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It is traditionally believed that the degree of covalency of chemical bonds decreases with increasing coordination num-
ber, while the degree of ionicity increases. Using Bader charge analysis and our novel definition of atomic charges
based on Wannier functions, we demonstrate that this expectation does not hold for zinc oxide (ZnO) and carbon diox-
ide (CO2). The low-pressure wurtzite phase of ZnO (with fourfold coordination of Zn and O) and the high-pressure
rocksalt phase (with sixfold coordination) exhibit nearly identical degrees of ionicity. For CO2, covalency slightly
increases in the high-pressure β -cristobalite phase (where the carbon atom is fourfold coordinated) compared to its
low-pressure molecular cubic phase (with it is twofold coordinated). Thus, contrary to common belief, the degree of
covalency of chemical bonds is governed primarily by the chemical nature of the atoms and their bonding environment,
rather than by the coordination number alone.

I. INTRODUCTION

The nature of chemical bonding in solid-state materi-
als remains a central topic in condensed matter physics
and materials science. Among all bonding types, cova-
lent bonding is uniquely directional, making the degree
of covalency strongly correlated with mechanical properties
such as hardness1 and shear modulus. Ionicity, quantified
through atomic charges, directly influences dielectric con-
stants, longitudinal-optical–transverse-optical (LO–TO) split-
ting, dipole moments, infrared spectra, and numerous other
properties. A widely accepted paradigm holds that the degree
of covalency decreases with increasing coordination num-
ber, while the ionicity correspondingly increases. This view
is intuitively justified by the non-directional nature of ionic
bonds, which favor high coordination and close-packed struc-
tures. In contrast, the classical picture of covalent bonding,
rooted in valence bond theory, assumes predominantly two-
center bonds, each involving at least one full electron pair (i.e.,
bond order of one), thereby naturally limiting the coordination
number to about four. This simplified model is often used to
rationalize trends in electronic structure, bonding character,
and macroscopic behavior.

In the present study, we re-examine this conventional as-
sumption by introducing a novel definition of atomic charges
based on the analysis of Wannier functions. Using this for-
malism, we investigate ZnO and CO2 and show that the de-
gree of ionicity is governed primarily by the intrinsic elec-
tronic properties of the constituent atoms and the stoichiom-
etry of the compound, rather than by the coordination num-
ber. Our results are supported by Bader charge analysis,
which offers a first-principles partitioning of charge density
into atomic contributions via integration over zero-flux sur-
faces, yielding a natural estimate of ionic charges. The Wan-
nier function approach, in contrast, provides a complemen-

tary perspective by constructing localized orbitals through
a unitary transformation of Bloch states. This allows the
electronic structure obtained from density functional theory
(DFT) to be expressed in terms of Hamiltonian and occu-
pancy matrices, offering a chemically intuitive framework for
bonding analysis. The combination of these two partitioning
schemes—one based on the wavefunction and the other on
total charge density—enables a more comprehensive under-
standing of bonding, capturing subtle features of electronic
structure and charge distribution often missed in traditional
models.

The contrasting bonding properties of ZnO, a wide-
bandgap semiconductor, and CO2, a prototypical molecular
solid, offer a compelling basis for comparative analysis. For
both compounds, our findings emphasize that the degree of
ionicity is determined not so much by the coordination num-
ber, but rather by the electronic properties of the constituent
atoms and the chemical character of their immediate environ-
ment. We offer a rationale for this behavior based on detailed
charge and bonding analysis. This investigation contributes
to a deeper understanding of charge distribution in complex
materials and offers new insight into the nature of chemical
bonding.

II. METHODOLOGY

To determine the contributions of ionicity and covalency to
the chemical bonds in ZnO, the Wannier function approach
was employed. This computational scheme has been success-
fully applied to investigate chemical bond properties in a se-
ries of compounds2,3. The band structure calculations were
carried out using the GGA (generalized gradient approxima-
tion)4 as implemented in the Quantum Espresso package5. All
crystal structures were fully optimized prior to further analy-
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sis. An effective Hamiltonian HDFT was constructed using the
basis of atomic-centered Wannier functions as described in
Ref.6.

Consider a binary compound AB. The chemical bonding
energy, Ebond, is defined as the difference between the total
energy of the compound per formula unit at its equilibrium
volume V0 and the sum of the energies of free atoms A and B
at infinite separation:

E0
bond = E0

AB − (E∞
A +E∞

B ). (1)

From the density functional theory (DFT) solution, we
obtain a set of electronic eigenvalues and eigenfunctions,
εα

k⃗
, |ψα

k⃗
⟩, respectively. The electron Hamiltonian is expressed

as:

Ĥ = ∑
k⃗α

|ψα

k⃗
⟩εα

k⃗
⟨ψα

k⃗
|. (2)

The corresponding density matrix operator is:

ρ̂ = ∑
k⃗α

|ψα

k⃗
⟩nα

k⃗
⟨ψα

k⃗
|, (3)

where nα

k⃗
= θ(EFermi − εα

k⃗
).

Wannier functions |Wi⟩ are derived through a unitary trans-
formation of the Bloch function set |ψα

k⃗
⟩,

|Wi⟩= ∑
k⃗α

|ψα

k⃗
⟩⟨ψα

k⃗
|ϕi⟩, (4)

where |ϕi⟩ are trial atomic wave functions. The resulting Wan-
nier functions |Wi⟩ retain the symmetry of atomic orbitals..

A basis set |Wi⟩ defined by Eq. 4 is then orthonormalized.
Wannier functions can be regarded as “natural” atomic or-
bitals for electrons in a crystal, with index i spanning atomic
quantum numbers nl (1s, 2s, 2p, etc.). While Wannier func-
tions are not uniquely defined, the projection procedure in Eq.
4 resolves this ambiguity, yielding functions most similar to
atomic orbitals.

Wannier functions |Wi⟩ from Eq. 4 are in real space rep-
resentation. Sometimes, it is useful to define the reciprocal
space representation |Wi⃗k⟩ for them,

|Wi⃗k⟩= ∑
T⃗

exp(−i⃗k · T⃗ )|Wi⟩, (5)

where T⃗ is the translation vector, i is an atomic number in the
crystal unit cell, and α is a band number.

The Hamiltonian and density matrix in the Wannier func-
tion basis are redefined as:

Ĥ = ∑
k⃗

∑
i j
|Wi⟩Ĥ k⃗

i j⟨Wj|,

ρ̂ = ∑
k⃗

∑
i j
|Wi⟩Q̂k⃗

i j⟨Wj|. (6)

The electronic energy E is then:

E = Tr(ρ̂Ĥ) = ∑
k⃗

∑
i j

Qk⃗
i jH

k⃗
ji =

= ∑
k⃗

∑
i

Qk⃗
iiH

k⃗
ii +∑

k⃗
∑

i j,i̸= j
Qk⃗

i jH
k⃗
ji. (7)

To decompose E in Eq. 7 into covalent and ionic contri-
butions, the interatomic term ∑⃗k ∑i j,i ̸= j Qk⃗

i jH
k⃗
ji = ∑i j,i̸= j Ei j

represents covalent energy, while the diagonal term ∑i Eii =

∑⃗k ∑i Qk⃗
iiH

k⃗
ii includes both covalent and ionic contributions.

By defining average energies Hi = ∑⃗k H k⃗
ii and average occu-

pancy Qi = ∑⃗k Qk⃗
ii for atom i, the ionic and covalent compo-

nents are separated as:

E ion = ∑
i

E ion
i = ∑

i
QiHi, (8)

Ecov = ∑
i j,i̸= j

Ei j +∑
i

Eii −∑
i

QiHi.

In a general case with orbital indexes L = (l,m), Eq. 7 is:

E = Tr(ρ̂Ĥ) = ∑
k⃗

∑
iL, jL′

Qk⃗
iL, jL′H

k⃗
jL′,iL (9)

= ∑
k⃗

∑
iL,iL′

Qk⃗
iL,iL′H

k⃗
iL′,iL +∑

k⃗
∑

iL, jL′
Qk⃗

iL, jL′H
k⃗
jL′,iL.

For the binary compound AB, the chemical bonding energy
[Eq. 1] is

Ebond = EAB − (E∞
A +E∞

B )

= Ecov +E ion − (H∞
A Q∞

A +H∞
B Q∞

B). (10)

The following approximation could be useful:

H∞
A = HA = ∑

k⃗

HAA,

H∞
B = HB = ∑

k⃗

HBB. (11)

Then, from Eqs. 9 and 10,

Ebond = Ecov +E ion − (HAQ∞
A +HBQ∞

B ),

E ion = E ion
A +E ion

B = QAHA +QBHB, (12)
Ecov = 2EAB +EAA −QAHA +EBB −QBHB.

Hence, the bonding energy separation is

Ebond = Ecov
bond +E ion

bond,

E ion
bond = E ion

A +E ion
B − (HAQ∞

A +HBQ∞
B )

= (QA −Q∞
A )HA +(QB −Q∞

B )HB, (13)
Ecov

bond = Ecov = 2EAB +EAA −QAHA +EBB −QBHB.

The covalent contribution to the bonding energy Ecov
bond in

Eqs. 13 and 14 contains, by definition (see Eq. 9), only off-
diagonal terms of Hamiltonian and density matrices in the
Wannier basis having atomic orbital symmetry (Eq. 6). Hence,
it directly corresponds to the usual chemical understanding of
covalent bond between atomic orbitals. However, the ionic
part is defined by contribution from diagonal terms of those
matrices minus HAQ∞

A +HBQ∞
B term. Hence, it contains not

only an ion–ion interaction in crystal but also the energy of
transferring the electrons to/from the neutral atoms forming
charged ions.
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FIG. 1. Crystal structures of ZnO in the wurtzite (left panel) and
rocksalt (right panel) phases. Gray and red spheres represent Zn and
O atoms, respectively.

Clearly, completely ionic bonding with full charge transfer
is impossible from the viewpoint of quantum mechanics, and
some degree of covalency is present even in such textbook ex-
amples of ionic bonding as NaCl. One of the main advantages
of the Wannier function–based analysis is its ability to quanti-
tatively disentangle the ionic and covalent contributions to the
total bonding energy.

III. IONICITY AND COVALENCY IN ZnO PHASES

Zinc oxide exists in two primary structural phases: the
wurtzite phase, characterized by tetrahedral coordination of
Zn and O atoms, and the rocksalt phase, featuring octahedral
coordination. At ambient conditions, the equilibrium phase
of ZnO is the wurtzite structure. However, under moderate
pressure (approximately 9 GPa), ZnO undergoes a phase tran-
sition to the cubic rocksalt structure (see Fig. 1). This behav-
ior is consistent with trends observed in other II–VI semicon-
ductors, where structural transitions toward denser configura-
tions, such as the NaCl-type lattice, are favored under pres-
sure due to enhanced interactions beyond the first coordina-
tion shell—particularly long-range Coulomb interactions.

This conventional understanding suggests that the wurtzite
phase is predominantly covalent, whereas the cubic phase is
predominantly ionic. The transition from the wurtzite to the
rocksalt phase has been extensively investigated in previous
theoretical studies using first-principles calculations7–13.

To validate our results based on Wannier function analy-
sis, we additionally performed a Bader charge analysis. This
method provides a first-principles partitioning of the elec-
tronic charge density into “atomic” contributions by integrat-
ing over volumes bounded by zero-flux surfaces in the gradi-
ent of the charge density. These regions represent the most
natural definition of atomic charges in real space. Within each
Bader volume, the charge density typically decreases from the
nucleus outward, reaching a minimum at the boundary sur-
face, and then increases again into the neighboring atomic re-
gions.

In the Wannier formalism, ionic charges are defined
through the occupancy of the corresponding Wannier func-
tions Wi, which are obtained by projecting atomic orbitals φi
onto Bloch functions (see Eq. (4)). Each Wannier function in-
cludes only a fraction xi of the original atomic orbital φi, while

the remaining electronic weight is distributed over neighbor-
ing atoms. Therefore, to recover the charge associated with
the atomic orbital φi, the occupancy of Wi must be renormal-
ized by the factor xi.

Applying this renormalization yields ionic charges of ZZn =
+1.11 for ZnO in the cubic phase and ZZn = +1.10 in the
wurtzite phase. These values are in very good agreement with
those obtained from Bader charge analysis.

The total DFT energy of the rocksalt phase of ZnO is 0.248
eV per formula unit (or 0.12 eV per atom) higher than that of
the wurtzite phase. This energy difference confirms that the
wurtzite structure, characterized by tetrahedral coordination,
is indeed the ground-state phase, whereas the cubic rocksalt
structure is metastable under ambient conditions.

The full results of the Wannier function analysis are sum-
marized in Table I.

TABLE I. Comparison of the rocksalt and wurtzite phases of ZnO.
The total pairwise covalent bonding energy, ∑Epair-bond, is calculated
as Epair-bond multiplied by 6 for the cubic phase and by 4 for the
wurtzite phase. The covalent energy fraction (CEF) is defined as
Ecov/Ebond.

Rocksalt Phase Wurtzite Phase
ZO -0.94 -0.97

Coordination 6 4
Ecov, eV/f.u. -23.73 -22.53
E ion, eV/f.u. -2.60 -3.65
Ebond, eV/f.u. -26.33 -26.18

∑Epair-bond , eV/f.u. -20.00 -20.77
CEF 90% 86%

Here, Epair-bond denotes the covalent energy of a single
metal–oxygen bond. Notably, in the tetrahedral wurtzite
phase—characterized by a shorter metal–oxygen distance
compared to the cubic rocksalt phase—each Zn–O pair ex-
hibits a stronger covalent interaction: Epair-bond = −3.2 eV in
the rocksalt phase and Epair-bond = −5.2 eV in the wurtzite
phase.

In the rocksalt structure, each zinc atom is octahedrally co-
ordinated, forming six Zn–O bonds, whereas in the wurtzite
phase, it forms only four bonds. Consequently, the total co-
valent energy summed over nearest neighbors is higher in the
wurtzite phase. However, when contributions from more dis-
tant neighbors are included, the total covalent energy in the
rocksalt phase becomes slightly larger. This can be attributed
to the denser packing in the rocksalt structure, which enhances
orbital overlap beyond the first coordination shell.

Given that Wannier functions are spatially more extended
than atomic orbitals, they tend to overestimate hybridization
with distant atoms relative to classical valence bond models
based on atomic orbitals. Nevertheless, the total covalent en-
ergy is comparable in both phases, with the wurtzite phase
gaining a slight energetic advantage due to a marginally higher
ionic contribution, as evidenced by the slightly larger ionic
charges.

This finding contradicts the conventional expectation that
ionicity should increase in the rocksalt phase due to its higher
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FIG. 2. Crystal structures of CO2 in the molecular cubic phase (left
panel) and the polymeric β -cristobalite phase (right panel). Brown
and red spheres represent carbon and oxygen atoms, respectively.

coordination number.
The Bader charge analysis supports this conclusion. For

the rocksalt phase, the computed charges are ZZn = +1.20
and ZO =−1.20, while for the wurtzite phase they are ZZn =
+1.19 and ZO = −1.19. Thus, the variation in ionicity
across the phase transition is negligible and within the margin
of computational accuracy. The Wannier function approach
yields consistent results: ZZn = +0.92 and ZO = −0.92 for
the rocksalt phase, and ZZn = +0.97 and ZO = −0.97 for the
wurtzite phase.

IV. IONICITY AND COVALENCY IN CO2 PHASES

At ambient pressure and low temperatures, solid CO2 (com-
monly known as “dry ice”) adopts a prototypical molecular
crystal structure. In this phase, the cubic Pa3̄ structure con-
sists of well-separated, linear CO2 molecules14. Upon in-
creasing pressure, CO2 undergoes a sequence of structural
phase transitions: first into the Cmna phase at approximately
10 GPa, then into a pseudotetragonal phase with P42/mnm
symmetry around 20 GPa, and finally into the β -cristobalite
phase (space group I4̄2d) above 35 GPa and 1800 K15–19.

As is typical for pressure-induced transitions, CO2 exhibits
an increase in coordination number with increasing pressure.
In the low-pressure molecular Pa3̄ phase, each carbon atom
is linearly coordinated with two oxygen atoms (twofold co-
ordination). In contrast, in the high-pressure polymeric β -
cristobalite phase, each carbon atom adopts a tetrahedral en-
vironment (fourfold coordination), as illustrated in Fig. 2. Our
objective is to determine how the atomic charges evolve dur-
ing this structural phase transition.

From the Bader charge analysis of the molecular cubic
phase of CO2, we obtained ZC = +2.14 and ZO = −1.06,
whereas in the β -cristobalite phase the corresponding values
are ZC = +1.96 and ZO = −0.98. These results indicate a
slight decrease in ionicity and a corresponding increase in co-
valency upon the phase transition, in contrast to the conven-
tional expectation that ionicity should increase with coordi-
nation number. The Wannier function analysis supports this
trend, yielding ZC = +1.85 and ZO = −0.93 for the molec-

ular cubic phase, and ZC = +1.63 and ZO = −0.81 for the
β -cristobalite phase.

The results of the Wannier function calculations are sum-
marized in Table II.

TABLE II. Comparison between the molecular cubic and poly-
meric β -cristobalite phases of CO2. The total covalent bonding en-
ergy ∑Epair-bond is obtained by multiplying the single bond energy
Epair-bond by 2 for the molecular cubic phase and by 4 for the β -
cristobalite phase, corresponding to the number of C–O bonds per
carbon atom in each structure. The covalent energy fraction (CEF) is
defined as Ecov/Ebond.

β -cristobalite Phase Molecular cubic Phase
ZO -0.81 -0.93

Coordination 4 2
Ecov, eV/f.u. -61.23 -41.90
E ion, eV/f.u. -10.03 -14.20
Ebond, eV/f.u. -71.26 -56.11

∑Epair-bond , eV/f.u. -57.91 -34.67
CEF 86% 74%

Here, Epair-bond denotes the covalent energy associated with
a single C–O bond. Notably, in the β -cristobalite phase, the
C–O bond length increases to 1.402 Å compared to 1.171
Å in the molecular cubic Pa3̄ phase. Despite this increase in
bond length, the pairwise bond energy becomes significantly
more negative: Epair-bond =−17.73eV in the molecular cubic
phase and −14.46eV in the β -cristobalite phase. Moreover,
in the β -cristobalite structure, each carbon atom forms four
bonds, as opposed to two in the molecular phase, leading to
a substantial increase in the total covalent energy. Simultane-
ously, the ionic contribution decreases due to a reduction in
the effective atomic charges, as evidenced by both Wannier
function and Bader charge analyses.

Due to the substantial spatial extension of the Wannier
functions and their pronounced delocalization onto neighbor-
ing atoms, the same formalism can be employed to estimate
covalent bonding energies not only for atoms in the first co-
ordination shell but also for those in the second and third co-
ordination spheres. In the molecular cubic phase of CO2, we
find that the covalent bonding energy Epair-bond between oxy-
gen atoms within the same O–C–O molecule is approximately
−1.60 eV. In contrast, the interaction between oxygen atoms
from adjacent CO2 molecules is significantly weaker, ranging
from −0.42 eV to −0.74 eV, depending on the mutual orien-
tation of the molecules.

Furthermore, the covalent bonding energy associated with
oxygen atoms in the third coordination sphere is nearly uni-
form, with a typical magnitude of about −0.68 eV. This
uniformity suggests that, at such distances, the interaction
strength is governed primarily by the spatial extent and sym-
metry of the overlapping Wannier functions rather than by
specific molecular arrangements. Although these long-range
contributions are weaker than nearest-neighbor interactions,
they still make a non-negligible contribution to the overall co-
hesive energy and should be considered in accurate energy
decomposition analyses.

It is important to note that the calculated bonding energy is
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not equivalent to the atomization energy, as the one-electron
energies derived from Wannier functions do not account for
the significant repulsive interactions arising from the overlap
of neighboring electron clouds. These repulsive contributions
are instead captured within the total DFT energy Etot via inte-
gration over the electron density. As a result, the magnitude of
the bonding energy components for CO2 is greater than that
for ZnO and shows a reasonable correlation with the inter-
atomic distances between oxygen and carbon or zinc atoms.

The total DFT energy of the CO2 β -cristobalite phase is
1.388 eV per formula unit higher than that of the molecular
cubic phase. This energy difference confirms that the molecu-
lar cubic phase is the thermodynamically stable ground state,
in agreement with experimental observations.

V. IONICITY AND COVALENCY IN NaCl

NaCl is a textbook example of an ionic compound. The
crystal structure of its ambient-pressure phase (“rocksalt
structure”) is characterized by sixfold coordination of Na and
Cl, while in the high-pressure CsCl-type phase coordination
is eightfold20,21. Our results are shown in Table III.

TABLE III. Comparison between the rocksalt and the CsCl-type
structures of NaCl. The total covalent bonding energy ∑Epair-bond
is obtained by multiplying the single bond energy Epair-bond by 6 for
the rocksalt and by 8 for the CsCl-type phase, corresponding to the
number of Na–Cl bonds per sodium atom in each structure. The co-
valent energy fraction (CEF) is defined as Ecov/Ebond.

CsCl-type structure NaCl-type structure
ZCl -0.79 -0.80

Coordination 8 6
Ecov, eV/f.u. -3.16 -3.18
E ion, eV/f.u. -5.31 -5.88
Ebond, eV/f.u. -8.47 -9.05

∑Epair-bond , eV/f.u. -3.06 -3.00
CEF 37% 35%

Here, Epair-bond denotes the covalent energy associated with
a single Na–Cl bond. In contrast to the CO2 case, in NaCl
Epair-bond varies with the bond length: in the NaCl-type struc-
ture, the Na–Cl bond length is 2.851 Å and the pairwise bond
energy is Epair-bond = −0.50eV, whereas in the CsCl-type
structure the bond length increases to 3.038 Å and the pairwise
bond energy becomes significantly less negative, −0.38eV.
Similar to ZnO and CO2, the degree of covalency slightly in-
creases with increasing coordination number.

VI. DISCUSSION

The commonly held expectation that lower coordination
numbers correspond to greater covalency and reduced ionicity
is based on several assumptions:

1. The assumption that covalent bonding is predominantly
characterized by two-center, two-electron bonds. This

view implies that coordination numbers exceeding four
are unfavorable for covalent bonding. However, this
perspective is overly simplistic, as demonstrated by
numerous examples in boron chemistry and boranes,
where multicenter bonding plays a key role.

2. The notion that covalent interactions are directional
while ionic interactions are non-directional, leading to
the belief that low coordination numbers are inherently
associated with covalency, whereas high coordination
numbers favor ionicity. This reasoning is flawed, as
coordination numbers in ionic compounds are primar-
ily determined by the ratio of ionic radii. Low coordi-
nation numbers can occur in ionic systems when there
is a significant size mismatch between cations and an-
ions. Conversely, high coordination numbers are also
possible in covalent systems when multicenter bonding
is taken into account.

3. Based on the correct notion that covalent bonding is
short-ranged, whereas ionic bonding is governed by
long-range Coulomb interactions, it is tempting to as-
sume that open structures with low coordination num-
bers are more likely to exhibit covalency, while dense
structures are likely to have higher Madelung constants
and display greater degree of ionicity. However, there
is nothing to preclude the presence of strong covalent
bonding in densely packed structures.

On the other hand, if one considers electronegativity as the
negative of the electronic chemical potential of an atom, it fol-
lows naturally that electrons should transfer from the less elec-
tronegative atom to the more electronegative one until their
electronegativities become equal22. Since both electronega-
tivity and its dependence on atomic charge (determined by the
chemical hardness) are intrinsic atomic properties, the atomic
charges at which electronegativities equalize should, to a first
approximation, be independent of the crystal structure.

There are also arguments supporting a decrease in ionicity
with increasing coordination number:

1. In the ionic picture, higher cation charges are associated
with smaller cationic radii. Lower coordination num-
bers, which are often observed for small cations, are
thus consistent with higher ionicity.

2. Covalent bonding at low coordination numbers leads to
a higher concentration of valence electrons in individ-
ual bonds, which can be energetically unfavorable. A
partial shift of this charge density toward the more elec-
tronegative anion increases ionicity and can enhance the
overall stability of the system.

As our results demonstrate, contrary to the conventional ex-
pectation, the degree of ionicity does not increase with coor-
dination number. In fact, in the studied cases, it slightly de-
creases.

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

02
88

83
3



6

VII. CONCLUSIONS

In this study, we employ density functional theory (DFT)
to explore the relationship between atomic coordination and
the degree of covalency in chemical bonding. Using Wannier
function-based charge partitioning, we analyze ZnO and CO2
across different structural phases and provide a refined un-
derstanding of the interplay between covalent and ionic con-
tributions. In ZnO, the wurtzite phase (with fourfold coor-
dination) exhibits slightly higher ionicity, whereas the high-
pressure rocksalt phase (sixfold coordination) demonstrates a
more pronounced covalent character, with covalent contribu-
tions accounting for 92% of the bonding energy, compared to
86% in the low-pressure phase. In CO2, covalency increases
from 74% in the molecular cubic phase to 86% in the β -
cristobalite phase under pressure. These results challenge the
conventional view that higher coordination necessarily leads
to increased ionicity. Instead, our findings indicate that bond
character is primarily governed by intrinsic atomic proper-
ties—such as electronegativity and chemical hardness—rather
than coordination number alone.
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