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Experimental and DFT Quantum Chemical Studies on
Structural, Vibrational and Molecular Properties of Some
Substituted 4-Phenylphenols

L. Ravindranatha,b, K. Srishailamc, and B. Venkatram Reddyb

aDepartment of Physics, Malla Reddy Engineering College(a), Hyderabad, India; bDepartment of Physics,
Kakatiya University, Warangal, India; cDepartment of Physics, SR University, Warangal, India

ABSTRACT
Fourier Transform infrared spectra (4000–400 cm�1) and Fourier Transform
Raman spectra (4000–50 cm�1) were recorded for 2-chloro-4-phenylphenol
(CP); 2-nitro-4-phenylphenol (NP); and 2-amino-4-phenylphenol (AP). 1H
and 13C NMR spectra, along with UV-Vis spectra of the three samples were
also measured. Quantum chemical calculations, at the level of DFT/B3LYP/
6-311þþG(d,p) theory were implemented to study their ground state
geometry, vibrational wave numbers, infrared and Raman intensities, 1H
and 13C NMR spectra, frontier molecular orbital parameters, NLO behavior,
NBO properties, thermodynamic quantities, rotational constants and MESP
behavior. TD-DFT variant was employed to simulate electronic transitions
of these molecules. Observed and calculated vibrational frequencies agreed
with an rms error 7.44, 8.98 and 6.97 cm�1, the corresponding RMSD val-
ues being 7.09, 9.39 and 6.59 cm�1 for CP, NP and AP, respectively.
Experimental chemical shifts concurred, with their theoretical counterparts,
with RMSD value, 0.19, 0.29 and 0.56 ppm for 1H NMR; and 6.34, 6.28 and
5.39 ppm for 13C NMR, respectively, in CP, NP and AP. This kind of agree-
ment was also true for absorption maxima (kmax) of their electronic transi-
tions in solution form. Frontier molecular orbitals were found useful to
understand origin of electronic transition maxima and chemical reactivity
of the three molecules which was supported by NBO analyses. The compu-
tations showed that the three molecules were potentially good for devel-
oping NLO materials. MESP investigations showed that the most reactive
sites are at oxygen atoms in the three molecules. Moreover, we also made
an attempt to understand the effect of deactivating (Cl, NO2) and activat-
ing (NH2) groups on certain properties of the three molecules. Presence of
intra-molecular hydrogen bond was predicted in CP, NP and AP.
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HIGHLIGHTS

� Structure parameters for CP, NP and AP agree well with their experi-
mental counterparts.

� Computed and measured frequencies, chemical shifts and electronic
transitions agree acceptably.

� Effect of activating and deactivating groups is studied.
� CP, NP and AP are potential NLO materials.
� Intra-molecular charge transfer (ICT) is demonstrated using NBO analysis.

1. Introduction

We know that 4-phenylphenol or 4-hydroxyphenyl, a derivative of the representative molecule
biphenyl (BP) can be considered as a basic unit for its chloro-, nitro-, and amino derivatives. In
this article we considered three such substituted hydroxybiphenyls. These are 2-chloro-4-phenylphe-
nol (CP); 2-nitro-4-phenylphenol (NP); and 2-amino-4-phenylphenol (AP). Nitrophenylphenols
were known for their herbicidal activity, which showed significant increase with progressive substi-
tution of nitro groups on non-phenolic ring.1 Extension of these investigations to chlorophenylphe-
nols revealed that the herbicidal characteristics were influenced remarkably with increasing number
of chlorine atoms on the phenylphenol ring.2 Further, chloro derivatives of 4-phenylphenol along
with their basic value were found highly effective fungistatic agents against Aspergillus niger and
Piricularia oryzae, arising from their reactivity, steric repulsion, permeability and metabolic simula-
tion.3 Miticidal activity of phenylphenols was correlated with their molecular structure,4 which was
found sensitive to the position of substitution and number of substituents such as chlorine atoms,
nitro groups and amino moieties.5–7 Several antimicrobial agents found in biosolids were identified
as derivatives of chlorinated phenylphenols.8 X-ray structure of 4-hydroxybiphenyl is also available.9

From existing literature we find that the earlier studies were confined mainly to exploring biological
activity, comprising of antimicrobial,10,11 antiproliferative,12 estrogenic,13 antioxidant,14 meta-
bolic15,16 and antimalarial17 properties, of CP, NP, AP and their derivatives. Molecular structure,
either experimental or theoretical, is not reported in literature for CP, NP and AP. This is also the
case with normal coordinate analysis and other important molecular parameters for the three mole-
cules. Against this backdrop we undertook the work reported in this article with the objectives: (i)
to investigate molecular structure of CP, NP and AP in gas phase by employing DFT/B3LYP/6-
311þþG(d,p) formalism, (ii) to perform normal coordinate analysis making use of measured infra-
red and Raman spectra, evaluating general valence force field in the process, in order to assign all
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observed vibrational fundamentals unambiguously, (iii) to record 1H and 13C NMR spectra and
compare them with corresponding theoretical counterparts, (iv) to use frontier molecular orbitals to
help assign observed electronic spectra and to gain some insight into chemical reactivity, (v) to
evaluate nonlinear optical (NLO) parameters, in order to examine utility of the compounds for
nonlinear applications, (vi) to make natural bond orbital analyses, so as to understand origin of the
stabilizing energy, (vii) to compute molecular electrostatic surface potentials, in order to identify
reactive sites, and (viii) to estimate thermodynamic quantities for future use. Further, we wish to
examine the effect of presence of activating or electron donating (NH2) and deactivating or electron
withdrawing (NO2 and Cl) groups on the phenolic ring of 4-phenylphenol on certain properties of
CP, NP and AP. It is to be stated that the effect of activating and deactivating moieties on molecu-
lar properties was reported earlier by Castillo et al.,18 for a different molecule. In this way, this art-
icle constitutes a significant addition to the existing knowledge regarding CP, NP and AP.

2. Experimental methods

Samples of CP and AP were purchased from TCI chemical company, Japan, whereas NP was
obtained from Sigma Aldrich Chemical Company, USA as high purity chemicals. Hence, they
were used as received, without further purification, for spectral measurements. The samples were
solids at room temperature. Therefore, their FTIR spectra were measured by diluting the samples
in KBr pellet, using JASCO FTIR-4200 Model spectrometer in the 4000–400 cm�1 region with
resolution ±0.5 cm�1. The FT Raman spectra of the three compounds were recorded employing
BRUKER RFS27 model interferometer accessory in the 4000–50 cm�1 strokes region with
±2 cm�1 resolution using with the exciting radiation at 1064 nm provided by Nd-YAG laser oper-
ating at 200mW power. 1H and 13C NMR spectra were obtained with the help of Bruker’s AV
NEO Spectrometer at 400MHz in solution of deuterated chloroform (CDCl3) for CP and NP;
and dimethylsulfoxide-d6 (DMSO-d6) was the solvent for AP. The chemical shifts were obtained
in ppm units using TMS as internal standard. The UV-Visible spectra of the three samples were
measured with Jasco UV-670 spectrophotometer in the range 500–190 nm using quartz cell of
1 cm path length in a solution of CDCl3 for CP and NP, whereas the same measurement for AP
was made in solution of DMSO-d6. Purity of all chemicals and reagents was of spectro grade. All
spectral measurements were made at room temperature.

3. Computational considerations

Quantum chemical calculations were carried out by make use of density functional theory (DFT)
method. Becke’s non-local gradient approach with three parameter hybrid density exchange func-
tional (B3)19 in association with Lee, Young and Parr gradient corrected correlation functional
(LYP)20 in combination with triple zeta split-valence basis set, 6-311þþG(d,p) was employed for
computations using Gaussian 09 software.21 The geometry optimization is generally done by ini-
tiating the starting structure of a given molecule. But both experimental and theoretical structures
are not available for CP, NP and AP. In such cases, it is customary to use Gauss view22 to gener-
ate an initial structure of the given molecule. Hence, the initial structure parameters, viz, bond
lengths, bond angles and dihedral angles for CP, NP and AP were borrowed from Gauss view22

library, except the dihedral angles associated with C–C inter-ring bond, phenolic C–O bond in
the three molecules, and C–N carbon-nitrogen bond in NP and AP, as the database available
with gauss view22 is not sufficient to provide reliable values for these dihedrals. For instance,
according to gauss view,22 dihedral angle around C–C inter-ring bond is 0� for the three mole-
cules, whereas its experimental value for the representative molecule, biphenyl is 44.4�, as deter-
mined from electron diffraction experiments.23 Hence, the torsion angle around C–C inter-ring
bond was taken from biphenyl23 for the three molecules, whereas that associated with phenolic
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C–O bond was transferred from experimental value reported for 4-methoxy-3-nitrobiphenyl.24

Similarly, the torsion angle for C–N bond in AP was borrowed from experimental value available
for 3, 30, 4, 40-tetraaminobiphenyl,25 while that corresponding to the C–N bond was taken from
4-methoxy-3-nitrobiphenyl.24 The initial structures obtained in this way were subjected to rigor-
ous geometry optimization by relaxing all structure parameters simultaneously; allowing the pro-
cess to get terminated on achieving default convergence criterion as defined in Gaussian 09
program suit.21 This procedure resulted in non-planar structure of C1 symmetry for CP, NP and
AP. Absence of negative frequencies stands as testimony for the reliability of above result for the
optimized structures. It is to be noted that the calculations were performed on a single molecule,
each of CP, NP and AP, in the gas phase.

Using C1 structure as equilibrium geometry for CP, NP and AP, the harmonic vibrational fre-
quencies, cartesian force constants and dipole moment along with its derivatives were evaluated.
Further computations were carried out using the equilibrium geometry and resultant final force
constants. Employing MOLVIB 7.0 Program,26,27 the force constants were transformed into a
non-redundant set of 63, 69 and 69 natural internal coordinates for CP, NP and AP, respectively.
These were constructed from redundant internal coordinates following the procedure suggested
by Fogarasi et al.28 Scaling of force constants was made using least-square refinement procedure
suggested by Pulay and Fogarasi29 and Arenas et al.30 so as to achieve the best possible fit
between observed and calculated wave numbers for these molecules. In order to characterize the
normal modes of vibration, the fundamental frequencies, corresponding eigenvectors, potential
energy distribution (PED), relative IR absorption intensities31 and relative Raman scattering
intensities32,33 were computed. To compare experimental IR and Raman spectra with their theor-
etical counterparts for CP, NP and AP, pure Lorentzian band shape with full width at half max-
imum (FWHM) of 10 cm�1 was used in the simulation process.

NMR spectra (1H and 13C Chemical shifts) were computed employing gauge-independent or
gauge-including atomic orbital (GIAO) approach34 with DFT/B3LYP/6-311þþG(d,p) method.
Resulting simulated NMR spectra of the three molecules were compared with corresponding
observed spectra by making linear regression plots. To simulate electronic absorption spectra of CP,
NP and AP, time-dependent density functional theory (TD-DFT) was used employing B3LYP/6-
311þþG(d,p) formalism. Calculated values of absorption maxima (kmax) were identified with their
corresponding observed values in UV–Vis spectra. Solvent effects, in both NMR and UV-Vis spec-
tra were taken care of by the Polarizable Continuum Model (PCM) using the integral equation for-
malism (IEF-PCM) variant35 integrated into Gaussian 09 software package.

Using frontier molecular orbital energies, comprising of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO), the values for molecular elec-
tronic properties of CP, NP and AP such as ionization potential (I), electron affinity (A), global
hardness (g), chemical potential (l), and global electrophilicity power (x) were determined using
well-known expressions.36–38

NLO behavior of the molecules CP, NP and AP was studied by computing the total molecular
dipole moment (lt) and its components, total molecular polarizability (at) and its components, anisot-
ropy of polarizability (Da), and first order static hyperpolarizability (bt) using density functional the-
ory following Buckingham’s definitions39 and DFT/B3LYP/6-311þþG(d,p) level of theory. Similarly,
thermodynamic parameters and rotational constants were determined and the molecular electrostatic
surface potential (MESP) was investigated by mapping of molecular electrostatic potential.

Natural bond orbital (NBO) analysis was performed using NBO 3.1 program40 as implemented
in the Gaussian 09 package with the 6-311þþG(d,p) basis set, in order to understand various
second order interactions between the filled orbitals of one subsystem and vacant orbitals of
another subsystem using second-order perturbation theory as revealed by Fock matrix analysis.
The stabilization energy associated with the hyper conjugation is evaluated using the equation
given by Glendening et al.40
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4. Results and discussion

4.1. Molecular geometry in the ground state and intra-molecular hydrogen bond

Ground state molecular geometry of CP, NP and AP is dictated by two opposing effects.
These are:

1. The p-electron delocalization between the two phenyl rings favors a co-planar structure. This
is further strengthened by participation of lone pair electrons from oxygen atom of activating
OH moiety in the three molecules. In addition, lone pairs from deactivating chlorine atom in
CP; corresponding pairs from two oxygen atoms and one nitrogen atom from deactivating
nitro group in NP, along with similar electrons associated with nitrogen atom in activating
amino moiety in AP take part in stabilizing the planar structure, and

2. The steric repulsion of
� two pairs of ortho hydrogens, neighboring the inter-ring C–C bond;
� ortho hydrogen and hydroxyl group,
� ortho hydrogen on X, where X is Cl, NO2 and NH2 in CP, NP and AP, respectively, and
� ortho hydroxyl moiety and hence X,

favors a non-planar structure, in order to minimize steric effects. The most stable rotamer of
either CP or NP or AP is a result of equilibrium between these two opposing effects. Relative
contributions of the above effects determine the dihedral angle around inter-ring C–C bond /
phenolic C–O bond / nitro C–N bond / amino C–N bond. This sensitive balance is greatly influ-
enced by two factors:

i. the amount of correlation energy that the theoretical formalism can accommodate, and
ii. The size of basis set used for the computations.41–43

Initial values of dihedral angles associated with inter-ring C–C bond, phenolic C–O bond,
nitro C–N bond and amino C–N bond were transferred from related molecules23–25 as already
stated. These were (44.4� and 178.07�) for CP (note that there is no C–N bond in CP); (44.4�,
178.07� and 27.5�) for NP; and (44.4�, 178.07� and 26�) for AP. They were refined to (40.56�,
and 0.093�) for CP; (39.720�, 0.520� and 0.951�) for NP and (40.29�, 176.71� and 26.74�) for AP,
on optimization.

The torsional angles of C–C inter-ring bond at 40.56�, 39.72� and 40.29� for CP, NP and AP,
respectively, are close to their initial value borrowed from BP at 44.4� determined from electron
diffraction experiments.23 They also agree well with that of BP at 42� obtained from DFT/B3LYP/
6-311þþG(d,p) calculations,44 which is the same formalism used in the present article. This is
expected as the steric repulsion arises from the same set of two pairs of ortho hydrogens neigh-
boring the C–C inter-ring bond in the four molecules BP, CP, NP and AP. Further, occurrence
of twist angles of C–C inter-ring bond at lower values in comparison with that of BP should be
attributed to the presence of activating OH and NH2 groups and deactivating Cl and NO2 species
in the molecules under consideration. The difference between twist angles of C–C inter-ring
bond for CP and NP is the difference between 40.56� and 39.72�, which is 0.84�. Justification of
this difference is not attempted, as it is significantly less than the RMSD value for dihedral angles
reported in this article around 2� (see Table 1). The same explanation applies equally well for
similar difference between same quantities for CP and AP; and NP and AP. Optimized values of
torsion angles around phenolic C–O bond are near 0.093�, 0.520� and 176.71� for CP, NP and
AP, respectively. We assumed trans position for hydrogen atom of hydroxyl moiety with respect
to amino group nitrogen atom in AP, initially (see Figure 1). If we were to start with cis position
for the hydrogen atom, the separation between this atom and the nearest amino hydrogen atom
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Table 1. Experimental and DFT/B3LYP/6-311 þþ G(d,p) optimized geometric parameters of CP, NP and AP.

Geometric parameter

Calculated value Experimental value

CP NP AP Ref.9 Ref.24

Bond lengths (in Å)
C1–C2 1.403 1.403 1.403 1.389 1.381
C2–C3 1.392 1.392 1.392 1.392 1.376
C3–C4 1.394 1.394 1.394 1.374 1.358
C4–C5 1.394 1.394 1.394 1.359 1.363
C5–C6 1.392 1.392 1.392 1.387 1.377
C6–C1 1.403 1.402 1.403 1.389 1.383
C1–C7 1.485 1.484 1.485 1.488 1.473
C7–C8 1.400 1.388 1.402 1.399 1.387
C8–C9 1.388 1.400 1.396 1.386 1.370
C9–C10 1.398 1.414 1.407 1.369 1.398
C10–C11 1.396 1.403 1.387 1.359 1.385
C11–C12 1.387 1.380 1.394 1.386 1.370
C12–C7 1.404 1.413 1.399 1.383 1.384
C2–H13 1.084 1.084 1.084 � 0.930
C3–H14 1.084 1.084 1.085 � 0.930
C4–H15 1.084 1.084 1.084 � 0.930
C5–H16 1.084 1.084 1.085 � 0.930
C6–H17 1.084 1.084 1.084 � 0.930
C8–H18 1.082 1.081 1.085 � 0.930
C9–Cl19 1.766 – – 1.401a –
C9–N19 – 1.453 – � 1.459
C9–N19 – – 1.394 � 1.40b

C10–O20 1.357 1.337 1.378 1.385 1.336
C11–H21 1.083 1.083 1.086 � 0.930
C12–H22 1.083 1.084 1.083 � 0.930
O20–H23 0.967 0.982 0.962 0.968a –
N19–O24 – 1.219 – � 1.209
N19–O25 – 1.248 – � 1.215
N19–H24 – – 1.009 0.9b –
N19–H25 – – 1.009 0.9b –

RMSD 0.094 0.088 0.094
Bond angle (in �)
C1–C2–C3 120.91 120.84 121.03 121.4 121.3
C2–C3–C4 120.28 120.24 120.30 120.7 120.8
C3–C4–C5 119.44 119.51 119.36 118.7 119.1
C4–C5–C6 120.27 120.26 120.30 120.9 120.7
C5–C6–C1 120.92 120.82 121.03 121.8 121.1
C6–C1–C2 118.17 118.32 117.99 116.4 117.07
C7–C8–C9 120.43 121.03 122.09 121.3 120.92
C8–C9–C10 121.69 121.37 120.50 120.4 121.36
C9–C10–C11 117.96 117.17 118.14 119.7 116.20
C10–C11–C12 120.58 120.99 120.57 119.9 121.33
C11–C12–C7 121.53 122.01 120.25 121.8 122.37
C12–C7–C8 117.80 117.42 118.43 116.8 116.83
C2–C1–C7 120.82 120.77 120.94 � 120.93
C6–C1–C7 121.00 120.90 121.07 � 121.99
C8–C7–C1 120.78 121.36 120.55 � 121.15
C12–C7–C1 121.41 121.22 121.01 � 122.02
C1–C2–H13 119.53 119.70 119.37 � 119.4
C3–C2–H13 119.54 119.43 119.58 � 119.4
C2–C3–H14 119.65 119.67 119.65 � 119.6
C4–C3–H14 120.06 120.09 120.04 � 119.6
C3–C4–H15 120.28 120.24 120.32 � 120.5
C5–C4–H15 120.28 120.24 120.31 � 120.5
C4–C5–H16 120.07 120.09 120.04 � 119.7
C6–C5–H16 119.66 119.65 119.67 � 119.7
C5–C6–H17 119.52 119.53 119.54 � 119.4
C1–C6–H17 119.54 119.63 119.40 � 119.4
C7–C8–H18 120.50 121.17 119.47 � 119.5
C9–C8–H18 119.05 117.79 118.42 � 119.5

(continued)
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Table 1. Continued.

Geometric parameter

Calculated value Experimental value

CP NP AP Ref.9 Ref.24

C8–C9–Cl19 119.97 – – 119.50a –
C10–C9–Cl19 118.34 – – 119.10a –
C8–C9–N19 – 117.89 122.38 – 116.53
C10–C9–N19 – 120.73 119.48 – 121.11
C9–C10–O20 123.45 124.83 115.94 � 124.48
C11–C10–O20 118.58 117.99 123.56 � 119.30
C10–C11–H21 118.21 117.65 119.45 � 119.3
C12–C11–H21 121.20 121.36 119.97 � 119.3
C11–C12–H22 118.97 118.79 119.51 � 118.8
C7–C12–H22 119.48 119.18 120.20 � 118.8
C10–O20–H23 109.27 107.30 109.82 � –
C9–N19–O24 – 119.37 – � 119.17
C9–N19–O25 – 117.88 – � 117.51
C9–N19–H24 – – 115.76 109.9b –
C9–N19–H25 – – 114.94 104.3b –

RMSD 0.722 0.786 0.823
Dihedral angle (in �)
C1� C2� C3� C4 �0.147 �0.024 �0.157 � �0.3
C2� C3� C4� C5 0.075 0.019 0.095 � 1.0
C3� C4� C5� C6 0.065 0.038 0.057 � 1.6
C4� C5� C6� C1 �0.135 �0.092 �0.150 � �1.0
C5� C6� C1� C2 0.063 0.086 0.089 � 0.3
C6� C1� C2� C3 0.077 0.029 0.065 � 0.9
C7� C8� C9� C10 �0.188 �0.437 �0.016 � �0.7
C8� C9� C10� C11 0.177 0.421 0.128 � 0.7
C9� C10� C11� C12 �0.101 �0.190 �0.188 � �0.3
C10� C11� C12� C7 0.039 0.033 0.099 � 0.0
C11� C12� C7� C8 �0.045 �0.033 �0.044 � 0.0
C12� C7� C8� C9 0.117 0.198 0.102 � 0.4
C12� C7� C1� C6 �139.44 �140.33 �139.46 � �144.19
C8� C7� C1� C6 40.56 39.72 40.29 44.4b 36.2
C12� C7� C1� C2 40.53 39.67 40.61 � 36.6
C8� C7� C1� C2 �139.46 �140.28 �139.78 � �143.06
C6� C1� C2�H13 �178.42 �178.43 �178.48 � �
C4� C3� C2�H13 178.35 178.38 178.39 � �
C1� C2� C3�H14 �179.51 �179.42 �179.53 � �
C5� C4� C3�H14 179.43 179.41 179.47 � �
C2� C3� C4�H15 179.95 179.98 179.92 � �
C6� C5� C4�H15 �179.91 �179.92 �179.93 � �
C3� C4� C5�H16 179.44 179.47 179.40 � �
C1� C6� C5�H16 �179.51 �179.53 �179.49 � �
C4� C5� C6�H17 178.33 178.46 178.30 � �
C2� C1� C6�H17 �178.40 �178.46 �178.36 � �
C12� C7� C8�H18 �178.40 �178.58 �178.69 � �
C10� C9� C8�H18 178.35 178.39 178.62 � �
C7� C8� C9� Cl19 �179.50 – – � �
C11� C10� C9� Cl19 179.50 – – � �
C7� C8� C9�N19 – �179.75 �177.92 � �179.67
C11� C10� C9�N19 – 179.71 177.84 � 179.73
C8� C9� C10�O20 �179.90 �179.81 �179.41 � �
C12� C11� C10�O20 179.98 179.97 179.31 � �
C9� C10� C11�H21 179.26 179.18 179.36 � �
C7� C12� C11�H21 �179.31 �179.38 �179.45 � �
C10� C11� C12�H22 178.54 178.69 178.37 � �
C8� C7� C12�H22 �178.54 �178.69 178.21 � �
C8� C9�N19�O24 – 0.951 – � 27.5
C10� C9�N19�O24 – �179.73 – �152.12
C8� C9�N19�O25 – �179.20 – � �149.80
C10� C9�N19�O25 – 0.115 – 30.6
C8� C9�N19�H24 – – 26.74 26.9b �
C10� C9�N19�H24 155.37 �

(continued)
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being short at 1.5 Å could have pushed hydroxyl hydrogen atom into the trans position due to
strong steric repulsion between the hydrogen atoms under consideration. In fact geometry opti-
mization confirmed our assumption. This explains the agreement of initial value at 178.07� and
final value near 176.71� for AP. However, the corresponding values, 0.093� and 0.520� for CP
and NP, respectively are not comparable to their initial value at 178.07�, which is transferred
from 4-methoxy-3-nitrobiphenyl.24 During the optimization it was assumed that the hydrogen
atom of hydroxyl moiety is in trans position with respect to the nitrogen atom of the nitro group
in NP, and with respect to the chlorine atom in CP as in AP. In this position the separation
between the hydrogen atom of hydroxyl group and the nearest hydrogen atom of the phenyl ring
is 2.05Å and 2.14Å in NP and CP, respectively. Steric repulsion, being strong enough to negate
attraction due to formation of intra-molecular hydrogen bond between these hydrogen pairs
pushes the hydrogen atom of the hydroxyl moiety into the cis position in both the molecules NP
and CP (see Figure 1). It is to be noted, that the trans dihedral angle and the cis dihedral angle
for a given bond in a molecule are mutually supplementary. Hence, initial value for dihedral
angle for NP and CP can be obtained by subtracting trans dihedral angle 178.07�, taken from ref-
erence number 24, from 180�. This comes out to be 1.93�, which compares reasonably well with
final values at 0.520� and 0.093� for NP and CP, respectively. Thus, the seemingly absurd values
can be explained. The optimized value of torsion angle around nitro C–N bond in NP is at
0.951�, whereas its initial value borrowed from 4-methoxy-3-nitrobiphenyl24 is 27.5�. Steric repul-
sion is the cause for this significant difference between the initial and optimized value. The steric
repulsion exerted by the bulky methoxy group on the adjacent nitro moiety in 4-methoxy-3-
nitrobiphenyl is considerably higher than that exerted by relatively small hydroxyl molecular frag-
ment on the nitro group in NP, making the dihedral angle in the former molecule is significantly
greater than the corresponding angle in the latter molecule. Initial value of amino C–N bond at
26� taken from 3,30,4,40-tetra amino biphenyl25 in AP agrees nicely with its optimized value
near 26.74�.

Optimized molecular geometries generated as a result of solving self-consistent field equations
for CP, NP and AP are shown in Figure 1, along with numbering of atoms. Corresponding struc-
ture data consisting of bond lengths, bond angles and dihedral angles for the molecules are pre-
sented in Table 1. This table also contains information about intra-molecular hydrogen bond
present in CP, NP and AP. The data regarding structure parameters are compared with corre-
sponding experimental values for 4-hydroxybiphenyl9 and 4-methoxy-3-nitrobiphenyl24 in the
same table, as experimental structure is not available for CP, NP and AP. It can be seen from
Table 1 that the RMSD values for bond lengths, bond angles and dihedral angles are (0.094Å,

Table 1. Continued.

Geometric parameter

Calculated value Experimental value

CP NP AP Ref.9 Ref.24

C8� C9�N19�H25 – – 161.85 � �
C10� C9�N19�H25 20.27 � �
C9� C10�O20�H23c 0.093 0.520 176.71 � 178.07
C11� C10�O20�H23d 179.99 179.71 2.81 � �

RMSD 2.108 1.815 2.086

Bifurcated intramolecular hydrogen bond geometry (bond length in Ð; bond and dihedral angles in degrees) for CP, NP,
and AP

Molecule DH���A D─H H���A D���A /D─H���A /D─H���A─Xe
CP O20–H23���Cl19 0.967 2.424 3.014 119.04 0.50
NP O20–H23���O25 0.982 1.725 2.575 142.71 0.53
AP N19–H25���O20 1.010 2.302 2.695 101.64 165.82

–: Not relevant; �: Not available. a: from reference 44. b: Experimental value from reference 25. c: cis angle in (CP and NP)
and trans angle in AP. d: trans angle in (CP and NP) and cis angle in CP. e: X¼ C9 in CP, N19 in NP, and H23 in AP.
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0.088Å and 0.094Å); (0.722�, 0.786� and 0.823�) and (2.108�, 1.815� and 2.086�) for CP, NP and
AP, respectively. From Table 1, it is evident that the theoretical structure parameters for CP, NP
and AP are close to their corresponding experimental values in related molecules.9,24,25,44 For
example, as per the calculations made for NP, the average value of intra-ring C–C bond length is
1.396Å; the mean value of nitro N–O bond is 1.235Å; inter-ring C–C bond measures 1.484Å;
phenolic C–O bond spans 1.337Å; and nitro C–N bond is estimated at 1.453Å. They concur
nicely with their corresponding x-ray values for 4-methoxy-3-nitrobiphenyl24 near 1.378Å;
1.212Å; 1.473Å; 1.336Å; and 1.459Å, respectively. Theoretical value for each C–H bond length
is invariably less than their corresponding experimental x-ray values, as listed in Table 1. This
systematic deviation is attributable to the inherent inability of x-ray methods to locate exact pos-
ition of the hydrogen atoms. The reason is, the electron cloud surrounding the hydrogen atom
responsible for x-ray scattering is diffuse, as it mainly arises from the sole valence electron of the
hydrogen atom resulting in poor scattering and consequent uncertainty in the position of hydro-
gen atom.

Figure 1. Optimized molecular structure of CP, NP and AP along with numbering of atoms and minimum energy.
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From Table 1, we see that the amino C–N bond length in AP at 1.394Å is considerably
smaller than that of nitro C–N bond length in NP near 1.453Å. Since, the nitro group, being a
deactivating moiety, withdraws electron charge from the ring system, accumulating it across its
C–N bond, there by weakening it due to increased repulsion between the existing electronic
charge and presently accumulated negative charge with consequent lengthening of the bond,
whereas the amino group, being an activating species, donates lone pair on its nitrogen atom to
the ring system decreasing electron density across its C–N bond, which manifests itself in
strengthening it, with subsequent shortening of the C–N bond.

There are three angles around carbon atom where nitro group is substituted and three more
angles around carbon atom to which hydroxyl moiety is attached, which need to be mentioned
here, in NP. These are: /C8C9C10, /C8C9N19, /C10C9N19, /C9C10C11, /C9C10O20, and
/C11C10O20 having theoretical values at 121.37�, 117.89�, 120.73�, 117.17�, 124.83�, and
117.99�, respectively (see Figure 1 and Table 1). The experimental x-ray values for their corre-
sponding angles in 4-methoxy-3-nitrobiphenyl are near 121.36�, 116.53�, 121.11�, 116.20�,
124.48�, and 119.30�, respectively. Hence, the theoretical values obtained in the investigation can
be considered as in good agreement with experimental values.

Further, the chlorine atom of CN is located in the plane of phenolic ring, whereas deviation of
the nitro group of NP from coplanarity with the phenolic ring is insignificant, while the non-
coplanarity of the amino group of AP from the phenolic ring plane is significant. This variation
resulted is due to the steric repulsion. The amount of steric repulsion exerted on chlorine atom
of CP, nitro group of NP, and amino group of AP is the same, as it arises from the same set of
nearest hydrogen atom (H18, see Figure 1) and the hydroxyl moiety in the three molecules. This
steric repulsive force is perfectly balanced by the chlorine atom of CP, due to its considerable
mass, retaining its position in the phenolic ring plane, whereas the nitro group of NP being less
in mass in comparison with that of chlorine atom of CP gets slightly displaced from the phenolic
ring plane, while the amino group being the lightest of the three substituents (–Cl, –NO2 and
–NH2) undergoes significant twist around amino C–N bond in an effort to confer the steric effect
effectively.

Present calculations predict formation of intra-molecular hydrogen bond in CP, NP and AP.
This bond is manifested between chlorine atom and hydroxyl hydrogen atom in CP; between
oxygen atom of the nitro group and adjacent hydroxyl hydrogen atom in NP; and hydroxyl oxy-
gen atom and the nearest hydrogen atom of the amino moiety. The relevant hydrogen bonds are
H23���Cl19, H23���O25, and H25���O20 having lengths 2.424Å, 1.725Å, and 2.302Å in CP, NP,
and AP, respectively.

4.2. Vibrational assignments

Geometry optimization described in Section 3 showed that the molecules of CP, NP and AP were
non-planar with C1 symmetry in the ground state. CP consists of 23 atoms, whereas this number
is 25 for NP and AP. Hence, the number of vibrational fundamentals for CP is 63, whereas the
same parameter for NP and AP is 69 each, according to the formula (3N-6) for a nonlinear mol-
ecule, where N is the number of atoms in the molecule. All these fundamental vibrations in the
three molecules with Cl symmetry belong to a-species and are active in both infrared and
Raman spectra.

Observed infrared and Raman frequencies, corresponding un-scaled and scaled frequencies
computed by theory, predicated IR and Raman intensities, potential energy distribution (PED)
and vibrational assignments for CP, NP and AP are listed in Tables 2–4, respectively. Modes orig-
inating from the aromatic nucleus are designated using Wilson’s notation,45 for the phenolic ring
substituted with either chlorine atom or nitro group or amino moiety, considering it as a tri-sub-
stituted benzene46 and with a prime (0) on the mode for the non-phenolic ring, treating it as a
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mono-substituted benzene.46 A comparison of FT-IR spectra, both experimental and simulated, is
made in Figures 2, 4 and 6, for CP, NP and AP, whereas comparison for their Raman counterpart
is made in Figure 3, 5 and 7.

The rms error, for CP, NP and AP is 7.44, 8.98 and 6.97 cm�l, between measured and scaled
fundamentals, respectively, whereas the corresponding RMSD values are 7.09, 9.39 and 6.59 cm�1.
Further, observed IR and Raman fundamentals exhibit good agreement with their corresponding
computed values, as evident from Tables 2–4 and Figures 2–7 for CP, NP and AP. Hence, reliable
vibrational assignments can be proposed for CP, NP and AP, on the basis of present calculations,
with emphasis on dominant PED contributions.

The results available in Tables 2–4 are self-explanatory. Hence, the discussion of vibrational
assignments is mainly confined to the fundamentals originating from the phenolic ring and its
substituents.

Figure 2. FT-IR spectra of CP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.
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4.2.1. Vibrations of the phenolic ring
4.2.1.1. C–C Stretching vibrations:. In CP, NP and AP, modes 8a and 8b are expected in the fre-
quency range 1500–1600 cm�1. The higher frequency (scaled value) is a C–C stretching mode to
the extent of 59 to 67% in the three molecules. It mixes with C–H in plane bending mode 18a
and /CCC bending vibration 6b uniformly in the molecules under consideration. The lower fre-
quency exhibits considerable C–C stretching character ranging from 42 to 55%. It mixes with
C–H in-plane bending fundamental 18a and /CCC bending mode 6b in NP and AP to a small
extent. It is interesting to note that contributions from 18a and 6b in NP and AP, are replaced by
that from mode 18b’ (C–H in-plane bending of benzene ring connected to phenolic ring) and
/CCC ring bending vibration 12 in CP. It is to be noted that C–C stretching fundamental 8a’ of
the monosubstituted benzene ring makes a PED contribution of 19% in CP, whereas this compo-
nent decreases to 6% in NP, while such contribution disappears in AP. There is an additional
contribution to this mode from asymmetric stretching vibration of the nitro group in NP. Present
computation reveal that the frequency of mode 8b should be higher than that of vibration 8a,
which does not agree with that for biphenylcarboxaldehydes, wherein 8a is greater than 8b.47

Hence, Raman shifts at 1598 and 1582 cm�1 in CP and NP, respectively, along with IR absorption

Figure 3. FT Raman spectra of CP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.
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near 1525 cm�1 are assigned to mode 8a, whereas those around 1608 R (R indicates Raman shift),
1630, and 1525 cm�1 are ascribed to vibration 8b in CP, NP and AP, respectively.

Modes 19a and 19b normally appear in the spectral region 1400–1500 cm�1 in benzene deriva-
tives. The C–C stretching character of the higher fundamental falls in the range 30–37% in CP,
NP and AP. It mixes strongly with C–H in-plane bending normal frequency in the three mole-
cules. This mode also combines with C–H in-plane bending vibration 18a’ in the three molecules.
Mixing with other modes can be identified in Tables 2–4 for CP, NP and AP, respectively. Lower
frequency exhibits C–C stretching nature to the extent of 30–57%. It mixes with C–H in-plane
bending vibration 18a and its counterpart 18a’ of the monosubstituted benzene ring. Other minor
contributions are available in Tables 2–4 for this mode. According to the present calculations fre-
quency of vibration 19b should be greater than that of mode 19a, which is in direct contradiction
with that obtained for biphenylcarboxaldehydes, wherein frequency of 19a is greater than that of
19b.47 Thus, the IR bands around 1367, 1408 and 1400 cm�1 are attributed to mode 19a, whereas

Figure 4. FT-IR spectra of NP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.
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those near 1480, 1499 R and 1476 cm�1 are assigned to vibration 19b in CP, NP and AP,
respectively.

Characteristic feature of vibration 14 is that the alternate carbon bonds of the ring either
increase or decrease. It appears at 1325C (C indicates calculated scaled value), 1322 and
1301 cm�1 in CP, NP and AP, respectively, wherein the C–C stretching character varies from
16% to 68%. It is known that this vibration shows strong mixing with C–H in-plane bending
mode 3 in many substituted benzenes. However, this is not valid for present molecules as the cor-
responding PED contribution from mode 3 is 6% in CP, 14% in NP and 22% in AP. This result
is identical with that obtained for biphenylcarboxaldehydes.47 A note-worthy point is that this
fundamental mixes with symmetric stretching of nitro group in NP.

4.2.1.2. C–H in-plane bending vibrations. According to the present computations, the bands in
the vicinity of 1247C, 1283 R and 1272C cm�1 essentially originate from C–H in-plane bending
mode 3, as it draws PED to the extent of 33%, 38% and 30% from its own coordinate in CP, NP
and AP, respectively. It exhibits significant mixing with C–C stretching vibration 14 in CP and

Figure 5. FT Raman spectra of NP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.
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AP, whereas this mixing is of no significance in NP, as it is very low. This mixing in CP and AP
agrees with that for the corresponding vibration in biphenylcarboxaldehydes.47

Raman shifts around 1183 and 1230 cm�1 in CP and NP, along with scaled value near
1234 cm�1 in AP are attributed to mode 18a, considering their PED, which is 43%, 17% and 25%
in CP, NP and AP, respectively. Strong mixing of this mode with vibrations 13 and 14 in NP and
AP, respectively, to the extent of 32% and 31%, is note-worthy, whereas the same mixing drops
to 15% in CP. It is important to note that, this vibration mixes with C–O stretching mode 7a
with 19% PED in AP. Vibration 18b is predicated at 1114C, 1136 and 1041 R cm�1 in CP, NP
and AP, respectively, according to the computations. This vibration has strong mixing with mode
14 in the three molecules. Further, its mixing with C–N stretching mode 7b in NP, and the rock-
ing vibration of amino group in AP are important.

Figure 6. FT-IR spectra of AP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.
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4.2.1.3. Ring or substituent sensitive modes. Vibrations 1, 6a, 6b and 12 are known as ring modes
or substituent sensitive modes, as their frequency value varies from molecule to molecule.
Further, they are known to mix with several other vibrations of the ring system and substituent
group vibrations that share the same complicated region of spectral space. Hence, it is essential to
use their characteristic eigenvector distribution carefully, for their correct identification and
assignment, as proposed by Patel et al.,48 and successfully implemented by us for a host of substi-
tuted benzenes (for instance see reference47). We employed local symmetry coordinates con-
structed in terms of primitive internal coordinates for vibrations 6a, 6b and 12. Therefore, it is
expected that for a given vibration say 12, the corresponding eigenvector element should have a
relatively prominent magnitude with respect to the elements of the other two normal frequencies.
This is, in fact, found true for the mode 12, wherein the corresponding elements 0.512, 0.639 and
0.602, for CP, NP and AP, respectively, dominate the other two elements ranging from �0.005 to
0.239. Thus the frequencies at 979 C, 888 and 884 cm�1 are assigned to vibration 12 in CP, NP
and AP, respectively, with PED 52%, 39% and 43%, from its own corresponding coordinate. It

Figure 7. FT Raman spectra of AP (a) experimental and (b) simulated with DFT/B3LYP/6-311þþG(d,p) formalism.

22 L. RAVINDRANATH ET AL.



mixes with several other normal modes in these molecules. The details can be found in
Tables 2–4.

The vibrational modes, 6a and 6b were identified and assigned from careful consideration of
their characteristic eigenvector distribution. The C–C–C angles change in the ratio þ2, �1, �1,
þ2, �1, �1 in mode 6a, whereas they change in the ratio 0, þ2, �2, 0, þ2, �2 in mode 6b.
Significant PED contribution comes from the corresponding /CCC bending modes to these
vibrations. For instance, the IR band at 580 cm�1 gets 42% PED from mode 6a, whereas the
Raman shift around 622 cm�1 has 65% PED from mode 6b, in CP. Bands that can be considered
6a and 6b in NP and AP can be read from Tables 3 and 4, respectively.

A characteristic feature of mode 1 is that all ring C–C bonds, either increase or decrease at the
same time. In benzene this frequency is a pure C–C stretching fundamental as it is totally sym-
metric and occurs in a spectral region that is far away from C–H stretching region. As these
restrictions are removed from the present set of molecules, mode 1 can mix with several bending
modes and in particular with lower frequencies of substituent stretching vibrations. As a result,
mode 1 cannot maintain its purity, in the present set molecules, as in benzene. Based on the pre-
sent calculations, the bands near 792C, 1044 and 758 cm�1 are attributed to mode 1 in CP, NP
and AP, respectively. Tables 2–4, reveal its mixing with other normal modes.

4.2.1.4. C–H out-of-plane bending modes. Another name for these vibrations is C–H wagging
modes. They are labeled 5, 11 and 17b in the present set of molecules. There is no difficulty in identi-
fying the bands around 861R, 919 and 839R cm�1 with mode 5, in CP, NP and AP, respectively, as
significant PED comes from the corresponding C–H wagging coordinate, which falls in the range 57
to 84%. In the same way, it is easy to ascribe the normal modes at 758, 786C and 741C cm�1 to
fundamental 11, based on high PED contribution from related C–H wagging coordinate, which varies
from 46 to 75%, in CP, NP and AP, respectively. Similarly, there is no problem in associating the
fundamentals near 834C, 860 and 821 cm�1 with vibration 17b due to dominant PED drawn from
relevant C–H wagging coordinate, which is in the range 33 to 49%, in CP, NP and AP, respectively.
It is to be noted that the attribution of IR absorption in the vicinity of 919, 786C and 860 cm�1 in
NP to mode 5, 11 and 17b compare nicely with those of the corresponding bands in 2,5-dihydroxyto-
luene in the neighborhood of 933, 819 and 878 cm�1, respectively.49

4.2.1.5. Ring torsions. Normal modes 4, 16a and 16b are called the ring torsions in benzene and
its derivatives. Vibration 4 is identified at 694, 722 C and 728R cm�1 in CP, NP and AP, respect-
ively. It essentially results from mixing of mode 4 with normal frequencies 40, 10a and 10b; 11,
10a and 10b; and 11, 10a, 40 and 17b in CP, NP and AP, respectively. Vibration 16a is assigned
to the Raman shifts near 446 and 424 cm�1 in CP and NP, respectively, whereas it is located
around 428 cm�1 in IR absorption, in AP. Similarly, vibration 16b is ascribed to 581C, 500 and
600R cm�1 in CP, NP and AP, respectively. Mixed nature of 16a and 16b can be understood
from Tables 2–4.

4.2.1.6. Vibrations associated with the bonds linking phenyl ring to the substituent groups:. These
are inter-ring C–C bond, phenolic C–O bond, C–Cl bond and nitro and amino C–N bonds.

4.2.1.6.1. Vibrations of the inter-ring C–C bond. There are four vibrations associated with C–C
inter-ring bond that are to be considered here. These are �(C–C7)13, b(C–C7)15, p(C7–C)10b
and s(C–C7). As predicted by the present computations, the Raman shifts at 712, 301, 74 and
scaled value near 44 cm�1 are assigned to the inter-ring C–C bond stretching vibration 13, its
associated in-plane bending mode 15, related wagging fundamental 10b and relevant torsion fre-
quency in CP, respectively. In NP, the Raman shifts around 740, 292, 70, along with scaled value
at 46 cm�1 are due to the vibrations 13, 15, 10b and torsion of inter-ring C–C bond, respectively.
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Similarly in AP, the IR absorptions near 696, 298C, 69C and 54C cm�1 are identified with nor-
mal modes 13, 15, 10b and s(C–C7), respectively. However, it is important to bear in mind that
the former three vibrations are a result of mixing of several fundamentals, whereas the last one is
predominantly torsion mode of the inter-ring C–C bond. The details can be read from Tables
2–4. These assignments for modes 13, 15 and inter-ring torsion in the three molecules coincide
to a good degree of accuracy with those of corresponding bands in biphenyl-2-carboxaldehyde at
731, 277C and 45C cm�1, respectively.47 Obviously, same degree of coincidence cannot be
expected for the wagging mode, due to mass differences involved in the substituted phenyl ring
part of the biphenyl ring.47

4.2.1.6.2. Vibrations of the phenolic C–O bond. These are �(C–O)7a, b(C–O)9b and p(C–O)10a,
that are common to the three molecules CP, NP and AP. On the basis of present computations
the fundamentals at 1225, 1247 and 1251 cm�1; 411 R, 399C and 562C cm�1; and 380C, 204C
and 325C cm�1 are ascribed to modes 7a, 9b and 10a, respectively, in CP, NP and AP. As can
see from Tables 2–4, these vibrations are mixed normal modes.

4.2.1.6.3. Vibrations of the C–Cl bond. Stretching, in-plane and out-of-plane bending vibrations
having their origin in the C–Cl bond, in CP, are designated 7b, 9a and 17a, respectively. Raman
shifts near 180 and 150 cm�1 are identified with b(C–Cl)9a and p(C–Cl)17a, whereas that pre-
dicted at 224 cm�1 is attributed to �(C–Cl)7b. Mode 7b is C–Cl stretch to the extent of 65%,
whereas vibration 9a exhibits 55% C–Cl in-plane bending nature.

4.2.1.6.4. Vibrations of the nitro and amino (C–N) bonds. C–N bond is present in both NP and
AP, each being responsible for three vibrations associated with the C–N bond. The IR absorption
at 1076 cm�1 in NP is a mixed mode of vibrations 12, 19b, 7b, 19b’ and 18b with PED 23%, 18%,
12%, 9% and 8%, respectively. Similarly, the IR band around 1194 cm�1 in AP is also a mixed
vibration of modes 7b, 18a, 7a, 12, 13 and b(OH) having PED contribution 23%, 22%, 11%, 11%,
9% and 5%, respectively, in AP. We find that the stretching frequency of amino C–N bond near
1194 cm�1 is higher than that of nitro C–N bond stretching around 1076 cm�1. This result is
consistent with higher bond length of nitro C–N bond (1.453Å); in comparison with that of
amino C–N bond (1.394Å). This is further supported by the lower value of nitro C–N stretching
force constant, which is 5.080 mdyne Å�1, in comparison with that for amino C–N bond at 6.119
mdyne Å�1. These results are a consequence of deactivating nitro group in NP and activating
amino group in AP, to certain extent only. Because the systematics shown by C–N stretching fre-
quencies and associated force constants of NP and AP cannot be attributed entirely to the move-
ment of electron charge alone, as they are known to depend, to a significant extent, on the
effective mass of NP and AP in general, and that of nitro and amino moieties in particular.
There is no difficulty in assigning Raman shift near 178 cm�1, with 61% PED from vibration 9a,
and the scaled value at 143 cm�1 with 45% PED from mode 17a, in NP, to the normal modes
b(C–N)9a and p(C–N)17a, respectively. The scaled values around 291 and 218 cm�1, attributable
to modes 9a and 17a, in AP, are in fact arise due to participation of several vibrations as evident
from Table 4.

4.2.1.7. Vibrations of the substituent groups.
4.2.1.7.1. Vibrations of the nitro group. These comprise of six vibrations �as(NO2), �s(NO2),
d(NO2), x(NO2), c(NO2) and s(NO2), which are present in NP only. The absorptions near 1538,
1371, 822R, 639, 560 and 87C cm�1 are attributed to the above vibrations in NP, respectively. It
is to be noted that significant PED contribution, ranging from 32% to 57% comes from the corre-
sponding mode of the nitro group except �as(NO2). As these vibrations are situated in a complex
region of vibrational space, they are expected to mix with several other frequencies that fall in the
same region. This is, indeed, found true in Table 3. These assignments for asymmetric stretching,

24 L. RAVINDRANATH ET AL.



symmetric stretching, in-plane deformation and rocking vibrations of the nitro group in NP,
agree well with those of corresponding modes in monohalogenated nitrobenzenes,50 in the vicin-
ity of 1520, 1350, 860 and 540 cm�1. This is also true of scaled value for torsion mode of the
nitro group at 87 cm�1, as it is close to corresponding observed mode near 80–90 cm�1 in several
monohalogenated nitrobenzenes.50

4.2.1.7.2. Vibrations of the amino group. These are relevant for AP only. The symmetric and
asymmetric stretching vibrations of the amino group occur at 3373 and 3287 cm�1 in the solid
phase. Both of them are pure as PED contribution from their corresponding coordinates is 100%.
In-plane deformation of the amino group is identified with infrared absorption near 1602 cm�1.
This is almost a pure mode, as it gets 88% PED from its own coordinate, with a minor contribu-
tion (7%) from amino C–N stretching vibration. Rocking mode of the amino group is assigned to
the Raman shift near 1101 cm�1, having 25% PED from its own coordinate and mixing with
mode 14 (32%), in-plane bending of OH moiety (27%) and 18b (9%). Similarly, IR absorption in
the neighborhood of 511 cm�1 with 27% PED, and Raman shift in the vicinity of 344 cm�1 with
47% PED, from wagging and torsion vibration of the amino group are ascribed to x(NH2) and
s(NH2), respectively. Obviously, they cannot be pure modes (see Table 4). The assignments for
in-phase vibrations of the amino moiety �as(NH2), �s(NH2), d(NH2) andc(NH2) agree reasonably
well with those of the corresponding IR absorptions around 3395, 3204, 1600 and 1048 cm�1, in
2-((2-aminopyridin-3-yl) methylene) hydrazinecarbothioamide51 and its N-ethyl variant at 3362,
3197, 1584 and 1028C,52 respectively, obtained with same level of theory as in the present case.

4.2.1.7.3. Vibrations of the hydroxyl moiety. The three vibrations �(OH), b(OH) and s(OH) (the
twist is around C–O bond of COH moiety, hence, it can also be designated s(C–O)) belong to
this category. The IR absorptions at 3346, 3450 and 3469 cm�1, in CP, NP and AP, respectively,
are pure and assignable to OH stretching vibrations, as the corresponding coordinate contributes
100% PED to them. Raman shift at 1158 cm�1 in CP, along with IR absorptions near 1170 and
1106 cm�1, in NP and AP, respectively, are attributed to in-plane bending mode of the OH moi-
ety. It gets 36%, 21% and 20% PED from its own coordinate in CP, NP and AP, respectively.
There are several other vibrations that take part in this normal mode, as it appears in a compli-
cated region of vibrational spectrum in these molecules (see Tables 2–4). The torsion vibration of
OH group is identified with the bands around 370R, 668 and 254C in CP. NP and AP, wherein
the PED from the corresponding coordinate varies from 63 to 86%. It shows considerable mixing
with ring torsion 16a in NP, whereas in CP and AP, this vibration does not exhibit any such mix-
ing with other vibrations. The assignments for �(OH) and b(OH) in CP, NP and AP are accept-
able, when compared to the attribution of corresponding vibrations for one of the hydroxyl
fragment in 2,6-dihydroxytolune.49

Discussion of attribution of C–H stretching vibrations in detail is not required as all of them
are pure having 94–100% PED from corresponding C–H stretching coordinate. Further, the
assignment of vibrations originating from the non-phenolic ring of CP, NP and AP, can be
understood with the help of PED in Tables 2–4.

4.3. NMR spectral analysis

The NMR serves as a great resource in determining the structure of an organic compound by
revealing its hydrogen and carbon skeleton. In order to make a definite assignment and analysis
of 13C and 1H NMR spectra, theoretical calculations on chemical shifts of CP, NP and AP are
undertaken, as explained in Section 3 dealing with computational aspects. Chemical shifts meas-
ured for CP and NP, in a solution of CDCl3, and those obtained for AP in a solution of DMSO-
d6, employing TMS as internal standard are depicted in Figure SF1 (1H spectra) and Figure SF2
(13C spectra) (see supplementary information).
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Observed and calculated chemical shifts are summarized in Table 5 for both 1H and 13C NMR
signals. The RMSD value for 1H NMR, between the experimental and computed chemical shifts
is 0.19, 0.29 and 0.56 ppm, whereas the same quantity for 13C NMR is 6.34, 6.28 and 5.39 ppm,
for CP, NP and AP, respectively. These are acceptable, as they are small. The linear regression
between the experimental and calculated chemical shifts obtained by DFT method for 1H and 13C
are plotted in Figure FS3 and Figure FS4, for CP, NP and AP, respectively. The correlation coeffi-
cients for proton chemical shifts are 0.990, 0.955 and 0.989, whereas those for carbon-13 chemical
shifts are 0.945, 0.982 and 0.984, respectively, for CP, NP and AP. As these are close to unity the
assignments made for NMR signals are reliable.

The chemical shifts, both experimental and theoretical, for the 1H atoms on the biphenyl ring
appear in the range 6.748–8.544 ppm in the titled molecules. They are assigned for five hydrogen
atoms on the phenyl ring, attached to the phenolic ring below.

CP: 1H NMR (CDCl3, 400MHz): d (ppm) ¼ 7.64 (d, J¼ 2.1Hz, 1H), 7.61–7.46 (m, 5H), 7.40
(dd, J¼ 13.5, 6.2Hz, 1H), 7.17 (d, J¼ 8.4Hz, 1H) and 5.73 (s, 1H, –OH).

NP: 1H NMR (CDCl3, 400MHz): d (ppm) ¼ 10.61 (s, 1H, –OH), 8.34 (d, J¼ 2.3Hz, 1H), 7.85
(dd, J¼ 8.7, 2.3Hz, 1H), 7.60–7.39 (m, 5H) and 7.28 (d, J¼ 4.40Hz, 1H).

AP: 1H NMR (DMSO-d6, 400MHz): d (ppm) ¼ 9.23 (s, 1H, –OH), 7.52–7.22 (m, 5H), 6.95
(d, J¼ 2.34Hz, 1H), 6.76 (dd, J¼ 0.96, 5.77Hz, 1H), 6.74 (d, J¼ 4.20Hz, 1H), and 4.96 (s,
2H, –NH2).

The 13C NMR chemical shifts for an organic compound are usually greater than 100 ppm.53,54

In the present investigation also, 13C NMR chemical shifts are greater than 100 ppm. They vary
from 117.388 to 162.872 ppm for carbons, as per present calculations for CP, NP and AP. The
variation of chemical shifts depends on the decrease in electron donating or shielding ability of
the attached atoms.55 The molecules CP, NP and AP consist of twelve carbon atoms each, and all
of them are aromatic carbons associated with biphenyl unit shown in Figure 1. As expected we
find twelve 13C chemical shifts in NMR spectra of CP, NP and AP, each.

Table 5. Experimental and calculated 1H and 13C NMR chemical shifts d (ppm) of CP, NP and AP.

Atom

CP NP AP

Experimental Calculated Experimental Calculated Experimental Calculated

H13 7.635 7.707 7.842 7.732 7.496 7.705
H14 7.409 7.548 7.413 7.603 7.262 7.590
H15 7.427 7.565 7.580 7.646 7.226 7.559
H16 7.584 7.685 7.864 7.778 7.372 7.641
H17 7.390 7.533 7.489 7.629 7.399 7.653
H18 7.488 7.622 8.544 8.498 6.946 7.071
H21 7.166 7.281 7.267 7.438 6.751 6.899
H22 7.283 7.478 8.337 8.005 6.748 6.840
H23 5.734 5.309 10.607 11.353 9.234 9.125
H24 – – – – 4.959 3.577
H25 – – – – 4.959 3.929
RMSD 0.19 0.29 0.56
C1 139.603 147.550 138.239 145.771 144.723 149.507
C2 127.202 132.467 126.695 132.262 126.582 132.285
C3 128.866 133.562 129.123 133.838 129.105 133.304
C4 120.375 131.594 127.992 132.582 126.125 130.808
C5 128.950 133.710 129.145 134.177 129.129 133.378
C6 126.785 131.890 126.689 132.076 126.350 132.070
C7 135.054 142.582 133.871 141.137 136.645 142.884
C8 127.342 132.714 122.812 128.914 115.226 117.816
C9 126.760 131.887 133.792 140.218 132.106 140.676
C10 150.801 157.160 154.356 162.872 141.487 148.418
C11 116.626 120.375 120.425 124.681 113.500 117.388
C12 127.588 132.923 136.278 144.358 115.854 120.419
RMSD 6.34 6.28 5.39

–: Not relevant.
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They are assigned below.
CP: 13C NMR (CDCl3, 400MHz): d (ppm) ¼ 150.801 139.603, 135.054, 128.950, 128.866,

127.588, 127.342, 127.202, 126.785, 126.760, 120.375 and 116.626.
NP: 13C NMR (CDCl3, 400MHz): d (ppm) ¼ 154.356, 138.239, 136.278, 133.871, 133.792,

129.145, 129.123, 127.992, 126.695, 126.689, 122.812 and 120.425.
AP: 13C NMR (DMSO-d6, 400MHz): d (ppm) ¼ 144.723, 141.487, 136.645, 132.106, 129.129,

129.105, 126.582, 126.350, 126.125, 115.854, 115.226 and 113.500.

4.4. Frontier molecular orbitals

Frontier molecular orbitals facilitate proper understanding of the electronic transitions. They have
significant role in quantum chemistry for determining the molecular reactivity of conjugated sys-
tems56 and capability of a molecule to absorb electromagnetic radiation. HOMO plays the role of
an electron donor, whereas LUMO acts as the electron acceptor.36,37

4.4.1. Analysis of UV-Vis spectra
The electronic absorption spectra of CP, NP and AP were computed with the help of calculations
using TD-DFT/B3LYP/6-311þþG(d,p) method using the Polarizable Continuum Model (PCM)
through the integrated equation formalism (IEF-PCM), to take care of solvent effects,35 as already
mentioned in Section 3. The observed and simulated UV-Vis spectra of the molecules CP, NP
and AP are shown in Figure FS5, and corresponding spectral values are presented in Table ST1
(see supplementary information).

The experimental UV-Vis spectra, in solution, show two absorption bands (kmax) at 305 and
250 nm in CP; 455 and 306 nm in NP; and 305 and 260 nm in AP. In simulated UV-Vis spectra
the absorption bands at 271.60, 264.24 and 255.95 nm for CP; 436.55, 343.79 and 315.01 nm for
NP; and 301.16, 278.71 and 268.75 nm for AP, with associated oscillator strengths f¼ 0.2751,
0.3419 and 0.0041 for CP; 0.0495, 0.0002 and 0.0150 for NP; and 0.2122, 0.0012 and 0.0481 for
AP, respectively, are predicated as in Table ST1. Calculations show that the higher of the two
observed absorptions is a n!p� transition, whereas the lower one is a p!p� transition. Further,
the major contribution of molecular orbitals for the maximum absorption wavelength corre-
sponds to the electronic transition from the H!L (57%) and H-1!Lþ 1 (34%) for CP; H!L
(98%) for NP; and H!L (92%) for AP. The other remaining electronic transitions are available
in Table ST1. These transitions, along with their corresponding energy gaps are shown in
Figure 8.

4.4.2. Chemical reactivity descriptors
Frontier molecular orbitals (HOMO and LUMO) and their properties, such as energies, play a
vital role in chemical reactions. The frontier orbital energy gap between HOMO and LUMO helps
to characterize the chemical reactivity, kinetic stability and polarizability of a molecule.57 A small
HOMO-LUMO energy gap implies low kinetic stability and high chemical reactivity since it is
energetically favorable to accumulate electrons in high-lying LUMO by exciting electrons from
low-lying HOMO.58–61 Large energy gap between two frontier orbitals is a reflection of greater
hardness of the molecule. Chemical hardness is a useful concept for understanding the behavior
of chemical systems. It is known that soft molecules have small energy gap and hence are more
polarizable making them chemically more reactive than hard molecules.62 The electrophilicity
index is an indicator of electron flow between a donor and an acceptor.63

The energies of HOMO-LUMO orbitals, and various indicative parameters of chemical reactiv-
ity, obtained as a result of computations at B3LYP/6-311þþG(d,p) level for CP, NP and AP are
presented in Table ST2 (see Figure 8 also). It is seen from Table ST2, the difference between the
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HOMO and LUMO orbital energies is 2.7731, 3.4316 and 3.1091 eV in CP, NP and AP, respect-
ively. The values of chemical hardness and softness are 1.3865 and 0.3606 eV for CP; 1.7158 and
0.2914 eV for NP; and 1.5545 and 0.3216 eV for AP, respectively. It can also be seen from Table
ST2 (depicted as supplementary information), the value of electrophilicity power (x) of the three
molecules is larger which indicates that these molecules are strong electrophilic due to small value
of chemical potential.64 The electrophilicity power of a given molecule can also be used to study
the biological activity and toxicity of that molecule.65,66

4.5. Non-linear optical (NLO) characteristics

Organic NLO materials are being investigated widely by means of DFT,67–70 due to their potential
applications for optical logic, optical switching, optical memory and frequency shifting.71–74

The values of total molecular dipole moment (lt) and its components, total molecular polariz-
ability (at) and its components; and first order hyperpolarizability (bt) and its components of CP,
NP and AP are computed with DFT employing B3LYP/6-311þþG(d,p) level of theory using
Gaussian 09 program. The results are summarized in Table ST3 (see supplementary information).

The NLO behavior of a molecular system is usually evaluated by comparing its total molecular
dipole moment (lt) and the mean first order hyperpolarizability (bt) with corresponding parame-
ters of a prototypical molecule like Urea. Since, Urea is often considered to be a standard NLO
material due to the combination of non-centrosymmetric crystal packing and capacity for intra-
molecular charge transfer. It is one of the standards among second-order NLO materials which
demonstrate the electrooptic effect by which an external field changes the refractive index and
second harmonic generation (SHG), where the material scatters the light at twice the frequency
of the incident light. The efficiency of both NLO processes is determined by the second-order
susceptibility, which vanishes in centrosymmetric media. Therefore, the possibility to design pho-
tonic devices at smaller scale critically depends on new non-centrosymmetric materials with high
nonlinear susceptibility.75 Moreover, Urea does not exhibit a large nonlinearity compared to vis-
ible absorbing molecules. Its second order nonlinearity is substanially larger than that of other
organic molecules, such as fluorobenzene, aniline, nitrobenzene, p-nitroaniline and merocyanine

Figure 8. Frontier molecular orbitals of CP, NP and AP.
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with comparable UV transparency.76 Hence, Urea is considered as standard molecule to study the
NLO behavior of a molecule.

The values of lt and bt for Urea are 1.3732 Debye and 372.8� 10�33 cm5/esu, respectively,
which are used frequently as threshold values. lt is estimated at 0.4306, 1.6847 and 0.5590 Debye,
respectively, for CP, NP and AP, whereas bt for them is predicted near 876.7213� 10�33;
562.4747� 10�33 and 1247.6376� 10�33 cm5/esu. Thus, we find that the value of lt for NP is
higher, and those for CP and AP are lower than the threshold value of Urea, whereas value of bt
for CP, NP and AP is 2.35, 1.51 and 3.35 times higher than the threshold value of Urea. Hence,
due to this relatively higher value of hyperpolarizability for CP, NP and AP, with respect to cor-
responding parameter for Urea, they are potential candidates for NLO applications.
Hyperpolarizability of a molecule is caused by movement of electron cloud through p-conjugated
structure of electrons.77 The charge delocalization in the molecule can be understood from the
components of hyperpolarizability. The maximum charge delocalization occurs along bxxx in the
molecules CP and AP, and bxxy in NP, as evidenced from Table ST3 (see supplementary
information).

4.6. Thermodynamic parameters and rotational constants

Various calculated thermodynamic parameters and rotational constants for CP, NP and AP are
collected in Table ST4 (see supplementary information). The standard thermodynamic functions
such as SCF energy, specific heat capacity at constant volume (Cv), entropy (S), vibrational energy
(Evib), zero-point energy (E0) and rotational constants (A, B and C) are evaluated employing rigid
rotor harmonic oscillator approximation employing standard expressions,78–80 using DFT/B3LYP/
6-311þþG(d,p) level of theory. The rotational constants A, B and C are calculated at 1499, 306
and 262MHz for CP; 1259, 283 and 237MHz for NP; and 1999, 351 and 309MHz for AP,
respectively. Calculation of thermodynamic parameters is performed in gas phase and pertains to
one mole of ideal gas at one atm pressure. As per the second law of thermodynamics in thermo
chemical field,81 the results of present calculations can be used to compute the other thermo-
dynamic energies and help to estimate the direction of chemical reactions.

4.7. Natural bond orbital (NBO) analysis

The NBO analysis provides a description of the structure of a conformer by a set of localized
bond and antibond orbitals; and Rydberg extra valence orbitals. It tells about the interaction
between the bond orbitals, electron delocalization, bond bending effect, intra-molecular charge
transfer (ICT) and identification of hydrogen bonding.82 In the NBO analysis,40,83,84 the electron
wave functions are interpreted in terms of a set of occupied Lewis-type (bond or lone pair) and a
set of unoccupied non-Lewis-type (anti-bond or Rydberg) localized NBO orbitals. The delocaliza-
tion of electron density (ED) among these orbitals causes a stabilizing donor-acceptor interaction.
The stabilization energies of all possible interactions between donor and acceptor orbitals in the
NBO basis can be evaluated using the second order perturbation theory. The interaction yields in
a loss of occupancy from the localized NBO of the idealized Lewis structure into an empty non-
Lewis orbital. The delocalization effects (or donor-acceptor charge transfers) can be estimated
from the off-diagonal elements of the Fock matrix in the NBO basis. So, the natural bond orbital
(NBO) computations are made using NBO 3.1 program85 as implemented in the Gaussian 09W
software at the DFT/B3LYP level using 6-311þþG(d,p) basis set, in order to understand various
second-order interactions between the filled orbitals of one subsystem and vacant orbitals of
another subsystem. The output obtained by second-order perturbation theory is used for identify-
ing the significant delocalization effects. The strength of these delocalization interactions E(2) is
evaluated by the method reported by A. E. Reed et al.40
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The larger the E(2) value, the stronger is the interaction between electron donors and accept-
ors, i.e. the more electron donating tendency from electron donors to acceptors and greater the
extent of conjugation of the whole system. The dominant contributors, to the stabilization ener-
gies, that emerge from NBO analysis for CP, NP and AP are presented in Tables ST5, ST6 and
ST7, respectively. The molecular interaction is formed by the orbital overlap between r(C–C) and
r�(C–C) bond orbitals, which results in intra-molecular charge transfer (ICT) causing stabiliza-
tion of the molecule. Large value of interaction energy indicates weakening of the corresponding
bonds. The intra-molecular hyper conjugative energy between r and r� electrons of aromatic
ring is found at 4.88 kcal mol�1 due to interactions r(C10–C11) ! r�(C9–C10) in CP, whereas
4.54 kcal mol�1 for the interaction of r(C9–C10) ! r�(C8–C9) in NP; while it is 4.56 kcal mol�1

for the interaction of r(C10–C11) ! r�(C9–C10) in AP.
The electron density at the conjugated p-bonds of the biphenyl unit is in the range

1.6405–1.7007, 1.6150–1.7044 and 1.6369–1.7030 in CP, NP and AP, respectively, whereas that
for p�-antibonds are in the range between 0.3234–0.4481, 0.3057–0.4525 and 0.3258–0.3960.

According to NBO analysis, the interactions p(C1–C6) ! p�(C4–C5); p(C2–C3) !
p�(C1–C6); p(C4–C5) ! p�(C2–C3); p(C7–C8) ! p�(C11–C12); p(C9–C10) ! p�(C7–C8);
p(C11–C12) ! p�(C9–C10) and LP(2)O20 ! p�(C9–C10) have high stabilization energy in the
range 20.56–31.15 kcal mol�1, respectively, in CP; the interactions p(C1–C2) ! p�(C3–C4);
p(C3–C4) ! p�(C1–C2, C5–C6); p(C5–C6) ! p�(C1–C2, C3–C4); p(C7–C8) ! p�(C11–C12);
p(C9–C10) ! p�(C7–C8, N19–O24); p(C11–C12) ! p�(C9–C10), LP(2)O20 ! p�(C9–C10)
and LP(3)O25 ! p�(N19–O24) have high stabilization energy in the range 20.03–126.90 kcal
mol�1, respectively in NP; and p(C1–C6) ! p�(C4–C5); p(C2–C3) ! p�(C1–C6); p(C4–C5) !
p�(C2–C3); p(C7–C12) ! p�(C10–C11); p(C8–C9) ! p�(C7–C12) and LP(2)O20 !
p�(C10–C11) interactions have high stabilization energy in the range 20.48–24.09 kcal mol�1,
respectively, in AP. Due to movement of p-electron cloud from donor to acceptor (i.e, ICT), the
molecules get more polarized. This leads us to the inference that the NLO properties of CP, NP
and AP arise from ICT. This result is in supports of our earlier observation that the three materi-
als are good for nonlinear applications, made in the section on NLO properties. As a consequence
of this charge delocalization, the molecule gains total stabilization energy 258.03, 254.67 and
254.81 kcal mol�1 in CP, NP and AP, respectively from the biphenyl unit alone. The stabilization
energies due to charge transfer from lone pairs of oxygen, nitrogen and chlorine atoms to various
other bonds that weaken and elongate the bonds in the three molecules under investigation can
be found in Tables ST5–ST7.

4.8. Analysis of molecular electrostatic surface potential (MESP)

The molecular electrostatic surface potential (MESP) is the net electrostatic effect of a molecule
in the surrounding space and is well defined by the total charge distribution (nuclei and elec-
trons). The MESP correlates with the partial charges, dipole moment, electronegativity and chem-
ical reactivity of a given molecule,86–88 non-covalent interactions, particularly, hydrogen
bonds89–91 and molecular aggregation,92,93 lone pair–p interactions,94,95 aromaticity and reaction
mechanisms.96,97 Molecular electrostatic surface potential has been plotted for CP, NP and AP
molecules with DFT/B3LYP/6-311þþG(d,p) formalism. The negative (electron rich) regions, rep-
resented by red color, in the MESP diagram are related to electrophilic reactivity while the posi-
tive (electron deficient) regions, represented by the blue region, are related to nucleophilic
reactivity. MESP plots are shown, in Figure SF6, for the molecules under investigation. It can be
seen from this figure that the maximum negative electrostatic potential region is located over the
oxygen atoms, which are prone to the electrophilic reactions, whereas regions having the positive
electrostatic potential are around the hydrogen atoms, which are preferentially nucleophilic reac-
tion sites, in the three molecules under investigation.
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5. Conclusions

Geometry optimization of structures revealed that the three molecules investigated are stabilized
in the ground state with lowest energy in a non-planar structure belonging to C1 point group
symmetry, forming intra-molecular hydrogen bond in three molecules. Conformational studies
demonstrated that the hydrogen atom of hydroxyl moiety assumes cis position with respect to
chlorine atom in CP, and nitrogen atom of nitro group in NP, whereas it prefers trans position
with respect to nitrogen atom of amino group in AP. The steric repulsion of nitrogen atom of
amino group in AP influences the C–N bond to be twisted since this group is more compact and
light, whereas, chlorine atom and nitrogen atom, respectively in CP and NP retains in the same
plane of phenolic ring due to their heavy mass. Evaluated geometry parameters obtained in DFT
computations show good agreement with available experimental data. Proposed vibrational
assignments exhibit reasonably good accordance with those of corresponding bands in related
molecules. Deactivating nature of the nitro group in NP and activating property of amino moiety
in AP are well manifested in C–N bond lengths at 1.453Å and 1.394Å, respectively. This result is
substantiated by lower values of nitro C–N bond stretching frequency near 1076 cm�1 and its
associated C–N stretching force constant at 5.080 mdyne Å�1, in comparison with those of corre-
sponding parameters around 1194 cm�1 and 6.119 mdyne Å�1 for amino C–N bond. Measured
1H and 13C NMR chemical shifts and electronic spectra concur satisfactorily with their simulated
counterparts for the three molecules. FMO investigations showed that the studied molecules are
highly reactive as the energy gap for them was comparatively small, and helped in the assignment
of observed UV-Vis spectral bands. It was concluded on the basis of computed NLO parameters
that CP, NP and AP were potentially good for NLO applications. It was found using NBO studies
that intra-molecular charge transfer (ICT) imparts NLO properties to these molecules. The eval-
uated molecular electrostatic potentials proved that the most reactive site is in the vicinity of oxy-
gen atoms in the three molecules investigated here.
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