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The photophysical properties of imidazole derivative were studied in several solvents. The observed fluo-
rescence quantum yield is attributed to a loss of planarity in the excited state provided by the non co-
planarity of the aryl rings attached to C(2) and N(1) atoms of the imidazole ring. The solvent effect on
the absorption and fluorescence bands was analyzed by a multi-component linear regression in which
several solvent parameters were analyzed simultaneously. DFT calculations were carried out in order
to find out the NBO analysis, HOMO–LUMO energies, MEP studies and hyperpolarisability behaviour. This
chromophore possess more appropriate ratio of off-diagonal versus diagonal b tensorial component
(r = bxyy/bxxx = 0.12) which reflects the in plane non-linearity anisotropy. Since they have largest lb0

value, the reported imidazole can be used as potential NLO material. Within this context, reasonable con-
clusions concerning the steric hindrance in the chromospheres, push–pull character, hyperpolarisability
of the imidazole and their application as NLO materials will be drawn.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Research on organic luminescent materials has been keenly
pursued because of their importance in technological applications
related to signalling, fluorescent chemosensory materials, molecu-
lar switches and organic light emitting diodes (OLEDs) [1–3].
Organic fluorophores, especially nitrogen-containing heterocyclic
compounds, have attracted attention owing to their high emission
ll rights reserved.

bharathi).
efficiency [4–6]. However, as the basic structure of a fluorophore
has to be modified, the investigation of substituent effects provides
a route to optimizing potentially advantageous properties [7].

Imidazoles display a broad spectrum of biological activity which
has made them privileged structures in combinational drug discov-
ery libraries. The biological roles of imidazole such as antiviral,
antiulcer, antihypertension and anticancer properties are well doc-
umented [8]. They have also found application as a chromophore
with high extinction coefficient, readily tuneable absorption wave-
length and fluorophoric properties and is desirable as a large pla-
nar synthetic building block in supramolecular chemistry [9].
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In the present paper, the photophysical properties of imidazole
derivative 2-phenyl-1-p-tolyl-1H-imidazo [4,5-f][1,10]phenan-
throline was investigated in a wide variety of solvents. The solvent
effects on the absorption and fluorescence bands are analyzed by a
multi-component linear regression in which several solvent
parameters are simultaneously analyzed.
Experimental

Methods

UV–vis absorption and fluorescence spectra were recorded on
Perkin Elmer spectrophotometer Lambda35 and Perkin Elmer
LS55 spectrofluorimeter, respectively. Fluorescence spectra were
corrected from the monochromator wavelength dependence and
the photomultiplier sensibility. Fluorescence quantum yield (/)
was determined by means of the corrected fluorescence spectra
of a dilute solution of imidazole derivative in dichloromethane,
coumarin as a reference and by taking into account the solvent
refractive index. The photophysical measurements of the imidaz-
ole derivative were recorded in dilute concentrations (1 � 10�5 M).
Fig. 2. The key a twist of imidazole ring at C(2).
General procedure for the synthesis of the 2-phenyl-1-p-tolyl-1H-
imidazo[4,5-f][1,10]phenanthroline

The synthesis of 2-phenyl-1-p-tolyl-1H-imidazo[4,5-f][1,10]
phenanthroline involves a four components assembling [10–15]
of a mixture of 1,10-phenanthroline-5,6-dione (2.10 g, 10 mM),
ammonium acetate (2.5 g, 30 mM), 4-methylaniline (1.23 g,
10 mM) and benzaldehyde (1.1 ml, 10 mM) in distilled ethanol
medium (20 ml). The reaction mixture was refluxed at the boiling
point of ethanol (78 �C) and the completion of the reaction was
monitored by thin layer chromatography (TLC) technique using
benzene: ethyl acetate (9:1) as the eluent. The reaction mixture
was then extracted with dichloromethane and the resultant resin-
ous material was purified by column chromatography.
Computational details

Quantum mechanical calculations were carried out with Guas-
sian-03 program using the Becke3–Lee–Yang–Parr (B3LYP) func-
tional supplemented with the standard 6-31G(d,p) basis set [16].
Fig. 1. Absorption (a) and fluorescence (b) spectra o
Results and discussion

UV–vis absorption and fluorescence spectra of the imidazole
derivative are shown in Fig. 1. In apolar solvents, the main absorp-
tion band is appeared around 320 nm, whereas the fluorescence
spectrum appeared around 400 nm. The fluorescence spectrum of
the imidazole derivative is shifted to higher energies with respect
to parent compound [17,18] in common solvents. These spectral
shifts are attributed to the higher electron-releasing character of
the methyl group located at C(45) carbon atom. In the case of alco-
holic solvents, bathochromic shifts was observed for both absorp-
tion and emission providing large Stokes shift. These results
suggest an important geometrical rearrangement in the S1 excited
state and these observations are in good agreement with the liter-
ature report [19].
f the imidazole derivative in various solvents.



Table 1
Selected bond lengths, bond angles and torsional angles for the imidazole derivative.

Bond
connectivity

Bond
length
(Å)

Bond
connectivity

Bond
angle (�)

Bond
connectivity

Torsional
angle (�)

C9–N22 1.4660 C9–N22–
C33

105.3334 C9–N22–
C33–C34

166.0636

C5–N21 1.4633 C6– N21–
C33

101.4371 C6–N21–
C33–C34

�162.2460

N21–C33 1.4825 N22– C9–C6 109.2752 C6–N21–
C33–N22

17.3368

N22–C33 1.3530 N21–C33–
N22

111.8793 C21–N33–
N22–C9

�13.5193

C9–C8 1.3974 N21–C33–
C34

124.0687 N21–C33–
C34–C35

179.7634

C6–C3 1.3974 N22–C33–
C34

124.0505 N21–C33–
C34–C36

�0.2324

N21–C23 1.4700 C33–C34–
C35

120.0013 C3–C6–
N21–C33

165.7824

C33–C34 1.5400 C33–C34–
C36

119.9988 C8–C9–
N22–C33

�170.9811

C6–C9 1.3774 C6– N21–
C23

113.4015 N22–C9–
C8–C7

170.9658

C30–C45 1.5400 C6– C9–C8 122.8647 N21–C6–
C3–C4

176.0212

N19–C7 1.3395 C9– C6–C3 122.8797 C1–C5–
N20–C4

0.0544

N19–C13 1.3442 C28– C30–
C45

119.9994 C7–N19–
C13–C12

0.0332

N20–C4 1.3396 C26–C30–
C45

119.9989 N19–C7–
C4–N20

1.5567

N20–C5 1.3444 C7–N19–
C13

120.6109 C8–C7–C4–
N20

�178.2292

C4–N20–C5 120.6070 C25–C28–
C30–C45

179.3393

N19–C7–C4 121.0603 C24–C26–
C30–C45

180.0000

Fig. 3. Resonance structures (a and b) of the imidazole chromophore.
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The key twist (a) is used to indicate the twist of imidazole ring
from the aryl ring at N(21) (Fig. 2). It reveals that a twist is corre-
lated with fluorescent property, the larger a twist, the more is the
drop the fluorescence quantum yield (0.30). Due to the delocalized
conjugation the bond between the imidazole nitrogen and the ani-
line attached carbon atom (N21–C23) is no longer a pure single
bond, as evident from the X-ray data of the parent compound.
When the two rings are deviated from each other, the p-orbital
overlapping will be reduced. The partial conjugation will lead to
less rigid structure; therefore, radiationless twist motion will deac-
tivate the emitting state, leading to the low quantum yields. Thus
the fluorophores with the substitution at C(34) with a minimum
loss of fluorescence property. All these results are in good agree-
ment with the theoretical values (Table 1). However, from the the-
oretical values it can be found that most of the optimized bond
lengths, bond angles and dihedral angles are slightly higher than
that of XRD values. These deviations can be attributed to the fact
that the theoretical calculations were aimed at the isolated mole-
cule in the gaseous phase whereas the XRD results were aimed
at the molecule in the solid state.

The spectral shifts were observed in the fluorescence band of
the imidazole derivative with respect to the parent, can be inter-
preted by the Brunings–Corwin effect [20]. Because the distortion
of the geometry in the excited state implies a decrease in the res-
onance energy, the fluorescence band is bathochromically shifted
to a higher extent than the absorption band. Moreover, the loss
of planarity in the excited state of the imidazole derivative could
explain the lower fluorescence quantum yield in apolar solvents
owing to an increase in the non-radiative processes.

However, the shape of the absorption band is independent of
the imidazole concentration suggesting the poor aggregation and
it is a suitable behaviour in the performance of active media of la-
sers. Indeed, high concentration is necessary to bring about laser
action, and the presence of aggregates could drastically reduce
the fluorescence quantum yield owing to the efficient quenching
of the monomer fluorescence by the aggregates. However, experi-
mental data indicate that the fluorescence band is shifted to lower
energies by increasing the concentration. This bathochromic shift
is attributed to reabsorption and reemission phenomena [21] and
this result corroborates the importance of registering photophysi-
cal properties in dilute solutions.

The 3D plots of the frontier orbitals HOMO and LUMO is shown
in Fig. S1. The HOMO is the orbital that primarily acts as an
electron donor and the LUMO is the orbital that largely acts as
the electron acceptor. The HOMO is located on the imidazole ring,
phenanthroline ring, partly on the aldehydic ring attached to the
C(34) whereas LUMO is located on the phenanthroline ring, imid-
azole ring and aldehydic ring attached to the C(34). The HOMO ?
LUMO transition implies that intramolecular charge transfer takes
place within the molecule. The energy gap (Eg) has been calculated
from the HOMO and LUMO levels. The decrease in the HOMO and
LUMO energy gap explains the probable charge transfer (CD) inside
the chromophore.

The electron density at position C(34) and the aryl ring attached
to the C(34) carbon is augmented in the HOMO with respect to that
in the LUMO state. Taking into account the resonance structures of
the imidazole chromophore (Fig. 3), we observed that the reso-
nance structure ‘‘b’’ has the largest charge separation along the
short molecule axis. Consequently, its contribution would be more
important in the S0 ground states than in the S1 excited states.
Thus, the polar solvents would stabilize the S0 state more exten-
sively than the S1 state, thereby increasing the energy gap between
both states and explaining the solvatochromic shifts [22].

To analyze the solvatochromic effects, we checked several
methods [23,24]. Neither the absorption nor the fluorescence
wavenumbers linearly correlate with the Lippert parameter
Df(e,n2) [25], which considers the solvent polarity/polarizability
or with the Reichardt parameter EN

T (30) [26] which takes into ac-
count several solvent properties (polarity and H-bond donor capac-
ity) in a common parameter. For these reasons, a multi parameter
correlation analysis is employed in which a physicochemical prop-
erty is linearly correlated with several solvent parameters by
means of Eq. (1):

ðXYZÞ ¼ ðXYZÞ0 þ CaAþ CbBþ CcC þ � � � ð1Þ

where (XYZ)0 is the physicochemical property in an inert solvent
and Ca, Cb, Cc and so forth are the adjusted coefficients that reflect
the dependence of the physicochemical property (XYZ) on several
solvent properties. Solvent properties that mainly affect the photo-
physical properties of aromatic compounds are polarity, H-bond
donor capacity and electron donor ability. Different scales for such
parameters can be found in the literature, Taft et al. [27] propose



Fig. 4. Correlation between the experimental absorption and fluorescence wavenumber with the predicted values obtained by a multicomponent linear regression using the
p⁄, a and b-scale (Taft) solvent parameters for the imidazole derivative.

Table 2
Adjusted coefficients ((tx)0, ca, cb and cc) and correlation coefficients (r) for the multilinear regression analysis of the absorption tab and fluorescence tfl wavenumbers and Stokes
shift (Dtss) of the imidazole derivative with the solvent polarity/polarizability, and the acid and base capacity using the taft (p⁄, a and b) and the Catalan (SPPN, SA and SB) scales.

(tx) (tx)0 cm�1 (p⁄) ca cb r

kab (3.158 ± 0.056) � 104 (9.083 ± 11.465) � 103 (18.210 ± 38.319) � 103 �(6.682 ± 30.780) � 103 0.72
kfl (2.606 ± 0.032) � 104 �(3.345 ± 6.530) � 103 (1.041 ± 21.826) � 103 �(3.384 ± 17.532) � 103 0.89
Dtss = tab � tfl (0.558 ± 0.059) � 104 (12.429 ± 11.840) � 103 (19.251 ± 39.572) � 103 �(3.298 ± 31.786) � 103 0.58

(tx) (tx)0 cm�1 cN
SPP

cSA cSB r

kab (3.270 ± 0.046) � 104 �(33.841 ± 16.882) � 103 (110.16 ± 70.04) � 103 �(96.50 ± 73.03) � 103 0.52
kfl (2.589 ± 0.027) � 104 �(15.104 ± 9.931) � 103 (73.014 ± 41.202) � 103 �(85.56 ± 42.96) � 103 0.56
Dtss = tab � tfl (0.689 ± 0.066) � 104 �(18.737 ± 24.318) � 103 (37.147 ± 100.894) � 103 �(10.943 ± 105.19) � 103 0.88

Table 3
Electric dipole moment (D), polarizability (a) and hyperpolarisability (btotal) of
dfpmpip.

Parameter (1)

Dipole moment (D)
lx 7.0477
ly 1.6071
lz 0.2928
ltotal 7.2345

Polarizability (a)
axx �169.6561
axy 14.8095
ayy �153.3569
axz �0.1322
ayz �3.5970
azz �165.9687
a � 10�24 (esu) �2.4155

Hyperpolarisability
bxxx 144.3615
bxxy �61.4484
bxyy 17.8130
byyy 39.2124
bxxz �6.3283
bxyz �5.4965
byyz 18.6430
bxzz 26.3167
byzz 8.3599
bzzz 1.5491
b � 10�32 (esu) 163.7230
lb � 10�32 (esu) 1184.4540
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the p⁄, a and b scales, whereas more recently Catalan et al. [28] sug-
gest the SPPN, SA and SB scales to describe the polarity/polarizabil-
ity, the acidity and basicity of the solvents respectively.

Fig. 4 shows the obtained correlation between the absorption
and fluorescence wavenumbers calculated by the multi-compo-
nent linear regression employing the Taft-proposed solvent param-
eters and the experimental values listed in Table 2. It lists the
obtained adjustment and correlation coefficients by the Taft and
Catalan parameters. The dominant coefficient affecting the absorp-
tion and fluorescence bands of imidazole derivative is that describ-
ing the polarity/polarizability of the solvent, Cp� or CN

SPP having a
positive value, corroborating the above-mentioned solvatochromic
shifts with the solvent polarity. The coefficient controlling the H-
donor capacity or acidity of the solvent, Ca or CSA, is the lowest
coefficient; therefore, the solvent acidity does not play an impor-
tant role in absorption and fluorescence displacements. The ad-
justed coefficient representing the electron releasing ability or
basicity of the solvent, Cb or CSB has a negative value, suggesting
that the absorption and fluorescence bands shift to lower energies
with the increasing electron-donating ability of the solvent. This
effect can be interpreted in terms of the stabilization of the reso-
nance structures of the chromophore (Fig. 3). Resonance structure
‘‘b’’ has the positive charge located at the nitrogen atom and it will
be stabilized in basic solvents because this resonance structure is
predominant in the S1 state, as discussed above and the stabiliza-
tion of the S1 state with the solvent basicity would be more
important than that of the S0 state. Consequently, the energy gap
between the S1 and S0 states decreases and the absorption and
fluorescence wavelengths shift to longer wavelengths with
increasing solvent basicity.

Comparison of lb0

The overall polarity of the synthesized imidazole derivative was
small when their dipole moment aligned in a parallel fashion
(Fig. S2). When the electric field is removed, the parallel alignment
of the molecular dipole moments begins to deteriorate and eventu-
ally the imidazole derivative loses its NLO activity. The ultimate
goal in the design of polar materials is to prepare compounds
which have their molecular dipole moments aligned in the same
direction [29].



Table 4
Several donor–acceptor interactions for the imidazole derivative.

Donor (i) Type ED/e Acceptor (j) Type ED/e E(2) E(j) � E(i) F(I, j)

C1–C2 p 1.9807 C5–N20 p⁄ 1.9870 23.23 0.28 0.072
C3–C4 p 1.9705 C1–C2 p⁄ 1.9807 19.42 0.28 0.068
C3–C4 p 1.5684 C6–C9 p⁄ 1.9690 19.02 0.27 0.064
C5–N20 p 1.9870 C3–C4 p⁄ 1.9705 20.62 0.32 0.076
C7–C8 p 1.9723 C6–C9 p⁄ 1.6639 18.91 0.26 0.063
C7–C8 p 1.5747 C10–C12 p⁄ 1.9814 18.31 0.28 0.067
C10–C12 p 1.9841 C13–N19 p⁄ 1.9869 23.90 0.28 0.073
C13–N19 p 1.9869 C7–C8 p⁄ 1.9723 19.99 0.32 0.075
N22–C33 p 1.9806 C6–C9 p⁄ 1.9790 20.39 0.32 0.077
C23–C24 p 1.9735 C25–C28 p⁄ 1.9768 19.90 0.29 0.067
C23–C24 p 1.6727 C26–C30 p⁄ 1.9767 17.84 0.30 0.065
C25–C28 p 1.9768 C23–C24 p⁄ 1.9735 18.58 0.28 0.065
C25–C28 p 1.6713 C26–C30 p⁄ 1.6337 21.35 0.29 0.071
C26–C30 p 1.9767 C23–C24 p⁄ 1.6727 23.89 0.27 0.072
C26–C30 p 1.6337 C25–C28 p⁄ 1.6713 19.54 0.28 0.066
C34–C36 p 1.9713 C35–C37 p⁄ 1.9797 19.58 0.28 0.067
C34–C36 p 1.6481 C39–C41 p⁄ 1.9807 19.81 0.28 0.067
C35–C37 p 1.9797 C34–C36 p⁄ 1.9713 20.07 0.28 0.068
C35–C37 p 1.6594 C39–C41 p⁄ 1.6558 20.91 0.28 0.068
C39–C41 p 1.9807 C34–C36 p⁄ 1.6484 20.74 0.28 0.069
C39–C41 p 1.6558 C35–C37 p⁄ 1.6594 19.50 0.28 0.067
LP1–N21 p 1.5903 C6–C9 p⁄ 1.6639 33.62 0.29 0.088
LP1–N21 p 1.5903 N22–C33 p⁄ 1.9806 43.38 0.27 0.097

Fig. 5. Bar diagram representing the charge distribution of imidazole derivative
using NLO and NBO methods.

Fig. 6. MEP surface diagram of the imidazole derivative.
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Theoretical investigation plays an important role in under-
standing the structure–property relationship, which is able to as-
sist in designing novel NLO chormophores. The electrostatic first
hyperpolarizability (b) and dipole moment (l) of the imidazole
chromophore have been calculated by using Gaussian 03 package.
From Table 3, it is found that the imidazole chromophore show lar-
ger lb0 values, which is attributed to the positive contribution of
their conjugation. This chromophore exhibits larger non-linearity
and its kmax is red-shifted when compared with unsubstituted
imidazole. Therefore, it is clear that the hyperpolarizability is a
strong function of the absorption maximum. Since even a small
absorption at the operating wavelength of optic devices can be det-
rimental, it is important to make NLO chromophores as transpar-
ent as possible without compromising the molecule’s non-
linearity.

To determine the transference region and hence to know the
suitability for microscopic non-linear optical applications, the
UV–visible spectra have been recorded by using the spectrometer
in the range of 200–750 nm. The increased transparency in the vis-
ible region might enable the microscopic NLO behaviour with non-
zero values [30,31]. All the absorption bands are due to p ? p⁄
transitions. The b values (Table 3) computed here might be corre-
lated with UV–visible spectroscopic data in order to understand
the molecular-structure and NLO relationship in view of a future
optimization of the microscopic NLO properties. The band at
around 390 nm exhibits a solvatochromic shift, characteristic of a
large dipole moment and frequently suggestive of a large hyperpo-
larisability. This compound show red shift in absorption with
increasing solvent polarity, accompanied with the upward shifts
non-zero values in the b-components.
Octupolar and dipolar components

The imidazole derivative possess a more appropriate ratio of
off-diagonal versus diagonal b tensorial component (r = bxyy/bxxx)
which reflects the inplane non-linearity anisotropy and the largest
lb0 values. The difference of the bxyy/bxxx ratios can be well under-
stood by analyzing their relative molecular orbital properties. The
electrostatic first hyperpolarizabilities (b0) and dipole moment (l)



J. Jayabharathi et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 97 (2012) 582–588 587
of the chromophores have been investigated theoretically. These
observed results can be explained by the reduced planarity in such
chromophores caused by the steric interaction between the two
phenyl rings at C(23) and N(15) atoms. Hence, the steric interac-
tion must be reduced in order to obtain larger b0 values.

The b tensor [32] is a sum of dipolar (
2D

J ¼ 1
b) and octupolar

(
2D

J ¼ 3
b) tensorial components, and the ratio of these two compo-

nents strongly depends on their ‘r’ ratios. The zone for r > r2 and
r < r1 corresponds to a molecule of octupolar and dipolar respec-
tively. The critical values for r1 and r2 are �0.16 and 2.15, respec-
tively. Complying with the Pythagorean theory and the
projection closure condition, the octupolar and dipolar compo-
nents of the b tensor can be described as:

k2D
J¼1bk ¼ ð3=4Þ½ðbxxx þ bxyyÞ

2 þ ½ðbyyy þ byxxÞ
2� ð2Þ
k2D
J¼3bk ¼ ð1=4Þ½ðbxxx�3bxyyÞ

2 þ ½ðbyyy � byxxÞ
2� ð3Þ

The parameter q2D is convenient to compare the relative magni-
tudes of the octupolar and dipolar components of b. The observed
positive small q2D value (3.07) reveals that the biii component can-
not be zero and these are dipolar component. Since most of the
practical applications for second order NLO chromophores are
based on their dipolar components, this strategy is more appropri-
ate for designing highly efficient NLO chromophores.
Natural bond orbital (NBO) analysis

NBO analysis have been performed for the imidazole derivative
at the DFT/B3LYP/6-31++G(d,p) level in order to elucidate the intra-
molecular, hybridization and delocalization of electron density
within the molecule. The importance of hyperconjugative interac-
tion and electron density transfer (EDT) from lone pair electrons
to the antibonding orbital has been analyzed and the results [33]
were tabulated in Table 4. Several donor–acceptor interactions are
observed for the imidazole derivative and among the strongly occu-
pied NBOs, the most important delocalization sites are in the p sys-
tem and in the lone pairs (n) of the oxygen, fluorine and nitrogen
atoms. The r system shows some contribution to the delocalization,
and the important contributions to the delocalization corresponds
to the donor–acceptor interactions are C1–C2 ? C5–N20, C3–
C4 ? C1–C2, C3–C4 ? C6–C9, C5–N20 ? C3–C4, C6–C9 ? C3–C4,
C7–C8 ? C10–C12, C10–C12 ? C13–N19, C13–N19 ? C7–C8,
N22–C33 ? C6–C9, C23–C24 ? C25–C28 and C23–C24 ? C26–
C30.

The charge distribution of the imidazole derivative was calcu-
lated from the atomic charges by NLO and NBO analysis (Fig. 5).
These two methods predict the same trend i.e., among the nitrogen
atoms N15 and N16, N15 is considered as more basic site [34]. The
charge distribution shows that the more negative charge is concen-
trated on N15 atom whereas the partial positive charge resides at
hydrogens.
Molecular electrostatic potential map (MEP) and electronic properties

The MEP surface diagram (Fig. 6) reveals that the negative re-
gions can be regarded as nucleophilic centres, whereas the posi-
tive regions are potential electrophilic sites. In the MEP map
clearly suggests that the nitrogen atoms bear the most negative
potential region. The hydrogen atoms bear the maximum brunt
of positive charge. The predominance of green region corresponds
to a potential halfway between the two extremes red and dark
blue colour.
Conclusions

The presence of aryl ring at C(34) in the imidazole chromophore
core originates a distortion from planarity in the imidazole units,
mainly in the excited state, which leads to an increase in the rate
constant of non-radiative deactivation and in the Stokes shift.
The solvent effect on the absorption and fluorescence bands was
analyzed by a multi-component linear regression in which differ-
ent solvent parameters were analyzed simultaneously. DFT calcu-
lations were carried out for the NBO analysis, HOMO–LUMO
energies, MEP studies and hyperpolarisability behaviour. Since
they have largest lb0 value, the reported imidazole can be used
as potential NLO material.
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