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ABSTRACT: Trends in bond angle are identified in a systematic
study of more than a thousand symmetric A2B triatomic molecules.
We show that, in series where atoms A and B are each varied within
a group, the following trends hold: (1) the A−B−A bond angle
decreases for more polarizable central atoms B, and (2) the A−B−A
angle increases for more polarizable outer atoms A. The physical
underpinning is provided by the extended Debye polarizability
model for the chemical bond angle, hence our present findings also
serve as validation of this simple classical model. We use
experimental bond angles from the literature and, where not
available, we optimize molecular geometries with quantum chemical
methods, with an open mind with regards to the stability of these
molecules. We consider main group elements up to and including the sixth period of the periodic table.

■ INTRODUCTION

After the chemical bond, the bond angle is the most important
structural parameter in chemistry. Nowadays we have a rather
good understanding of the variations of the chemical bond
from quantum chemical calculations. For the molecular bond
angle various models have been proposed. Early qualitative
understanding of geometrical configurations of chemical bonds
in molecules arose from the analysis of hybridizations of s, p,
and d atomic orbitals and were given by Pauling1 and Slater2 in
1931. Other guidelines were later given by Mulliken3,4 and by
Walsh.5−14 From the relation of ionization energies to the
bond angle, Mulliken deduced, using a molecular orbital (MO)
model, that molecules with 15 or 16 valence electrons have a
linear geometry while molecules with 17 to 20 electrons are
bent. Walsh explained the molecular geometry of small
molecules from the dependence of orbital energies on the
bond angle. Sidgwick and Powell15 considered the geometrical
arrangement of bonded and nonbonded (lone) electron-pairs
in a molecule. This idea was developed further by Gillespie and
Nyholm who rationalized the spatial arrangement of electron
pairs around an atom in a molecule in such a way as to
minimize their mutual Pauli repulsion in the (extended)
Valence Shell Electron Pair Repulsion (VSEPR) model.16,17 It
classifies molecular geometries for main-group elements
successfully on this basis with the notable exceptions of alkali
metal dihalides18 (CaX2, SrX2, BaX2) and the dihydrides SrH2
and BaH2 for which explanations were sought in terms of d-
orbital involvement or nonspherical core distortions.19−22 It is
also possible to look at nonlinear bond angles as distortions
from the higher symmetry linear conformation for which the

instability is ascribed to the (pseudo) Jahn−Teller effect.23,24
Models for the molecular bond angle that are based on classical
electrostatic theory were also proposed. For example, Donald
et al.25 used electrostatic expressions, originating from the
work of Rittner,26 Hildenbrand27 and DeKock et al.,28,29 in so-
called polarized-ion models. Among the parameters needed for
these models are atomic (or ionic) polarizabilities for which
values may be difficult to obtain. In a molecule, atomic
polarizabilities are formally not related to the molecular
polarizability, and, hence, it is not possible to partition it into
atomic parts without arbitrariness.30 Debye noted in 192931

that, in H2O, due to the existence of the dipole moment, the
molecule was either linear with two different H−O distances,
or angular. He modeled H2O with an O2− ion of a finite radius,
and two protons, and showed that the nonsymmetrical, linear
model was instable against bending. For the symmetric, bent
form the protons were allowed to move on the O-radius. He
reasoned that induction energy stabilizes an angular geometry.
In H2O, at the polarizable O

2− ion, a dipole μ⃗ = αF⃗ is induced
in first response to the electric field F⃗ due to the two protons.
The polarization energy, needed to create the dipole at oxygen,
is α= +U Fpol

1
2

2. The induced dipole μ is stabilized by the

inducing field: Ud = −αF2. The net effect is induction
stabilization, that is, a lower internal energy of the molecule:
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α= + = −U U U Fdind pol
1
2

2. The induced dipole is largest at

small angles where the resultant electric field is largest;
however, at these angles the stabilization is counteracted by the
repulsion of the outer atoms.
Some years ago, we extended this model,32 by introducing

polarizabilities on all atoms, and considered all electrostatic
interactions between monopoles and induced dipoles at all
three atomic centers. Where Debye used fully ionized atoms,
we used a charge transfer q. Our model explains the bond angle
in terms of the α

αA
B
ratio of the polarizabilities of the free atoms

αA and αB (for a list of atomic polarizabilities we refer to Table
S19 of the Supporting Information). By observing the change
of optimum bond angle with the change of the polarizability
ratio, two bond angle trends were identified: (1) the bond
angle decreases for more polarizable central atoms, and (2) the
angle increases for more polarizable outer atoms. This leads to
the prediction of bond angle trends with just the information
available from the period table of elements. Atomic polar-
izability within a group increases for atoms from higher periods
(rows). Similarly, if the ratio of polarizabilities is changed by,
for example, electronic excitation, trends can be explained.
When this model is applied to the CO2 molecule, the
rationalization of its linear ground state geometry is that
there is too little polarizable electron density around the
carbon nucleus to initiate bending through the induction of a
dipole at the carbon atom. In the lowest singlet excited states
of CO2, there is substantial charge transfer from oxygen to
carbon: about 0.25 electrons. These states33 have a bond angle
of about 120°. When the model is applied to the H2O
molecule, the density of electrons around the oxygen atom that
are not involved in bonding and are not core electrons is
sufficiently polarizable for a dipole to be induced to stabilize a
nonlinear geometry.
In the literature, a number of contributions discuss a similar

effect. Reasoning from the principle of chemical softness, von
Szentpaĺy34−36 formulated the hard-bends-soft rule: “hard
ligands exert a classical bending force on a soft central atom”.
In 1985, Andreoni et al.37 showed that a structural
classification of molecules and clusters from valence electron
orbital radii is possible, stressing the importance of the central
atom. Broader efforts to search for periodic laws for the
behavior of small molecules were undertaken by Hefferlin and
co-workers, resulting in triatomic periodic systems.38 Geerlings
and co-workers39 (this paper is part of a festschrift in honor of
professor Paul Geerlings) extended the early work of Parr et
al.40 giving sharp definitions for well-known chemical concepts,
allowing the calculation of important properties such as
electronegativity and electronic polarizability in the framework
of density functional theory (DFT). DFT is also known to
predict molecular geometries accurately. In this work, however,
we choose to use multiconfigurational wave function based
methods to obtain the geometries of a large number of
triatomic molecules, in order to be able to treat static and
dynamic electron correlation separately.
The rationalization and understanding of bond angle trends

can have implications, for example, in the field of catalysis. It
was shown41 that for particular catalysts the activation is
related to bite-angle strain, which in turn might be related to
the ratio of polarizabilities. We suggest that some off-linear
metal−ligand bond angles in ruthenium and rhodium
complexes can be explained with this model. We anticipate
that, with similar reasoning, angles can be understood in

asymmetric triatomic molecules (examples by Prasad et al.42),
in molecules with different electronic excited or charged states,
and in weakly bonded systems (examples by Remko43). We
showed in previous work that also the geometry of ring
structures can be rationalized. On the basis of the changes in
partial atomic charges we could rationalize that the ionized
tetrathiafulvalene molecule is planar while the neutral molecule
is off-planar.32

In this paper we look for trends in the molecular bond angle
in series of symmetric A2B molecules for which atoms A and B
are each varied within one group of the periodic table. We
obtained experimental bond angles from the literature and
computed angles where they are not available. These trends are
compared to trends that follow the extended Debye polari-
zability model.

■ COMPUTATIONAL DETAILS

Neutral A−B−A molecules in their lowest spin singlet or
doublet electronic state are considered. For most of the
molecules we studied, this is the ground state. We selected
main group elements from the first six periods of the periodic
table with two exceptions: First group elements were excluded
as center atoms, and noble gas elements were excluded
entirely. We expect the optimum geometry of the molecules to
be C2v symmetric44 but we also explore the possibility of
electronic configurations with lower symmetry. We perform
the optimizations first on all 1080 molecules with the CASSCF
method in which we chose to correlate all s and p valence
electrons. Next, the geometries of 225 mainly angular
molecules are reoptimized at the CASPT2 level in order to
include the effects of both static and dynamic correlation.
The possibility to inadvertently obtain an improper

electronic configuration is inherent to the CASSCF/CASPT2
technique. We checked the CASSCF results obtained with C2v
symmetry (both for electron density and nuclei) against those
obtained with C1 symmetry. It should be noted when
comparing optimized bond angles to experiment, that
experimentally, the average angle is usually reported.45

We used the MOLCAS software.46 We mostly made use of
the ANO-RCC basis set,47,48 with static relativistic effects
taken care of using a Douglass-Kroll scheme,49,50 but where
possible the ANO-L basis set51,52 was used instead. Besides
static relativistic effects we do not account for other relativistic
effects, such as spin−orbit coupling. We did not correct for
basis set superposition errors since the basis sets are rather
large and we discuss only angular molecules in which there is
negligible A−A bonding. The active orbital space contains n s-,
and p-valence electrons in n orbitals when the number of s and
p valence electrons is less than 12, we use n electrons in 12
orbitals space in other cases. For further computational details
we refer to the Supporting Information.

■ RESULTS

When analyzing bond angles obtained from experiment, we
observe trends in series of symmetric A2B molecules for which
A and B are same group atoms (odd numbered Tables S3−
S17). Next, we performed CASSCF optimizations. We
analyzed the geometry in series of A2B molecules in which
atoms A and B are each varied within one group of the periodic
table, for example, the H2O series is denoted (1−16−1). This
way we identified several series of molecules where bond angle
trends may be analyzed (Table S1). Next, 225 mainly angular

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://dx.doi.org/10.1021/acs.jpca.9b10248
J. Phys. Chem. A 2020, 124, 1306−1311

1307

http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.9b10248/suppl_file/jp9b10248_si_001.pdf
pubs.acs.org/JPCA?ref=pdf
https://dx.doi.org/10.1021/acs.jpca.9b10248?ref=pdf


molecules are reoptimized at the CASPT2 level of theory
(Table S2) in order to include both the effects of static and
dynamic correlation. Overall, our CASPT2 bond angles
compare well with values from experimental and other
computational work found in the literature (Figures S1−S6).
The CASPT2 bond angles were analyzed within each
molecular series (even numbered Tables S4−S18).
Exemplary for the bond angle trends that we identify are

those found in the (1−16−1), and in the carbon group
dihalides, the (17−14−17) series of molecules (Table 1a,
Table 2a). For a given outer atom A, the angle is progressively
smaller when the inner atom B is exchanged by a larger, more
polarizable element (from a higher period of the periodic
table). The second trend we find is that A−B−A bond angles
in the series become increasing large when, for a given inner
atom, the outer atom is substituted by a larger, more
polarizable, atom. For triangular molecules, in which there
are both A−B and A−A bonds, bond angles were omitted from
the tables. The bond angle is proportional to the αA/αB ratio of
atomic polarizabilities (Table 1b, Table 2b).
Examples of difficult cases are indium and thallium

dihydrides and dihalides, and also some of the pnictogen
dichalcogenides. In the (1−13−1) and (17−13−17) molecular
series (Table S6), the angles in indium centered molecules are
larger than those in corresponding gallium centered molecules.
Thallium molecules have larger angles than the corresponding
indium centered molecules. In both cases we expected smaller
angles. The polarizability of indium is larger than the
polarizability of gallium (Table S19). Surprisingly, for thallium
the experimental polarizability is considerably smaller than that
of indium, which could offer an explanation for the larger
angles we found in the thallium centered molecules.
In the pnictogen dichalcogenede (16−15−16) molecular

series (Table 3) PO2 has a somewhat larger bond angle than
NO2 for which we expected a smaller angle. Also NS2 has a
larger angle than NSe2 for which a smaller angle would fit the
second bond angle trend from NO2 to NSe2. We note that the
angle differences in these cases are of the order of the classical
amplitude of the zero point vibration in these molecules (vide
inf ra).

■ DISCUSSION AND CONCLUSIONS
When three atoms are brought together to form a neutral
symmetric A2B molecule, charge transfer causes atomic electric
moments to be induced. Our model shows that these induced
moments are important for the bond angle to form. Charge
transfer is the largest in cases for which there is a large
difference in electronegativity of constituent atoms. In group 1
centered molecules this is most extreme. Many of them are
unstable in the sense they can be considered as A2 molecules
with a coordinated B atom. In other cases there are both A−B
and A−A bonds in the molecule, giving rise to a triangular
molecular geometry. Hence, group 1 centered molecules are
not discussed.
In group 2 dihalides, we can consider the molecules as B2+

with two A− ions. In these cases, the polarizability of the center
B atom is largely reduced while that of the A atoms is
enhanced, when compared to the polarizabilities of the free
atoms. For example, in MgF2, the polarizability of Mg2+ is likely
much smaller than that of the neutral free Mg atom, due to its
empty valence shell. And the polarizability of the F− ions will
be larger than in the free F atom, due to its full valence shell.
Owing to the small remaining polarizability of the center atom
and the enhancement of it in the halogen outer atoms, these
molecules are linear: magnesium (and also beryllium) dihalides
are linear. In Table 4 section a, the bond angles in the alkali
earth centered difluorides are presented. The polarizabilities
and polarizability ratios of the constituent atoms are presented
in Table 4 sections b and c, respectively, The polarizability of
calcium is more than double that of magnesium. Calcium
centered dihalides are quasi-linear. The yet larger alkali earth

Table 1. A−B−A Bond Angles (deg) at the CASPT2 Level (a) and αA/αB Ratio of Experimental Free Atom Polarizabilities
(Table S19), (b) with Atoms B in Group 16 and Atoms A in Group 1. Atomic Polarizability of Oxygen Is αO = 5.41 au

a b

B A = H Li Na K Rb Cs B A = H Li Na K Rb Cs

O 104 180 O 0.83 30 30 54 59 74
S 92 120 180 180 S 0.23 8.4 8.3 15 16 20
Se 91 116 180 180 180 Se 0.18 6.4 6.4 12 13 16
Te 90 104 138 180 180 Te 0.12 4.4 4.4 7.9 8.6 11
Po 89 96 127 179 180 Po 0.10 3.6 3.5 6.4 7.0 8.7

Table 2. A−B−A Bond Angles (deg) at the CASPT2 Level (a) and αA/αB Ratio of Experimental Free Atom Polarizabilities
(Table S19) (b) with Atoms B in Group 14 and Atoms A in Group 17. Atomic Polarizability of Carbon Is αC = 11.9 au

a b

B A = F Cl Br I B A = F Cl Br I At

C 105 109 110 C 0.32 1.2 1.7 3.0 3.4
Si 101 103 102 103 Si 0.10 0.41 0.57 0.99 1.1
Ge 97 100 101 102 Ge 0.09 0.36 0.50 0.88 0.99
Sn 96 98 99 101 Sn 0.07 0.28 0.40 0.69 0.78
Pb 95 98 99 100 Pb 0.08 0.32 0.45 0.79 0.88

Table 3. A−B−A Bond Angles (deg) at the CASPT2 Level
with Atoms B in Group 15 and Atoms A in Group 16

B A = O S Se

N 134 150 147
P 136 132
As 128
Sb 123
Bi 117
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metals, Sr and Ba, have a much larger polarizability than
calcium. This is likely due to the polarizability of the many
electrons in full outer-core shells. Strontium and barium
centered dihalide molecules are angular.
In the other series of molecules we observe angular

molecular geometries in which there is an intermediate
electron transfer. In these cases, bond angles follow bond
angle trends that are predicted by the extended Debye
polarizability model for the chemical bond angle,32 implying
that our present findings serve as a further validation of this
model. It also shows that a qualitative understanding of bond
angle trends is possible by just using classical electrostatics. A
rationalization of bond angle trends is possible in neutral
symmetric triatomic molecules without performing computa-
tions, just using the information about atomic polarizabilities
from the periodic table. When excess or lack of electrons is
located on the center atom in anions and cations, respectively,
we anticipate that bond angles in anions are smaller in general,
and in cations they are larger, compared to the neutral
molecule. By the same reasoning excited states may have a
sharper angle when charge is transferred from the outer atoms
to the central atom, as for example occurs in the lowest excited
states of CO2.
In summary, we identified bond angle trends by looking into

experimental bond angles and where they are not available by
optimizing the geometries of symmetric A2B molecules at the
full valence CASSCF/CASPT2 level for the main group
elements up to the sixth period. The dominant bond angle
trend we identified is connected to the inverse relation
between the molecular angle and the polarizability volume of
the central atom B. The molecular angle becomes smaller
when, for a given atom A, in a series of A2B molecules, atom B
is taken from the same group but from a higher period of the
periodic table. The angle becomes larger in a series of A2B
molecules if, for a given atom B, a more polarizable atom A
(from a higher period) is taken. This is the second bond angle
trend we found. Difficult cases include the angular thallium and
indium centered A2B molecules. They have a larger angle than
we expected from their low position in the periodic table
because, generally, the atomic polarizability is larger for same
group elements in higher periods. We pointed out that the
experimental polarizability of thallium is smaller than that in
indium, which offers an explanation for our results. According
to Fleig,53 relativistic effects in group 13 atoms decrease the
polarizability. Relativistic effects are negligible for the light
elements B and Al, become significant for Ga and In, and are
large for Tl. We found no experimental angles for thallium or
indium dihydrides and dichalcogenides. We reported bond
angles at potential energy minima and it should be noted that

the zero-point vibrations also change the bond angle and these
bond angle changes are rather different for different molecules.
To give an indication for a few relevant molecules, we estimate
the classical amplitude of the bending mode at the CASPT2
level of theory. The amplitudes are ±13° for H2O, around ±6°
for NO2, NS2, NSe2, and PO2, around ±4° for O3, S3, and SO2,
and ±11° for InH2 and TlH2. Compared to optimal angles
obtained at the CASSCF level, the effect of the inclusion of
dynamical correlation through CASPT2 is negligible for small
molecules. However, for some larger molecules the effect is
significant. For example, in barium dihalides some CASPT2
bond angles are 10° smaller compared to the CASSCF angle.
In our experience, the polarizability of the electron density is
often not described sufficiently accurate at levels of theory in
which little dynamic electron correlation is recovered. From
our bond angle model it follows that a poor description of the
polarizability around an atom causes a too large angle. For the
chalcogen centered (2−16−2) molecules Mg2S...Ba2Po the
inclusion of a dynamical correlation has a profound effect on
the molecular geometry. These molecules are angular at the
CASSCF level, but at the CASPT2 level of theory these
molecules adopt a triangular optimum conformation.
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