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Abstract Quantum chemical calculations were used to an-
alyze the chemical bonding and the reactivity of phosphorus
oxides (P4O6+n (n00–4)). The chemical bonding was stud-
ied using topological analysis such as atoms in molecules
(AIM), electron localization function (ELF), and the reac-
tivity using the Fukui function. A classification of the P-O
bonds formed in all structures was done according to the
coordination number in each P and O atoms. It was found
that there are five P-O bond types and these are distributed
among the five phosphorus oxides structures. Results
showed that there is good agreement among the evaluated
properties (length, bond order, density at the critical point,
and disynaptic population) and each P-O bond type. It was
found that regardless of the structure in which a P-O bond
type is present the topological and geometric properties do
not have a significant variation. The topological parameters
electron density and Laplacian of electron density show
excellent linear correlation with the average length of P-O
bond in each bond type for each structure. From the Fukui
function analysis it was possible to predict that from P4O6

until P4O8 the most reactive regions are basins over the P.
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Introduction

Knowledge of the chemistry of phosphorus oxides (P4O6+n

(n00–4)) as well as the nature of chemical bonding, stability
and reactivity is important in order to understand their
polymerization processes [1, 2], to improve their technolog-
ical applications as a basis in zeotypes, glasses, or semi-
conductors and the formation of ozonide from phosphorus
oxides [3, 4].

Phosphorus oxides are formed during combustion reac-
tions of elemental phosphorus or substances where phos-
phorus is present. P4O6 called tetraphosphorus hexoxide is
formed by heating of white phosphorus in the presence of a
limited amount of oxygen, and P4O10 which is called tetra-
phosphorus decaoxide is formed under the same conditions
but with oxygen in excess [5]. During thermal processes,
these oxides can generate stable intermediates such as P4O7,
P4O8 and P4O9 [6].

These structures have been experimentally characterized
by electron diffraction, X-ray diffraction, IR and Raman
spectroscopy [7–9]. From X-ray studies a type cage struc-
ture for these oxides has been determinated [10]. From IR
and Raman spectroscopy analysis different frequencies have
been found. However, the assignation of these vibrational
modes is limited. For this reason, in the last years, the
characterization of these structures have been done using
electronic structure methods such as density functional the-
ory (DFT) [7, 11, 12]. For example, Carbonniere and Pou-
chan [5], used a DFT anharmonic approach to obtain the
vibrational spectrum of P4O6 and P4O10. Valentim et al.
[10], studied the vibrational spectrum of (P4O6+n (n00–4))
to characterize changes in the binding properties in these
series of oxides. Mowrey et al. [11] used ab-initio methods
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to calculate optimized molecular geometries and the vibra-
tional frequencies for the interpretation of the infrared spec-
tra for P4O6 and P4O10.

To the knowledge of the authors, a detailed analysis
of the chemical bonding as well as the reactivity of
each one of these structures have not been discussed
in the scientific literature. In this study, we characterized
theoretically the phosphorus oxides (P4O6+n (n00–4)),
using electronic structure methods. A topological analy-
sis (atoms in molecules (AIM), electron localization
function (ELF), and Fukui function) was focused on
the different bonds type (P-O) in all phosphorus oxides
structures.

Computational details

To determine the theoretical model and basis set, the
phosphorous oxide (PO) molecule was chosen for the
preliminary calculations, and the results were compared
with experimental and computational data reported in
the literature [13]. Bond lengths, frequencies, dipole
moments, ionization potential and electron affinity were
determined using different theoretical models and basis
sets. Table 1 shows the data calculated at different
theoretical models and basis sets for the PO molecule.

In all cases the results obtained with the basis aug-cc-
pcvtz are the closest to the experimental values. Com-
paring the results using B3LYP/aug-cc-pcvtz with the
experimental results the differences are 0.2 %, 1.9 %,
3.6 %, and 5.5 % for bond distance, vibrational fre-
quency, ionization potential and electron affinity, respec-
tively. Also, comparing these results with a more
correlated theoretical model and a larger basis set
(CCSD (T) / aug-cc-pvqz), it is observed that the var-
iations of the above properties are between 0.4 % and
4.4 %. This suggests that the model B3LYP/aug-cc-
pcvtz can satisfactorily describe the electronic properties
of phosphorus oxides without a high computational cost.

Considering that there are not significant changes, the
data shown in this work were calculated using the
B3LYP model and the aug-cc-pcvdz basis set. All the
calculations were carried out using the Gaussian 03
software package.

Topological analysis

In order to analyze the chemical bonding and reactivity of
the systems investigated; we used of the electron localiza-
tion functions (ELF), atoms in molecules theory (AIM), and

the condensed Fukui function f �=þ
Ff

� �
.

Table 1 Optimized distances
(re), frequencies (ω), dipole
moment, (μ), ionization poten-
tial (IP), and electron affinity
(EA)

a,b Reference [14], c Reference
[15], d Reference [16], e Refer-
ence [17], f Reference [13]

Theory level/basis sets re (Å) ω (cm−1) μ (debye) IP (eV) EA (eV)

HF

6–311g(d,p) 1.448 1416.41 2.72 8.14 0.310

6–311++g(d,p) 1.449 1407.96 2.79 8.27 0.660

cc-aug-pcvdz 1.471 1356.23 2.50 8.40 0.730

cc-aug-pcvtz 1.441 1435.76 2.38 8.29 0.608

B3LYP

6–311g(d,p) 1.492 1235.45 2.20 8.57 0.764

6–311++g(d,p) 1.492 1232.67 2.33 8.71 1.165

cc-aug-pcvdz 1.512 1194.07 2.08 8.78 1.228

cc-aug-pcvtz 1.480 1256.45 2.03 8.69 1.152

PW91PW91

6–311g(d,p) 1.507 1055.19 1.98 7.36 2.216

6–311++g(d,p) 1.508 1054.22 2.12 7.51 2.518

cc-aug-pcvdz 1.528 1093.63 1.89 8.66 1.213

cc-aug-pcvtz 1.495 1207.57 1.84 8.71 1.240

MP2

6–311g(d,p) 1.468 3761.59 2.81 7.57 0.036

6–311++g(d,p) 1.473 3185.92 2.91 7.75 0.519

cc-aug-pcvdz 1.543 1355.42 2.88 8.11 0.911

cc-aug-pcvtz 1.493 1298.66 2.66 8.18 0.930

CCSD(T)f 1.487 1229.00 2.63 8.36 1.103
cc-aug-pvqz

Exp 1.476a 1233.37b 1.88±0.07c 8.39±001d 1.092e
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Electron localization function

The value of ELF at any point in space is calculated from the
kinetic energy associated with ρ(r) at that point and is scaled
to range from 0 to 1. Regions where the ELF has higher
values (> 0.5) tend to be associated with electron pairs, such
as bonds, lone pair, and core electrons. For the purpose of
the current study, it is useful to examine isosurfaces in the
ELF distribution corresponding to such higher ELF values
and to identify the locations of the regions or “basins” (a
basin is the volume of space enclosed by an isosurface of
specified value) that can be related to “electron pairs,” and
hence to bonds. The electron population in each basin can
be integrated, and the resulting value is related to the chem-
ical understanding of any bond associated. The (ELF) of
Becke and Edgecombe were calculated using the TopMod
[18] programs set and visualized with the MOLEKEL 5.3
program [19].

Atoms in molecules (AIM) analysis

The topological analysis was proposed by Bader in his
theory, quantum theory of atoms in molecules [20]. It per-
mits us to analyze the nature of the bond formed in the
molecule or complex. This can be implemented through the
study of electron density-based topological parameters, such
as the values of the electron density and its Laplacian at the
bond critical points (BCP).

A BCP (point corresponding to ∇ρ(r)00) is found be-
tween each pair of nuclei, which is considered to be linked
by a chemical bond. The bond ellipticity defined in terms of
the two negative curvatures as ε0(λ1/λ2–1) reflects the de-
viation of the charge distribution of a bond path from axial
symmetry, thus providing a sensitive measure of the suscep-
tibility of a system undergoing structural changes.

The Laplacian of the electron density (∇2ρ(r)) indicates if
the electron density is locally concentrated (∇2ρ<0) or de-
pleted (∇2ρ>0). A negative value of ∇2ρ(r) at the BCP or
high values of ρ(r) are associated to the covalent character of
bond, indicating sharing of electrons and is known as shared
interactions. A positive value of ∇2ρ(r) at the BCP or low
ρ(r) values (< 0.1 atomic units), implies closed-shell type
interactions found in ionic bonds, hydrogen bonds, and van
der Waals molecules. Molecular graphs (sets of bond paths,
BPs, which are lines of maximum ρ linking the nuclei
arrangement in stable structures) of phosphorus oxides
(P4O6+n (n00–4)) were obtained using the MORPHY 98
program [21].

Wave functions (as the only input information re-
quired for the topological analysis) were calculated with
the same approach used for the optimization and fre-
quency calculations. The topological properties evaluated

were: electron density ρ(r), Laplacian ∇2ρ(r) and bond
ellipticity (ε) at bond critical point (BCP) of the bond
paths representing the formation of each type of P-O
bonds in phosphorus oxides.

Fukui function

In the density-functional theory approach to phenomenolog-
ical chemical reactivity theory (chemical DFT) [22–25], the
reactive site of an acceptor of electrons is associated with a
large positive value of the Fukui function [26, 27].

f þðrÞ ¼ @ρðrÞ
@N

� �þ

vðrÞ
¼ ρNþ1ðrÞ � ρN ðrÞ ð1Þ

The superscript “+” on the derivative indicates that the
derivative is taken from above; this is essential because the
derivative from above and the derivative from below,

f �ðrÞ ¼ @ρðrÞ
@N

� ��

vðrÞ
¼ ρN ðrÞ � ρN ðrÞ ð2Þ

are not equal when the number of electrons is an integer,
owing to the derivative discontinuity of the energy [28, 29],
density, and other molecular properties [30, 31]. Similarly,
the Fukui function from below is the key regioselectivity
indicator for donor of electrons.

The link between the chemical DFT description and the
frontier MO theory description is clear when one approx-
imates the Fukui functions using the frontier molecular
orbitals [32, 33],

f �ðrÞ ¼ ;HOMOðrÞj j2 f þðrÞ ¼ ;LUMOðrÞj j2 ð3Þ
These approximations are sufficient except for the seem-

ingly rare cases where orbital relaxation effects are impor-
tant [34–36]. When the highest occupied molecular orbital
(HOMO) or lowest unoccupied molecular orbital (LUMO)
belongs to a degenerate irreducible representation of the
cluster´s point goup an average over the set of degenerated
orbitals is used [37–39].

Associated to the Fukui function there is a gradient vector
field, ∇f(r). This field is characterized by so-called critical
points, where ∇f(r)0(0,0,0). They represent local maxima,
minima and saddle points of f(r). From a Hessian matrix, H(f
(rc)), analysis associated to each critical point define four
different types of nondegenerate critical points: attractor (3,
−3), repellor (3, 3), and saddle points (3, 1) and (3, −1). A
basin, roughly speaking is a region of the space, Ω, given by
all points whose gradient paths end at the same attractor.
The integral of the Fukui function in each basin, fk, is a
measure of the “abundance (population)” of the Fukui func-
tion around the attractor k. The topological analysis of the
Fukui function was been recently proposed [40–42] and
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probed and has proven to be a useful tool to describe
reactivity of classic [43–45] and exotic chemical systems.

The f �=þ
Ff condensed Fukui function has been evaluated

using DGrid 4.4 set of programs [46].

Results and discussion

Geometric parameters

The geometric parameters of diphosphorus oxides were
evaluated to have a first approach to tetraphosphorus oxides.
Diphosphorus oxides studied were P2O, P2O2, P2O3, P2O4,
P2O5 [12]. Singlet and triplet multiplicities were evaluated.
The results concerning the isomers and relative energies,
with reference to the most stable structure of diphosphorus
oxides can be found in Table S1 in the Supplementary
material.

The geometric parameters of diphosphorus oxides are
discussed in order of increasing the number of oxygen
atoms from P2O to P2O5 (see Table S2 in Supplementary
material where the geometric parameters from more stable
diphosphorus oxides can be found). The P2O and P2O2

structures have one and two dimensions, respectively. From
P2O3 to P2O5 three dimension structures are more favorable,
and the formation of the P-O-P oxo-bridged bond is favor-
able instead of P-P bond formation. With the increasing of
oxygen atoms in each structure the P-P bond begins to
weaken, this observation is in agreement with the P-P bond
lengths, from 1.89 Å for P2O and 2.12 Å from P2O5.

The initial structures of phosphorus oxides (P4O6+n (n00
–4)) were taken from experimental data reported in the
literature [6, 7]. Harmonic vibrational frequencies of these
structures were calculated at the same level of theory and
were subsequently performed on the geometry optimized
structures corresponding to stationary points on the potential
energy surface to verify that an energy minimum has been
achieved (i.e., no imaginary frequencies).

Figure 1 and Table 2 show the optimized structures and the
geometric parameters of tetraphosphorus oxides, respectively.
The results show that the computational results are in good
agreement with the experimental available data. It can be
observed that according to the coordination number of phos-
phorus and oxygen atoms different kinds of P-O bonds can be
found. P4O7 and P4O8 structures are those with greater P-O
bonds variability. The bond length for each type of bond is
independent of the oxygen atoms number in the structure, for
example, PIII-Oc length is around 1.47 Å for all of these
structures: P4O8, P4O9 and P4O10. It is noteworthy that the
geometric model found in P4O6 (Fig. 1), is the structural basis
for the formation of other tetra-phosphorus oxides, having as
the main unit the P4 tetrahedron and the oxygen atoms serving
as a bridge to join each phosphorus atom. This model is in
accordance with the results found by Engels et al. [2], where
for oxygen-rich compounds P4On (n04–6) the stability of the
P-O-P unit in comparison to the stability of one P-P single and
one terminal P0O double bond, determines the structures of
the energetically most favorable isomers. Similarly, as the
number of oxygen atoms increases the number of phosphorus
atoms with coordination number of 3 decreases and the

Fig. 1 Structures optimized
with B3LYP theory level and
aug-ccpvdz basis set for P4O6,
P4O7, P4O8, P4O9 and P4O10.
Oa, Ob and Od are bridging ox-
ygen between PIII/PIII , PIII/PV

and PV/PV, respectively; Oc is in
a terminal position

2060 J Mol Model (2013) 19:2057–2067



coordination number of 5 increases, therefore the P4O6 has no
phosphorus atoms with coordination number of 5 and the P4O10

has no phosphorus atoms with coordination number of 3.

Electronic properties

The calculated electronic properties were: ionization poten-
tial and HOMO-LUMO gap.

The ionization potential was calculated by the finite
differences between the energy of the neutral and cat-
ionic specie (cation in the geometry of the neutral
structure) and the Koopman approximation.

IP PnOmð Þ ¼ E PnOm
þð Þ � E PnOmð Þ

IP PnOmð Þ � EHOMO PnOmð Þ

The HOMO-LUMO gap for tetraphosphorus and diphospho-
rus oxides was calculated using the frontier orbitals energies:

GAP ¼ EHOMO PnOmð Þ � ELUMO PnOmð Þ

where EHOMO indicates the highest occupied molecular orbital
energy and ELUMO the lowest unoccupied molecular orbital
energy.

Figure 2 and S1 in the Supplementary material show the
ionization potential and the HOMO-LUMO gap for tetraphos-
phorus and diphosphorus oxides, respectively. It can be seen

that by increasing the number of oxygen atoms, the ionization
potential and HOMO-LUMO gap also increase for both
diphosphorus and tetraphosphorus oxides. In the case of
diphosphorus there is an exceptionwith P2O2 structure in which
both the ionization potential and HOMO-LUMO gap
decreases. This could be due to the fact that it presents triplet
multiplicity. Therefore, there are unpaired electrons and hence
the structure requires less energy to donate them with respect to
a closed shell where there are paired spins and the ionization
potential is greater.

The order from low to high ionization potential for the
tetraphosphorus oxides is: P4O6<P4O7<P4O8<P4O9<P4O10.
This order could be explained by the fact that the addition of
an electronegative element in the compound more strongly bind
the electrons and thus make it more difficult to ionize. The same
trend is observed in the increase in theHOMO-LUMOgapwhen
moving from P4O8 to P4O9. Large gaps are indicative of stability,
and then this indicates that the P4O9 and P4O10 are much more
resistant to the transfer of electrons than smaller systems.

Bonding and local reactivity analysis

Natural bonding orbital (NBO)

Table 3 presents the charges and bond orders calculated by
population analysis (NBO) and electronic configuration for
tetraphosphorus oxides.

Table 2 Geometric parameters
of tetraphosphorus oxides calcu-
lated with B3LYP/ aug-cc-pcvdz

PIII and PV correspond to phos-
phorus atoms in 3 and 5 coordi-
nation number, respectively.

Oa , Ob and Od are bridging ox-
ygen between PIII/PIII , PIII/PV

and PV/PV, respectively;

Oc is in a terminal position.

Experimental data [7]: P4O7,
P4O8 and P4O9

Experimental data [5]: P4O6 and
P4O10

Structure Bond lengths (pm) Bond angle Experimental data

P4O6 PIII-Oa: 169.8 PIII-Oa-P
III: 126 PIII-Oa: 163.8

Oa-P
III-Oa : 100 PIII-Oa-P

III: 126.7

Oa-P
III-Oa : 99.8

P4O7 PIII – Oa: 169.5 PIII-Oa-P
III: 126 PIII – Oa: 164.4

PIII – Ob: 171.1 Oa-P
III-Oa : 100 PIII – Ob: 168.4

PV – Ob: 164.5 PIII-Ob-P
V: 124 PV – Ob: 159.5

PV – Oc: 147.9 Ob-P
V-Oc: 115 PV – Oc: 145.0

P4O8 PIII – Oa: 169.2 PIII-Oa-P
III: 127 PIII – Oa: 163.3

PIII – Ob: 170.8 PIII-Ob-P
V: 124 PIII – Ob: 166.8

PV – Ob: 164.5 Ob-P
V-Oc: 116 PV – Ob: 157.6

PV – Oc: 147.6 Ob-P
III-Ob: 99 PV – Oc: 141.4

PV – Od: 165.5 PV-Od-P
V: 123

Ob-P
V-Od: 102

P4O9 PIII – Ob: 170.5 PIII-Ob-P
V: 124 PIII – Ob: 166.1

PV – Ob: 164.5 Ob-P
V-Oc: 117 PV – Ob: 160.5

PV – Oc: 147.3 Ob-P
III-Ob: 100 PV – Oc: 141.8

PV – Od: 165.5 PV-Od-P
V: 123

Ob-P
V-Od: 102

P4O10 PV – Oc: 147.2 Ob-P
V-Oc: 116 PV – Oc: 142.9

PV – Od: 165.4 PV-Od-P
V: 123 PV – Od: 160.4

Ob-P
V-Oc: 116.5

PV-Od-P
V: 123.5

J Mol Model (2013) 19:2057–2067 2061



As expected, independent of the structure there was not
variation in the bond order for each type of bond, which
agrees with the observation at the geometric parameters. The
bond orders between PIII-Oa, P

III-Ob, P
V-Ob and PV-Od vary

from 0.64 to 0.69 which indicates an approach to single
bonds. The PV-Oc bond type, present from P4O7 to P4O10

structures, has a bond order value that varies from 1.36 to
1.43 which corresponds approximately to a double bond,
which suggests a stronger bond. Regarding the charges, it
can be seen that the negative charges are on the oxygen
atoms and the charge on the phosphorus III atoms is less
than the charge on the phosphorus V atoms, which is due to
the presence of more oxygen atoms.

From an overview of the electronic configuration, for all
tetraphosphorus oxides structures could be said that there is
a decreasing at the electronic population of p orbitals of
phosphorus atoms and there is an increasing at the electronic
population of p orbitals of the oxygen atoms. It could
suggest that bond formation takes place by electron density
displacement from the phosphorus atom to the oxygen atom.
That displacement is related to the bond type of phosphorus
atoms in each structure, where phosphorus atoms with co-
ordination number of 5 have more electron density displace-
ment than phosphorus atoms with coordination number of 3.
This could be explained by the donation of two electrons

Fig. 2 a) Ionization potential for tetraphosphorus oxides and b)
HOMO-LUMO gap (HOMO-LUMO)

Table 3 Bond orders and
charges for tetraphosphorus
oxides, calculated with B3LYP/
aug-cc-pcvdz

PIII and PV correspond to phos-
phorus atoms in 3 and 5 coordi-
nation numbers, respectively

Oa , Ob and Od are bridging ox-
ygen between PIII/PIII , PIII/PV

and PV/PV, respectively; Oc is in
a terminal position

Structure Electronic configuration

P: 3 s2 3p3 Bond order Charges NBO
O: 2 s2 2p4

P4O6 PIII: 3 s(1.55)3p(1.72) PIII-Oa: 0.6781 PIII: 1.67007

Oa: 2 s(1.78)2p(5.29) Oa: -1.11354

P4O7 PV: 3 s(0.76)3p(1.55) PIII – Oa: 0.6824 PIII: 1.68358

PIII: 3 s(1.57)3p(1.70) PIII – Ob: 0.6477 PV: 2.60523

Oa: 2 s(1.78)2p(5.29) PV – Ob: 0.6618 Oa: -1.10993

Ob: 2 s(1.77)2p( 5.28) PV – Oc: 1.3649 Ob: -1.10422

Oc: 2 s(1.82)2p( 5.14) Oc: -1.01352

P4O8 PV: 3 s(0.77)3p(1.55) PIII – Oa: 0.6869 PIII: 1.69745

PIII: 3 s (1.58)3p(1.68) PIII – Ob: 0.6535 PV: 2.59993

Oa: 2 s(1.78)2p(5.29) PV – Ob: 0.6637 Oa: -1.10555

Ob: 2 s(1.77)2p(5.28) PV – Oc: 1.3867 Ob: -1.09916

Oc: 2 s(1.82)2p(5.13) PV – Od:0.6334 Oc: -1.00068

Od: -1.09120

P4O9 PV: 3 s(0.77)3p(1.56) PIII – Ob: 0.6595 PIII: 1.71201

PIII: 3 s(1.58)3p(1.66) PV – Ob: 0.6652 PV: 2.59419

Ob: 2 s(1.77)2p(5.27) PV – Oc: 1.4090 Ob: -1.09321

Oc: 2 s(1.82)2p(5.11) PV – Od: 0.6369 Oc: -0.98621

Od: -1.08545

P4O10 PV: 3 s(0.77)3p(1.56) PV – Oc: 1.4296 PV: 2.59054

Oc: 2 s(1.82)2p(5.10) PV – Od: 0.6406 Oc: -0.97241

Od: 2 s(1.77)2p(5.26) Od: -1.07878

2062 J Mol Model (2013) 19:2057–2067



from the phosphorus Vatom to the oxygen (Oc), where three
available phosphorus electrons are used for the formation of
the oxo-bridged bond (Oa, Ob and Od) and two electrons are
donated to the oxygen for the formation of the PV-Oc termi-
nal bond. In agreement with this observation, there is no
expansion of the valence shell of the phosphorus V atom to
form five bonds. The charge displacement agrees with the
NBO analysis where the electron density is on the oxygen
atoms.

Atoms in molecules analysis (AIM)

The calculated values of electron density (ρ), Laplacian of
electron density (∇2ρ), and ellipticity (ε) at BCP of each
bond type in tetraphosphorus molecules are presented in
Table 4. The complete set of molecular graphs for the
tetraphosphorus oxides are shown in Fig. 3. P4O7 molecule
in Fig. 3 is used to display an example of ring critical point
(RCP), bond critical point (BCP) and bond path (BP) as
expected topological characteristics besides the nuclear
positions according to the adopted geometry for that
structure.

In the present study the value of ρ and ∇2ρ varies from
0.1342–0.2278 to 0.4110–1.6013 a.u, respectively. It can be
seen that there are no variations for these properties in each
type of bond for the different tetraphosphorus oxides struc-
tures, and these results are in agreement with the results
shown in previous sessions. Comparing the electron density
(ρ) at the BCP from one type of bond to another in tetra-
phosphorus oxides, it could be related to bond order. PIII-Oa,
PIII-Ob, P

V-Ob, P
V-Od bonds provide prototypes of a single

bond (ρ ∼0.15 a.u) while PV-Oc bond has character of a
double bond (ρ ∼0.22 a.u). It can be seen ρ increases for the

last ones and that ∇2ρ becomes increasingly more positive.
These two factors lead to the conclusion that the extent of
charge accumulation between the nuclei increases with the
bond order, or assumed number of electron pair bonds [47].
It is expected that strong bonds like PV-Oc (1.47 Å) are
usually associated with high electron density values indicat-
ing higher structural stability. This could give us an idea that
the structure of tetraphosphorus oxide which is more stable
is P4O10 which has a larger quantity of PV-Oc bonds.

Furthermore, we have been able to establish a correlation
between the P-O bond distances in each type, electron
density (ρ) and Laplacian of electron density (∇2ρ). The
curves corresponding to the correlation fit are shown in
Fig. 4. The correlation between bond length and electron
density is inverse, that is, an increase in bond length corre-
sponds to a decrease in the electron density, which is
expected, since an increase in distance results in reduced
orbital overlap and hence, low electron density along the
bond. The P-O bond length and the Laplacian correlation is
also inverse and analogous to electron density. The correla-
tion coefficient value for the electron density and its Lap-
lacian with P-O bond distance are: 0.994 and 0.995,
respectively.

Electron localization function (ELF)

Figure 5 presents the domains with high ELF values and the
presence of lone pairs monosynaptic valence basins located
at each O atom.

Table 5 shows the monosynaptic and disynaptic popula-
tion analysis for tetraphosphorus oxides. For monosynaptic
basins the electronic population varies from 5.93 to 6.27 for
P4O7 and P4O10, respectively, in the type c oxygen (Oc).

Table 4 Topological analysis of
electron density (ρ), laplacian of
electron density (∇2ρ), and el-
lipticity (ε) calculated using
B3LYP/aug-cc-pcvdz

Molecule Type of bond R(Å) ρ(r) ∇2ρ(r) ε

P4O6 PIII-Oa 1.698 0.13849 0.45137 0.09235

P4O7 PIII-Oa 1.695 0.13901 0.46051 0.08793

PIII-Ob 1.711 0.13420 0.41101 0.08730

PV-Ob 1.645 0.15442 0.65898 0.01787

PV-Oc 1.479 0.22409 1.56289 0.00002

P4O8 PIII-Oa 1.697 0.13801 0.45541 0.08443

PIII-Ob 1.708 0.13497 0.42201 0.08974

PV-Ob 1.645 0.15462 0.65890 0.02075

PV-Oc 1.476 0.22552 1.58072 0.00305

PV-Od 1.657 0.14980 0.61324 0.02465

P4O9 PIII-Ob 1.705 0.13572 0.43123 0.09012

PV-Ob 1.645 0.15465 0.65439 0.02245

PV-Oc 1.473 0.22682 1.59561 0.00180

PV-Od 1.655 0.15023 0.62031 0.02218

P4O10 PV-Oc 1.472 0.22780 1.60126 0.00010

PV-Od 1.654 0.15061 0.62774 0.01867
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This increase could be due to the increase of phospho-
rus V atoms, with increasing the number of oxygen
atoms in the structures.

From the data obtained by ELF, it can be said that
the bond from these systems is covalent, as evidenced
by the formation of disynaptic basins between the P-O
bonds. Table 5 shows that the electronic population
values for the disynaptic basins for the bonds PIII-Oa

and PIII-Ob are in the range of 1.29–1.44 and for the
bonds PV-Ob, PV-Oc and PV-Od the values vary from
1.45 to 2.06 electrons, the values for bonds with phos-
phorus III are lower due to the reduced availability of
electrons of this atom. Similarly, it can be observed that
the terminal bonds of tetraphosphorus oxides have
greater strength than the bonds of the bridge type. This
is in agreement with the results obtained from NBO.

The values obtained by the ELF analysis for different
P-O bonds provide an indication of the reactivity of
each phosphorus oxide. Higher values in disynaptic
basins indicate stronger bonds between two atoms, in
this case phosphorus and oxygen. As the electronic
population value for the disynaptic basin decrease the
P-O bond starts to become weaker. Therefore, P-O
bonds with smaller values for the disynaptic basin have
higher reactivity that those with higher values for the
disynaptic basin.

With the reported values in Table 5 for the disynaptic
basins it is possible to infer that the breaking of the
bridge type bonds (PIII-Oa, P

III-Ob, P
V-Ob and PV-Od) is

more feasible than the breaking in the terminal bond
(PV-Oc). Moreover, the structures diminish their reactiv-
ity as they increase the number of oxygen atoms. This

Fig. 3 Molecular graphs of
tetraphosphorus oxides.
Topological terminology: RCP:
ring critical point. BCP: bond
critical point. BP: bond path

Fig. 4 (a) The correlation between electron density (ρ(r)) at bond
critical point and the average length of P-O bond in each bond type
for each structure. (b) The correlation between the Laplacian of the

density (∇2ρ(r)) at bond critical point and the average length of P-O
bond in each bond type for each structure
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can be explained by the stronger strength acquired by
bridge type bond when forming the bond with phospho-
rus atoms in coordination number 5 which have more
electrons available for bond formation.

Condensed Fukui function

The results from the topological analysis of the Fukui
function are show in Fig. 6. As previously described in
the methodological section, this methodology allows the
determination of molecular regions with chemical mean-
ing. These regions are represented by adequate isosur-
faces (in Fig. 6) with the corresponding Fukui
condensed values. The interpretation is that regions
(Fukui basins) with highest condensed values should
be the most reactive regions susceptible (in this case)
to electrophilic attack.

For the P pure cluster (P4) considered in this study,
the topological analysis provides 12 equivalent basins,
distributed in pairs over the bonding P-P region. There-
fore, the Fukui function predicts that this cluster should
be more reactive in the bonding regions. For P4O6, the
situation changes, four equivalent basins with character-
istics of lone pairs located over each P atom are ob-
served. Additionally 12 equivalent basins distributed in
pairs over each O atom are shown. However, these
regions are less reactive in terms of their small values

Fig. 5 Representation of ELF
localization domains. The
isosurface values are 0.75, 0.82,
and 0.85

Table 5 Population analysis by the electron localization functions
(ELF), for tetraphosphorus oxides

Population basin P4O6 P4O7 P4O8 P4O9 P4O10

Monosynaptic

(Oa) 5.03 5.10 4.94

(Ob) 4.93 4.99 4.98

(Oc) 5.93 5.95 5.93 6.27

(Od) 4.99 4.99 4.93

(PIII) 2.30 2.30 2.29 2.30

Disypnaptic

(PIII-Oa) 1.33 1.40 1.44

(PIII-Ob) 1.29 1.34 1.34

(PV-Ob) 1.52 1.58 1.56

(PV-Oc) 2.06 2.06 2.04 2.02

(PV-Od) 1.48 1.45 1.49
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(0.030) compared with the condensed values over the P
basins (0.150).

The following cluster, P4O7, can be seen as the result
of adding an oxygen atom over one of the P atoms in
P4O6, this structural relationship is also manifested in
the Fukui function topology, where one of the lone pair-
like basins is replaced by a basin centered over the O
atom, specifically, the O which is added on the region
of the P lone pair. It is important to remark, that the
most reactive regions are basins over the P, this reac-
tivity behavior continues in P4O8, the Fukui function
describes the P atoms as the most reactive regions on
the cluster, but there are some differences in the topol-
ogy of this function.

The reactivity regions are distributed over the P atoms
which present a lone pair, but the Fukui-basins do not
have lone-pair shape, rather bonding-like shape. Another
interesting change is that terminal O in this cluster
presents very small reactivity. The local reactivity trend
changes in the P4O9 cluster, in this case an unexpected
result is present, one P atom with a lone pair, which is
unreactive in terms of the Fukui description. Finally, in
the cluster P4O10, the local reactivity could be rational-
ized as if the lone-pairs basin in P4O6 had migrated
toward O which are placed over the lone pair regions
to form the P4O10 cluster. In general, we can conclude
that, despite the existence of structural relation between
the studied clusters (P4O6-P4O10), the relationship be-
tween local reactivity is not obvious. Therefore, this
study shows that even in these small set of P-O based
clusters, the local reactivity could drastically change,

which should be taken with caution in the studies that
involves the reactivity of these kinds of systems.

Conclusions

According to the coordination number of P in the phospho-
rus oxides (P4O6+n (n00–4)) it was possible to find different
kinds of P-O bonds. These different kinds of bonds were
characterized using several topological analysis. From the
results it can be seen that each type of bond is independent
of the oxygen atoms number in the structure. The topolog-
ical results for the PV-Oc allowed us to infer that tetraphos-
phorus oxide structures with more quantity of this kind of
bond could be more stable in comparison with those struc-
tures where this quantity is lower. Despite the existence of
structural relation between the studied clusters (P4O6+n (n0
0–4)), the relationship between local reactivity is not obvi-
ous. Therefore, this study shows that even in this small set
of P-O based clusters, the local reactivity could drastically
change, which should be taken with caution in the studies
that involve the reactivity of these kinds of systems.
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Fig. 6 Donor Fukui functions
(f -) with their corresponding
condensed values for P4On (n0
0, 6–10) global minimum
structures of singlet and triplet
configurations
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