Volume 55
Number 3

20 January 2026
Pages 995-1502

Dalton
Transactions

An international journal of inorganic chemistry

rsc.li/dalton

ISSN 1477-9226

PAPER
ROYAL SOC'ETY Fathima Thanha Thazhe Namboorikandy and

Pattiyil Parameswaran
O F CH EMIST RY Cationic beryllium-group 13 heterobimetallic dimetallocenes

with a donor-acceptor bond




Open Access Article. Published on 20 November 2025. Downloaded on 3/12/2026 8:55:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY

Iy
Dalton
PPN OF CHEMISTRY

Transactions

View Article Online

View Journal | View Issue

M) Check for updates Cationic beryllium—group 13 heterobimetallic

dimetallocenes with a donor—acceptor bond

Cite this: Dalton Trans., 2026, 55,
1140
Fathima Thanha Thazhe Namboorikandy

and Pattiyil Parameswaran “& *

A comprehensive geometrical and bonding analysis of heterobimetallic dimetallocenes of the form [Cp—
Be-M-Cpl*, where M represents group 13 elements (B, Al, Ga, In, Tl), is presented. The equilibrium geo-
metry of dimetallocenes indicates a collinear geometry along the centre of the two Cp rings, the Be
centre and the group 13 element, except for the Tl complex. Optimised geometries reveal that Be-C
bond distances decrease when the group 13 element changes from B to Tl. The molecular orbital and
NBO analyses show a Be—M c-bond formed by the overlap of the 2s orbital of Be with the sp” hybrid
orbital of the group 13 element. The percentage of s character in the sp” hybrid orbital increases as the
group 13 element changes from B to TlL. However, the natural population analysis (NPA) indicates a signifi-
cant charge polarisation with a low value of the Wiberg bond index. Energy decomposition analysis with
natural orbitals for chemical valence (EDA-NOCV) reveals that the Be—M ¢ bond can be represented by a
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donor-acceptor interaction (Cp—Be* « M-Cp). Apart from the ¢ bonding interaction, there exists a slight
7 bonding interaction arising from hyperconjugative donation from the [BeCp]* bonding molecular orbital
to the [BCp] antibonding molecular orbital. Even though the strength of the Be—M bond decreases, the

rsc.li/dalton percentage of covalent interaction increases when the group 13 element changes from B to TL

synthesised a similar dizincozene, Zn,(ns-CsMe4Et),,>” with a
substituted cyclopentadienyl ring. Kress**>> confirmed from the

Introduction

The revolutionary discovery of ferrocene by Kealy and Pauson'
in 1951 led to the origin of a novel class of compounds in
organometallic chemistry, metallocenes, also called ‘sandwich
compounds’(Scheme 1(i)). Two cyclopentadienyl rings (Cp)
sandwich a metal centre to form a metallocene.”* Derivatives
of metallocenes with the general formula (Cp),M (where Cp is
cyclopentadienyl and M is the metal centre) have been
reported for many elements in the periodic table over the
years.”” The discovery and isolation of the [CpsFe,]" (ref. 8)
and CpsNi' (ref. 9 and 10) cations, where the metal atom is
stacked between three cyclopentadienyl rings, marked a major
step in multi-decker metallocenes''™* (Scheme 1(ii and iii)).
Metallocenes have a wide range of applications in various
fields, including catalysis,"*'® biomedicine,"”*° cathodic
batteries,* > and sensor design.>*">

The unexpected discovery of decamethyldizincocene (Cp*-
Zn-Zn-Cp*, Cp* = CsMe;s)*® by Carmona and coworkers in
2004 opened a new dimension in metallocene chemistry. In
this Ds;, symmetric compound, a pair of Zn atoms is sand-
wiched between two Cp* rings, and the Zn-Zn bond is aligned
collinearly with the Cs axes of the Cp* rings. Carmona also
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electronic structural studies that the Zn atom has a +1 oxidation
state rather than the usual +2 oxidation state for group 12 metals.
Later, theoretical studies by many scientists concluded that the
Zn-Zn bond is a single 6 bond supported by weak n-type d-d and
p-p interactions.*>** Later, other bimetallic metallocenes of
group-12 elements, including Zn,**° Cd*”*® and Hg,* were also
theoretically predicted (Scheme 1(ii)).

The discovery of transition metal dimetallocenes paved the
way for main-group dimetallocenes. Schaefer and co-workers*°
theoretically predicted the existence of homobimetallic dime-
tallocenes of alkaline-earth metals based on the view that both
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Scheme 1 Structures of the (i) metallocene, (ii) dimetallocene and (iii)
triple-decker metallocene.
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Zn and alkaline-earth metals possess an ns” valence shell elec-
tronic configuration. Similarly, the electronic structure of
stable binuclear metallocenes of group 2 metals has also been
studied.*' Frenking and coworkers subsequently studied multi-
metallocenes with Be, Mg, Ca, and Zn.** These studies showed
that Cp,Be, (or Cp*,Be,) is more stable than Cp*,Zn,. This led
to the groundbreaking discovery of unusual metal-metal
bonding among the main-group homobimetallic dimetallo-
cenes. Boronski, Aldridge, and co-workers experimentally
characterised a diberyllocene with a Be-Be single bond.** They
also isolated complexes with the first Be-Zn, Be-Al,** Be-In
and Be-Ga*® bonds. Later, many other complexes with homo-
bimetallic*® and heterobimetallic*” bonding involving Be and
alkaline earth metals have been reported. The metal-metal
bonding in homonuclear dimetallocenes of Be, Mg, and Ca
has been investigated in a theoretical study of A,N-MM'-NA, (A
= H, Li, Na)*® complexes. However, dimetallocenes of p-block
elements are still unknown. Despite numerous attempts to
isolate a silicon dimetallocene, all of them failed, as the
alleged decamethyldisilicocene disproportionates into silicon
(0) and decamethylsilicocene (Cp*,Si).**”° Main-group bis-
element sandwiches formed by donor-acceptor interactions of
MCp and ECp (M = Li, Na, K; E = B, Al, Ga) have been studied
by Timoshkin and Schaefer.>' Previous theoretical work®® and
recent experimental studies®® have shown that heterobimetal-
lic dimetallocenes with donor-acceptor interactions can pre-
ferentially adopt double-decker structures, such as
[CpBe---CpE]’, rather than the conventional dimetallocene
form [CpBe « ECp]'. Recently, a lithium-aluminium dimetal-
locene with a highly polar Li-Al bond was isolated by Schafer
in 2024.>* It is significantly reinforced by dispersion inter-
actions, which arise between the two highly substituted Cp
ligands. Li and co-workers elucidated the bonding character-
istics in (n°-C5Hs),M, complexes through computational ana-
lysis.>> Meanwhile, Gosch and Wilson®® expanded this under-
standing by examining related heterobimetallic systems,
thereby providing a comparative perspective on metal-metal
and metal-ligand interactions across main-group and tran-
sition metals.

Unlike classical transition metal metallocenes, such as
Cp,Fe, which exhibit significant covalent bonding due to
d-orbital participation, metallocenes of alkaline earth metals,
like Cp,Ba, are predominantly ionic, reflecting pronounced
differences in bonding nature and reactivity. However, the
bonding in heterobimetallic dimetallocenes incorporating
both beryllium and group 13 elements remains largely unex-
plored. At the same time, similar systems with two of the same
metals or with group 1 and group 13 metals have been
studied. Notably, beryllium is expected to favour electrostatic
interactions, whereas group 13 metals are known for electron
sharing and multicenter bonding. This research gap leaves
open the question of how these differing bonding tendencies
interact within a single molecule. We hypothesise that such
systems may exhibit unique donor-acceptor interactions,
offering new insights into bonding beyond the established
electrostatic and covalent paradigms in metallocene chemistry.

This journal is © The Royal Society of Chemistry 2026
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Results and discussion

The optimised geometries of dimetallocenes [Cp-Be-M-Cp]"
(M = B-TI), along with important structural parameters such
as Be-Cp, Be-M, and M-Cp bond distances, are shown in
Fig. 1. The centres of the two n>-CsHs groups and the two
metal atoms are collinear in all dimetallocenes, except for the
Tl dimetallocene. The cyclopentadienyl rings deviate slightly
from an ideal eclipsed conformation, exhibiting a minor vari-
ation in their relative orientation.

The Be-C bond distances decrease as the group 13 element
changes from B to TI. This can be attributed to the donation of
electrons from the bonding molecular orbital corresponding
to Cp and Be interactions in [CpBe]" to the antibonding mole-
cular orbital corresponding to Cp and M interactions in [MCp]
(vide infra). All metal-metal interactions can be considered as
single bonds, where these distances are slightly shorter than
single bond covalent radii proposed by Pyykkd and Atsumi,
with values of 1.02 A (Be), 0.85 A (B), 1.26 A (Al), 1.24 A (Ga),
1.42 A (In), and 1.44 A (T1).” Although certain values are
derived from a limited sample size (notably for Be), they
provide a valuable comparison of metal-metal bonding. The
Be-M (M = Al, Ga, In) bond distances observed in our com-
plexes were compared with experimentally reported values.
The experimentally known Be-Al bond lengths are 2.474 A and
2.432 A,** while the calculated Be-Al distance in [Cp-Be-Al-
Cp]" is 2.279 A. The calculated value closely matches the
expected value for a typical single covalent bond. The Be-Ga
(2.206 A)** and Be-In (2.358 A)** bond lengths determined
experimentally align well with our calculated values of 2.213 A
and 2.364 A, respectively.

Except for the Be-Tl dimetallocene, all other dimetallo-
cenes have almost similar metal-ring (M-C) bond distances,
which suggests that the hapticity of the cyclopentadienyl ring
is 5. Cp-Be-TI-Cp has one shorter TI-C bond of 2.373 A, two
TI-C bonds of 2.555 A and two longer bonds of 2.791 A.
Therefore, the geometrical parameters suggest the bonding
possibilities of n'-n°.

Our primary focus is to study the nature of metal-metal
bonding in heterobimetallic dimetallocenes of Be. Molecular
orbital analysis indicates that all dimetallocenes have occupied
the Be-M o-bonding orbital, viz HOMO-2 for [Cp-Be-B-Cp]"
and [Cp-Be-Al-Cp]" and HOMO—4 for other dimetallocenes
(Fig. 2). The molecular orbitals corresponding to Be-M =
bonds are vacant. However, the valence p orbitals of Be and
group 13 elements are involved in bonding interaction with
n-molecular orbitals of the cyclopentadienyl ring, as indicated
by the frontier occupied molecular orbitals of the system. All
the MOs of the five dimetallocenes of Be are given in the SI.
All the molecules exhibit a significant HOMO-LUMO energy
gap, indicating their greater stability. The aforementioned
bonding description is corroborated by the numerical data
obtained from the natural bond orbital (NBO) analysis
(Table 1). The Be atom in all dimetallocenes shows a positive
value, which lies in the range of 1.27-1.53e. The positive
charge on Be is moreover consistent with the electronegativity

Dalton Trans., 2026, 55, 1140-1148 | 1141
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Fig. 1 Equilibrium geometries of (1) [Cp—Be—-B-Cpl*, (2) [Cp—Be-Al-Cpl*, (3) [Cp-Be—Ga-Cpl*, (4) [Cp-Be-In-Cpl* and (5) [Cp—Be-TI-Cp]* at
the BP86/def2-TZVP level of theory. Bond distances are given in angstroms (A).

of the attached group 13 element, where the Be atom shows
the highest positive charge in [Cp-Be-B-Cp]'. The charge ana-
lysis suggests that Be is electrophilic. However, it should be
noted that previously reported beryllium-aluminyl complexes
by Boronski and Aldridge** suggested a nucleophilic Be(5)-Al
(6") bond. This variation is attributed to the difference in the
electronegativity of the atom/group attached to Al. The atoms/
groups coordinated to aluminium in the beryllium-aluminyl
complex are two N atoms and one O atom, whereas the atom/
group attached to Al in [Cp-Be-Al-Cp]" is a C atom. The
charge of the Cp ring is negative except for that of the Cp ring
attached to B. This indicates a significant electrostatic inter-
action between Be and the group 13 element, as indicated by
the relative contribution of the orbital towards the Be-M bond
(Table 2). The Wiberg bond index (WBI) values are less than
one, indicating charge polarisation in the Be-M bond. The
charge difference between Be and group 13 elements is in the
order of Be-B (1.78e) > Be-TI (0.77¢) > Be-Ga (0.74e) > Be-In
(0.71e) > Be-Al (0.50¢). The calculated WBI values are corre-
lated with the above-mentioned charge differences. The Be-M
o-bond is formed by the overlap of the 2s orbital of Be

M42 | Dalton Trans., 2026, 55, 1140-1148

(90.37%-94.20%) with the sp” hybrid orbital of the group 13
element, M. The percentage of s character in the sp” hybrid
orbital increases as the group 13 element changes from B
(55.78%) to In (84.7%). Therefore, the orbital overlap increases
as the group 13 element changes from B to Tl in [Cp-Be-M-
Cp]". The NBO calculation reveals a lone pair on Tl, with a
major contribution from the 6s orbital (94.2%), having an
occupancy of 1.72e (Table 2). The n* to n* hapticity of the Cp
ring connected to Tl can be attributed to the larger atomic size
as well as the predominant relativistic effect of the 6s orbital of
TL.>®

To understand the quantitative nature of the above-men-
tioned bonding description, we have performed an energy
decomposition analysis coupled with natural orbital for chemi-
cal valence (EDA-NOCV) for all heterobimetallic dimetallo-
cenes [Cp-Be-M-Cp]'. The choice of electronic states for the
fragments is crucial in the EDA-NOCV analysis. Two different
intuitive bonding possibilities have been considered for each
dimetallocene (1-5, Scheme 2 and Table 3). The bonding rep-
resentation A shows a donor-acceptor interaction with [CpBe]"
and [CpM] fragments. The bonding possibility B is an elec-

This journal is © The Royal Society of Chemistry 2026
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Dimetallocene Vacant - orbitals o- orbital
[Cp-Be-B-Cp* m m m
LUMO+3 LUMO+2 1HOMO-2
(-4.13) (-4.13) (-11.23)
[Cp-Be-Al-Cp]' D ' I. % . B
LUMO+ LUMO HOMO-2
(-5.20) (-5.20) (-10.97)
|Cp-Be-Ga-Cpl* %% m m
LUMO+1 HOMO-4
517 LUMO
(-5.17) (5.18) (-11.65)
!
[Cp-Be-In-Cp]* ' m
LUMO+2 LUMO+1 HOMO-4
(-5.41) (-5.41) (-11.62)
|Cp-Be-T1-Cp|* 'z é ‘
LUMO+2 LUMO+1 TOMO-4
(-5.38) (-5.58) (-12.16)
Fig. 2 Important frontier molecular orbitals of dimetallocenes at the

MO06/def2-TZVPP//BP86/def2-TZVP level of theory; eigenvalues are
given in eV in parentheses; isosurface value = 0.03.

Table 1 Wiberg bond index and natural charge (g) in e from the NBO
analysis of [Cp—Be-M-Cp]* (M = B-Tl) dimetallocenes at the M06/def2
TZVPP//BP86/def2-TZVP level of theory

Wiberg bond g¢

p 9op
[Cp-Be-M-Cp]" index (Be-M) (attached to Be) gp.  qm (attached to M)

[Cp-Be-B-Cp]'  0.475 -0.41 1.531 —0.245 +0.14
[Cp-Be-Al-Cp]' 0.710 -0.71 1.271  0.764 —0.33
[Cp-Be-Ga-Cp]" 0.613 -0.70 1.352  0.614 —0.27
[Cp-Be-In-Cp]" 0.592 -0.71 1.354  0.639 —0.29
[Cp-Be-TI-Cp]" 0.588 -0.71 1.364 0.591 —0.25
tron-sharing interaction with [CpBe] and [CpM]'. The best

bonding situation has the lowest numerical value for the
orbital interaction term, AE,.. The lowest orbital interaction
energy, AE,, indicates how closely the electronic states of the
fragments match with those in the molecule.”® Since the AEqy,

View Article Online
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Be—M

Scheme 2 Schematic representation of the possible bonding inter-
actions of the heterobimetallic dimetallocenes of beryllium, [Cp—Be—
M-Cpl* and fragments considered for the EDA-NOCYV analysis at the
BP86/TZ2P level of theory; the double-headed arrows indicate elec-
tron-sharing interactions and the single-headed arrows indicate donor—
acceptor interactions.

value for bonding representation A is relatively low compared
to that of B for all dimetallocenes, the former representation
can be considered as the best bonding representation. It is
noteworthy that the AEp,,); for the bonding representation B is
much higher than that in bonding representation A. The
preparation energy (AEp.p) for bonding possibility A is lower
than for the other possibilities studied. Hence, bonding possi-
bility A is considered for further analysis. The AE;,. can be
considered as the measure of the strength of the Be-M bond,
which increases as the group 13 element changes from B to TI.
The AE;,, correlates well with the dissociation energy of the
Be-M bond as well. The electrostatic interaction energy,
AE.jee, increases and Pauli’s repulsion energy, AEp,yii,
decreases as M changes from B to Tl. On the other hand, the
variation in orbital stabilisation energy, AE,, is minimal.
Among the attractive components of interaction energy, the
percentage of orbital stabilisation energy, AE,;, increases
(38.64 to 90.16%) and the percentage of electrostatic energy,
AEe, decreases (61.35% to 9.83%) when the group 13
element moves down the group (Fig. 3). The Be-M o-bond is
formed by the donation of a lone pair of electrons from the
sp” hybrid orbital of the group 13 element to the vacant 2s
orbital of Be (Fig. 4). The charge difference between [CpBe]
and [MCp] and the electronegativity difference between Be and
the group 13 element, M, is of the order Be-B > Be-Ga > Be-
In > Be-TIl > Be-Al, which accounts for the increased covalent
character as the group 13 element changes from B to TI, except
for [Cp-Be-Al-Cp]".

Table 2 Bond orbital occupancy (BO) from the NBO analysis of [Cp—Be—M—-Cp]™* at the M06/def2 TZVPP//BP86/def2-TZVP level of theory

Contribution from Be

Contribution from M

Be-M Occupancy s-Orbital contribution p-Orbital contribution s-Orbital contribution p-Orbital contribution Relative contribution (Be : M)

Be-B  1.99 94.20% 5.79% 5.79% 44.07% 15.3:84.6
Be-Al 1.99 91.64% 8.14% 8.14% 24.45% 25.8:74.1
Be-Ga 2.00 90.37% 9.54% 9.54% 16.25% 20.8:79.1
Be-In 2.00 90.51% 9.21% 9.21% 15.12% 19.9:80.0
Be-Tl — — — — — —

This journal is © The Royal Society of Chemistry 2026
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much lower than that of B, electrostatic interactions between
Cp and these heavier elements are more dominant.
Consequently, the Cp ring carries a slight positive charge,
while the group 13 element bears a slight negative charge in
[Cp-Be-B-Cp]". An opposite trend is observed in the heavier
group 13 analogues. It is to be noted that the previously
reported heterobimetallic dimetallocenes show significant
ionic character for the Al-Li bond, which can be attributed to
the difference in the electronegativity of Al and Li compared to
Be and group-13 elements.”*>

AEy; and AE;, correspond to pseudo-n bonding inter-
actions resulting from donation of electrons from the bonding
molecular orbital corresponding to Cp and Be interactions in
[CpBe]" to the antibonding molecular orbital corresponding to
Cp and M interactions in [MCp]. Accordingly, these pseudo-
n-interactions can be considered as hyperconjugative inter-
actions. However, these pseudo-mt-bonding interactions also
show significant polarisation of electron density from the Cp
ring to the M centre as well. This can be attributed to the high
positive charge in the [BeCp]" fragment. The sum of AE, and
AE,, increases in the following order: Be-B (—7.98 kcal mol™*)
< Be-Ga (-5.30 keal mol™") < Be-In (—4.86 kcal mol™") < Be-TlI
(=4.77 keal mol™) < Be-Al (—3.66 kcal mol™?). This can be cor-
related with the decrease in Be-C bond distances as the group
13 element changes from B to Tl, except for [Cp-Be-Al-Cp]'.
Note that these second-order interactions are more efficient
when the Be-M bond has more covalent character, which is
the highest in [Cp-Be-Al-Cp]’. The deformation densities Ap,
and Ap; in Fig. 5 represent the above-discussed pseudo
n-bonding interaction. Since hyperconjugative interactions are
of secondary type, energy stabilisation is found to be much
less across all dimetallocenes. The dispersive interactions
(AEg;sp) stabilize and the extent of stabilization is similar in all
dimetallocenes (—4.28 to —5.30 keal mol™"). Hence, it is pro-
posed that the substituted Cp rings, which could stabilize
dimetallocenes more effectively through dispersive inter-
actions, can be potential synthetic targets.

Conclusions

This study provides a systematic computational quantum
mechanical analysis of heterobimetallic dimetallocenes of the
type [Cp-Be-M-Cp]’, where M represents the group 13
elements (B-T1). The dimetallocenes investigated in this work
are cationic species, carrying a +1 charge and exhibiting a
closed-shell electronic configuration. The equilibrium geome-
tries of [Cp-Be-M-Cp]" dimetallocenes (M - group 13 element,
B-TI) are collinear along the Cp-Be-M-Cp axis, except for the
Tl complex, with optimised structures showing a shortening of
Be-C bond lengths as M changes from B to Tl. The overlap
between the 2s orbital of Be and the sp” hybrid orbital of
group 13 elements results in the formation of the Be-M o-
bond, which was confirmed by MO and NBO analysis.
Furthermore, lower Wiberg bond indices indicate a significant
charge polarisation of the Be-M bond. The EDA-NOCV analysis

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

shows that the Be-M ¢ bond is a donor-acceptor interaction
(Cp-Be" < M-Cp), where the lone pair of electrons from the
filled orbital of M is donated to the vacant orbital of Be. In
addition to the ¢ bonding interaction, a minor n bonding
interaction occurs due to hyperconjugative transfer from the
[CpBe]" bonding molecular orbital to the [MCp] antibonding
molecular orbital. In summary, the percentage of covalent
interaction increases and electrostatic interaction decreases as
M changes from B to TI. The results lay a foundation for future
experimental and theoretical research on the reactivity and
potential uses of these types of organometallic systems,
especially for compounds with very high M-M bond dis-
sociation energies, such as [Cp-Be-B-Cp]".

Computational methodology

All calculations were carried out using Gaussian 09°° and the
Amsterdam modelling suite program.®’ All geometries were
optimised using the generalised gradient approximation (GGA)
with Becke’s exchange functional incorporated with the corre-
lation functional of Perdew(BP86).°> The basis set has triple
C-quality, augmented with a single polarisation function (def2-
TZVP).®® This is denoted as BP86/def2-TZVP. The nature of the
minimum was characterised by calculating the Hessian matrix
analytically. NBO analysis was performed using the NBO6.0%*
program package at the MO06/def2-TZVPP//BP86/def2-TZVP
level of theory. The energy decomposition analysis®® coupled
with natural orbital for chemical valence®® (EDA NOCV) was
carried out at the BP86/TZ2P level of theory using ADF 2024.1.
The ZORA®" (Zeroth Order Regular Approximation) method
was used for scalar relativistic correction, and the core elec-
trons were treated with the frozen-core approximation.

EDA considers the interactions between fragments A° and
B’ in their electronic and geometric ground states w3 and
with energies ES and E$,°® resulting in the formation of a
molecule A-B with the corresponding wave function wap and
energy E,g. The initial step involves distorting the fragments
A° and B° from their equilibrium geometries and wave func-
tions w3 and y4 to the electronic states and geometries y, and
wg (With energies E, and Eg) that they have in the molecule A-
B. The preparation energy AE,., (eqn (1)) is the total energy
required to electrically excite and distort all fragments to this
state:

AEprep = Ex — ES + Ex — Ejy (1)

The intrinsic interaction energy (AE;,), which is the differ-
ence between the energy of the molecule E,p and the energies
of the prepared fragments E, and Eg (eqn (2)), is calculated in
EDA:

AEint :EAB —EA _EB (2)

The bond dissociation energy D. (by definition with the
opposite sign) is the sum of the instantaneous interaction
energy AE;,, and AEp,., (eqn (3))
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Fig. 5 The plots of deformation densities, Ap,, and the corresponding
orbital stabilization energies AE (kcal mol™) at the BP86/TZ2P level of
theory. The direction of the charge flow in the deformation density plot
Apn, is from red to blue. The isosurface value for deformation densities is
0.0003.

—D. = AEint + AEpep (3)

The instantaneous interaction energy of a bond A-B, which
is an indicator of the bond strength, is partitioned into chemi-
cally meaningful components. Within the EDA scheme, this
partitioning is as follows.

AEine = AEelect + AEpauli + AEorp + AEdisp

The term AE. refers to the quasi-classical electrostatic
interactions, wherein the frozen electron density distribution
of the fragments in the molecular geometry is computed using
quantum mechanics, while the interaction between the nuclei
and electrons is determined by classical rules. This is an
appealing component that provides an estimate of electrostatic
interactions not accounted for in the orbital-based analysis. It
is important to remember that AEp,,; denotes the repulsive
interactions between fragments of a similar spin as they
approach each other, not ionic bonding. It is computed using
the antisymmetrization and renormalisation of the Kohn-
Sham determinant of the orbitals. AE,, is the energy associated
with the stability of orbitals during bond formation and consti-
tutes an attractive component.

It encompasses the impacts of charge transfer, relaxation,
and polarisation resulting from the alteration of the charge
distribution of the fragments during bond formation.

In the EDA-NOCV framework, the AE,, term can be further
decomposed into contributions from each irreducible repre-
sentation within the point group of the interacting system.
Developed by Mitoraj and Michalak, the natural orbitals for
chemical valence (NOCV) offer insight into each orbital inter-
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action between the fragments and the contribution of each
pair of interacting orbitals (w_,/y,,) to the total bond energy.

The EDA-NOCV system expresses AE,,, in terms of NOCVs
as follows:

N/2 N/2
AEo, = Z AEo, = Zvn[_in,—n + FnTi]
n=1 n=1

The Kohn-Sham matrix elements —F'  and F,, are
defined over NOCV pairs with eigenvalues —v, and v, respect-
ively, with respect to the transition-state density. The density
of the transition state is the intermediate density between that
of the molecule and the superimposed fragments. Orbitals
with a negative value exhibit antibonding properties, while
those with a positive value exhibit bonding properties. It is
equivalent to the percentage of electron density that is trans-
mitted between NOCV pairs during the formation of the mole-
cule from the frozen fragments. The strength of pairwise
orbital interactions can be quantitatively estimated, and the
resulting change in charge density is visualised using defor-
mation densities.
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