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a b s t r a c t

Synthesis, characterisation and single crystal X-Ray studies of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-
dihydro-1H-imidazole are reported. Here after the compound is denoted as TSI. Small Angle X-Ray
Diffraction (SXRD) showed that the crystal belonged to Monoclinic, P21/c group. The electronic and
structural properties of TSI were investigated by DFT and TD-DFT methods. This molecule is a good
candidate to be used in OLED devices because of high electron transport mobility and low le value. The
difference between le and lh is smaller so that it has a better hole-electron transport balance in OLED
devices. The calculated static first order hyperpolarizability b(000), showed that the material exhibited
good non-linear optical behaviour and could be used for NLO devices. Fukui indices were calculated to
identify the reactive sites of the title compound.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Imidazoles are important raw materials for fine chemical syn-
thesis. They possess remarkable biological activity [1]. They have
been used in applications such as anticancer [2], antibacterial [3],
antiviral [4] antihypertensive [5] agents and antagonistic histamine
receptors [6]. Certain imidazole derivatives are characterised by
good electroluminescence properties (EL) [7e13] with excellent
electron transport ability [14e16]. Substituted phenanthro-
imidazoles were recently reported as flurophores in non doped
blue organic light emitting diodes [17,18]. A combined experi-
mental and theoretical study on phenanthroimidazole-
styryltriphenylamine derivatives has been reported by Thani-
kachalam et al. [19]. Imidazole derivatives were also used in solu-
tion processed organic-light emitting diode applications [20]. Some
imidazole derivatives were used as efficient red phosphorescent
OLEDs [21]. Demand for a suitable and better OLED material is still
growing; imidazole moiety having electron donating and electron
withdrawing groups will show better efficiency. A detailed inves-
tigation of the spectral properties, crystal structure and other
theoretical analysis could give important information regarding
).
structure, reactivity and applications in optoelectronics and drug
designing.

The electronic and spectral properties of the title compound
were studied using density functional theory (DFT) at the ground
state and time dependent density functional theory (TD-DFT) at the
excited state. The optimized geometry of the molecule, absorption
spectra, electronic properties and nonlinear optical properties were
studiedwith a view to get vital information regarding synthesis and
design of new optical devices. The choice of a material to be used in
OLED devices is dependent on its low ionisation energy, low reor-
ganisation energy, high electron affinity and high electron carrier
mobility. Studies on these features are reported in this work.
2. Experimental details

Commercial clay used in this work was montmorillonite K10
which was purchased from Sigma-Aldrich, India and modified by
ion exchange of Ti4þ by wet chemical method. The modified clay
was activated at 200 �C for 3 h prior to use. All other reagents were
purchased from Merck Ltd. India and were used as such. The
product obtained was characterised by, 1HNMR, FT-IR spectral
methods, SXRD and m.p. FT-IR spectrum was recorded by the KBr
pellet method on a JASCO FT-IR spectrometer in the range of
400e4000 cm�1.1H NMR spectrum was recorded on a Bruker
400MHz instrument with tetramethyl silane (TMS) as internal
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standard in CDCl3.
2.1. Computational details

Computational study of the compound, 2-(4-methoxyphenyl)-
1,4,5-triphenyl-2,5-dihydro-1H-imidazole was carried out with
Gaussian 09 [22] program in the ground state using the B3LYP/6-
31G basis set to obtain the optimized molecular structure and
frequencies corresponding to its vibrational modes. Optimization of
molecular structure was done by Berny's optimization algorithm
using redundant internal coordinates [23]. A scaling factor of 0.9613
was used for obtaining a considerably better agreement with
experimental data; because, the DFT hybrid B3LYP method might
tend to overestimate the fundamental modes. The structure
deduced was confirmed to be of minimum energy because of the
absence of imaginary wave numbers on the calculated vibrational
spectrum. The animation option of GAUSSVIEW program gave a
visual presentation of the vibrational modes [24]. The absorption
and emission of themoleculewere studied from the TD-DFT studies
on the molecule as this method was a very successful one to
compute the excited states [25,26]. The energy of neutral molecule
optimized in neutral state, energy of neutral molecule optimized in
cation state, energy of cation state optimized in neutral state and
energy of neutral molecule optimized in anion state were obtained
using the TD-DFT/B3LYP6-31G computations [27].
Table 1
Crystal data and structure refinement for 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-
dihydro-1H-imidazole.

Empirical formula C28H22N2O

Formula weight Mr¼ 402.47
Temperature T¼ 296 K
Wavelength l¼ 0.71073 Å
Volume V¼ 2165.9 (4) Å3

Space group P21/c
Crystal system Dx,g cm�3 Monoclinic, 1.234Mgm�3

Unit cell dimensions a¼ 10.5906 (10) Å
b¼ 10.3985 (8) Å
c¼ 20.193 (2) Å
a¼ 90�

b¼ 103.105 (4)�

g ¼ 90o
2.2. Synthesis of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-
1H-imidazole

The title compoundwas synthesised by solvent free synthesis by
taking benzil (1mmol), 4-methoxybezaldehyde (1mmol), aniline
(1mmol), NH4OAc (1.3mol %) and 0.2 g activated K10 clay catalyst.
The mixture was stirred at 120 �C [28]. The formation of the
product was monitored by thin layer chromatography. After the
completion of the reaction, hot ethanol was added to the mixture
and the insoluble catalyst was filtered off. The pure product was
obtained by column chromatography using hexane and ethyl ace-
tate (8:2 v/v) as eluent. The purified product was recrystallised
from ethanol. (Scheme 1).
Z 4
F(000) 848.0
F(0000) 848.38
hklmax 14,13,26
Crystal size 0.25� 0.25� 0.20mm
Reflections collected 3302 reflections with I> 2s(I)
Independent reflections 5155 independent reflections [Rint¼ 0.032]
Refinement on F2 H-atom parameters constrained

H-atom parameters constrained
Drmax¼ 0.17 e Å�3

Drmin¼�0.24 e Å�3

Least-squares matrix: full
R[F2> 2s(F2)]¼ 0.048
wR(F2)¼ 0.157
S¼ 1.07
5155 reflections
281 parameters
0 restraints
2.3. X-ray diffraction studies

Single crystal X-ray diffraction patterns of 2-(4-methoxyphenyl)-
1,4,5-triphenyl-2,5-dihydro-1H-imidazole were collected on Bruker
AXS Kappa Apex 2 CCD diffractometer. Data collection was carried
out using APEX 2 (Bruker, 2004), Cell refinement was done with
APEX 2/SAINT (Bruker, 2004) and data reductionwith SAINT/XPREP
(Bruker 2004). Structure was solved with SIR 92 program. Structure
was refined with SHELXL 97, Molecular graphics was plotted with
ORTEP-3 and Mercury.
Ph O

OPh
+ + + NH4OAc

C

O
CH3

CHO

NH2

Scheme 1. Synthesis of 2(4-methoxyphenyl)-1
3. Results and discussion

3.1. Molecular structure

The title compound was synthesised and characterised by 1H
NMR, FT-IR and SXRD. The results of SXRD showed that the crystal
belonged to monoclinic system of space group P21/c. The crystal
data obtained is summarised in Table .1. The bond parameters such
as bond length and bond angle were calculated theoretically and
experimental values obtained in SXRD analysis were compared.
Good agreements between experimental and theoretical values
were obtained. The results are shown in Table 2.

Experimental and optimized bond length and bond angles of the
title compound were compared. A good agreement was observed
and is given in Table 2. The root mean square deviation (RMSD)
values of bond length and bond angles were calculated using the

expression, RMS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

1
n�1

�Pn
i
ðncalci � nexpi Þ2

s
. The RMSD for bond

length was 0.459Å and that for bond angle was 0.520�. Complete
results of these studies are given in the supplementary data.

Hydrogen refinements were done by keeping aliphatic methyl
CH3 hydrogen fixed and refined by difference in electron density
synthesis method and riding model is followed in phenyl ring.

Imidazoles are reported to show weak non covalent interaction.
Indole-benzene reported to favours p-p stacking interaction [29].
lay Catalyst

N

N

1200C OCH3

,4,5-triphenyl-2,5-dihydro-1H-imidazole.



Table 2
The experimental and optimized bond length (Å) and bond angles for 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imidazole.

Sl.No Bond angle (q) Experimental Optimized Bond length(A0) Experimental Optimized

1 C6C1C2 121.15 120.29 C2C1 1.3751 1.3984
2 C2C1N2 119.34 119.66 C6C1 1.3733 1.3981
3 C6C1N2 119.44 120.05 N2C1 1.4349 1.4381
4 H2C2C1 120.22 119.45 C2H2 0.9300 1.0807
5 C3C2C1 119.57 119.74 C3C2 1.3764 1.3961
6 H2C2C3 120.21 120.80 C3H3 0.9300 1.0814
7 H3C3C2 119.85 119.66 C3C4 1.3555 1.3979
8 C4C3C2 120.30 120.18 C4H4 0.9300 1.0815
9 H3C3C4 119.85 120.15 C4C5 1.3727 1.3978
10 H4C4C3 119.74 120.07 H5C5 0.9300 1.0814
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X-Ray crystal studies showed a weak Van der Waals interaction
between nearest molecules. Moreover imidazole-benzene favours
p-p stacking interaction which helps the planar arrangement of
each molecule in the unit cell. Each unit cell consists of four title
molecule arranged in a regular fashion with almost all aromatic
rings falling in the same plane leading to a packed structure.

3.2. 1H NMR analysis of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-
dihydro-1H-imidazole

The title compound 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-
dihydro-1H-imidazolewas characterised by 1HNMR recorded in
CDCl3(99.8 atom % D). The compound contains one set of aromatic
protons in the region d 6.75e7.60 and a set of aliphatic protons in
the region d 3.75. Signals of protons attached to C13, C17, C20, C24
are obtained as doublets around d7.08e7.18. Singlet at d 3.75 cor-
responds to the signal of isolated proton attached to C25. The re-
sults are shown in Fig. 2.

3.3. FT-IR analysis

Bands around 1486, 1440, 1367 and 1325 cm�1 are ascribed to
CeN stretching frequencies of the imidazole ring [30,31]. Bands
around 3100-3000 cm�1 indicate aromatic CeH stretching fre-
quency of phenyl rings. CeC stretching vibrational bands are
observed around 1400-1650 cm�1 [32]. CeC stretching vibrations
of the title compound are observed around 1590 cm�1 in the FTIR
spectrum. CeOeC stretching frequency of the title compound
showed a medium band around 1275-1200 cm�1. A characteristic
band around 3000-3100 cm�1 indicates the presence of CeH
a b

Fig. 1. a) Molecular structure of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imidazo
probability level. b) Packing diagram of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H
stretching frequency in the molecule.
3.4. Reorganisation energy, HEP and EEP

The reorganisation energy (l), ionisation energy (IE) and elec-
tron affinity (EA) were investigated to calculate the energy barrier
for injection and transport rates of electrons and holes; as the
charge transport/injection and its balance was decisive for opto-
electronic materials. The ionisation energy (IE), electron affinity
(EA) and reorganisation energy (l) were obtained as follows;

I:E¼ Eþ0 � E00

E:A¼ E00 � E�0

The charge transfer rate K of electron or hole can be obtained
from the Marcus/Hush model [33], as:

E:A¼ E00 � E�0

where T is the temperature, k is the Boltzmann constant. The
charge transfer rate is dependent on reorganisation energy and
thus it is a very crucial factor in charge transfer proceses.

le ¼
�
E�0 � E��

�þ �
E0� � E00

�

¼ EEP� E:A
le showed the atom numbering scheme. Displacement ellipsoids are shown at the 50%
-imidazole.
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Fig. 2. 1H NMR spectrum of 2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imidazole.
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lh ¼
�
Eþ0 � Eþþ

�þ �
E0þ � E00

�

¼ I:E� HEP

Here le is the reorganisation energy of electrons, lh that of holes.
The electron extraction potential (EEP) is the difference in energy
between the anion optimized in the neutral state and anion opti-
mized in the anion state. The hole extraction potentials (HEP) is the
energy difference between the cation optimized at cation state and
anion optimized at anion state.

EEP¼ E0� � E��

HEP¼ Eþþ � E��

E00;E
�
0 ,E

þ
0 ; E

0
þ show the energy of neutral molecule optimized in

neutral state, energy of neutral molecule optimized in anion state,
energy of neutral molecule optimized in cation state, energy of
cation state optimized in neutral state respectively. The calculated
values of le, lh, EEP, HEP, I.E and E.A are given in Table 3. The dif-
ference between le and lh are very small suggesting that the pre-
sent molecule has a better hole and electron transport balance.
Such a material can act as an ambipolar material [34].
Table 3
Reorganisation energy.

HEP 6.235 eV

EEP 0.349 eV
le 0.526 eV
lh 0.414 eV
I.E 6.649 eV
E.A �0.176 eV
3.5. Frontier molecular orbital analysis

Imidazoles having optimum HOMO-LUMO separation have
found wide applications in optoelectronic devices. The degree of
intermolecular charge transfer between electron donor to electron
acceptor group depends on the energy gap between HOMO and
LUMO. It also determines the molecular stability and activity. Mo-
lecular orbital topology was calculated at DFT/6-31G levels. The
frontier molecular orbitals were examined for characterising the
electronic and optical properties. Molecular topologies of HOMO-
LUMO orbitals of TSI are shown in Fig. 3. It is observed that
HOMO is located mainly over imidazole ring and methoxy groups,
whereas LUMO is located mainly on phenyl rings. The lowest un-
occupiedmolecular orbital (LUMO) and highest occupiedmolecular
orbital (HOMO) were visualised; EHOMO, ELUMO and energy gap (DE)
were calculated.

Chemical reactivity can also be related to HOMO-LUMO energy
gap, a molecule with small energy gap is more polarisable and
highly reactive. The small HOMO-LUMO energy gap and a number
of aromatic moiety suitable for p- p* transition indicates that the
title compound is a good electron transport material.

3.6. Electronic properties

The absorption spectrum of the molecule was calculated using
the TD-DFTmethod. The absorptionwavelength, oscillator strength
and corresponding absorption energies are listed in Table 4.

Experimental UVeVis spectrum for 2-(4-methoxyphenyl)-1,4,5-
triphenyl-2,5-dihydro-1H-imidazole showed 2 absorption bands
around 230 nm, 290 nm associated with p- p* transition of aro-
matic ring, which may be correlated to the bands calculated at
270.33 and 284.38 with oscillatory strength 0.0051 and 0.0119;
these transitions are comparatively weak in solvents. The band
around 330 nm is ascribed to p- p* transition within the C]N
azomethine group [35]. This may be correlated to the band calcu-
lated at 325.29 nm having high oscillator strength 0.1249. The
discrepancy between experimental and theoretical prediction



Table 4
Excitation energies and Oscillator strengths.

Excited states Oscillator strength E (eV) l(calculated)

106 ->107 f¼ 0.1249 3.8115 eV 325.29 nm
106 ->108
106 ->109
106 ->107 f¼ 0.0289 3.8973 eV 318.13 nm
106 ->108
106 ->107 f¼ 0.1369 4.1129 eV 301.45 nm
106 ->109
106 ->110
105 ->107 f¼ 0.3623 4.3337 eV 286.09 nm
106 ->110
106 ->111 f¼ 0.0119 4.3598 eV 284.38 nm
101 ->107 f¼ 0.0051 4.5864 eV 270.33 nm
101 ->110
106 ->112

Fig. 4. MEP plot of 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imidazole.

Fig. 3. HOMO-LUMO plot of 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-
imidazole.
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could be the consequence of charge transfer valence-excited states
that might occur in the molecule. The excited states 105, 106, 107,
108 represent HOMO-1, HOMO, LUMO and LUMOþ1 respectively.

3.7. Molecular electrostatic potential (MEP)

The molecular electrostatic potential of a molecule gives infor-
mation about the electrophilic and nucleophilic reactivity sites as
well as hydrogen bonding interactions; it also offers a visual
method for the understanding of polarity of the molecule [36]. The
red represents the negative electrostatic potential region, blue
represents the positive and green represents the zero potential
regions; the other colours are intermediate such that, red ˂orange˂
yellow˂ green˂ blue gives the increasing order of electrostatic po-
tential. Negative regions are associated with electron rich regions
such as electronegative groups [37]. In the title compound, the
regions of negative potential are concentrated over electronegative
atoms (oxygen atom of methoxy group and nitrogen atoms of
imidazole) Fig. 4.
3.8. Fukui indices

Fukui indices determine the important reactive sites. Fukui
indices indicate the tendency of the electronic density to deform at
a given position by donating or accepting electrons [38,39]. Fukui
functions on the jth atom site are defined as follows:

fþj ¼ qjðN þ 1Þ � qjðNÞ

f�j ¼ qjðNÞ � qjðN�1Þ

f 0j ¼ 0:5
h
qjðN þ 1Þ� qjðN� 1Þ

i
Fukui function for an electrophilic attack is denoted by fþj ,

nucleophilic or free radical attack f�j on the reference molecule,
respectively. In these equations, qj is the atomic charge (evaluated
from Mulliken population analysis, electrostatic derived charge,
etc.) at the jth atomic site in the neutral (N), anionic (N þ1) or
cationic (N - 1) chemical species. The concept of generalized electro
(nucleo)- philicity has been introduced by Chattaraj et al. [40]. It
contains information about different global and local reactivity
descriptor and selectivity descriptor; the information regarding
electrophilic/nucleophilic power of a given atomic site in a mole-
cule. A dual descriptorDf ðrÞ, was proposed by Morell et al. [41],
which was defined as the difference between the nucleophilic and
electrophilic Fukui function and is given by,

Df ðrÞ¼ fþðrÞ � f�ðrÞ
The site is favoured for a nucleophilic attack if Df ðrÞ > 0, the site

may be favoured for an electrophilic attack if Df ðrÞ< 0. Thus dual
descriptors Df ðrÞ provide a clear difference between nucleophilic
and electrophilic attack at a particular site with their sign. That is,
they provide positive value for site prone for nucleophilic attack
and a negative value to the site prone for electrophilic attack.

Fukui functions are evaluated fromMulliken population analysis
and the results are given in graphical form in Fig. 5. The reactivity



Fig. 5. Graphical view of Fukui function for 2(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imidazole.
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order for nucleophilic case is C28> C15> C21, the order of reac-
tivity of electrophilic case is C9> C4> C15 while the order of sites
for free radical attack is C15> C28> C23 (Table 4 Suplementary
Data).
3.9. Nonlinear optical properties

The static first order hyperpolarizability b (0,0,0) of themolecule
was calculated.

The static first hyperpolarizability b ¼ ðb2xþb2yþb2z Þ
1=2

where

bx¼ bxxxþbxyyþbxzz

by¼ byyyþbxxyþbyzz

bz¼ bzzzþbxxzþbyyz

The calculated field independent first hyperpolarizability of the
compound was 7.18� 10�30 esu. Compared with the b value of urea
0.13� 10�30 esu, the title compound was found to be a good
candidate [42] as an NLO material due to its increased p conjuga-
tion length which enhanced the hyperpolarizability of the
molecule.
4. Conclusions

2-(4-methoxyphenyl)-1,4,5-triphenyl-2,5-dihydro-1H-imid-
azole was synthesised, characterised by FT-IR, 1H NMR and Single
Crystal X-ray analysis. Single crystal analysis showed that the
molecule belonged to monoclinic system and P21/c space group.
Each unit cell contained four molecules which were planar. Geo-
metric parameters, vibrational, electronic spectra, Fukui indices,
HOMO-LUMO of the title compound were studied on the basis of
DFT calculations at B3LYP/6-31G basis set. Nucleophilic and elec-
trophilic behaviour of specific sites in the molecule was analysed
using Fukui function. Electronic spectra showed transition bands
indicating that the molecule could be used as electron transport
material. Results showed that the title compound could be used as a
good NLO active material also. Proper designing, synthesis and
theoretical investigation of this kind of compounds can lead to the
development of suitable electron transport materials for organic
electronic devices.
Appendix A. Supplementary data

Supplementary crystallographic data for this article is available
in Cambridge Crystallographic information (CCDC 1910169). It can
be obtained free of charge via http://www.ccdc.cam.ac.uk/.
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