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� The fourth member of the compounds
POX3 with X = I was synthesized and
characterized by infrared
spectroscopy.
� The molecular structure of POX3

(X = F, Cl, Br, I) molecules were
investigated by means DFT and
ab-initio methods.
� NBO analysis was performed in order

to know the hyper-conjugative
interactions that favor one structure
over another.
� HOMO and LUMO analysis have been

performed to know global descriptors
and reactivity of the molecules.
g r a p h i c a l a b s t r a c t

Frontier molecular orbitals and HOMO–LUMO band gap for: (a) POF3, (b) POCl3, (c) POBr3, (d) POI3.
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a b s t r a c t

The fourth member of the series of compounds of the type POX3 with X = I was synthesized and
characterized by infrared spectroscopy. The geometrical parameters and vibrational properties of POX3

(X = F, Cl, Br, I) molecules were investigated theoretically by means DFT and ab initio methods. Available
geometrical and vibrational data were used together with theoretical calculations in order to obtain a set
of scaled force constants. The observed trends in geometrical parameters are analyzed and compared
with those obtained in a previous work for the VOX3 (X = F, Cl, Br, I) series of compounds. NBO analysis
was performed in order to know the hyper-conjugative interactions that favor one structure over another.
The molecular properties such as ionization potential, electron affinity, electronegativity, chemical
potential, chemical hardness, softness and global electrophilicity index have been deduced from
HOMO–LUMO analysis.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Chemistry of phosphorous halides is of special interest, if only
because it is out of phosphorous halides that the overwhelming
majority or rather almost all known at present phosphorous–
organic compounds are obtained. The molecular structure and
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the geometrical parameters of POCl3, POF3 and POBr3 were
determined previously by gas electron diffraction (GED), and
microwave spectroscopy [1–4]. Infrared and Raman spectra of
these compounds in the solid, liquid and gaseous phase and in
different noble gases matrices have been reported previously by
different authors [5–11]. Recently, a new route of synthesis have
been reported using POCl3 as row material for the production of
POX3 (X = F, Br, I) [12]. In this reaction, the POCl3 reacts with the
metallic halide in solid state in a furnace at temperatures higher
than 450 �C [12]. Sheldon et al. have reported the synthesis of
addition compounds by using metal halides such as AlCl3 with
POX3 compounds. The infrared spectroscopy was used to follow
the synthesis of these compounds because the PAO stretching
band shifts to lower frequency with respect to the pure phosphoryl
halide indicating that the bonding in the addition compounds is
through of the O atom [13].

Several authors have studied the molecular force fields of POF3,
POCl3 and POBr3 by approximate methods including Coriolis
coupling constants and isotopic displacements [5,8,14–17], but
none of them employed a quantum chemistry method as the one
we report here.

In this paper, we report the calculations of geometrical param-
eters and vibrational spectra of the phosphorus oxotrihalides as
well as other molecular properties at different levels of theory.
Natural bond orbital (NBO) analysis was also performed in order
to understand the possible hyper-conjugation interactions present
in the different compounds of the series. HOMO–LUMO analysis
was performed in order to elucidate information regarding ioniza-
tion potential (IP), electron affinity (EA), electronegativity (v),
electrophilicity index (x), hardness (g), softness (s) and chemical
potential (l). We also report the scaled molecular force fields for
POF3, POCl3 and POBr3. Moreover, we present a comparative anal-
ysis of the results obtained for these series with the ones derived
for the VOX3 (X = F, Cl, Br, I) molecules in a previous work [18].
Experimental

Synthesis

The compound POI3 was synthesized according to Kostina et al.
[19]. The reaction was performed using Methyl phosphorodiiodi-
dites (CH3POI2) with iodine in CCl4 as solvent. The compound
CH3POI2 was first synthesized by mixing stoichiometric amounts
of CH3POCl2 with LiI in CCl4 [20]. In order to prevent the hydrolysis
of the final product by atmospheric moisture, the synthesis was
made in a dry box at �20 �C using an acetone bath with liquid
N2. POI3 is a dark violet crystalline substance very soluble in CCl4

and alkyl iodides. Only IR spectroscopy was used to characterize
the compound because it is very unstable in air conditions.

FTIR spectroscopy

The room temperature (RT) infrared spectrum of POI3 in solid
state was recorded in KBr pellets in the 4000–400 cm�1 frequency
range with a Perkin–Elmer GX1 Fourier Transform infrared instru-
ment. The Raman spectrum of the substance has not been mea-
sured due to the low stability of the compound in air atmosphere.

Computational methods

Theoretical calculations were performed using the program
package Gaussian 03 [21]. Geometry optimizations were per-
formed at the MP2 [22] and DFT levels using a variety of basis sets.
Electron correlation was then considered using the MP2 approach
with the LanL2DZ, 6-31G(d), 6-311G(d,p) and 6-311++G(d,p) basis
sets [23–26]. DFT calculations were performed using Becke’s three-
parameter hybrid exchange functional [27] (B3) combined with
both the Lee–Yang–Parr gradient-corrected correlation functional
[28] (LYP) and the same basis sets as for the MP2 calculations.
The second DFT method used, mPW1PW91 [29] applies a modified
Perdew–Wang exchange functional and Perdew–Wang 91 correla-
tion functional [29]. These methods of calculation were used in
order to reproduce better the experimental results reported by
different experimental methods such as GED and microwave
measurements. A very good correlation between experimental
and theoretical geometrical parameters calculated by MP2 and
DFT methods was obtained by different molecules studied in our
group of work [30–32]. For POI3 the calculations were performed
using LanL2DZ basis sets for iodine atoms and other basis sets
for the rest of atoms. All calculations were performed using
standard gradient techniques and default convergence criteria.
The stability of the optimized geometries was confirmed by wave-
number calculations, which gave positive values for all the
obtained wavenumbers. The vibrational modes were assigned by
means of visual inspection using the GaussView 05 program [33].
A comparison was performed between the theoretically calculated
frequencies and the experimentally measured frequencies. In this
investigation we observed that the calculated frequencies were
slightly greater than the fundamental frequencies.

A natural bond orbital (NBO) calculation was performed at the
B3LYP/6-311++G(d,p) level using the program NBO 3.1 [34] as
implemented in Gaussian 03 package. This analysis were per-
formed in order to understand various second order interactions
between the filled orbitals of one subsystem and vacant orbitals
of another subsystem, in order to have a measure of the intra-
molecular delocalization of hyper-conjugation.

The molecular properties such as ionization potential, electro-
negativity, chemical potential, chemical hardness and softness
have been deduced from HOMO–LUMO analysis employing
B3LYP method with different basis sets.

Theoretical force constants matrices in cartesian coordinates
from Gaussian were transformed to symmetry coordinates through
the corresponding B matrix on the FCARTP program [35]. The
resulting force constants were scaled on the same program using
the scheme of Pulay et al. [36], in which each diagonal force con-
stant is multiplied by a scale factor fa,fb,. . . and the off-diagonal
force constants are multiplied by (fafb)1/2, in order to reproduce
the experimental wavenumbers. Potential energy distributions
were also obtained from the resulting scaled force field in order
to confirm or reassign the earlier empirical assignments.
Results and discussion

Quantum chemical calculations

Molecular geometry and structural properties
Optimized geometrical parameters for POI3 are presented in

Table 1. The geometrical parameters calculated at different levels
of theory for POF3, POCl3 and POBr3 are shown in Tables S1–S3,
respectively. A comparison between the calculated geometrical
parameters with the experimental ones using different levels of
theory and basis sets was carried out. The molecular structure of
the series of compounds with general formula POX3 are shown in
Fig. 1. According to the values calculated at MP2/6-311++G(d,p)
level, an increase in the P@O bond length is observed along the ser-
ies. The P@O bond length calculated for POF3 is 1.449 Å and the
value calculated for POI3 is 1.478 Å. For the case of POI3, the high
atomic volume of the halogen atom produces a lengthening of
the P@O bond length according to the results reported in Table 1.
This is in agreement with the experimental trend, except when



Table 1
Optimized geometrical parameters calculated with different methods and basis sets for POI3 compound.

Method Basis setsa P@O PAI IAPAO IAPAI

HF 6-31G(d) 1.448 2.465 112.8 105.9
6-311G(d,p) 1.439 2.458 113.0 105.9
6-311++G(d,p) 1.441 2.450 112.9 105.8

B3LYP 6-31G(d) 1.481 2.519 113.2 105.4
6-311G(d,p) 1.473 2.518 113.3 105.3
6-311++G(d,p) 1.475 2.508 113.2 105.5

MP2 6-31G(d) 1.491 2.496 113.1 105.6
6-311G(d,p) 1.476 2.492 113.2 105.5
6-311++G(d,p) 1.478 2.479 113.1 105.6

mPW1mPw91 6-31G(d) 1.476 2.482 113.3 105.4
6-311G(d,p) 1.467 2.481 113.4 105.2
6-311++G(d,p) 1.468 2.471 113.4 105.3

a The calculations were performed with LanL2DZ basis sets for the iodine atom and the other basis sets for P and O atoms. The RMSD values were not reported in this table
because of experimental values were not informed previously.

Fig. 1. Optimized molecular structure of the series of molecules with general
formula POX3 (X = F, Cl, Br, I).

Table 2
Second-order perturbation theory analysis of the Fock matrix for POX3 compounds
(X = F, Cl, Br, I) by the NBO method.

Interaction (donor ? acceptor)a E(2) in kcal mol�1b

POF3 POCl3 POBr3 POI3

LP O(2) ? r⁄ P(1)AX(3) 0.67 37.16 38.44 36.26
LP O(2) ? r⁄ P(1)AX(4) 0.67 38.16 38.44 36.26
LP O(2) ? r⁄ P(1)AX(5) 0.67 38.17 38.44 36.26
LP X(3) ? r⁄ P(1)AO(2) 37.26 4.57 3.48 2.93
LP X(3) ? r⁄ P(1)AX(3) 0.64 – – –
LP X(3) ? r⁄ P(1)AX(4) 5.90 6.77 5.04 3.49
LP X(3) ?r⁄ P(1)AX(5) 5.91 6.77 5.04 3.49
LP X(4) ? r⁄ P(1)AO(2 36.84 4.57 3.48 2.93
LP X(4) ? r⁄ P(1)AX(3) 5.91 6.77 5.04 3.49
LP X(4) ? r⁄ P(1)AX(4) 0.64 – – –
LP X(4) ? r⁄ P(1)AX(5) 5.91 6.76 5.04 3.49
LP X(5) ? r⁄ P(1)AO(2) 37.27 4.57 3.48 2.23
LP X(5 ? r⁄ P(1)AX(3) 5.90 6.77 5.04 3.49
LP X(5) ? r⁄ P(1)AX(4) 5.91 6.76 5.04 3.49
LP X(5) ? r⁄ P(1)AX(5) 0.64 – – –
r P(1)AX(3) ? r⁄P(1)AO(2) 90.30 7.81 8.94 9.73
r P(1)AX(4) ? r⁄ P(1)AO(2) 90.29 7.81 8.94 9.73
r P(1)AX(5) ? r⁄ P(1)AO(2) 90.27 7.81 8.94 9.73

a See Fig. 1 for atoms numbering scheme.
b E(2) means energy of hyper-conjugative interactions.
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going from the chlorine to the bromine compound, where the P@O
bond length is shorter than expected. This trend goes together with
a decrease in energy of the PAO bond, reflected in a lower
frequency of vibration for the P@O stretching mode (see below).
Considering the XAPAX bond angle, an increase was observed
along the series. For POF3, the angle calculated is 100.6� and the
value reported for POI3 is 105.6�. Similar results were reported
for the series of compounds VOX3 (X = F, Cl, Br and I) [18]. Opposite
results were observed for the XAPAO bond angles.

NBO analysis
Natural bond orbital (NBO) analysis is a useful tool for

understanding delocalization of electron density from occupied
Lewis-type (donor) NBOs to properly unoccupied non-Lewis type
(acceptor) NBOs within the molecule. The stabilization of orbital
interaction is proportional to the difference energy between the
interacting orbitals. Therefore, the interaction having strongest
stabilization takes place between effective donors and effective
acceptors. The interaction between bonding and anti-bonding
molecular orbitals can be quantitatively described in terms of
NBO approach that is expressed by means of second-order
perturbation interaction energy E(2). This energy represents the
estimate of the off-diagonal NBO Fock matrix element. The
stabilization energy E(2) associated with i (donor) ? j (acceptor)
delocalization is estimated from the second-order perturbation
approach as given below:

Eð2Þ ¼ DEij ¼ qi
F2ði; jÞ
ej � ei

ð1Þ

where qi is the donor orbital occupancy, ei and ej are diagonal ele-
ments (orbital energies) and F(i,j) is the off-diagonal Fock matrix
element.

Table 2 shows the most relevant hyper-conjugative interactions
calculated at B3LYP/LanL2DZ level for POX3 compounds (X = F, Cl,
Br and I). According to NBO analysis, the hyper-conjugative
interactions are more favored in POF3. A decrease in the hyper-
conjugative interactions was observed along the series indicating
that POI3 compound is less stable than the other compounds. As
can be seen in Table 2, the hyper-conjugative effect LP X ? r⁄

P(1)AO(2) is more pronounced in POF3 indicating that this interac-
tion is very important for the stabilization of its structure. The
interaction r P(1)AX ? r⁄ P(1)AO(2) is very high compared with
the interactions for the other compounds, indicating that this effect



Table 3
Calculated atomic charges of the series of compounds POX3 (X = F, Cl, Br, I) by natural
bond orbital (NBO) analysis.

Atomsa Atomic chargesb

POF3 POCl3 POBr3 POI3

P(1) 2.47805 1.35990 1.06008 0.79047
O(2) �0.91055 �0.80868 �0.79821 �0.79823
X(3) �0.52249 �0.18374 �0.08729 0.00258
X(4) �0.52250 �0.18374 �0.08729 0.00259
X(5) �0.52251 �0.18375 �0.08729 0.00259

a See Fig. 1 for atoms numbering.
b Calculated at B3LYP/LanL2DZ level of theory.

Table 4
HOMO and LUMO energies, HOMO–LUMO energy gap and global reactivity descrip-
tors data for POX3 molecules (X = F, Cl, Br, I) calculated at B3LYP/LanL2DZ level of
theory.

Molecular properties POF3 POCl3 POBr3 POI3

EHOMO (eV) �10.510 �9.444 �8.779 �7.934
ELUMO (eV) �1.287 �3.087 �3.894 �4.816
DEHOMO–LUMO (eV) 9.226 6.356 4.885 3.123
Ionization potential, IP (eV) 10.510 9.444 8.779 7.934
Electron affinity, EA (eV) 1.287 3.087 3.894 4.816
Electronegativity, v (eV) 5.901 6.266 6.336 6.377
Chemical potential, l (eV) �5.901 �6.266 �6.336 �6.377
Chemical hardness, g (eV) 4.613 3.178 2.443 1.561
Chemical softness, s (eV�1) 0.108 0.157 0.205 0.320
Global electrophilicity index, x (eV) 3.774 6.176 8.218 13.020
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is very important for the stabilization of the molecule. According to
the values reported in Table 2, the hyper-conjugative effects LP
O(2) ? r⁄ P(1)AX are responsible of the stabilization of POX3 com-
pounds (X = Cl, Br and I), moreover this interaction is of less impor-
tance for POF3.

The atomic charges for the series of compounds POX3 (X = F, Cl,
Br and I) calculated by NBO method at B3LYP/LanL2DZ level of the-
ory are presented in Table 3. According to Table 3, the P atoms have
positive charges, the O(2) atoms have negative values and the hal-
ogen atoms have negative values except the iodine atoms. Consid-
ering the P(1) atoms, the maximum value of positive charge was
observed for POF3 molecule indicating that this atom could be a
good acceptor. The O(2) atom for POF3 has the maximum negative
charge since O(2) in this molecule is a donor atom.
HOMO–LUMO analysis
The highest occupied molecular orbital (HOMO) and the lowest

un-occupied molecular orbital (LUMO) are very important param-
eters for quantum chemistry. These values help to exemplify the
chemical reactivity and kinetic stability of the molecule. The
HOMO represents the ability to donate an electron and the LUMO
as electron acceptor represents the ability to obtain an electron. In
order to evaluate the energetic behavior of the title compounds,
the HOMO–LUMO energy calculations were carried out by means
B3LYP method using LanL2DZ basis sets. The energies and the pic-
torial illustration of HOMO and LUMO frontier molecular orbitals
Fig. 2. Frontier molecular orbitals and HOMO–LUMO ba
for all the compounds of the series are shown in Fig. 2. The positive
and negative phase is represented in red and green color, respec-
tively. The plots reveal that the HOMO for POF3 and POCl3 is pri-
marily composed of fluorine and chlorine atoms and P(1) and
O(2) while the HOMO for POBr3 and POI3 is located in the halogen
atoms. The LUMO molecular orbital for the four molecules is
spread over the entire molecule. The energy of the HOMO is
directly related to the ionization potential, LUMO energy is directly
related to the electron affinity and the difference of energy
between both molecular orbitals is called as energy gap (EHOMO–
ELUMO) that is an important parameter to evaluate the molecular
chemical stability. In fact, a large HOMO–LUMO gap implies high
molecular stability in the sense of its lower reactivity in chemical
reactions. The energy value of HOMO and LUMO frontier molecular
orbitals with the corresponding HOMO–LUMO energy gap for all
compounds of the series are shown in Fig. 2 and listed in Table 4.
By using HOMO and LUMO energy values for all the compounds
of the series, the electronegativity (v), chemical potential (l),
chemical hardness (g), softness (s) and global electrophilicity index
(x) can be calculated by using the following equations [37]:

v ¼ ðI þ AÞ
2

ðElectronegativityÞ ð2Þ

l ¼ �v ðChemical potentialÞ ð3Þ
nd gap for: (a) POF3, (b) POCl3, (c) POBr3, (d) POI3.



Fig. 3. IR spectrum for the series of compounds POX3 (X = F, Cl, Br, I) calculated at
B3LYP/6-311++G(d,p) level for F, Cl, Br and for the compound POI3, the calculation
was performed using B3LYP method using LanL2DZ basis sets for the iodine atoms
and 6-311++G(d,p) for P and O.

Fig. 4. Raman spectrum for the series of compounds POX3 (X = F, Cl, Br, I) calculated
at B3LYP/6-311++G(d,p) level for F, Cl, Br and for the compound POI3, the
calculation was performed using B3LYP method using LanL2DZ basis sets for the
iodine atoms and 6-311++G(d,p) for P and O.

Fig. 5. Experimental IR spectrum of POI3 measured in KBr pellets.

540 J.E. Galván et al. / Journal of Molecular Structure 1081 (2015) 536–542
g ¼ ðI � AÞ
2

ðChemical hardnessÞ ð4Þ

s ¼ 1
2g
ðSoftnessÞ ð5Þ

x ¼ l2

2g
ðGlobal electrophilicity indexÞ ð6Þ

where I and A are ionization potential and electron affinity,
respectively. According to the energies of HOMO and LUMO
molecular orbitals, I = �EHOMO and A = �ELUMO. The values of HOMO
and LUMO energies, DEHOMO–LUMO, electronegativity, chemical
potential, chemical hardness, softness and global electrophilicity
index for all the molecules of the series are shown in Table 4.
According to the values reported in Table 4, the DEHOMO–LUMO

for POF3 is higher than other compounds indicating that this
molecule is more stable and presents low reactivity. For POI3, the
energy gap is 3.123 eV. This value indicates that the compound
presents low stability and is more reactive. This is in agreement
with the results obtained in the synthesis of POI3 that is very sensi-
ble to atmospheric conditions. Considering the chemical hardness,
large HOMO–LUMO gap means a hard molecule and small
HOMO–LUMO gap means a soft molecule. One can also relate the
molecular stability to hardness, which means that the molecule
with least HOMO–LUMO gap is more reactive. The usefulness of
the global electrophilicity index has been recently demonstrated
in understanding the toxicity of various pollutants in terms of their
reactivity and site selectivity [38].

Vibrational analysis

The examined molecules belong to the C3v molecular point
group. They are characterized by 9 normal modes of vibration
spanning the irreducible representations as 3A1 + 3E, all of them
infrared and Raman active. For POF3, POCl3 and POBr3 an analytical
comparison was made of the theoretical geometries and wave-
numbers with the available experimental values through root
mean square deviations (RMSD). The best methods for describing
the wavenumbers for POF3 are MP2 and B3LYP with 6-31G(d) basis
sets. For POCl3, mPW1PW91 and MP2 methods with 6-311++G(d,p)
basis sets reproduce better the experimental wavenumbers
according to the RMSD values. For POBr3 and POI3 we found that
the B3LYP/6-311++G(d,p) and MP2/6-311++G(d,p) combinations
gave the best results in the description of the wavenumbers. The
wavenumbers calculated at different levels of theory together with
the experimental results for all the compounds of the series are
listed in Tables S4–S7. Figs. 3 and 4 show the calculated IR and
Raman spectra for all the compounds of the series and the experi-
mental IR spectrum measured for POI3 in solid state is shown in
Fig. 5. According to the experimental IR spectrum, the P@O stretch-
ing vibration band appears at 1207 cm�1. As the assignment of
vibrational modes regarding the POI3 molecule [12] was incom-
plete, we have decided to construct a semiempirical IR and Raman
spectra obtained by using the experimental data combined with a
scaling process applied to the remaining theoretical frequencies. A
scale factor was obtained for each the remaining normal modes of
vibration as the average ratio of the experimental and theoretical
values of the POF3, POCl3 and POBr3 molecules. As Raman activities
we have used the theoretical ones. Force constants calculations
were made at the B3LYP/6-31G(d) level of theory. The force
constant matrices in Cartesian coordinates from the quantum
chemical calculations were transformed into symmetry coordi-
nates, defined as recommended by Pulay [36]. The defined coordi-
nates appear in Table S8 (See Fig. S1). The resulting force constants
were then scaled using the methodology described previously so as
to reproduce the experimental wavenumbers. The final scale



Table 5
Observed and calculated wavenumbers (cm�1), infrared and Raman intensities, potential energy distribution (PED) and assignment for POF3 compound.

Symmetry species Mode Observeda Calculatedb Calc. SQMc IR intensitiesd Raman activitiese PED (>10%) Assignment

A1 1 1410.3 1405.1 1411.3 207.29 5.22 88 S1 + 12 S2 m (P@O)
2 873.9 845.8 873.9 34.75 11.38 88 S2 + 11 S1 ms (PF3)
3 482.1 455.0 482.7 30.83 1.25 95 S3 ds (OPF3)

E 4 989.9 986.5 989.3 207.91 1.01 97 S4 ma (PF3)
5 471.3 444.6 470.6 40.51 2.34 50 S5 + 22 S6 q (OPF3)
6 329.0 310.2 329.6 0.19 0.86 84 S6 + 53 S5 da (PF3)

RMSD (cm�1) 21.5 0.65

m, Stretching; d, deformation; q, rocking.
a Taken from Ref. [5].
b DFT B3LYP/6-31G(d).
c From scaled quantum mechanics force field.
d Units are km mol�1.
e Raman activities in Å4 (amu)�1.

Table 6
Observed and calculated wavenumbers (cm�1), infrared and Raman intensities, potential energy distribution (PED) and assignment for POCl3 compound.

Symmetry species Mode Observeda Calculatedb Calc. SQMc IR intensitiesd Raman activitiese PED (>10%) Assignment

A1 1 1296.0 1300.6 1296.5 137.91 12.65 98 S1 m (P@O)
2 486.0 457.5 486.4 19.96 23.50 96 S2 ms (PCl3)
3 267.0 261.9 267.0 2.75 7.77 91 S3 ds (OPCl3)

E 4 581.0 573.0 580.3 249.42 3.72 81 S4 + 24 S5 ma (PCl3)
5 337.0 321.2 337.0 8.34 7.73 58 S5 + 22 S4 q (OPCl3)
6 193.0 181.2 193.2 0.02 4.63 99 S6 + 26 S5 da (PCl3)

RMSD (cm�1) 14.9 0.40

m, Stretching; d, deformation; q, rocking.
a From Ref. [6].
b DFT B3LYP/6-31G(d).
c From scaled quantum mechanics force field.
d Units are km mol�1.
e Raman activities in Å4 (amu)�1.

Table 7
Observed and calculated wavenumbers (cm�1), infrared and Raman intensities, potential energy distribution (PED) and assignment for POBr3 compound.

Symmetry species Mode Observeda Calculatedb Calc. SQMc IR intensitiesd Raman activitiese PED (>10%) Assignment

A1 1 1261.0 1279.9 1261.7 113.25 13.46 99 S1 m (P@O)
2 340.0 332.6 335.9 6.44 17.64 78 S2 + 32 S3 ms (PBr3)
3 173.0 163.4 176.6 0.03 6.62 68 S3 + 22 S2 ds (OPBr3)

E 4 488.0 486.1 492.1 194.64 1.80 57 S4 + 42 S5 ma (PBr3)
5 267.0 249.7 259.1 2.24 5.83 50 S5 + 43 S4 q (OPBr3)
6 118.0 106.3 117.5 0.01 2.89 100 S6 + 16 S5 da (PBr3)

RMSD (cm�1) 13.2 4.58

m, Stretching; d, deformation; q, rocking.
a From Ref. [7].
b DFT B3LYP/6-31G(d).
c From scaled quantum mechanics force field.
d Units are km mol�1.
e Raman activities in Å4 (amu)-1.
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factors for the POX3 (X = F, Cl, Br) molecules are shown in Table S9.
The obtained potential energy distributions (PED), has confirmed
all of the experimental assignments and are presented together
with the resulting wavenumbers, final RMSD values and infrared
and Raman activities in Tables 5–7. Finally, the scaled force matri-
ces in symmetry coordinates were transformed into internal coor-
dinates. The scaled internal force constants are listed in Table S10.
A decrease of wavenumbers corresponding to the P@O stretching
mode is observed along the series. This should correspond to an
increase in the involved bond length which is reflected in the
theoretical results. However, experimentally this is true only when
we move from the fluorine to the chlorine compound. The P@O
bond distance for POBr3 is shorter than expected. Anyway, POBr3

geometry was measured five decades ago, and should be re-mea-
sured using more accurate methods.

Regarding geometry results, an increase in the P@O bond length
is observed along the series. This is in agreement with the experi-
mental trend, except when we move from the chlorine to the bro-
mine compound, where the P@O bond length is shorter than
expected. This trend goes together with a decrease in energy of
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the PAO bond, reflected in a lower frequency of vibration for the
P@O stretching mode.

Conclusions

In this article we report the structural results obtained by quan-
tum chemical calculations for the series of compounds with gen-
eral formula POX3 (X = F, Cl, Br, I). For the calculations we have
used ab initio and DFT methods with different basis sets and we
compare with the experimental results previously reported only
for POF3, POCl3 and POBr3. The compound POI3 was synthesized
by reaction with CH3POI2 as a precursor. The resultant product
was only characterized by IR spectroscopy. According to the calcu-
lations, an increase in the P@O bond length is observed along the
series because of the high atomic volume of the halogen atom pro-
duces a lengthening of the P@O bond length. This trend goes
together with a decrease in energy of the PAO bond, reflected in
a lower frequency of vibration for the P@O stretching mode as
was observed in the vibrational analysis. According to NBO analy-
sis, the hyper-conjugative interactions are more favored in POF3. A
decrease in the hyper-conjugative interactions was observed along
the series indicating that POI3 compound is less stable than the
other compounds. The hyper-conjugative effect LP X ? r⁄

P(1)AO(2) is more pronounced in POF3 indicating that this interac-
tion is very important for the stabilization of its structure. HOMO–
LUMO analysis reveals that the DEHOMO–LUMO for POF3 is higher
than other compounds indicating that this molecule is more stable
and presents low reactivity. For POI3, the energy gap is 3.123 eV.
This value indicates that the compound is the most reactive and
has the lowest stability along the series. This is in agreement with
the results obtained in the synthesis of POI3 that is very sensible to
atmospheric conditions.
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