpenetration of
the cation and the central atom in the anion and the energetic
descriptors derived from the IQA analysis. In contrast, such
correlations become significantly weaker, or even vanish en-
tirely, for systems dominated by classical (noncollective) inter-
actions. The complex [Zn(CH,)4]>~ represents an intermediate
case, displaying moderate linear relationships (R? values be-
tween 0.3 and 0.75), consistent with its partially collective
bonding character (see Table 6). These observations strongly
suggest that the degree of collectivity in alkali metal cation-
anionic complex interactions is intrinsically determined by
the nature of the M-A interaction itself.

Some interesting trends are also found by analyzing the role
of the tetrahedral angle o (Tables 1 and 4). For systems ex-
hibiting collective interactions, the a angles systematically
decrease with increasing alkali metal cation size. In contrast,
carbonyl compounds, which display noncollective behavior,
show the opposite trend, with a increasing down the alkali
metal group. Interestingly, the a angle plays a key role in de-
termining the magnitude of the exchange-correlation contri-
bution within the IQA framework, V.(M,T). Smaller a angles
lead to enhanced exchange-correlation stabilization.

Generally, larger a angles are associated with collective inter-
actions. In transition metal complexes exhibiting collective
character, a values range from 115° to 128°, whereas noncol-
lective systems display smaller angles, typically between 99°
and 110°. Notably, in TMB systems, « angles in the narrower
range of 104°-109° are also indicative of collective interac-
tions, highlighting a distinct geometric signature for this class
of compounds.

4 | Conclusions

This study provides compelling evidence that collective
interactions, originally identified in organometallic com-
plexes, can also operate in ion pairs traditionally viewed as
dominated by electrostatics. Our results for alkali metal-te-
tramethylborate and transition metal tetrahedral anions
demonstrate that these interactions arise from the cooperative
participation of multiple atoms in the stabilization of the cat-
ion-anion pair.

In all systems analyzed, the IQA decomposition reveals that the
direct metal-central-atom (M---A) interaction is predominantly
repulsive and weakly covalent, while the main stabilizing con-
tribution originates from the interaction of the metal with the
peripheral substituents (M---X). The low exchange-correlation
interaction collectivity indices (ICI,. <0.07) observed for sys-
tems containing ~-CCH, -OCH,, and -Cl ligands confirm the
presence of highly collective interactions, where stabilization is
distributed across several atoms rather than localized in a single
pairwise bond. Conversely, systems with carbonyl ligands ex-
hibit larger ICI, values (> 0.25), indicating a more conventional
bonding pattern.
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FIGURE1 | Quality of the linear correlations (as R? value) between Py and different IQA energy parameters (E

(M,T) in dark blue; E.

int

(M,A)

int

in orange; V.(M,T) in gray; V.(M,A) in yellow; V, -(M,T) in light blue; Vy.(M,A) in green) for all anions interacting with alkali metal cations (MAX,

systems) studied in this work.

The observed trends reveal that the emergence of collective in-
teractions depends on both geometry and electronic structure.
Highly symmetrical or near-tetrahedral arrangements favor the
simultaneous engagement of the cation with multiple electron-
rich sites, while ligands with delocalized or polarized charge
distributions enhance electronic collectivity. Altogether, these
findings broaden the conceptual boundaries of chemical bonding
by demonstrating that collective interactions are not restricted to
covalent or multicenter systems but can also be significant in ionic
species. Recognizing this collective character in common ion
pairs might impact our understanding of ionic association, solva-
tion, and reactivity in both molecular and solid-state chemistry.
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