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This work demonstrates the facilities offered by density functional theory (DFT) to
calculate the molecular structural and spectral properties of tri-n-butyl phosphate (TBP)
and its derivatives, namely, di-n-butyl phosphate (HDBP) and mono-n-butyl phosphate
(H,MBP). The computed parameters including frontier molecular orbitals and HOMO-
LUMO transitions indicated the TBP has the lowermost total energy with a lager HOMO-
LUMO energy bandgap followed by HDBP and H2MBP. These outcomes in terms of
reactivity and stability were reversed counting their dipole moments. The simulated
spectra of FTIR and Raman suggested these techniques could be considered as powerful
for qualitative analysis of these compounds.
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1. Introduction

Tributyl phosphate (TBP) one of the most important chemicals utilized in various
industrial applications including as plasticizers, as a binder for paints and pigments, as de-foamers,
as a primary component in hydraulic fluids, fire retardants and in agriculture as herbicides. In
addition, the TBP can be used as an organic solvent to extract minerals from rocks [1-4]. The most
important use of TBP is in extracting the hexavalent uranium and the tetravalent plutonium, to
form radioactive complexes in the processing of nuclear fuel by the PUREX process (Plutonium
Uranium Refining by Extraction) [5-9]. Thus, it is not surprising that TBP and its derivatives have
recently been documented as newly emerging pollutants of the environments and, therefore, may
pose health hazards for humans and animals [10-12]. The TBP has been detected even in indoor
dust. [13, 14].

The TBP is found to degrade to di-n-butyl phosphate (HDBP) and mono-n-butyl
phosphate (H2ZMBP). This process includes the replacement of one or two n-butyl groups by
proton and takes place during the radiolysis reactions using 30% TBP in alkane diluent and 1 M—
3 M aqueous nitric acid [15-18]. The lack of information concerning chemical and physical
properties of TBP and its derivatives have strongly motivated a number of researchers to carry out
theoretical and experimental work [19-23].

In this study, the molecular, structural and spectral properties of tri-n-butyl phosphate
(TBP) and its derivatives HDBP and H2MBP have been thoroughly studied. The energy gap,
HOMO-LUMO transitions, frontier molecular orbitals, dipole moment, and electron charges
distribution, Raman and infrared spectra were obtained using the DFT package. The
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2. Computational method

The optimized energy structures for TBP, HDBP, and HMBP were calculated using DFT,
HOMO-LUMO transitions, frontier molecular orbitals, FTIR spectra, Raman spectra. Dipole
moment and electron charge distribution were estimated by the B3LYP method alongside 6-31G**
basis sets. ORCA version 4.0.0 program (modern electronic structure package) has been used for
calculating the parameters [24-27]. Avogadro software was used for visualizing Mulliken charge,
static electro-potential, and frontier molecular orbitals [28], whereas the FT-IR and Raman data
were plotted by Gabedit packages [29].

3. Results and discussions

3.1. Energy and HOMO-LUMO Interactions

The optimized structures of TBP, HDBP, and H,MBP are shown in Fig.1. The HOMO is
primarily located within phosphine, oxygen and CH, group immediately next to oxygen atoms as
expected. The LUMO is composed of a sizeable antibonding orbital with slightly less out of phase
interactions for each molecule as shown in Fig. 2. The total energy and energy gap (the difference
between HOMO and LUMO molecular orbital) are an important descriptor for the stability and
reactivity. The total energy, the HOMO and LUMO energies and the HOMO-LUMO bandgap
(AEg) are shown in Table 1. The HOMO-LUMO transitions exhibited the energy gap of TBP is
greater than the energy band gaps of HDBP and H,MBP. These results suggest that the stability of
TBP is higher than that of its derivatives, but another factor is involved and reverse this
observation, it is dipole moment.
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Fig. 1. The optimized molecular structures of (a) TBP, (b) HDBP and (c) H2MBP.
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Fig. 2. Frontier orbitals HOMO and LUMO of (a) TBP, (b) HDBP and (c) H2MBP.

Table 1. Total energy Et, dipole moment p, energy of HOMO and LUMO, Eg (HOMO-LUMO gap)
for TBP, HDBP, H,MBP.

Parameters TBP HDBP H,MBP

Et(eV) | -30356.787 | -26080.039 | -21803.0947
HOMO (eV) | -7.791 -7.836 -8.167
LUMO(eV) | 0.828 0.691 0.137
AEg (eV) 8.619 8.527 8.304
u (D) 3.176 1.324 3.788

3.2. Dipole moment

The dipole moment of each compound was calculated and is shown in Table 1. The results
clearly demonstrate the influence of the hydroxyl groups on the dipole moment. The hydroxyl
groups play a major role in increasing the dipole moment. The TBP has the lowest dipole moment
as compared with its derivatives, HDBP and H,MBP, and therefore less stable in polar media.

3.3. Mulliken charge distributions

The computed Mulliken atomic charges are shown in Fig. 3. The variations observed in
the carbon atoms involved in the degradation stages (C6, C19 and C32) are simplified and
presented in Table 2. The positive charges that appeared on these carbon atoms indicate the
polarization of C-O bonds to the phosphorus group and the resultant weakness of these bonds.
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When the two hydroxyl groups have been formed (H,MBP), the carbon (Cg) attached to
phosphorus became more stable because the donation of electrons by a hydroxyl group and no
further reaction was observed. In contrast, the negative charges on the oxygen (O, and O3) were
reduced by the loss of the n-alkyl side chain. This behavior can be attributed to the increment in

the ability to donate their lone pairs of electrons.

Table 2. Mulliken atomic charges of TBP, HDBP and H,MBP.

(©)

Fig. 3. Mulliken charges distribution indicated on each atom of (a) TBP, (b) HDBP and (c) H2MBP.

Atom TBP HDBP H,MBP
P 1.3 1.2 1.2
02 -0.52 -0.51 -0.50
03 -0.54 -0.53 -0.52
04 -0.54 -0.51 -0.55
05 -0.57 -0.59 -0.57
C6 0.018 0.024 -0.0085
C7 -0.22 -0.22 -0.22
C10 -0.24 -0.25 -0.26
C13 -0.29 -0.29 -0.29
C19 0.019 0.015 —
C20 -0.22 -0.23 —
C23 -0.24 -0.25 —
C26 -0.29 -0.29 —
C32 0.018 — —
C33 -0.23 — —
C36 -0.25 — —
C39 -0.28 — —
H attached to O2 — 0.30 0.30
H attached to O3 — — 0.30
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3.4. Molecular electrostatic potentials (MEP)

The electrostatic potential produced by total charge distribution around a molecule is
called molecular electrostatic potential (MEP). MEP illustrates different polarity regions of the
molecule that display the electrophilic and nucleophilic reactivity. Color coding is used to
represent the different values of the electrostatic potential, positive electrostatic potential regions
are represented by blue color, negative the regions are shown in red color, while white represents
the region of zero potential. For greater clarity, in Fig. 4, the surfaces of MEP are displayed as
viewed from two sides of view. Electronegative regions of the three title molecules are localized
on oxygen atoms. An intermediate potential (zero potential) is located around phosphine and
carbon atoms and electropositive surfaces are attributed to hydrogen atoms. In HDBP and H,MBP,
the large positive charge of hydrogen atoms attached with oxygen is advantageous for more dense
electropositive potential (more blue color) due to the presence of high donated electrons in the
hydroxyl groups. In reference to the previous findings, all hydrogen atoms are spots for
electrophilic reactivity, while oxygen atoms are their nucleophilic reaction partners.

Yy

()

Fig. 4. The molecular electrostatic potential maps around (a) TBP, (b) HDBP and (c) H,MBP. For
clear vision two plots has been taken, forward side (left) and backward (right) for all molecules.

3.5 Fourier transform infrared spectroscopy (FTIR)

FTIR is an important technique for a qualitative analysis of these compounds as illustrated
in Fig. 5. The presence of the TBP compound can be easily demonstrated by the absence of the
hydroxyl group band, the presence of two bands at 3024 cm™ and 3084 cm™ for C-H stretching,
and band at 1297 cm™ for P-O stretching. The P=0 bond is shown up as a weak band at 1422 cm™.
Whereas the spectrum of the HDBP compound is very similar to that of the H,MBP compound.
The difference lies in the area of , the fingerprint region. In addition, the transmittance intensity of
the hydroxyl group in H,MBP has increased approximately by one order of magnitude above that
of HDBP. Further, the symmetric and asymmetric C-H stretching was clearly evident in TBP and
HDBP while the symmetric stretching in H,MBP was less. It is noteworthy that the transmittance
intensity of C-H stretching decreased when the presence of an additional hydroxyl group as in
H,MBP. In contrast, the transmittance intensity of P=O stretching (ranging between 1283 and
1310) was greater in TBP.
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Fig. 5. Fourier transforms infrared spectra (a) TBP, (b) HDBP and (c) H,MBP.

3.6. Raman spectroscopy

Fig. 6 shows the Raman spectra of TBP, HDBP and H,MBP. TBP has two distinct bands
at 3081 and 3022 cm™. For HDBP, the band at 3081 shifted to 3089 cm™ while 3022 remained
fixed in its place. In contrast, in H,MBP the positions of the two bands shifted to 3053 and
3032cm™ and the intensity ratio between 3053 and 3032cm™ remained almost unchanged. It is
worth mentioning that the TBP qualitatively analyzed by the absence of a hydroxyl group band.

Meanwhile, the intensity of the hydroxyl group in H,MBP increased by two orders of magnitude
approximately above that of HDBP.

i T
01 019 4oer
02 024
0.3 034
EX 24
21,6 20.69
07 .74
H 5
08 084
08 i 084
10 L% 104
1 T T T T T T T T T 12 T T T T T T T T T
00 0 WO /0 M0 W00 1600 100 B0 AW LI 40 0 WO /0 MO A0 160 20 0. 40 00
Wavenumbers (cm?) Wavenumbers (cmit)
a) b)
f _ _ _
Y N
g | f
02
034
24
2064
2
E0.74
5
089 (]
[12 \
104 8
L

.
. T T T T T T T T T 1
4000 3600 3200 2800 2400 2000 1600 1200 800, 400. 0.00
Wavenumbers (ami™*)

c)
Fig. 6. Raman spectra (a) TBP, (b) HDBP and (c) H,MBP.
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4. Conclusions

To recapitulate, in this work the structural and spectral of TBP, HDBP and H,MBP were
thoroughly studied. The frontier molecular orbitals, HOMO-LUMO transitions, the energy
bandgap, dipole moment, electron charges distribution, and Raman and Infrared spectra were
computed using DFT. The HOMO-LUMO transitions showed that the energy gap of TBP is
greater than the energy band gaps of its depravities.

The dipole moments of the byproducts are higher than the mother compound. The
simulated spectra of FTIR and Raman suggested that these can be considered as powerful
techniques for qualitative analysis of these compounds. Further, Mulliken charge distributions,
molecular orbitals and molecular electrostatic potential (MEP) were significantly affected after the
derivatization takes place, particularly at the end side chain of alkyl attached to the phosphorous

group.
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