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1. INTRODUCTION

Phenols are organic compounds that contains a hydroxyl group (OH) bound directly
to a carbon atom in the benzene ring. Unlike normal alcohols, phenols are acidic because of
the influence of the aromatic ring [1]. Phenol is also known as carbolic acid, which is an
organic compound. It is produced on a large scale as a precursor to many materials and useful
compounds. Phenol is also a versatile precursor to a large collection of drugs, most notably
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aspirin, but also available on many herbicides and pharmaceuticals. It is used in the preparation
of cosmetics including sunscreens, hair dyes and skin lightening preparations. Phenol and its
vapours are corrosive to the eyes, the skin and the respiratory tract. Phenol derivatives are
interesting molecules for theoretical studies, due to their relatively smaller size and similarity
among biological species. The vibrational spectrum of phenol is extensively studied and
analyzed [2-4]. Literature survey reveals that, no DFT frequency calculations of 3,4,5-
trichlorophenol (TCP) are reported so far. Therefore, we have undertaken detailed
theoretical and experimental investigation of the vibrational spectra of the molecule. Density
Functional theory (B3LYP) and ab initio (HF) calculations are performed to support our
assignments.

Density functional theory calculations [5] are also reported to offer excellent vibrational
frequencies of organic compounds, if the calculated frequencies are scaled to compensate for
the approximate treatment of electron correction, for basis set deficiencies and for the
anharmonicity effects [6-10]. Electronic structure methods, namely, ab initio HF self consistent
field method and density functional methods are increasingly used by spectroscopists for
modeling molecular properties that includes equilibrium structure vibrational frequencies and
intensities [11].

Literature survey reveals that no density functional theory (DFT) with 6-31+G(d,p)
and 6-311++G(d,p) basis set calculations of TCP are reported so far. A detailed quantum
chemical study will aid in understanding the vibrational modes of this title compound. So, in
the present investigation, it analyzes the molecular structure, vibrational spectra, dipole
moment, force constant, thermodynamic parameters, HOMO-LUMO, NMR and NBO of TCP
due to its greater pharmaceutical importance.

2. EXPERIMENTAL ANALYSIS

The pure sample of 3,4,5-trichlorophenol was obtained from Lancaster chemical company,
UK which is used for the spectral measurements without further purification. The room
temperature Fourier transform IR spectrum of TCP was measured in the 4000-400 cm™
region at a resolution of + 1 cm™ using BRUKER IFS-66V Fourier transform spectrometer
equipped with an MCT detector, a KBr beam splitter and globar arc source.

The FT-Raman spectrum of compound was recorded on BRUKER IFS-66V model
interferometer equipped with an FRA-106 FT-Raman accessory in the stokes region 3500-
50cm™ with Nd:YAG laser operating at 200 mW power continuously with 1064 nm
excitation. The calibrated wave numbers are expected to be accurate with + 1 cm™,

3. COMPUTATIONAL METHODS

The molecular geometry optimization, energy and vibrational frequency calculations were
carried out for TCP with the GAUSSIAN 09 Window software package [12] using the
B3LYP functional with the standard 6-31+G(d,p) and 6-311++G(d,p) basis sets. The
Cartesian representation of the theoretical force constants are computed at optimized
geometry. Scaling of the force field was performed according to the SQM procedure [13-16]
using selective scaling in the natural internal coordinate representation. The calculated
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frequencies are scaled by 0.885 and 0.851 for B3LYP/6-31+G(d,p) and for B3LYP with 6-

311++G(d,p) basis set by 0.944, 0.949, 0.982, 0.953, 0.879 and 0.969. Transformations of

the force field and the subsequent normal co-ordinate analysis including the least square

refinement of the scaling factors and calculation of the total energy distribution (TED), were

done on a PC with MOLVIB program written by Sundius [17]. The symmetry of the

molecule was also helpful in making vibrational assignments. The symmetries of the

vibrational mode were determined by using the standard procedure of decomposing the traces

of the symmetry operation into the irreducible representations. The symmetry analysis for the

vibrational modes of TCP is shown with details, in order to describe the basis for the

assignments.

By combining the results of the GAUSSVIEW program [18-19] with considerations,
vibrational frequency assignments were made with a high degree of confidence. There is
always some ambiguity in defining internal co-ordinate from complete set and matches quite
well with the motions observed using the GAUSSVIEW program.

3.1. Prediction of Raman Intensities

The Raman activities (Si) calculated with the GAUSSIAN 09W program are
subsequently converted to relative Raman intensities (I;) using the following relationship
derived from the basic theory of Raman scattering, [20-22]

f(VO _Vi)4si . (1 )

o)

where vy is the exciting frequency in cm™, v; the vibrational wave number of the i"" normal
mode, h, ¢ and ky, are the fundamental constants and f is a suitably chosen common
normalization factor for all the peak intensities.

4. RESULTS AND DISCUSSION
4.1. Molecular Geometry
The molecular structure of the TCP belongs to C1 point group symmetry as shown in
Fig. 1. The title molecule contains chlorine atom and carbonyl group with benzene ring. The
experimental and calculated FT-IR and FT-Raman spectra of TCP are given in Figs. 2 and 3
respectively. The comparative optimized structural parameters such as bond lengths, bond
angles and dihedral angles of TCP are presented in Table 1. According to the calculated
values by B3LYP method with 6-31+G(d,p) and 6-311++G(d,p) basis sets, the order of the
optimized bond lengths of six C-C bonds of the ring as C1-C2 < C1-C6 < C2-C3< C5-C6 <
C3-C4 < C4-C5. From the order of the bond lengths, it is clear that the phenyl ring appears
little distorted from perfect hexagonal structure, which is due to the substitution of the CI
atoms in the place of H atoms. It is also evident that the bond lengths of C3-C4 and C4-C5
(1.406 A) are more extended bond lengths C1-C2, C2—-C3, C1-C6 and C5-C6
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Fig. 1: Molecular structure of 3,4,5-trichlorophenol
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Fig. 2:  Comparison of observed and calculated IR spectra of 3,4,5-
trichlorophenol (a) observed, (b) calculated with B3LYP/6-31+G(d,p) and (c)
calculated with B3LY/6-311++G(d,p)
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Fig. 3: Comparison of observed and calculated Raman spectra of 3,4,5-trichlorophenol (a)
observed (b) calculated with B3LYP/6-31+G(d,p) and (c) calculated with B3LY/6-
311++G(d,p)
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(1.395 A). According to the calculated values, the breaking of perfect hexagonal structure is

obvious from the bond angle order C3-C4-C5 < C1-C6-C5 < C1-C2-C3 < C2-C1-C6 < C2-
C3-C4 < C4-C5-C6.

C-H vibrations

Aromatic compounds commonly exhibit multiple weak bands in the region 3100-3000
cm* due to aromatic C—H stretching vibrations [23]. Hence, the infrared and Raman bands
appeared at 3070 cm™ and 3079 cm™ in TCP are assigned to C—H stretching vibrations
respectively and these modes are confirmed by their TED values. The bands due to C-H in-
plane ring bending vibrations, interact with C—C stretching vibrations, are observed as a
number of sharp bands in the region 1600-1400 cm™ [24]. The C-H out-of-plane bending
vibrations are strongly coupled vibrations and occur in the region 900-667 cm™. The FT-
Raman bands observed at 1320, 1310 cm™ are assigned to C—H in-plane bending vibrations
of TCP. The out-of-plane bending vibrations of C—H group are also identified and they are
presented in Table 2.

C-O Vibrations

The carbonyl group vibration in alcohol and phenols produces a strong band in the
1900-1000 cm [25]. In the present work, the C—O stretching mode is active in FT-IR band
at 1285 cmt. The in-plane bending frequency of C-O group attached to phenyl ring is
significantly enhanced in FTIR observed at 694 cm™. The band at 308 cm™ is associated with C—
O out-of-plane bending modes [26]. These vibrational assignments are in line with the literature
[27].

C-C vibrations

Generally the C—C stretching vibrations in aromatic compounds are seen in the region
of 1430-1650 cm™ [28-30]. The C—C stretching vibrations of TCP are strongly observed at
1691 and 1594 and 1582 cm™ in FT-IR and FT-Raman spectrum respectively. The C-C
stretching vibrational IR bands are observed at 1578, 1460 and 1447 cm™. All bands lie in the
expected range when compared to the literature values. The C—C-C in-plane bending
vibrations are observed at 1141, 1049, 948 cm* and 951 cm? in FT-IR and FT-Raman
spectrum respectively. The out-of-plane bending vibrations are appeared at 552, 469 and 341
cm in Raman spectrum. These assignments are in good agreement with literature [31].

C—Cl vibrations

The vibrations belonging to the bond between the ring and the halogen atoms are
worth to discuss here, since mixing of vibrations are possible due to the lowering of the
molecular symmetry and the presence of heavy atoms on the periphery of molecule [32].
Generally the C—CI absorption is obtained in between 850 and 550 cm. For TCP, the FTIR
bands found at 604, 597 and 559 cm™ in the FT-IR spectrum are designated to C—C1
stretching mode of vibration and the corresponding force constant contributes nearly 53% to
the TED. Most of the aromatic chloro compounds have the band of strong to medium
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intensity in the region 385-265 cm™ due to C—C1 in-plane bending vibration. Accordingly,
the Raman bands identified at 451, 439 and 361 cm™ in Raman are assigned to the C—C1 in-
plane mode of TCP. The C-C1 out-of-plane deformation for TCP is established at 252, 215
and 123 cm™ in the Raman spectrum. These are in good agreement with literature data [33].

5. POLARIZABILITY AND HYPERPOLARIZABILITY

Analysis of organic molecules having conjugated =m-electron systems and large
hyperpolarizability using infrared and Raman spectroscopy are evolved as a subject of
research [34]. The potential applications of the substituted toluenes demand the investigation
of their structural ring features contributing to the hyperpolarizability enhancement by
analyzing the vibrational modes using the FT-IR and FT-Raman spectra. In the present study,
the observed stretching bands at 3544, 3070, 1691, 1578, 1460, 1447 and 1422 cm™ in FT-IR
spectrum have counterparts in FT-Raman at 3546, 3079 and 1594 cm™ respectively and their
relative intensities in FT-IR and FT-Raman spectra are comparable. The polarizabilities and
hyperpolarizabilities characterize the response of a system in an applied electric field [35-36].
The first-order hyperpolarizability (o) of this novel molecular system and it’s related properties
(Bo, a0 and Aa) of TCP are calculated using B3LYP with 6-31+G(d,p) and 6-311++G(d,p)
basis sets, based on the finite field approach. In the presence of an applied electric field, the
energy of a system is a function of the electric field. The first hyperpolarizability is a third —
rank tensor that can be described by a 3 x 3 x 3 matrix [37]. The components of 3 are defined
as the coefficients in the Taylor series expansion of the energy in the external electric field.
When the external electric field is weak and homogeneous, this expansion becomes

E = EO - H(XF(X_ % aaBFqFB_ % Ba[}’y FQF[}FY +. . (2)

where E? is the energy of the unperturbed molecules, F, is the field at the origin and W, o
and Pupy are the components of dipole moment, polarizability and the hyperpolarizabilities
respectively. The total static dipole moment L, the mean polarizability ao, the anisotropy of the
polarizability Aa and the mean first hyperpolarizability Bo, using the X, Y, Z components they
are defined as follows:

W= (ot Hu)

00 = (oxxtolyytazz)/3

Bo= (Bc+By+p%)"?
and

Bx = Bxxx + Bxyy + szz

By = Byyy + Bxxy + Byzz

Bz = Bzzz + Bxxz + Byyz

Since the standard values of the polarizability o and first hyperpolarizability
[ are reported in atomic units (a.u.), the calculated values are converted into electrostatic units
(esu). (o 1 aw. =0.1482 x 10 e.s.u; B: 1 a.u. =8.6393 x 102 e.s.u)

According to the present calculations, the total molecular dipole moment (u =-2.063
Debye), the anisotropy of the polarizability (Ao = 0.7708 x 10 e.s.u.  Polarizability (a =
0.9814 x 10 e.su) and the first-order hyperpolarizability (Bo = 1.5942 e.s.u) which is
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comparable with the reported values of similar derivatives [38]. From these values performers to
studies, one can conclude that, TCP molecule is an attractive object for future studies of non-
linear optical properties.

6. HOMO-LUMO ANALYSIS

For studied compound, the hipsochromic shifts are caused by the increase in the gap
between bonding and anti-bonding orbitals. The energy gap between the highest occupied
and the lowest unoccupied molecular orbitals, is a critical parameter in determining
molecular electrical transport properties because it is a measure of electron conductivity. The
analysis of the wave function indicates that the electron absorption corresponds to the
transition from the ground to the first excited state and is mainly described by one-electron
excitation from the highest occupied molecular orbital (HOMO) to lowest unoccupied
molecular orbital (LUMO). The HOMO energy characterizes the ability of electron giving and
the LUMO energy characterizes the ability of electron accepting and the gap between HOMO
and LUMO characterizes the molecular chemical stability. The energy gaps are largely
responsible for the chemical and spectroscopic properties of the molecules. This is also used by
the frontier electron density for predicting the most reactive position in conjugated system [39].
Here, six important molecular orbitals (MO) were explained for TCP, the third highest,
second highest and highest occupied MQO'’s and the lowest, second lowest and the third lowest
unoccupied MO's which are denoted as HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and
LUMO+2 is shown in Fig. 4 along with the respective energies. The HOMO and LUMO
energies are calculated by the DFT level .
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Fig. 4: The atomic orbital compositions of frontier molecular orbital for 3,4,5-
trichlorophenol
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The calculated energy value of HOMO is -0.3651 a.u. and the energy of LUMO is -
0.0899 a.u. Moreover lower in the HOMO and LUMO energy gap (AE = 0.2752a.u.) explains
the eventual charge transfer interactions which takes place within the compound, that
influences the biological activity of the compound and also energy serves as a measure of
excitability of a compound, the smaller the energy gap, the more easily the compound will be
excited. Consequently, the lowering of the HOMO-LUMO band gap is essentially a
consequence of the large stabilization of the LUMO due to the strong electron-acceptor
ability of the electron-acceptor group [40].

7. THERMODYNAMIC PROPERTIES

The values of some thermodynamic parameters (such as zero point vibrational energy,
thermal energy, specific heat capacity, rotational constants, entropy and dipole moment) of TCP
by DFT/B3LYP with 6-31+G(d,p) and 6-311++G(d,p) basis sets The global minimum energy
obtained for structurl optimization of TCP using DFT/B3LYP with 6-31+G(d,p) and 6-
311++G(d,p) basis sets are -1616.2552 and -1616.2582 Hartrees respectively. The difference in
the values calculated using both the methods are only marginal. The same trends are observed in
entropy calculations. All the above observations were made without any symmetric constrains.
The rotational constants and specific heat are increasing in values from lower to higher basis
sets for B3LYP. The thermal energies are also in same trend with global minimum energy.
Dipole moment reflects the molecular charge distribution and is given as a vector in three
dimensions. Therefore, it can be used as a descriptor to depict the charge movement across
the molecule. The direction of the dipole moment vector in a molecule depends on the center
of positive and negative charges. Dipole moments are strictly determined for neutral
molecules. For charged systems, its value depends on the choice of origin and molecular
orientation. In the present study, the total dipole moment of TCP determined by B3LYP
method using 6-31+G(d,p) and 6-311++G(d,p) basis sets are 2.5630 and 2.4850 Debye,
respectively. The variation in zero-point vibrational energies (ZPVES) seems to be significant
[41].

8. NATURAL BOND ORBITAL (NBO) ANALYSIS

The natural bond orbital (NBO) calculation was performed using NBO 3.1 program
implemented in the GAUSSIAN 09W package [42-45] at the DFT/B3LYP/ 6-311++G(d,p)
level in order to understand various second-order interaction between the filled orbitals of
one subsystem and the vacant orbitals of another subsystem, which is a measure of the
delocalization or hyperconjugation. The hyperconjugative interaction energy was deduced
from the second-order perturbation approach. Delocalization of electron density between
occupied Lewis-type (bond or lone pair) NBO orbitals and formally unoccupied (antibond or
Rydberg) non-Lewis NBO orbitals to a stabilizing donor-acceptor interactions.

In NBO analysis, large E® value shows the intensive interaction between electron-
donors and electron-acceptors and greater, the extent of conjugation of the whole system, the
possible intensive interactions are given in Table 3 the natural atomic orbitals, their
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occupancies and the corresponding energy of TCP were described. The NAO's orbital
energies £ are calculated by using Kohu-sham operator (F) as

e® = (0 |Flo™) -(3)

The NAO'’s deal with the molecular property in terms of inter atomic and intra-atomic
contributions. The second order perturbation theory analysis of Fock matrix in NBO basis
shows strong intra molecular heteroconjugative of x electrons. NBO analysis are performed
on the TCP molecules at DFT/B3LY/6-311++G(d,p) level in order to elucidate, the
intramolecular rehybridization and de localization of energy density within the molecules
[46-47]. The transferring of energy during the intra molecular interactions between n*(C5—
C6) — n*(C1-C2) and n*(C3-C4) — w*(C5-C6) bonds are more, which is about 267.7 and
184.93 kJ/mol for TCP. The maximum energy delocalization take part in the n* — n*
transition. These charge transfer interactions of TCP are responsible for pharmaceutical and
biological properties. Hence, the TCP structures are stabilized by these orbital interactions.

9. 3C AND 'H NMR SPECTRAL ANALYSIS

The molecular structure of TCP are optimized by using B3LYP method with 6-
311++G(d,p) basis set. Then, GIAO 3C calculations of TCP are calculated and values are
shown in Table 4 [48]. Relative chemical shifts were then estimated by using the
corresponding TMS shielding, calculated in advance at the theoretical level as reference.
Changes in energy needed to flip protons are called chemical shifts. The locations of
chemical shifts (peaks) on a NMR spectrum are measured from the reference point that the
hydrogens are in a standard reference compound (CH3)sSi or TMS. The amount of energy
necessary to flip protons in TMS is assigned the arbitrary value of zero . Chemical shifts are
measured in parts per million magnetic field strength difference (3-scale), relative to TMS.
The experimental values for *H and *3C isotropic chemical shielding for TMS were 30.84 ppm
and 188.1 ppm, respectively [49]. In practice, it is easier to fix the radio wave frequency and
vary the applied magnetic field than to vary the radio wave frequency. The magnetic field
“felt” by the hydrogen atom is composed of both applied and induced fields. The induced
field is a field created by the electrons in the bond to the hydrogen and the electrons in nearby
n bonds. When the two fields reinforce each other, a smaller applied field is required to flip
the proton. In this situation, a proton is said to be deshielded. When the applied and induced
fields oppose each other, a stronger field must be applied to flip the proton. In this state, the
proton is shielded. Electronegative atoms such as nitrogen, oxygen, and halogens deshield
hydrogen. The extent of deshielding is proportional to the electronegativity of the hetero atom
and its proximity to the hydrogen. Electrons on an aromatic ring, double bonded atoms, and
triple bonded atoms deshield attached hydrogens.

The result shows that the range *C NMR chemical shift of the typical organic
compound usually is > 100 ppm [50-51], the accuracy ensures reliable interpretation of
spectroscopic parameters. The structure of TCP shows that three chlorine atoms are present at
different positions and one oxygen atom is present at ortho position. These chlorine and
oxygen atoms show electronegative property, so that the chemical shift of C3, C4, C5 and C1
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seems to be 127.52, 120.14, 129.49 and 140.44 ppm for TCP. The calculated **C and *H
spectrum of TCP is shown in Fig. 5. The chemical shift of C1 is greater than the other carbon
values. This increase in chemical shift is due to the substitution of more electronegative
chlorine and oxygen atoms in the benzene ring. The presence of electronegative atom attracts
all electron clouds of carbon atoms towards the chlorine atom, which leads to deshielding of
carbon atom and net result the increase in chemical shift value. Hence the chemical shifts of
carbon atoms attached to the electronegative atoms are higher than the other which are shown
in Table 4. The NMR shielding surfaces of TCP are shown in Fig. 6. In the NMR shielding
surfaces, the blue region represents shielding and red region represents de-shielding of the

title compounds.
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Fig. 5: Calculated **C and *H NMR isotropic chemical shielding and chemical shifts (ppm)
for 3,4,5-trichlorophenol using DFT/B3LYP/6-311++G(d,p) method and basis set

Fig. 6: NMR shielding surfaces of 3,4,5-trichlorophenol
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10. CONCLUSION
DFT and ab initio calculations are carried out on the structure and vibrational spectra
of 3,4,5-trichlorophenol. The comparison between the calculated and experimental structural
parameters indicate that B3LYP results are in good agreement with experimental values.
Vibrational frequencies calculated by B3LYP/6-311++G(d,p) method agree well with
experimental results. The assignments made at higher level of theory with higher basis set
with only reasonable deviations from the experimental values, seem to be correct. The
various properties of TCP are discussed by studying, thermodynamic properties and Mulliken
atomic charges. The HOMO and LUMO energy gaps explain the eventual charge transfer
interactions taking place within the molecule. The NBO analysis reveals the reasons for
hyperconjugative interaction, ICT (Intra-molecular charge transfer) and stabilization of
molecule. Gauge-including atomic orbital (GIAO) **C and *H chemical shift calculations are
calculated.

Table 1: Optimized geometrical parameters for 3,4,5-trichlorophenol computed at
B3LYP/6-31+G(d,p) and 6-311++G(d,p) method and basis sets

Bon | Values/B3LYP Bo | Values/B3LYP Dihe Values / B3LYP

L‘:n 6- 6- | °Ex :‘: 6- 6- | °Ex | dral | 6- 6-

ath 31+G( | 311++G | pt. gl 31+G( | 311++G | pt. | Angl | 31+G( | 311++G

d, d, 3 d, d, e(° d, d,

A | 9P | @p) @ | P | (@p) ) P | (dp)
C_2 C6—

Cl- 1.4 120. | C1-

s 1.395 | 1.391 20 c_1 120.54 | 120.42 o1 | co 1.202 1.17
C6 3
C_2 C6—

Cl- 1.4 118. | C1- -

6 1.395 | 1.391 16 c_1 119.66 | 119.73 0 | co | 17839 -178.42
o7 H8
c6 O7—

Cl- 13| _ Cl-

o7 1.383 | 1.383 50 C_l 119.67 | 119.73 oo 176.97 | 177.00
o7 3
C_l o7—

C2- 1.4 Cl-

o3 1.395 | 1.391 18 c_z 119.54 | 119.61 oo -2.61 -2.59
C3 Hg
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1
¢ C2-
C2- 1.0 | _ Cl-
Hs 1.083 | 1.082 %0 c_2 120.03 | 120.06 o6 -1.204 | -1.17
H8 5
cs co-
C3- 1.4 Cl-
o 1.406 | 1.402 09 c_z 120.37 | 120.33 o 178.39 | 178.42
Hg H12
C_Z 07—
C3- Cl- -
o19 1.746 | 1.745 c_3 121.12 | 121.13 o5 | 176.95 -177.00
C4 5
C2
— O7-
C4— 1.4 | C3 Cl-
or 1.406 | 1.402 0o | 118.07 | 118.06 o6 -2.620 | 259
C1 H12
9
C4
_ C2_
C4— C3 Cl-
10 1.737 | 1.737 | 12081 | 120.82 o7 92.18 | 92.07
C1 H13
9
C_3 C6—
C5- 120. | C1-
6 1.395 | 1.393 c_4 118.13 | 118.12 o | o7 -92.02 | -92.07
- H13
C5
C5- - g;:
Cl1 | 1.746 | 1.746 712093 | 120.94 o3 -0.55 -0.56
. Cl C4
0
C6— 10 | C4 Cl-
H1o 1.083 | 1.083 o0 | - 121.13 | 121.13 oo 179.75 | 179.75
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C5 C3-
- C19
C6
C4—
o7- 0.967 | 0.964 C5- |120.82 | 120.82 H8-C2- 179.04 | 179.03
H13 C3-C4
Cl11
C6—
C5- | 118.07 | 118.06 ggigi; -0.06 | -0.66
Cl11
Cl-
C6— |119.54 | 119.61 | 120.24 Co-C3- -0.08 | -0.04
C4-C5
C5
Cl-
C2-C3- - -
C6— |120.11 | 120.06 | 119.28 c4-010 | 170.97 | 179.08
H12
C5-
C6— | 120.36 | 120.33 | 121.07 C19-C3- 179.61 | 179.63
C4-C5
H12
Cl-
O7- |110.47 | 110.23 C19-C3- -0.28 | -0.31
C4-Cl10
H13
C3-C4-
o5 6 0.08 | 0.04
C3-C4- - -
C5-Cl11 | 179.61 | 179.63
Cl10-C4—
o5 C10 179.97 | 179.98
Cl10-C4—
o5 Cl11 0.28 | 0.30
C4-C5-
601 0.56 | 0.56
C4-C5- - -
C6-H12 |179.03 | 179.03
Cl11-C5- - -
C6-C1 |179.74 | 179.75
Cl11-C5-
6 H12 0.66 | 0.66
For numbering of atom refer Fig. 1
351

Published by: The Mattingley Publishing Co., Inc.



November/December 2020
T E ST ISSN: 0193-4120 Page No. 337-357
Table .2: The observed (FT-IR and FT-Raman) and calculated (Unscaled and Scaled)
frequencies (cm™), IR intensities (Km mol™), Raman intensities (A* amu™) and probable
assignments (characterized by TED) of 3,4,5-trichlorophenol based on quantum
mechanical calculations using DFT/ B3LYP/6-31+G(d,p) and 6-311++G(d,p) basis sets

Observed
frequencies Calculated values TED %
s (cm™) among
N' B3LYP/6-31+G(d,p) B3LYP/6-311++G(d,p) types
FT- | Frequencie Ram | Frequencie Ram internal
o. | FT- 1 IR 1 IR
Ram s(cm™) : an s(cm™) an Co-
IR inten | . Inte | . .
an Unsc | Sca it inten | Unsc | Sca nsit inten | ordinates
aled | led y sity | aled | led y sity
3544( | 3546 355 | 98.3 | 424 354 | 100.1 | 45.5
1. vs) | (ms) 3815 3 4 5 3821 5 5 . yOH(99)
3079 308 24.0 307 25.4
2. - ©) 3232 . 1.05 3 3213 4 1.44 5 yCH(98)
3070( 306 51.8 306 51.5
3. 9 - 3230 5 0.13 6 3213 g 0.03 3 yCH(97)
1691( 168 | 77.6 | 50.1 169 51.2
4, ms) - 1625 3 3 0 1616 4 76.57 3 yCC(96)
1594 159 | 919 | 24.2 159 22.5
5. - ©) 1591 9 6 3 1582 5 93.87 6 yCC(92)
1582 157 | 118. 158 | 118.9
- 14 : 14 .82
6 W) 59 3 57 6.33 53 5 3 6.8 yCC(94)
7. 1587)8( - 1411 1:6 0.06 | 0.17 | 1405 127 42,52 | 0.08 yCC(92)
1460( 145 | 14.0 | 48.0 146 45.0
8. W) - 1299 ) 5 3 1281 5 7.64 5 yCC(90)
1447( 144 22.2 145 215
9. w) - 1286 1 6.62 1 1281 ) 1.32 1 yCC(89)
1 |1422( 142 | 15.3 142 bCH(75)Ras
0. vs) 1203 7 9 1.50 | 1200 3 15.75 | 1.50 ymd(16)
1 | 1320( 132 | 93.2 | 126. 132 | 105.2 | 129. bCH(73)
1. | ms) I 6 o |18, 4 13 | Rsymd(17)
1 | 1310( 131 | 131. | 111 131 | 118.0 | 13.0
5 W) - 1146 9 78 99 1142 6 9 4 bOH(74)
1 | 1285( 129 100. 128 91.8
3| w - 1048 9 5.72 62 1047 6 6.79 5 yC-0(72)
1 | 1141( | 1145 115 | 40.5 | 28.7 114 34.0 Rtrigd(60)
4. | vs) (s) 995 1 2 3 950 6 39.56 6 bCH(20)
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1 1049 102 11.7 104 Rtrigd(59)

c ) 881 | "o | 021 | "7 | 880 | "7 | 025 | 239 bCH(19)

1 | 948(v | 951( 15.9 215 | Rasymd(62)
8156 | 963 | 2.58 865 | 959 | 39.07

6. 9) ms) 9 2 ®OH(20)

71 69\:)(" - 810 | 957 | 0.23 | 1.34 | 807 | 953 |83.28 | 2.01 | hC-O(60)

1| 682( 14.3 11.1

8| ms) - 555 | 672 | 111 | ~" | 554 | 676 | 124 | 7 ®CH (55)

L1640 ) sa leaa | 021 | 27 | s34 |6ag | 011 | T2 | wcHB2)

9. ms) 1 4

2 | 604( 53.0 51.5

0. | ms) - 448 | 615 | 502 | 77 | 449 | 607 | 529 | " yCCI(51)

2 | 597( 322. 300.

L w - 445 | 610 | 201 | "7 | 444 | 588 | 191 | yCCI(54)

2 | 559( 80.1 76.2

2| W) - 344 | 567 | 0.1 | "7 | 344 | 551 015 | yCCI(53)

2 552( 18.1 14.1 _

3| - W) 340 | 535|378 | " | 331 | 542 | 355 | © 7 | tRirigd (54)

2 469( 14.9 17.4

Al - v) 277 | 459 | 028 | "7 | 276 | 460 | 022 | " | tRsymd (53)

20 U 560 | aaz| 001 | YO | 266 | 280 | 35 | 142 bCCI(51)

5. w) 9 1

20| 0 oss 29| 202 | M0 | 258 | 285 | 0.22 | 291 bCCI(50)

6. W) 2 4

20 . | 3000 50 | 401 | 105 | BT | 241 | 245 | 004 | 173 bCCI(51)

7. Vs) 2 1

2 341( 47.0 59.3 tRasymd

e | - W) 212 | 382|005 | ",° | 213 | 350 | 0.04 | *¢ (52)

20 3801 506 328 002 | * | 206 | 323 002 | %8° »OH(55)

9. W) 6 2

310 1380 205 | 272 | 048 | 28| 203 | 324 | 059 | 24P »CO(53)

0. w) 3 2

31 . P20 165 | 235 | 246 | 1% | 167 | 265 | 2.36 | 100 »CCI(54)

1. w) 8 4

g’ - 2\/13( 77 | 215|011 | 044 | 77 |221| 0.17 | 0.44 | ®CCI(55)

3 123( 749 | 274. 313.

2| - W) 45 | 155 | " g | 49 | 122]7532) T | CCI(53)
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Abbreviations: v — stretching; ss — symmetric stretching; ass — asymmetric stretching;
b — bending; o - out-of-plane bending; R — ring; trigd — trigonal deformation; symd

— symmetric deformation; asymd — antisymmetric deformation; t — torsion; s —
strong; vs — very strong; ms — medium strong; w - weak
Table 3: Second Order Perturbation theory analysis of Fock matrix of 3,4,5-
trichlorophenol using NBO method

(2)a . ob ...C
Donor (i) Acceptor (j) (k JEmol'l) ZI_S') Zi’:j)
oCl1-C2 c*C3-C19 4.52 0.86 0.056
nC1-C2 n* C3-C4 23.80 0.26 0.072
n C1-C2 n* C5-C6 20.61 0.27 0.068
c C1-C6 o* C5-CI11 4.52 0.86 0.056
c C2-C3 o* C1-O7 3.44 1.06 0.054
c C2-C3 o* C3-C4 4.24 1.26 0.066
o C2-C3 o* C4-CI10 4.38 0.88 0.056
o C2-H8 o* C3-C4 4.15 1.06 0.059
n C3-C4 n* C1-C2 16.51 0.31 0.065
n C3-C4 n* C5-C6 18.40 0.30 0.068
o C4-C5 o* C3-C4 4.43 1.28 0.068
n C5-C6 n* C1-C2 19.59 0.30 0.069
n C5-C6 n* C3-C4 18.64 0.27 0.065
o C6-H12 o* C4-C5 4.15 1.06 0.065
o O7-H13 n* C1-C2 4.10 0.74 0.054
n* C3-C4 n* C1-C2 117.32 0.03 0.082
n* C3-C4 n* C5-C6 184.93 0.02 0.082
n* C5-C6 n* C1-C2 267.70 0.01 0.085

3£ means Energy of hyper conjugative interaction
bei-¢; means Energy difference between donnor and acceptor i and j NBO orbitals.
°F,j Is the Fock matrix element between i and j NBO orbitals.
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Table 4: The calculated *3C and 'H NMR isotropic chemical shielding and
chemical shifts (ppm) for 3,4,5-trichlorophenol using B3LYP/ 6-311++G(d,p)
GIAO method
Isotropic chemical

Atoms shielding tensor (o) Shift (3) (ppm)
(ppm)
Cl 41.82 140.44
C2 82.51 120.14
C3 54.94 127.52
C4 62.31 120.14
C5 58.92 129.49
C6 82.51 99.96
H8 25.02 5.82
H12 26.58 5.28
H13 29.46 5.74
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