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Abstract 
The phosphate units have been theoretically investigated through density functional theory (DFT) calculations. 
Ionization potential (I), electron affinity (A), electrophilicity index (ω), chemical potential (μ), hardness (ŋ), softness 
(S), and dipole moment (P) have been optimized. The obtained results revealed that the [PO4]3- (Q0) units act as 
electron donors, while the [P4O10]0 (Q3) unit acts as an electron acceptor. The passage from one unit to the other 
implies an increase in the number of bridging oxygens (BO) consistent with the variation of Mulliken charges. 
Moreover, the analysis of the optimized contours of the electrostatic potential has indicated that the electrophilic 
attack is more expected on the P-O-P bonds. The infrared and Raman spectra have been also predicted and the change 
of symmetric and asymmetric vibrational bands of the phosphate units with the number of bridging oxygens has been 
investigated. 
Keywords: DFT; electrophilic; electrostatic potential; Global reactivity indices; phosphate units. 
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Анотація 
Фосфатні агрегати були теоретично досліджені за допомогою розрахунків теорії функціоналу густини (DFT). 
Оптимізовано потенціал іонізації (I), спорідненість до електрона (A), індекс електрофільності (ω), хімічний 
потенціал (μ), твердість (ŋ), м’якість (S) та дипольний момент (P). Отримані результати показали, що агрегати 
[PO4]3- (Q0) діють як донори електронів, в той час як агрегат [P4O10]0 (Q3) діє як акцептор електронів. Перехід 
від одних одиниць до інших передбачає збільшення кількості місткових оксигенів (МО), що відповідає зміні 
заряду Маллікена. Крім того, аналіз оптимізованих контурів електростатичного потенціалу показав, що 
електрофільна атака є більш очікуваною на зв’язках P-O-P. Також спрогнозовано ІЧ та раманівські спектри і 
досліджено зміну симетричних та асиметричних коливальних смуг фосфатних одиниць залежно від кількості 
місткових оксигенів. 
Ключові слова: DFT; електрофільність; електростатичний потенціал; індекси глобальної реакційної здатности; 
фосфатні одиниці. 
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Introduction 
Owing to their interesting combination of 

physical and chemical properties, phosphates 
glasses have drawn a growing interest over the 
last decades. These glasses are produced by 
melting a large variety of alkali metal oxides, 
transition metal oxides, alkaline oxides, and rare-
earth oxides with phosphorus. Compared to other 
inorganic glasses families, phosphate glasses 
exhibit higher electrical conductivity, lower 
transition temperature, and higher thermal 
expansion coefficients relative to silicate and 
borate glasses. These features make them 
potential candidates for a wide range of 
technological applications such as sensors [1], 
data storage [2], solid-state batteries [3], and laser 
technologies [4]. 

Phosphate glasses are materials with a 
structure formed by phosphate tetrahedrons PO4 
that fit together by forming bonds between each 
other. This class of glasses can also be described, 
according to [5], as a three-dimensional cross-
linked network of phosphate tetrahedra denoted 
Qi, where i refers to the number of neighboring 
tetrahedra linked through a common oxygen 
bridge [6; 7]. 

They are four possible structural entities of the 
PO4 tetrahedron, which are denoted as follows: 

- Q0: ([PO4]3−) : The unit Q0 consists of four 
oxygens that are non-bridging (NBO). 

- Q1: ([P2O7]4−) : Two [PO4] tetrahedra are 
linked together by a common oxygen atom, which 
acts as a bridging oxygen (BO) forming a ([P2O7]4−) 
molecule. 

- Q2: ([P3O9]3−) : Three [PO4] tetrahedra are 
connected through oxygen bridges to form the 
[P3O9]3− structural entity. 

- Q3: ([P4O10]0 : Four [PO4] tetrahedra are 
connected through oxygen bridges to create the 
[P4O10]0 structural unit. 

These units are the main elements forming the 
lattice of phosphate glasses, and the more they, 
together with other forming and modifying oxides, 
participate in the development of these lattices, 
the greater their interest in the chemical and 
optical fields. [8; 9]. 

The purpose of this paper is to study the 
phosphate units through the DFT calculation 
method using the B3LYP function associated with 
the 6-311G base [10–13]. The chemical reactivity 
of these units has been interpreted using the 
global reactivity indices. HOMO-LUMO energy 
gaps, ionization potential (I), electron affinity (A), 
electrophilicity index (ω), chemical potential (μ), 
hardness (ŋ), and softness (S) are investigated. 

This paper reports also on the determination of 
charges, dipole moments, and optimized contours 
of the molecular electrostatic potential. The 
vibrational modes of these units are also explored 
via the simulated IR and Raman spectra. 

Computational details. All the reported 
calculations were conducted using the Gaussian 
09 software program, based on the DFT/RB3LYP 
density functional theory method with a 6-311G 
basis set [11]. The stability of phosphate units was 
optimized with respect to charges, EHOMO and 
ELUMO molecular orbital energies, electrostatic 
potentials, and global reactivity indices. The 
equilibrium structure was achieved with the 
absence of imaginary frequencies. 

The ionization energy or ionization potential 
(IP), defined as the minimum energy required to 
extract an electron from an atom or molecule, has 
been calculated by the following relationship: 

IP = −EHOMO                                (1) 
The electron affinity (EA) denoting the released 

energy due to the capture of an electron has been 
estimated via the following relation: 

AE = −ELUMO                               (2) 
The chemical potential is a parameter 

associated with electrophilicity (attraction of 
electrons) and nucleophilicity (release of 
electrons). This chemical potential is calculated as 
follows [14; 15]. 

μ =
−(𝐼𝑃 + 𝐴𝐸)

2
                                     (3) 

The chemical hardness (η) is a parameter that 
is also reflective of the stability of a molecular 
system. It provides the resistance to electron 
transfer (charge transfer), whether electron gain 
or loss. The chemical hardness has been calculated 
via the equation [14; 16]. 

η =
𝐼𝑃 − 𝐴𝐸

2
                                          (4) 

The overall electrophile index (ω) is defined as 
the ability of a molecular system to bind strongly 
to a nucleophilic partner via electron transfer. The 
higher the value of 𝜔, the more electrophilic the 
system is. The overall electrophile index is given 
by [15; 16]. 

ω =
μ2

2η
                                                       (5) 

Besides the dipole moment (P) measuring the 
polarity of the molecule, the softness (S) 
representing the ability of an atom or molecule to 
hold a charge was calculated according to the 
formula [14; 15]. 

S =
1

η
                                                           (6)
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Results and discussion 
The geometry optimization.The geometry 

optimization of isolated phosphate units with 
their charges is illustrated in figure 1. The 
optimization process was carried out using 

monomer wave functions at the B3LYP/6-311G 
level. The optimization procedure involved visual 
observations and sets approximation in the 
gaussian 09 w software. the resulting structural 
parameters are presented in table 1. 

 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Mulliken charges of the optimized Q0, Q1, Q2, and Q3 units with the program GAUSSIAN 09W/B3LYP-6-311G." 

 
Table 1 

Calculated interatomic distances and angles of the Q0, Q1, Q2 and Q3 phosphate units for the optimized structures. 
 Q0 Q1 Q2 Q3 

Lengths (Å) 

(±0.001Å) 

P − ONBO 1.688  1.651  1.597  1.536  

P − OBO ---------- 1.781 1.740  1.724  

Angles (°) 
(±0.001°) 

P − O − P ---------- 179.750  140.580  126.850  
ONBO − P − ONBO 109.470  111.510  118.330  ---------- 
ONBO − P − OBO ---------- 107.350  109.200  118.160 
OBO − P − OBO ---------- ---------- 99.380  99.550 

One can observe that increasing the number of 
bridging oxygen atoms and transitioning between 
units results in an increase in positive charges on 
the phosphorus atoms and negative charges on 
the oxygen atoms. Bridging oxygens (BO) are 
involved in forming bridges between different 
units, while non-bridging oxygens (NBO) do not 
participate in such bridging interactions. The 
electron density of positive charges is 

concentrated on the phosphorus atom, while the 
negative charges are concentrated on the oxygen 
atoms BO and NBO. Moreover, the phosphorus 
cation P5+ is placed in the middle of the almost 
perfect tetrahedron with an angle O - P - O of 
109.47° very close to the ideal value (109.5°). For 
the Q1 structural unit, it can be noticed that the P-
OBO bond length has a value of 1.781Å higher than 
the P-ONBO one having a value of 1.651 Å. Also, the 

Q0 unit Q1 unit 

Q2 unit Q3 unit 
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two phosphorus atoms and the bridging oxygen 
are found to be aligned as the two neighboring 
tetrahedra are connected at an angle of 179.75°. 
Furthermore, the tetrahedral angle ONBO-P-ONBO is 
about 111.51°, higher than that of Q0 where the 
angle is 109.47°. This implies a higher tetrahedral 
distortion due to the P-OBO bond elongation. For 
the [P3O9]3− unit with Q2 notation, the tetrahedra 
are connected through two bridging oxygens, with 
P-ONBO and P-OBO distances of 1.597 Å and 1.740 Å, 
respectively. Besides, the value of the P-O-P angle 
is revealed to be about 140.58° reflecting the onset 
of further decrease of this angle. Furthermore, one 
observes an increase in the value of the ONBO-P-
ONBO angle to about 118.33° owing to the 
distortion of the [PO4] tetrahedra. For the Q3 unit, 
the P-ONBO and P-OBO distances decline and reach 
values of 1.536Å and 1.724Å, respectively. 
Further, the tetrahedra are found to be connected 
at an average angle of 99.55°, which seems to be 
far from the equilibrium geometry. 

Molecular electrostatic potential (MESP). The 
molecular electrostatic potential (MESP) is a 

valuable tool that offers insights into the size and 
overall shape of a molecule [17]. It is commonly 
used to study the electrostatic interactions within 
a chemical system. In the MESP map, the different 
values of the electrostatic potential contour are 
represented by different colors. The most negative 
electrostatic potential region is illustrated by red 
color, the most positive electrostatic potential 
region is represented by green color. [18].  

The partial atomic charge and local reactivity 
descriptors highlight the reactive sites of the 
molecule and provide insight into its reactivity. 
Figure 2 reveals that the molecular electrostatic 
potential is centered on the P-O-P bonds for the 
three phosphate units Q1, Q2, and Q3, whereas it is 
centered on the phosphorus atom for the Q0 unit. 
These findings point to the planar applicability of 
this parameter and thus imply that the attack of an 
electrophile is more likely to occur on the P-O-P 
bonds. On the other hand, Figure 2 confirms that 
the density of positive charges is concentrated on 
the phosphorus atom. 

 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 2. The electrostatic potential (ESP) of the different optimized units with the program GAUSSIAN 09W/B3LYP-
6-311G." 

 

Q0 unit Q1 unit 

Q3 unit Q2 unit 
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Study of global reactivity. The frontier 
molecular orbitals (FMOs) are also used to 
describe the interactions of units with the other 
molecules [19]. These orbitals are the major 
aspect that tells us about the stability of the 
phosphate units. 

Table 2 groups the computed values of HOMO 
and LUMO energies, energy difference ΔE, 
chemical potential, softness, chemical hardness, 
overall electrophilic number, and dipole moment 
for the different studied phosphate units. The 
obtained results indicate that the Q0 units display 
a greater energy difference of 7.831968 eV 
compared to the Q1 units. Additionally, the Q0 units 
exhibit a low softness value of 0.25536 eV and a 

higher overall electrophile index of 26.14391eV, in 
contrast to the Q1 unit. 

The Q0 unit exhibits a higher chemical potential 
μ of 14.309376 eV, along with a greater 
electrophilicity index ω of 26.14391 eV. These 
characteristics indicate that there is a propensity 
for electron transfer from Q0 to another molecule, 
classifying Q0 as an electron donor. However, the 
lower energy difference and the larger softness 
factor of the Q3 units indicate an electron acceptor. 
The chemical hardness η of the Q3 unit (ηQ3 = 
2,7413 eV) is lower than that of the other units, 
implying that this unit represents a less resistance 
to accept or give electronic charges compared to 
the Q0, Q1, and Q2 units.  

 

Table 2 
HOMO and LUMO energies, energy difference ΔE, chemical potential, softness, chemical hardnes, overall 

electrophile index, and dipole moment. 

 

However, the zero value of the dipole moment 
of the Q0 and Q3 units indicates the presence of a 
symmetry element in these units. Meanwhile, the 
higher dipole moment of the Q1 unit is found to be 
0.0020, implying the non-coincidence of the 
negative and positive charge barycenters and thus 
the polarity of this unit.  

The HOMO-LUMO gap is a crucial factor in 
quantum chemistry as it enables the study of unit 
stability [20,21]. The unit phosphate Q3 exhibits a 
very low HOMO-LUMO energy gap of 5.48270 eV, 
which results in a strong bond formation with 
other polarizable molecules. This highly desirable 
property facilitates potential intermolecular 

interactions between the units of phosphate and 
other units. However, from the value of EHOMO we 
can determine the electron-donating ability, and 
from the value of ELUMO we find the electron-
accepting ability. In conjugated systems (Q1, Q2, 
Q3), there is a slight difference between HOMO–
LUMO, due to which electron (charge) can transfer 
from one atom (electron donor groups) to the 
other (e-accepting groups) via a pi-conjugated 
system [22], In this context and based on the 
obtained results (Table 3), one can observe that 
the Q0 units behave as electron donors whereas 
the Q3 ones are electron acceptors. 

 

Table 3 
Energy differences in eV (error ±0.00027) between the various HOMO/LUMO combinations of reactants. 
𝐄𝐇𝐎𝐌𝐎𝐐𝟎

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟏
 𝐄𝐇𝐎𝐌𝐎𝐐𝟏

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟎
 𝐄𝐇𝐎𝐌𝐎𝐐𝟐

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟎
 𝐄𝐇𝐎𝐌𝐎𝐐𝟑

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟎
 

6.06861   7.63151 14.22506 29.04987 
𝐄𝐇𝐎𝐌𝐎𝐐𝟎

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟐
 𝐄𝐇𝐎𝐌𝐎𝐐𝟏

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟐
 𝐄𝐇𝐎𝐌𝐎𝐐𝟐

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟏
 𝐄𝐇𝐎𝐌𝐎𝐐𝟑

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟏
 

0.44255 0.64301 12.46222 27.28703 
𝐄𝐇𝐎𝐌𝐎𝐐𝟎

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟑
 𝐄𝐇𝐎𝐌𝐎𝐐𝟏

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟑
 𝐄𝐇𝐎𝐌𝐎𝐐𝟐

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟑
 𝐄𝐇𝐎𝐌𝐎𝐐𝟑

− 𝐄𝐋𝐔𝐌𝐎𝐐𝟐
 

15.73519 15.93566 9.34210 20.77535 
 

Spectroscopic study. The optimized geometries 
of the studied phosphate units were employed to 
compute their theoretical FTIR and RAMAN 
spectra. The obtained spectra are presented in 
Figure 3a-b and the corresponding frequencies of 
the different bands and their assignments are 
summarized in Table 4. It is important to note that 
DFT calculations are known to produce a shifting 
of experimental frequencies with a scaling factor 

of approximately 0.965 - a common correction 
applied to DFT-calculated frequencies to bring 
them into better agreement with experimental 
values for the B3LYP functional with the basis set 
6-311G. 

Analyzing the calculated FTIR spectrum of the 
isolated structural unit Q0 (Figure 3a) is composed 
of two bands. The lower frequency band at 456 

Unit EHOMO (eV)  ELUMO (eV)  ΔE(eV) η (eV)  𝐒 (𝐞𝐕−𝟏)  𝛍 (𝐞𝐕)  𝛚 (𝐞𝐕)  𝐏 (𝐃)  

Q0 10.39339 18.22536 7.83196 3.91598 0.25536 14.30937 26.14391 0.0000 

Q1 10.59385 16.46252 5.86867 2.93433 0.34079 13.52819 31.18456 0.0020 

Q2 4.00030 9.95084 5.95054 2.97527 0.33610 6.97557 8.17718 0.0009 

Q3 -10.82451 -5.34180 5.48270 2.74135 0,36478 7.34180 9.83131 0.0000 
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cm-1 results from the symmetrical deformation 
vibrations of the  

O-P-O angles. Besides, the strongest band 
centered at about 821 cm-1 is due to asymmetric 
stretching vibrations of P-O bonds. Although the 
same features are also noticed in the Raman 

spectrum (Figure 3b), there are two additional 
active modes of high intensity at 316 cm-1 and 658 
cm-1, which can be attributed to the symmetric 
deformation vibrations of the O-P-O angle and the 
symmetric stretching vibrations of the P-O bonds.  

 

 
 

Fig. 3a. Calculated FTIIR spectra of simulated Q0, Q1, Q2 and Q3 phosphate units. 

 

 
Fig. 3b. Calculated Raman spectra of simulated Q0, Q1, Q2 and Q3 phosphate units. 

 

The FTIR spectrum of the Q1 unit shows five 
characteristic bands. The band located around 708 
cm-1, and 743 cm-1 are associated with the 
asymmetric stretching vibrations of P-O-P bonds, 
and symmetric stretching vibrations of P-O bonds 
in Q1 tetrahedra, respectively. Moreover, the 
strong band at 889 cm-1 is related to the 
asymmetric stretching vibrations of P-O bonds. 
These vibrational modes were also detected via 
Raman spectroscopy. Indeed, the peaks appearing 
at 193 cm-1, 429 cm-1, 548 cm-1, and 759 cm-1 
correspond to symmetric stretching vibrations of 
P-O-P bonds, symmetric stretching vibrations of 
O-P-O bonds, as well as symmetric and 
asymmetric stretching vibrations of P-O bonds in 

Q1 tetrahedra, respectively. However, the Q2 
phosphate unity infrared spectrum is found to be 
composed of five characteristic bands centered at 
about 434 cm−1, 573 cm−1, 814 cm−1, 885 cm−1, 
1028 cm−1 and associated with the symmetric 
deformation of O–P–O angles as well as symmetric 
and asymmetric stretching vibrations of P–O–P 
and P–O bonds. Meanwhile, the Raman spectrum 
in the Q2 unit showed different vibrational modes 
corresponding to symmetric deformation 
vibrations of the O-P-O angles, symmetric 
stretching vibrations of P-O-P bands, as well as 
asymmetric and symmetric stretching vibrations 
of the P-O bonds in the Q2 tetrahedra. For the 
three-dimensional Q3 units, the intense peak at 
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821 cm-1 is related to the asymmetric stretching 
vibrations of P–O–P bonds. The two peaks at 570 
cm-1 and 1124 cm-1 reflect the asymmetric 
vibrations of the O–P–O angles and the P–O bonds, 
respectively. Besides, the weak peak at 328 cm-1 is 
associated in turn with the symmetric 
deformation of the O–P–O angles. However, the 
Raman spectrum shows six vibration modes 

located at 188 cm-1, 328 cm-1, 434 cm-1, 556 cm-1, 
1124 cm-1, and 1164 cm-1. These correspond to the 
symmetric deformation vibrations of the O–P–O 
angles and the stretching vibrations of P–O bonds 
in the phosphate tetrahedra. All these detected 
vibrational modes for the Q0, Q1, Q2, and Q3 units 
have been detected for the Q3 unit through further 
IR and Raman bands as summarized in Table 4. 

 
 

Table 4 
Calculated IR and Raman active modes and frequency assignment for structural units of phosphate (v.w – very 

weak, f – weak, m – medium, s – strong, v.s – very strong) 
Wavenumbers 

(cm−1) 
IR Raman Assignement 

Q0 

316 - m Symmetric deformation vibrations of angles O–P–O [23; 24]. 
456 v.w v.s Symmetric deformation vibrations of angles O–P–O [23; 24]. 
658 - v.s Symmetric stretching vibrations of P–O bonds [23; 24]. 
821 v.s m Asymmetric stretching vibrations of P–O bonds [23; 24]. 

Q1 

193 - v.s Symmetric stretching vibrations of P–O bonds [25]. 
240 - m Symmetrical deformation vibrations of angles O – P – O in Q1 tetrahedra [26; 27]. 
429 - s Symmetrical deformation vibrations of angles O – P – O in Q1 tetrahedra [26; 27]. 
445 w - Symmetrical deformation vibrations of angles O – P – O in Q1 tetrahedra, 

symmetric deformation vibrations of the angle P – O – P [26; 27; 28]. 
464 m - Asymmetrical deformation vibrations of angles O – P – O in Q1 tetrahedra  

[26,27]. 
548 - s Symmetric stretching vibrations of P–O–P bonds [25]. 
708 s - Asymmetric stretching vibrations of P–O–P bonds [29; 30]. 

Symmetric stretching vibrations of P–O bonds in Q1 tetrahedra [28; 29]. 
743 s - Asymmetric stretching vibrations of P–O–P bonds, symmetric stretching 

vibrations of P–O bonds in Q1 tetrahedra [28; 29; 30].    
759 - s Symmetric stretching vibrations of P–O bonds in Q1 tetrahedra, symmetric 

stretching vibrations of P–O–P bonds [25; 28; 29].    
879 - m Asymmetric stretching vibrations of P–O bonds in Q1 tetrahedra [28; 29]. 
889 v.s - Asymmetric stretching vibrations of P–O bonds in Q1 tetrahedra [28; 29]. 

Q2 
221 - s Symmetric deformation vibrations of O–P–O angles in Q2 tetrahedra [26; 27]. 
247 - w Symmetric deformation vibrations of O–P–O angles in Q2 tetrahedra [26; 27]. 
271 - s Symmetric deformation vibrations of O–P–O angles in Q2 tetrahedra [26; 27]. 
368 - v.w Symmetric deformation vibrations of O–P–O angles in Q2 tetrahedra [26; 27]. 
434 m v.s Symmetric deformation vibrations of O–P–O angles in Q2 tetrahedra [26; 27]. 
558 - s Symmetric deformation vibrations of angles P–O–P [28]. 
573 m - Symmetric stretching vibrations of P–O–P bonds [25]. 
814 m - Asymmetric stretching vibrations of P–O–P bonds [29; 30]. 

Symmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 

885 v.s v.w Asymmetric stretching vibrations of P–O–P bonds [29; 30]. 
   Symmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 

915 - v.s Symmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 
1013 - m Asymmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 
1028 m - Symmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 

Q3 

188 - s Symmetric deformation vibrations of O–P–O angles in Q2, Q3 tetrahedra [26; 27]. 
208 vw s Symmetric deformation vibrations of O–P–O angles in Q2, Q3 tetrahedra [26; 27]. 
434 - v.s Symmetric deformation vibrations of O–P–O angles in Q3 tetrahedra [26; 27]. 
556  vw Symmetric deformation vibrations of O–P–O angles in Q3 tetrahedra [26; 27]. 
570 - v.w Asymmetric deformation vibrations of O–P–O angles in Q3 tetrahedra [26; 27]. 
821 w - Asymmetric stretching vibrations of P–O–P bonds [29; 30]. 

1124 - v.s Asymmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29].  
1164 w - Symmetric stretching vibrations of P–O bonds in Q2 tetrahedra [28; 29]. 
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Conclusion 
Phosphate units with varied numbers of 

bridging oxygens (BO) were studied by theoretical 
calculations performed using the RB3LYP/6-311G 
DFT quantum method to determine the electron 
density, bond lengths and angles, and assess the 
molecular electrostatic potential. Additionally, we 
analyzed the chemical reactivity of these units by 
examining  

global reactivity indices. Furthermore, we 
investigated the vibrational modes of these units 
by simulating IR and Raman spectra. Our findings 
have led to the following conclusions: 

- Charges were observed to increase with the 
number of bridging oxygens (BO). 

- The electrostatic potential is primarily 
concentrated on the phosphorus atoms and 
bridging oxygens (BO). 

- By comparing the energy differences between 
the two possible combinations of HOMO/LUMO 
for these four units, we conclude that Q0 unit acts 
as an electron donor, while Q3 acts as an electron 
acceptor. 

- Units Q0 and Q3 exhibit a zero dipole moment, 
whereas Q1 has a higher dipole moment, indicating 
that this unit is  polarizable. 

- Shift bands of symmetrical and asymmetrical 
vibrations of Qi units were observed to vary with 
the number of bridging oxygens (BO). 
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