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Abstract. Quantum chemical calculations of the anions OAeF- (Ae = Be saBa)havecroicoon

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

been carried out using ab initio methods at the CCSD(T)/def2-TZVPP level and
density functional theory employing BP86 with various basis sets. The equilibrium
structures have linear geometries for Ae = Be and Mg but they are strongly bent for
Ae = Sr and Ba while the calcium species has a quasi-linear structure with a very low
bending potential. The calculated bond dissociation energies suggest a record-high
BDE of D, = 144.8 kcal mol-! for OBeF- at the CCSD(T)/def2-TZVPP level, which is
the strongest BDE for a dative bond that has been found so far. The BDE of the heavier
homologues have a continuously decreasing order for Ae with Be > Mg (113.1 kcal
mol') > Ca (84.6 kcal mol') > Sr (72.6 kcal mol!) > Ba (60.0 kcal mol!). The
calculation of the charge distribution reveals a significant charge donation OAe<«F-
with a declining sequence for the heavier atoms Ae. The oxygen atom in OAeF- carries
always a higher partial charge than the fluorine atom, which contradicts the standard
electronegativities of the atoms. The surprising partial charges are explained with the
bonding situation of the atoms in the actual electronic structure. The bonding analysis
of the OAe-F- bonds using the EDA-NOCV method shows that the bonds have a much
higher electrostatic character than the Ae-F- bonds in the diatomic anions. This finding
is supported by the results of the LED partitioning approach. The dative interactions
have three major and one minor component. The assignment of a quadruple bond for
the heavier species with Ae = Ca, Sr, Ba is not reasonable. The driving force for the
bent geometries is the accumulation of electronic charge in the lone-pair region at the
Ae atoms, which enhances the electrostatic attraction with the other atoms. An

adequate description of the bonding situation is given by the formula O—Ae"«F-.
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Introduction DOI: 10.1039/D4CP01909A
Recently we reported theoretical work of the diatomic anions AeF- (Ae = Be — Ba)
which possess surprisingly strong dative bonds between the closed-shell species Ae and
F-.1.2 The calculated bond dissociation energies are between 87.5 kcal mol! for BeF- and
68.8 kcal mol-! for MgF- and they show an unusual increasing trend MgF- < CaF- < SrF-
< BaF-. The strong bonds were explained by the inductive force of F-, which heavily
polarizes the (n)s? valence electrons of the Ae atoms, inducing in turn four dative covalent
interactions® of the heavier species involving the (n-1)d AOs of Ca - Ba.!-2 The fluorine
anion F- being isoelectronic to Ne is a weak electron donor due to the high
electronegativity of fluorine and the alkaline earth atoms are weak electron acceptors. We
speculated that replacing the weak electron acceptors Ae with the stronger electron
acceptors AeO could lead to even larger bond dissociation energies (BDEs). Earlier
studies by one of us showed that diatomic BeO is likely the strongest neutral Lewis acid,
which even binds the extremely weak Lewis base He with a BDE of D, ~ 3 kcal mol-!.%?
The objective of this work is the search for compounds that possess even stronger dative
bonds than diatomic AeF-. A logical step is the replacement of the weak Lewis acceptor

atom Ae by the strong Lewis acid AeO.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Here we present quantum chemical calculations using ab initio methods and density
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functional theory of the anions OAeF- (Ae = Be —Ba) and an analysis of the OAe-F- bonds.

(cc)

None of the triatomic anions has yet been observed experimentally. The calculated results
show that the compounds are very stable species with record-breaking strong dative bonds
and unusual properties that can be observed in the gas phase. The theoretically predicted

vibrational spectra are a helpful guide for identifying the molecules in experiments.

Methods

The bond lengths, vibrational frequencies and BDEs of OAeF~ (Ae = Be — Ba) and in
the electronic singlet ground state were calculated at the CCSD(T)!'? and BP86!!- 12 level
in conjunction with the basis sets def2-TZVPP.!3 The CCSD(T) calculations were carried

out to give quantitatively accurate numerical values and the DFT calculation were
3
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performed to provide a basis for the EDA-NOCV calculations and for investigatingsthecroioooa

performance of the BP86 functional, which was found to be very good. The calculations
were carried out with the program Gaussian 16.'* The NBO calculations were performed
using the program NBO 7.0.!> We also calculated atomic partial charges using the
Hirshfeld!® and CM5!7 methods with the program Gaussian 16, and calculated Voronoi'®
charges and Mayer'® bond order with the program Multiwfn.?

The bonding situation in the diatomic molecules was further analyzed by means of an
energy decomposition analysis (EDA) which was introduced by Morokumal?! and by
Ziegler and Rauk?? in conjunction with the natural orbitals for chemical valence
(NOCV)? 2*method. The EDA-NOCV?: 26 calculations were carried out with the ADF
2018.105 program package?’- % at the BP86-D3(BJ)? level with Slater-type basis function
of DZP quality*° using the BP86/def2-TZVPP optimized geometries. DZP is a double-{
quality basis set augmented by a set of polarization functions. The use of larger basis sets
does not lead to significantly different energy values, but can lead to unphysically large
numerical contributions from atomic orbitals of higher quantum number such as (n+1)s
AOs of Are atom, which represent numerical artifacts. In this analysis, the intrinsic
interaction energy (AE;,) between two fragments can be divided into three energy
components as follows:

AEin = AEeistat T AEpayii + AE oy (1)

The electrostatic AE s, term represents the quasiclassical electrostatic interaction
between the unperturbed charge distributions of the prepared fragments, the Pauli
repulsion AEp,,; corresponds to the energy change associated with the transformation
from the superposition of the unperturbed electron densities of the isolated fragments to
the wavefunction, which properly obeys the Pauli principle through explicit
antisymmetrization and renormalization of the production wavefunction. The orbital term
AE., comprises the mixing of orbitals, charge transfer and polarization between the
isolated fragments. The energy change involved in the latter step, which is the main
difference between the Morokuma?! and Ziegler/Rauk?? approaches, is calculated with an
extension of Slater’s transition state method3! for energy differences. It is often referred

as ETS method. The orbital term AE,;, can be further decomposed into contributions from
4
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each irreducible representation of the point group of the interacting system as followae/p4CP01909A

AEOI“[J = Z AEI (2)

The combination of the EDA with NOCV enables the partition of the total orbital
interactions into pairwise contributions of the orbital interactions which is very vital to get
a complete picture of the bonding. The charge deformation Apy(7), resulting from the
mixing of the orbital pairs Yy (r) and P (r) of the interacting fragments presents the
amount and the shape of the charge flow due to the orbital interactions (Equation 3), and

the associated energy term AE,, provides the size of stabilizing orbital energy originated
from such interaction (Equation 4) where F'§ _, and Fp} are the Fock matrix

elements defined for the transition state electron density (the mid density between a

molecule and fragments).?>-26

N/2

AP, (1) =Y Ap, (r)= ka[—wi (ORI E)

AEqrp = Yk AES, = Yievid — FT5_y + Fiy (4)
The EDA-NOCYV approach was previously criticized because its results are allegedly
path-dependent.32-3* This was rebutted in a detailed discussion of the method.?> More
details about the EDA-NOCV method and its application are given in recent review

articles.30-42

Upon request of one referee we carried out additional calculations for the analysis of
the chemical bonds. We employed the Local Energy Decomposition***3 (LED) method
in conjunction with ab initio calculations at the DLPNO-CCSD(T)*6-3° level. DLPNO-
CCSD(T) recovers >95% of triples contribution and 99.8% of correlation energy®’. The
LED approach decomposes the interaction energy between the frozen fragments into the

Hartree-Fock and correlation interaction energies:

AEint = AEglI; + AElc;lt + AEel—prep

Hartree-Fock part of interaction energy consists of the electrostatic and exchange terms.
AE{#; = AEelstat + AEexch

Correlation interaction energy on the other hand is decomposed into:

5
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AES, = AEgF(S;{)—»B) + AEE;(S;_,A) + AEgisp + AEC—WP 4 AEC—T DOI:101039/D4CPO1909A

Where AEZ-S terms are the instantaneous strong-pair charge transfer terms, AEG;o, =

AEg;gP +AE5;S/ Pis a dispersion term, consisting of strong-pair and weak-pair
interaction, AEC-WP is the rest of weak-pair interactions, while AECT is the triples

correction.

Geometries, energies and vibrational frequencies

Figure 1 shows the calculated geometries of diatomic AeO and the triatomic anions
OAeF- at the CCSD(T)/def2-TZVPP and BP86/def2-TZVPP levels of theory. The
calculated bond lengths for AeO are slightly longer than the experimental values,’!
especially for BP86/def2-TZVPP for the heavier species, but the differences are not a
concern as we are mainly interested in the changes resulting from the binding of F-. The
lighter OAeF- species with Ae = Be, Mg are predicted to have linear structures whereas
the heavier anions with Ae = Sr, Ba possess a bent equilibrium geometry. The calcium
species OCaF- has a linear structure at the CCSD(T)/def2-TZVPP level. It has a bending
angle of 144.7° at BP86/def2-TZVPP, but this is only 0.5 kcal mol-! higher than for the
linear form. The bent equilibrium structures of OSrF- and OBaF- are 2.7 kcal mol™!' and
3.6 kcal mol! lower in energy than the linear forms, which are transition states (number
of imaginary modes 1) at the CCSD(T)/def2-TZVPP. The energy differences at
BP86/def2-TZVPP are a bit higher, i.e. 5.2 kcal mol! for OSrF- and 8.6 kcal mol-! for
OBaF-. The anions OAeF- are isoelectronic with the difluorides AeF,, which have been
studied before. Experimental and theoretical work suggest that the lighter molecules BeF,
and MgF, have linear geometries but the heavier homologues CaF,, SrF,, BaF, are
strongly bent but with a soft bending potential between ~0.2 kcal mol-! (CaF,) and ~5 kcal
mol! (BaF,) which is similar to the calculated values for OAeF- (Figure 1).°% 3% A
theoretical study suggested that d-orbital participation of the heavier Ae atoms Ca — Ba
and core-polarization make major contributions to the bending. 3

Fig.1
6
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Figure 1 shows that the Ae-O distances of the anions OAeF- are longer: thamo/inCroioooa
diatomic AeO. The Ae-F bonds in OAeF- are also longer than in AeF- except for the
magnesium species, where the calculated Mg-F distance in OMgF- at both levels of theory
is shorter than in MgF- (1.840 A at CCSD(T)/def2-TZVPP and 1.847 A at BP86/def2-
TZVPP.>* 1t is interesting that the Ae-O and Ae-F bonds in the bent structures of the
heavier anions are shorter than in the linear form. This does not agree with the commonly
assumed trend with respect to sp" hybridization.

Table 1

Table 1 gives the theoretically predicted vibrational frequencies and IR intensities of
the molecules OAeF- and for diatomic AeO and AeF-, which will be useful to identify the
anions. The frequency shift A of the stretching modes between the diatomic and triatomic
species shows some unexpected trends. The Ae-O stretching frequencies of OBeF- and
OMgF- are predicted to possess a blue shift toward higher wave numbers compared with
free BeO and MgO although the bond distances are clearly longer in the anions. In contrast,
the heavier anions OAeF- (Ae = Ca, Sr, Ba) exhibit a red shift to lower wavenumbers. The
red shift at CCSD(T)/def2-TZVPP is much smaller for the calcium and strontium species

than at BP86/def2-TZVPP. This does not seem to be related to the structures (curved or

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

linear) of the anions. The linear form of OCaF- at CCSD(T)/def2-TZVPP possess also a

small red shift of the Ca-O stretching mode. The Ae-F stretching frequencies of all

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

triatomic species OAeF- are red-shifted toward lower wave numbers relative to diatomic

(cc)

AeF-. The red shift is particularly large for OBeF-.
Table 2

Table 2 shows the calculated BDEs of the anions for breaking the bonds. The
calculated BDE for the reaction OBeF- — BeO + F- is very high at both theory levels and
is D, = 144.8 kcal mol-' at CCSD(T)/def2-TZVPP and D, = 142.6 kcal mol-! at BP86/def2-
TZVPP. To our knowledge, this is the highest value for the BDE of a donor-acceptor
bond between two closed-shell species for main group compounds and transition metal
complexes that has been reported so far. The alternative electron-sharing rupture of the
OBeF- bond toward BeO- + F has an even higher BDE, because the calculated electron

affinity of BeO (1.99 eV) is clearly lower than the electron affinity of fluorine (3.33 eV).>
7
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The BDEs for the reaction of the heavier homologues OAeF- — AeO + F- (A®:# Ng/p4cro1909a
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Ba) are significantly smaller than for the beryllium anion. Unlike the diatomic anions
AeF-,!- 2 the triatomic anions OAeF- exhibit a continuously decreasing trend Be > Mg >
Ca > Sr > Ba, which concurs with the common trend of electron-sharing bonds of main-

group compounds, typically becoming weaker for heavier-row atoms.

Table 2 gives also the BDEs for breaking the O-AeF- bonds. The bond rupture
yielding the electronic ground state of the fragments O (°P) and AeF- ('Z*) at
CCSD(T)/def2-TZVPP has slightly higher D, values for the bonds O-BeF- (150.1 kcal
mol ), O-SrF- (75.7 kcal mol!') and O-BaF- (70.3 kcal mol'!), smaller D, values for O-
MgF- (97.5 kcal mol') and a comparable D, value for O-CaF- (83.5 kcal mol-!") than for
the respective OAe-F- bonds. Both sets of O-AeF-and OAe-F-bonds have the same regular
trend of the BDEs Be >> Mg > Ca > Sr > Ba, which underlines the peculiar feature of the
diatomic anions AeF-.!-2 But the bond dissociation reaction OAeF- (singlet) — O (°P) +
AeF- (1X%) is spin-symmetry forbidden. The spin-symmetry allowed formation of O (‘D)
+ AeF- (1Z%) is thermodynamically 45.3 kcal mol™! higher in energy. The BDE for the
dissociation reaction OAeF- (singlet) — AeF(’X") + O(*P) is higher at CCSD(T)/def2-
TZVPP than for the reaction yielding O (°P) and AeF- ('X*), whereas BP86/def2-TZVPP
gives slightly lower values for Ae = Ca - Ba. Thus, the strong OAe-F- bonds are the lowest
energy symmetrically allowed reaction channels for fragmentation. All triatomic anions

are thermodynamically very stable species.

Bonding analysis

We analyzed the electronic structure and bonding situation in the triatomic anions
OAeF-with a variety of methods. Table 3 shows the atomic partial charges calculated with
four different methods. It was previously found in our study of AeF- that the charge
distribution suggested by the popular NBO method is not reasonable, because the (n)p
valence AOs of Ae are not treated as genuine valence orbitals, which leads to a negligible

charge donation Ae«F-.!>? The data in Table 3 show that the same problematic results
8
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occur for OAeF-. The NBO method gives a miniscule charge donation OAe«¥Fobetweericroioooa
0.01 — 0.12 e, whereas the other three methods suggest a much larger charge donation
between 0.24 — 0.60 e. Since a significant charge donation is supported by further analysis
of the electronic structure, we think that the NBO charges are not a reliable indicator of
the charge distribution in these molecules.
Table 3

There is another interesting result concerning the charge distribution in the anions
OAceF-. All four methods suggest that the oxygen atom carries a higher negative partial
charge than fluorine, which does not agree with the electronegativity of the atoms. The
difference between the negative charges at the terminal atoms towards oxygen is very
large. The result is not an artefact of the partitioning procedures for calculating partial
charges. Figure 2 shows the molecular electrostatic potential (MEP) of the molecules,
which shows clearly that the oxygen atom carries a larger negative charge than fluorine.
It has been shown before that the MEP results are the physically most reliable data for
giving the charge distribution in a molecule.’® The MEP result does not depend on the
chosen value for the contour line. Figure 2 is obtained with a value of 0.02 au. Figure S2

of Supporting Information shows the MEP with a much smaller value of 0.001 au for the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

contour line. It also shows that oxygen carries a higher negative charge than fluorine.

Fig.2

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

The seemingly paradoxical result can be understood when one realizes that the

(cc)

common scales for atomic electronegativities are average values derived from compounds
in standard electronic states. The electronegativity of an atom is the power to attract
electronic charge from another atom in a chemical bond, but it is affected by the actual
bonding situation. A recent example concerns the carbon atom in the compound class of
carbones CL, where the C atom has a 'D (2s?2p?) reference state. There are dative bonds
L—C«L where the ligands L donate electronic charge into the vacant 2p AOs of carbon.
The bonding situation makes the carbon atom in carbones to have a much higher
electronegativity than in standard organic molecules.*!> 4> 3761 There have been early
studies where different values for the electronegativity of the valence orbitals in an atom

were proposed, but they are hardly ever used and it seems that this approach is forgotten.6%
9
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63 The present results suggest that the charge distribution in OAeF- is affected:bysthecroioooa
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different nature of the two bonds, i.e. electron-sharing interactions between oxygen and

Ae versus dative interactions between fluorine and Ae.

Table 3 gives also the bond order of the molecules using the frequently chosen Wiberg
method® as well as the Mayer bond orders.!®  The Wiberg bond orders (WBOs) are
originally derives from semiempirical CNDO/2 calculations, which neglect the orbital
overlap. It has been shown that his can lead to misleading values particularly for polar
bonds®®-%8 The data in Table 3 show that the WBO values are much smaller than the bond
orders suggested by the Mayer partitioning method, which explicitly considers the
interatomic overlap. The Mayer bond orders (MBOs) are significantly higher than the
WBO data for the very polar OAe-F- and particularly for the O-AeF- bonds. The MBO
values indicate for the latter bonds a substantial multiple bond character whereas the WBO
values are always < 1. But we want to point out that the bond order values of polar bonds
may not be directly taken as measure for the bond multiplicity. Polar bonds have lower
bond orders < 1 for an electron-pair single bond due to the smaller overlap than non-polar
bonds.®® A polar triple bond can have an MBO value significantly smaller than 3 and yet
it may possess three bonding electron pairs. This holds in particular for very polar bonds
which were found in AeF-'-2and which are present in OAeF-. More sophisticated methods
are needed to provide a meaningful answer to the question of bond multiplicity.

Fig.3

Much insight is gained by examination of the difference density maps where the
charge distribution of free OAe and F- is subtracted from the charge in OAe-F-. This is
shown in Figure 3 for OBeF- using four different values for the isosurface, which gives
interesting information about the charge flow. The difference density map of the rather
diffuse charge with the isosurface value of 0.001 e/au?® in Figure 3 shows charge depletion
from F- and Be and charge enhancement in the F--BeO bonding region and at oxygen
atom. More interesting information comes from Figures 3b,c which displays the charge
flow in the areas of higher charge density, which are directly associated with the formation

of the F--BeO bond and the change in the O-Be bond. There is clearly an increase in the
10
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electronic charge between F- and BeO as well as between O and BeF-. The redand dbiuecroioooa
areas of decrease and increase of charge at Be nicely illustrate the 2s—2p, hybridization
at Be. Note that the difference density maps do not distinguish between charge in the o
and © bonding regions, because the degenerate m bonds are rotationally symmetric. The
variation in information revealed by using different values for the isosurface is a warning

against the indiscriminate use of isodensity plots at a given value.

The difference density maps of OMgF- show similar features as for OBeF- but there
are interesting changes in the AO shell alterations of the atoms. There is a 2s—2p,
hybridization at oxygen which is still visible at the iso value 0.05 e/au?® for OMgF- but not
for OBeF-. The density difference maps of the heavier homologues with bent geometries
show nicely the appearance of charge concentration in the region with lone-pair character
at Ae = Ca, Sr, Ba, which comes from the polarization of the rather soft valence electrons
of the metal. This mechanism has already been pointed out by Kaupp et al. in their
theoretical study of AeX, (X = halogen).>? There is charge accumulation in the lone-pair
region of the three heavy Ae atoms in the diffuse areas with isovalues 0.001e/au’® and

0.005 e/au? shown in Figures 3b,c. It disappears for Ba in the area with an isovalue of 0.01

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

e/au’ shown in Figure 3d, because of the more dispersed valence charge.

Table 4

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

A very detailed information about the nature of the bonding interaction and the

(cc)

associated charge flow is available from EDA-NOCYV calculations. The EDA provides a
quantitative estimate of the attractive (covalent and electrostatic) and repulsive (Pauli
repulsion) contributions to the interatomic interactions. The NOCV component partitions
the covalent (orbital) interactions into pairwise contributions, relating the results to the
frontier orbital model of Fukui®® and the orbital symmetry rules of Woodward and
Hoffman.”! A nice feature of the EDA-NOCV approach is that the individual orbital
interactions can be graphically represented by the associated deformation densities and
the connected orbitals. The aim of the EDA-NOCV calculations is a detailed and
quantitative analysis of the electronic interactions that lead to the unusual chemical bonds

in the molecules described in this work.
11
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Table 4 shows the numerical results for the anions OAeF- using AeO (S) and F- (S)
in the electronic singlet states as interacting fragments at the BP86/def2-TZVPP optimized
equilibrium geometries. The intrinsic interaction energies AE;,; have very similar values
and the same trend Be > Mg > Ca > Sr > Ba as the BDE values shown in Table 2, because
the only relaxation of the fragments comes from the change in the AeO bond lengths.

Inspection of the various energy terms suggest that the OAe-F- binding comes mainly

from the electrostatic attraction AEs, which provides between 74.3% (Ae = Be) and 59.3%

(Ae = Ba) to the total attraction. The EDA-NOCV analysis shows that the covalent
character of the OAe-F- bonds given by the percentage contribution of the orbital term
AE, increases steadily from Be to Ba.
Fig.4

The breakdown of the total orbital term AE,, into pairwise contributions gives deep
insight into the formation of the covalent bonds. There are four occupied AOs of F- which
can serve as donor orbitals into the four vacant acceptor orbitals of AeO. For the lighter
systems we found that there are indeed four pairwise contributions AE,; - AE 4 which
provide > 90% to AE,; in the linear equilibrium structures of OAeF- (Ae = Be, Mg).
Figure 4 shows the deformation densities Ap and the associated most important interacting
MOs of OBeF-. The strongest orbital term AE,,; comes from the o donation
OBe(LUMO)«F-(2p,,2s) with some further small mixing of OBe orbitals where the
contribution of the fluorine 2s AO is small but important, because it allows a second albeit
weak o donation AE.; OBe(LUMO+2)«—F-(2ps,2s). The stabilization due to the
formation of the o-bonding HOMO-1 of OBeF- comes from the bonding overlap of the
2ps AO of F- with the small inside green area at Be atom of OBe, which is hidden by the
diffuse shaped green area. It becomes visible by inspection of the HOMO-1 of OBeF- with
different isodensity values, which are displayed in Figure 5 along with the HOMO-1 of
OMgF-. The figure shows on top the 3D surfaces of the orbital with an isovalue of 0.05
e/au®. Below are the contour line diagrams with different isovalues in the plane that
contains the bond axis. The latter figure nicely shows the attractive interference of the

fragment orbitals which lead to a stabilization of AEy; = 24.4 kcal/mol (OBeF-) and AE;
12
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=29.1 kcal/mol (OMgF-). A peculiar feature of the orbital mixing between theoOA@ aridcro1909A
F- fragments is the sign reversal in the Ae-F region. There is a diffuse bonding region (red
lines) away from the Be-F axis and a blue bonding region close to the axis. The latter
blue region is even interrupted by the red region, which does not affect the overall positive
interference (bonding interaction) of the orbitals.
Fig.5

The orbital interactions AEy, and AE; are due to the degenerate m donation
OBe(LUMO+1)«F+(2p,). Although the stabilization of AE,4 in OBeF- is rather small, it
contributes 9.3% to the covalent bonding and it builds up a different orbital (HOMO-3)
than the o interaction AE;,; which leads to HOMO-1. The remaining orbital interactions
AE,e come from atomic polarization and O-Be interactions and they not relevant for the
OBe-F- bond. The HOMO of OBeF- is a degenerate © orbital located mainly at oxygen
atom which is only spuriously affected by the bonding interaction with F-. The five
energetically highest lying orbitals of OBeF- along with those of the other OAeF- anions

are shown in Figure S1 of Supporting Information.

It is amazing that four bonding orbitals between two main-group atoms of the first

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

octal row elements can be formed. It was previously suggested that C, has a quadruple

bond,®-7! but this claim was disputed by several workers.”>’¢ As mentioned in the
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introduction, a quadruple bond was suggested for AeF- (Ae = Ca, Sr, Ba) because the

(cc)

heavier alkaline atoms use valence d-orbitals for covalent bonding. Although there are
four bonding orbitals between OBe and F- we do not think that OBeF- has a genuine
quadruple bond. One reason is that the OBe-F- bond comes mainly from electrostatic
attraction. According to the EDA-NOCYV results, only 25.7% of the bond comes from
covalent (orbital) interaction. Another reason is the fact that the chemical bonds in OAeF-
are delocalized over three atoms and that a localized description is not appropriate for
depicting the bonding situation. We refer to the chemical bonds in OCBBCO, which has
a linear structure where all atoms are bonded by triple bonds.”” The representation with a
Lewis structure that has only triple bonds not only violates the octet rule, it also disregards

the appearance of delocalized bonds. Bond delocalization over more than two atoms was
13
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not recognized by Gilbert Lewis and it limits the use of Lewis-type stracturessforcroioooa

describing chemical bonds.”®

The deformation densities Ap and the interacting MOs of OMgF- are very similar to
those of OBeF- and they are displayed in Figure 6. The shape of the HOMO-1 hides like
the HOMO-1 of OBeF- the bonding character of the orbital. The bonding nature of the
HOMO-1 becomes visible by the contour line diagrams shown in Figure 5 where the
isovalues of OMg-F- appear blue in the high-density areas. A close examination of the
deformation density reveals the accumulation of electronic charge in the bonding region
between Mg and F- with concomitant polarization at fluorine. The numerical results in
Table 4 show that the energy contribution of the fourth bond AE4 provides only 6.3%
of the total covalent bond, but the associated deformation density illustrates the
accumulation of electronic charge in the OMg-F- bonding region, which is characteristic
for a covalent interaction that comes from the interference of the wave functions.

Fig.6

The analysis of the bent equilibrium structures of OAeF- (Ae = Ca, Sr, Ba) is very
interesting, because the heavier alkaline earth atoms use their (n)d functions as valence
orbitals besides the (n)s orbitals in contrast to the lighter homologues which have (n)p
valence orbitals. All three complexes have four pairwise orbital interactions AE 1 - AEqp4
to the covalent OAe-F- bonding due to OAe«F- charge donation like the linear structures
of the lighter complexes, but the contribution of AE,4 to the orbital interactions decreases
from the calcium adduct (10.3%) to the barium complex where it is only 3.1% of AE,
(Table 4). Figure 7 shows that the orbital interactions AE 1, AEq, and AEq,4 in OCaF-
come from donation of F- into vacant orbitals of CaO which involve mainly valence d
AOs of Ca as acceptor orbitals. The LUMO+2 of CaO is mainly a Ca sd; hybridized orbital
whereas the degenerate LUMO+1/LUMO+1’ are sd, hybridized orbitals. Since the
molecule has a bent geometry there is only one genuine occupied n orbital (HOMO-4)
whereas the other occupied valence orbitals that are formed by the interaction between
CaO and F- (HOMO, HOMO-1, HOMO-3) are by definition ¢ orbitals. The shape of the

HOMO-3 indicates that it can be considered as in-plane 7 interaction, although this is not
14
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a structurally correct assignment. The mixing of the HOMO of CaO in AE ;tandoAEg p4#cro1909a
indicates the concomitant polarization along with the bond formation due to the
interference of the fragment wave functions. The five highest lying MOs of OCaF- are
shown in Figure S1 of Supporting Information.
Figu.7, 8

The deformation densities Ap and the interacting MOs of OSrF- show interesting
differences to those of OCaF- and are shown in Figure 8. The m-orbital interaction AE,,
and the in-plane pseudo-r interaction AE3; of OCaF- become AE 3 and AE,4 in OSrF-.
The significantly stronger bending in OSrF- (123.0°) than in OCaF- (144.7°) enhances the
second o interaction in the former anion, which is AE 4 in OCaF- and becomes the second
strongest orbital term AEy, in OSrF-, which is only slightly weaker (-12.4 kcal mol!)
than AE.y; (-12.7 kcal mol!). Examination of the shape of the valence orbitals clearly

shows that the d-AOs of Sr are the dominant acceptor orbitals of the metal.

We analysed in OBaF- both using the linear structure and with the bent equilibrium
geometry in order to identify the driving force for bending. Table 4 shows the numerical

EDA-NOCYV results for both structures. The bent equilibrium structure encounters

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

stronger Pauli repulsion AEp,,; than the linear form, but the total interaction energy AE;;

is clearly more attractive in the energy minimum form. This is mainly due to the larger
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Coulomb attraction AE,, in the latter structure, which has a significantly shorter OBa-F-
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bond than the former. But the orbital (covalent) interactions in the bent form are also
slightly stronger than in the linear form. Stronger orbital interactions in the bent structure
are found for AE; - AEq3 but not for AE,,4, which has a negligible contribution in the
equilibrium geometry. This makes the assignment of a quadruple bond between F- and
BaO inappropriate. The same conclusion holds for the bent structures of the Ca and Sr
homologues.
Fig.9, 10

Figures 9 and 10 show the deformation densities Ap and the interacting MOs for

AEg1 - AEq4 of the two structures. The orbitals of the acceptor fragment BaO suggest

that the d-AOs are the most important acceptor orbitals of the metal. The strongest orbital
15
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interaction AE,; comes now from the donation of F- into the 5d,; AO and (with srtgblercroioooa

contribution) 6p, AOs of Ba, which underline the strong contribution of the (n-1)d AOs
for covalent bond particularly for Ba. Close examination of the deformation densities in
the liner and bent structures reveals the appearance of local charge accumulation at barium
in the region of lone-pair, which comes from the charge donation into vacant d-AOs of
the metal. This is clearly visible in the strong orbital interactions AEy; - AEq;3. The
results nicely agree with the finding of Kaupp et al. about the relevance of d-orbitals for
the heavy alkaline earth atoms.>? The accumulation negative charge toward the lone-pair
area but away from the bonding region explains why the bent structure is mainly stabilized
by electrostatic (Coulomb) interaction than by stronger covalent bonding. The detailed
bonding analysis suggests that the OAe-F-bonds have a higher electrostatic character than
the Ae-F- bonds in the diatomic anions.!-? The covalent contributions to the OAe-F- bonds
come from dative interactions which have multiple-bond character, but the assignment of
a quadruple bond like in the heavier AeF- anion with Ae = Ca, Sr, Ba is not reasonable.
We suggest that the bonding situation is best described with a bond line O-AeF- for the
electron-sharing bond and an arrow OAe«F- for the dative bond where the line above Ae
in the bent structures signals the accumulation of local charge in the lone-pair region,
although the overall charge of Ae is positive (Figure 11). The situation may be compared
with CO, where the carbon atoms carries a positive partial charge but the chemical
reactivity and the dipole moment are dominated by the local charge accumulation in the
lone-pair region.
Fig.11

There is a common feature in the deformation densities associated with the orbital
interactions AE.; and AE,4 and the MOs of the AeO fragments. Figures 4 and 6 — 10
show that an occupied orbital of AeO is involved in the dative interactions OAe«F- which
suggests that there is concomitant polarization in the diatomic moiety. The mode of action
between OAe and F- involves a charge induced interaction of the F-ion on the OAe moiety,
which in turn yields a favorable hybridization of the vacant orbitals of Ae overlapping
with the occupied AOs of F-and leading to a stabilizing interference of the wave functions.

This was already found in the diatomic anions AeF-, where the charge induction of F-
16
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leads to a polarization of the (n)s valence electrons of Ae and the formation of als/asantcroi909A
(n)sp(c) AO. This is schematically shown in Figure 12. A related mechanism is operative

in OAeF-.

Fig.12

Are the OAe-F- bonds really dative bonds? The anion dissociates into the closed-shell
species OAe and F-, but this does not necessarily indicate that the finally formed bond has
dative character. For example, rupture of the carbon-carbon bond of many olefins like
F,C=CF, gives carbenes CF, in the 'A; singlet state but the double bond comes from the
interaction between CF; in the B; triplet state.” Likewise dissociate the NaBH;™ Cluster
into the closed-shell fragments Na- and BH; but the Na-B bond is better described as
electron-sharing interactions between Na and BH;™ both in their doublet state.?° There is
a curve crossing of the AE,;, values along the fragmentation pathway when the two sets
of fragments are used in the EDA-NOCYV calculations, which indicates that the fragments
that provide the best description for the chemical bond in the molecule have a different
electronic state than the fully separated fragments after dissociation. It could be envisaged

that the charge donation OAe«F- at the equilibrium geometry leads to an electron-sharing

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

interaction between OAe-anion and neutral F in the doublet states. We analysed the anions

OAe-F- with the EDA-NOCYV method using OAe-and neutral F as interacting fragments.
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The numerical results are shown in Table S1 of Supporting Information. The calculated
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values for the orbital interactions AE,, are for all species at the equilibrium geometry
significantly larger than using closed-shell fragments OAe and F-. Since the final
dissociation products are also OAe and F- it becomes obvious that there is no curve
crossing of the AE,,, which clearly indicates that the OAe-F- bonds are really dative bonds.
It has been shown in numerous previous studies using the EDA-NOCV method that the
relative amount of AE,;, is a useful indicator for the nature of the nature of the chemical
bonds and for the best description of the interacting fragments.
Table 5
We have further investigated the nature of OAe-F- bonds with a completely different

approach which is based on the electronic structures that come from the ab-initio
17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01909a

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics

Page 18 of 46

View Article Online

calculations at the DLPNO-CCSD(T)/def2-TZVP level using geometries optimizeeb/atcroioooa

CCSD(T)/TZVP. The numerical result of the Local Energy Decomposition (LED)
method*-# are given in Table 5. The LED scheme breaks down the interaction energy
between the fragments into different energy terms than the EDA-NOCYV approach, but the
main conclusion is the same. The electrostatic attraction AE.'F is the dominant term of
the attraction. The correlation interaction energy AE;,* mostly covers here the charge-
transfer term, which can be interpreted as the instantaneous ion pair formation. The most
important information comes from the direction of the charge transfer terms AEct which
show that the dynamic charge transfer OAe«F- completely dominates while the opposite
stabilization is negligible. For the interpretation of the remaining terms we refer to the

literature.*>*> They are not important for this study.

We want to comment on the finding of the EDA-NOCV approach and the LED
method that the stabilizing interactions of the OAe-F- bonds comes mainly from
electrostatic attraction, particularly in the lighter species where Ae = Be, Mg. This is
sometimes referred as ionic contribution, which is misleading. Polar covalent bonds have
a higher electrostatic character than nonpolar covalent bonds, because the accumulated
charge in the bonding region is shifted towards the more electronegative atom where it
encounters stronger nuclear attraction. It is a widespread misconception that the charge
accumulation at the center of a bond is caused by the electrostatic attraction by two nuclei,
which would be stronger than the attraction by only one nucleus. This is not correct,
because the electrostatic attraction increases when the electronic charge moves closer to
one nucleus and therefore, the contribution of the Coulomb attraction increases at polar
bonds. It is the interference of the wave function which leads to a charge accumulation in
the bonding region. This has been shown before in several theoretical studies®!- 8 and it
was nicely demonstrated with a qualitative model by Rioux.®} The frequently used naming
of ionic rather than electrostatic contribution comes from valence-bond (VB) calculation,
which does not have a term for polar bonds. VB calculations give the electronic structure
of a molecule with a mixture of two-center terms A-B which comprise the electron-sharing

covalent term (Ay—Ag) (“Heitler-London (HL)” term) and the two ionic terms (Ax|” Ag¥)
18
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and (Az" Agl) as well as the mixing of the terms.?* This is a mathematically validapproavhscroioooa
but the appearance of the ionic terms in the calculations must not be identified with ionic
bonding. Ionic bonding is found in ionic solids and in solvents where the overlaps of the
wave functions are negligible. Polar bonds in molecules are covalent bonds with higher
electrostatic character but they are not ionic bonds. The widespread use of the VB model,
which was strongly advocated by Pauling,?®® led to the still frequent use of the term “ionic
contribution” although quantum chemical calculations employ in most cases MO or DFT
methods. For a more detailed discussion we refer to recent publications of the topic.6® 7%
86, 87
Table 6

The final question concerns the different trends of the BDE for Ae-F- and OAe-F-.
We explained the increase of the bond strength in the diatomic anions AeF- from Ae = Mg
to Ae = Ba with the availability of the (n-1)d AOs of the heavier alkaline earth atoms as
acceptor orbitals, which leads to a strengthening of the covalent interactions. It remains to
explain why the diatomic oxides AeO show a decreasing order for the BDE when the Ae
atoms become larger. Table 6 shows the electron affinities of Ae atoms and diatomic AeO.

The experimentally known values for the atoms show that the heavier atoms have a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

slightly increasing trend for the heavier elements, whereas the trend of the oxides AeO

has the opposite order. There is a clear decline of the electron affinity of AeO for the

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

heavier Ae Atoms, which exhibits the same order as the BDE values of OAe-F-.
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Experimental values for the electron affinity of diatomic AeO are not available except for
MgO.3® The measured value of 37.6 kcal mol! is in reasonable agreement with the
calculated value of 30.0 kcal mol-'. We think that the trend of the calculated electron
affinities in Table 6 is reliable. The data suggest that the Lewis acidity of AeO
continuously decreases for the heavier atoms Ae whereas the acceptor ability of the atom

Ae increases from Mg to Ba.

Summary and Conclusion
The results of this work are summarized as follows:

e The equilibrium structures of the anions OAeF- have linear geometries for Ae =
19
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Be and Mg but they are strongly bent for Ae = Sr and Ba. The calciun?®pecies/igcroioooa
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calculated at the CCSD(T)/def2-TZVPP level to have a linear geometry but at
BP86/def2-TZVPP is has bending angle of 144.7° which is 0.5 kcal mol! below
the linear form. The bending potential of the strontium and barium anions is rather
low (<10 kcal mol).

The calculated bond dissociation energies of the OAe-F- bonds suggest a record-
high BDE of D, = 144.8 kcal mol-! for OBeF- at the CCSD(T)/def2-TZVPP level,
which is the strongest BDE for a dative bond that has been found so far. The BDE
of the heavier homologues have a continuously decreasing order for Ae with Be >
Mg (113.1 kcal mol-') > Ca (84.6 kcal mol-!) > Sr (72.6 kcal mol!) > Ba (60.0 kcal
mol).

The calculations suggest that the Ae-O distances in the anions OAeF- become a bit
longer than in diatomic AeO. However, the Ae-O stretching mode of OBeF- and
OMgF- is predicted at both levels of theory to have a blue shift towards higher
wave numbers whereas the heavier homologues OCaF-, OSrF- and OBaF- have a
red shift for the Ae-O mode. The calculated Ae-O frequency shifts and the Ae-F
stretching vibration are a guideline for the hitherto unknown anions OAeF-.

The calculation of the charge distribution reveals a significant charge donation
OAe«F- with decreasing order for the heavier atoms Ae using the Hirshfeld,
Voronoi and CM5 methods. In contrast, the NBO method suggests only negligible
charge donation, which comes from the fact that only the (n)s but not the (n)p AOs
of atoms Ae are treated as valence orbitals.

The oxygen atom in OAeF- carries always a higher partial charge than the fluorine
atom. This is suggested by all charge partitioning methods and by the molecular
electrostatic map. The charge distribution contradicts the standard
electronegativities of the atoms which assign fluorine to be more electronegative
than oxygen. The surprising partial charges are explained with the bonding
situation of the atoms in the actual electronic structure, which may lead to
uncommon partial charges.

The bonding analysis of the OAe-F- bonds using the EDA-NOCYV method shows
20
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that the bonds have a much higher electrostatic character than the Ae-Fobondg/incroioooa

the diatomic anions. The dative interactions have three major and one minor
component. The assignment of a quadruple bond for the heavier species with Ae
= Ca, Sr, Ba is not reasonable. The driving force for the bent geometries is the
accumulation of electronic charge in the lone-pair region at the Ae atoms, which
enhances the electrostatic attraction with the other atoms. A reasonable description

of the bonding situation is given by the formula O—Ae*«F-.
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(cm™) and IR intensities I (km/mol) of OAeF-and AeO (Ae = Be - Ba).
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ne

CCSD(T)/def2-TZVPP [BP86/def2-TZVPP]

Molecule Ae-O stretch Ae-F stretch O-Ae-F bent
v A I.b v A Ib . Ib
1434.0
Be - - - - -
[1454.5] [4.2]
1028.0
BeF- - - - - - -
[1007.2] [14.3]
OBe.F 1519.3 +85.3 683.8 -344.2 396.02
e_
e [1481.2]  [+26.7] = [2049] [665.0]  [-3547]  [4.6]  [3853]  [340]
783.7
MgO - - - - - -
[801.8] [13.8]
577.7
MgF- - - - - - -
[540.8] [37.7]
847.2 +33.9 524.4 -53.3 171.42
OMg-F
. 1827.4]  [F256]  [73.3]  [502.8]  [-45.5]  [10.9]  [170.1F  [48.6]
589.3
CaO - - - - - -
[751.8] [68.5]
485.6
CaF- - - - - - -
[511.6] [44.5]
584.8 -4.5 401.0 -84.6 54.3a
OCa-F
... l6O1.6]  [-150.2]  [93.9]  [406.2]  [-11L.1]  [91.8] 7451  [51.8]
407.8
SrO - - - - - -
[657.3] [74.5]
410.6
SrF- - - - - - -
[428.5] [48.6]
OSLF 402.1 -5.7 306.0 -104.6 43.4
r_
. 15265]  [[130.8]  [879] [356.4]  [-764]  [133.0]  [l112.3] [26.9]
618.9
BaO - - - - - -
[641.9] [129.6]
408.3
BaF- - - - - - -
[409.1] [56.9]
OBa-F 485.6 -133.3 319.7 -88.6 88.8
a-F-
[517.3] [-124.6] [50.4] [317.8] [-93.9] [134.5] [116.3] [13.2]
aDegenerate

bIntensitites are not available at CCSD(T).
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Table 2: Calculated bond dissociation energies D, of the [OAeF] (Ae = Be - Ba) species.

[OAeF] (S) — OAe(S) + F(S) [OAeF]-(S) — OAe (D) + F(D) [OAeF] (S) — [AeF] (S) + O(T) [O(S)]* [OAeF] (S) — AeF(D) + O(D)

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-14,8:2¢

Thisarticleislicensed under a Creative Commons Attribution 3.0 lﬁportw

(ec)

CCSD(TY/ BP86/ CCSD(T)/ BP86/ CCSD(T)/ BP86/ CCSD(T)/ BP86/
def2-TZVPP  def2-TZVPP  def2-TZVPP  def2-TZVPP  def2-TZVPP def2-TZVPP def2-TZVPP  def2-TZVPP
[OBeF] 144.8 142.6 158.2 163.1 150.1 [201.3] 164.7 [229.8] 157.8 161.0
[OMgF] 113.1 114.9 142.9 143.2 97.5 [148.7] 113.3 [178.3] 111.4 116.5
[OCaF] 84.6 78.4 125.8 129.9 83.5 [134.7] 108.3 [173.4] 95.0 102.4
[OStF] 72.6 72.1 118.6 125.1 75.7 [127.0] 101.5[166.5] 94.4 95.7
[OBaF] 60.0 62.5 111.9 120.9 70.3 [121.5] 108.7 [173.8] 74.5 100.3

aUsing the experimental value for the *P—!D excitation energy of oxygen atom 45.3 kcal mol-': Kramida, A., Ralchenko, Yu., Reader, J., and
NIST ASD Team (2022). NIST Atomic Spectra Database (ver. 5.10), [Online]. Available: https://physics.nist.gov/asd [2023, August 21]. National
Institute of Standards and Technology, Gaithersburg, MD. DOI: https://doi.org/10.18434/T4W30F.
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Table 3: Calculated partial charges (q) and bond orders P of the OAe-F;(Ae = B¢ --Ba):
species at the respective equilibrium geometries.
CCSD/def2-TZVPP [BP86/def2-TZVPP]
q P(Ae-F-)
Atoms NBO? Hirshfeld? Voronoi® CM5? Bond Wiberg? Mayer®
0 -1.66[-1.67] -0.75[-0.69] -0.81[-0.75] -0.96[-0.90]
OBe-F- 0.18[0.22] 0.74[0.8/:
Be  1.54[1.55]  0.14[0.05]  0.19[0.11]  0.48[0.40]
OBe  -0.12[-0.12] -0.61[-0.64] -0.62[-0.64] -0.48[-0.51]
O-BeF-  0.50[0.60]  1.84[2.08:
F -0.88[-0.88]  -0.39[-0.36] -0.39[-0.36] -0.52[-0.49]
O  -1.62[-1.58] -0.82[-0.74] -0.99[-0.90] -0.97[-0.89]
OMg-F-  0.10[0.15]  0.53[0.68]
Mg 1.55[1.50]  0.34[0.21]  0.49[0.38]  0.58[0.47]
OMg -0.07[-0.08] -0.48[-0.53] -0.50[-0.52] -0.39[-0.43]
O-MgF-  0.53[0.74]  1.64[1.93:
F -0.93[-092] -0.51[-047] -0.50[-0.48] -0.61[-0.57]
0 -1.62[-1.56]  -0.88[-0.76] -1.05[-0.90] -1.05[-0.99]
OCa-F- 0.08[0.13]  0.36[0.54
Ca 1.61[1.49] 0.50[0.29] 0.59[0.39] 0.76[0.62]
OCa  -0.01[-0.07] -0.38[-0.47] -0.46[-0.51] -0.29[-0.37]
O-CaF  0.50[0.82]  1.41[1.82:
F -0.99[-0.93] -0.62[-0.53] -0.55[-0.48] -0.71[-0.63]
O  -1.58[-1.49] -0.85[-0.73] -1.00[-0.85] -1.09[-1.00]
OSr-F- 0.07[0.15]  0.31[0.52}
St 1.53[1.41]  0.46[0.26]  0.50[0.33]  0.81[0.66]
OSr  -0.05[-0.08] -0.39[-0.47] -0.50[-0.52] -0.28[-0.34]
O-SrF- 0.59[0.91]  1.40[1.77:
F -0.95[-0.92] -0.60[-0.53] -0.50[-0.48] -0.72[-0.66]
0 -1.64[-1.50] -0.87[-0.72] -1.00[-0.79] -1.13[-1.04]
OBa-F- 0.06[0.16]  0.24[0.49;
Ba 1.58[1.42] 0.50[0.26] 0.50[0.24] 0.85[0.70]
OBa  -0.06[-0.08] -0.37[-0.46] -0.50[-0.55] -0.28[-0.34]
O-BaF-  0.64[0.90]  1.42[1.743
F -0.94[-0.92] -0.64[-0.54] -0.51[-0.45] -0.71[-0.66]

30

: obtained at the CCSD/def2-TZVPP (density=current) level with Gaussian program.
: obtained at the CCSD/def2-TZVPP (density=current) level with Multiwfn program.
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Table 4: EDA-NOCY results of OAeF- using OAe (S) and F- (S) in the electronic singlet states as interacting fragments. All molecules are
calculated at the equilibrium geometries except for the linear structure of OBaF-. The calculations were carried out at the BP86/DZP level using
BP86/def2-TZVPP optimized geometries. Energy values are given in kcal mol-!.

Fragments OBe (S) + F(S) OMg (S) +F«(S) OCa (S) + F(S) OSr (S) + F(S) OBa (S) + F(S) OBa (S) + F«(S)

Structure linear linear bent bent bent linear
AE;n -147.5 -113.5 -79.5 -73.7 -69.8 -62.3
AEpauii 57.3 64.4 53.8 47.8 48.6 41.9
AE gpa™ -152.2(74.3%) -129.9(73.0%) -89.7(67.3%) -79.5(65.4%) -70.2(59.3%) -57.4 (55.1 %)
AE g pl8] -52.7(25.7%) -48.0(27.0%) -43.6(32.7%) -42.0(34.6%) -48.2(40.7%) -46.8 (44.9 %)
AE [P -24.4(46.3%) -29.1(60.6%) -19.3(44.3%) -12.7(30.2%) -21.0(43.6%) -18.3 (39.1 %)
AE ! -10.1(19.2%) -6.8(14.2%) -8.5(19.5%) -12.4(29.5%) -10.8(22.4%) -10.1 (21.6 %)
AE 31! -10.1(19.2%) -6.8(14.2%) -6.3(14.4%) -9.0(21.4%) -10.8(22.4%) -10.1 (21.6 %)
AE 4! -4.9(9.3%) -3.0(6.3%) -4.5(10.3%) -3.6(8.6%) -1.5(3.1%) -5.1(10.9 %)
AE o] -3.2(6.0%) -2.0(4.7%) -5.0(11.5%) -4.3(10.3%) -4.1(8.5%) -3.1 (6.7 %)

aThe values in parentheses give the percentage contribution to the total attractive interactions AEs + AEor,

bThe values in parentheses give the percentage contribution to the total orbital interactions AEy,
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Table 5: Local Energy Decomposition (LED) calculations of OAeF- anions fragmented into;

Page 32 of 46

nline

OAe (1) and F- (2) singlet fragments. The calculations were carried out at the DLPNO-
CCSD(T)/def2-TZVPP level using geometries optimized at CCSD(T)/TZVPP. Energy values

are given in kcal mol-'.

[OBe][[F]  [OMg]|[FF]  [OCa]|[F]]  [OSr][[F]  [OBa]|[F]
AEj, -146.1 -113.3 -90.2 -77.4 -66.1
AEq1 prep 176.0 173.0 130.7 122.9 96.7
AE 1F 273.1 -248.0 -189.5 -162.9 -132.1
N -10.5 -9.9 1.1 137 113
AE;nC -38.6 -28.5 -20.2 -23.7 -19.3
AE (52 -0.3 -0.2 -0.8 -1.6 -1.4
AEcra1,C5P -38.3 -30.3 -22.1 213 -16.9
AE gi,C -1.5 -0.9 -1.4 2.0 -1.7
AEC-WP -0.04 -0.06 -0.07 -0.07 -0.08
AECT 1.7 3.0 42 1.1 0.8

AEimC = AECT(1_>2)C'SP + AECT(2_>1)C'SP + AEdispC + AEC'WP + AEC'T

32
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Table 6: Electron affinities of atoms Ae and diatomic AeO (in kcal mol™!). o 101030/040P01500n

Ae Ae atom? AeQP
Be <0 46.4
Mg <0 30.0
Ca 0.46 18.6
Sr 1.15 10.0
Ba 3.23 7.9

aExperimental value taken from ref. 88.%
bCalculated at CCSD(T)/def2-TZVPP
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Ae O-Ae O-Ae-F- (linear) 1 O-Ae-F- (bent) AE
P 1386 _  1.460
Be | [1.391] B€ [1.468] 0 ] i
.[1-346]J ._J_J [0]
17 e m
Mg 2 (1.751] 2 . [1.789] ; [1.838] d o0 ] ]
1.822 Ca 15152]
Ca J
Ca 3 [1.826] J ._J&J o [144.77 [0.5]
Sr 2.255
2.488 Sr 2.323
1.920 { 57
Sr 5 000 [2.078] [2.364]
@ [1.932] o ' v) J [1] [5.2]
1.940 2244 Ba 2.646 | 2 y
2.084 [2.128] [2.570] .

Fig. 1: Optimized geometries of OAe and OAeF- (Ae = Be - Ba) at the CCSD(T)/def2-TZVPP [BP86/def2-TZVPP] level. Bond lengths in A
and angles in degree. The experimental value for the Ae-O bond lengths given in italics are taken from ref. 18. Number of imaginary frequencies
1. The linear structures of OSrF- and OBaF- are transition states at both levels of theory, the linear structure of OCaF- is a transition state at
BP86/def2-TZVPP. AE gives the energy differences between the linear and bent geometries in kcal mol-.
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ool

0.3

Fig.2: Plot of the electrostatic potentials of OAeF- at the BP86/def2-TZVPP level. Computed
with value of 0.001 au for the contour of the electronic density.
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OBeF- OMgF- OCaF- OSrF- OBaF-

%

, e @+P “‘ibo

ISO = 0.005

i@t @P e B

(o)

'% %

1SO = 0.01
e @ e @

d Q vV © W o o @ -
C © ©

ISO =0.05

Fig.3: Charge density difference maps at the BP86/def2-QZVPP level. OAceF- and the fragments OAe + F- (Ae = Be, Mg, Sr) with
different values for the isodensity surfaces Iso given in e/au’. The direction of the charge flow is red—blue.
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b)
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AE;; =-10.1 kcal mol-! HOMO-2 LUMO+1 2Pz
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Ap3
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v3==£0.110 v =+0.110 2
v=-0.017
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v=0.012

Fig.4: Plot of deformation densities Ap of OBeF-. The pairwise orbital interactions and the associated interaction
energies (AE,;,) between fragments OBe(S) and F~(S) in OBeF- at the equilibrium structure as well as the shape of
the most important interacting MOs. The direction of the charge flow is red—blue. (Isovalue 0.03¢/au’).
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OBeF- OMgF-

isovalue : 0.001 isovalue : 0.001

Fig.5: (Top): Plot of the 3D shape of the HOMO-1 orbitals with an isovalue of 0.03 e/au® of OBeF-
and OMgF- and (bottom) contour line plot of the same orbital HOMO-1 in the plane containing the
bond axis with different isovalues at the BP86/def2-TZVPP level. The isovalue below each plot
represents the value of the outermost contour in the graph, and the values for the contour settings are
in the order of 0.001, 0.002, 0.004, 0.008, 0.02, 0.04, 0.08, 2.0, 4.0 e/au’.

38


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp01909a

Page 39 of 46 Physical Chemistry Chemical Physics

Open Access Article. Published on 06 September 2024. Downloaded on 2024-09-10 8:26:31 vm..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

DOI: 10.1039/D4CP01909A

O-Mg-F- O-Mg-F- 0-Mg F-
Ap orbital orbital orbital
2P
a) LUMO v=-0.091
Apl v=20.171 o
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Fig.6: Plot of deformation densities Ap of OMgF-. The pairwise orbital interactions and the
associated interaction energies (AE,;) between fragments OMg(S) and F-(S) in OMgF- at the
equilibrium structure, as well as the shape of the most important interacting MOs. The direction of
the charge flow is red—blue. (Isovalue 0.03¢e/au?).
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Fig.7: Plot of deformation densities Ap of OCaF-. The pairwise orbital interactions and the associated interaction
energies (AE,,) between fragments OCa(S) and F+(S) in OCaF- at the equilibrium structure, as well as the shape of the
most important interacting MOs. The direction of the charge flow is red—blue. (Isovalue 0.03¢e/au?).
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Fig.8: Plot of deformation densities Ap of OSrF-. The pairwise orbital interactions and the
associated interaction energies (AE;) between fragments OSr(S) and F(S) in OSrF- at the
equilibrium structure, as well as the shape of the most important interacting MOs. The direction of

the charge flow is red—blue. (Isovalue 0.03¢/au’).
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Figure 9. Plot of deformation densities Ap of OBaF-. The pairwise orbital interactions and the
associated interaction energies (AE,) between fragments OBa(S) and F+(S) in OBaF- of the bent
equilibrium structure, as well as the shape of the most important interacting MOs. The direction of

the charge flow is red—blue. (Isovalue 0.03¢e/au?).
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Fig.10: Plot of deformation densities Ap of OBaF-. The pairwise orbital interactions and the
associated interaction energies (AE,;,) between fragments OBa(S) and F-(S) in OBaF- of the linear
structure, as well as the shape of the most important interacting MOs. The direction of the charge

flow is red—blue. (Isovalue 0.03¢e/au’).
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O—Ae™=—F —Ae ~_
Fig.11: Schematic representation of the bonding situation in the linear and bent structures of
OAeF-. The bonding line O-Ae'F- indicates electron-sharing bonding and the arrow O-Ae*«F-
indicates dative bonding both having multiple bond character. The line above Ae signals the

accumulation of electronic charge in the lone-pair region in spite of the overall positive charge of Ae
atom-
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F- View Article Online

Ae DOI: 10.1039/D4CP01909A
NGy
b CDG @

Fig.12: Schematic representation of the 6 bond formation in AeF-in three steps. (a) Initial charge

distribution in Ae atom and F- where the arrows indicate the total electronic charge; (b) Polarization
of the valence electrons in Ae and (n)s>—(n)s/p(c) hybridization; (¢) Concomitant formation of the
vacant orthogonal (n)s/p(c) orbital at Ae atom which overlaps with the occupied ¢ orbitals of F- which

leads to a polar covalent Ae-F- bond.
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