
ORIGINAL PAPER

DFT Studies of the Photophysical Properties of Fluorescent
and Semiconductor Polycyclic Benzimidazole Derivatives

Umesh Warde & Lydia Rhyman & Ponnadurai Ramasami &
Nagaiyan Sekar

Received: 12 December 2014 /Accepted: 5 March 2015 /Published online: 26 March 2015
# Springer Science+Business Media New York 2015

Abstract The photophysical and electrochemical properties
of eleven polycyclic benzimidazole fused organic pigments
(four based on phthalic anhydride, four based on naphthalic
anhydride and three based naphthalene tetra carboxylic acid
dianhydride) were investigated using density functional theo-
ry and time dependent density functional theory methods
(B3LYP/6-31G(d) and M06/6-31G(d)). The predicted geom-
etries are comparable using both functionals. The electro-
chemical properties are in good agreement with the experi-
mental results. However, the experimental absorption-
emission properties are closer to the values computed using
the M06/6-31G(d) method. Both the methods perform equally
well in explaining the intramolecular charge transfer charac-
teristics. This work can help to understand the modern age
functional materials at molecular level and to design new
molecules.
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Introduction

Naphthalene tetra carboxylic acid and perylene tetra carbox-
ylic acid monobenzimidazoles and their bis analogues
(NTCBI and PTCBI) are important from an industrial point
of view as organic pigments [1, 2] and n-type organic semi-
conductors [3]. These compounds have been extensively stud-
ied and applied in organic electronics owing to their stability,
efficient light absorbance and good electron transportation
characteristics. Naphthalene diimide derivatives of these com-
pounds have already shown their promising optoelectronic
properties [4–6]. These compounds can be useful in devices
such as light-emitting diodes [7], organic thin-film transistors
(OTFTs) [8, 9], organic photovoltaic’s (OPVs) [10, 11], or-
ganic electronics [12] and organic field effect transistors
(OFET) [13–15].

These kind of functional materials have some basic molec-
ular properties such as good reduction/oxidation potentials
and solid-state crystal packing to enhance electron transporta-
tion properties. The design and synthesis of such compounds
are important area of research. Computational approach using
density functional theory (DFT) method and its time depen-
dent version (TD-DFT) have been an effective tool to under-
stand the molecular basis of photophysical as well as other
electronic properties driven by the interaction of electromag-
netic impulses with organic compounds [16]. In 2011,
Anzenbacher Jr. et al. [17] reported an elegant green synthesis
of polycyclic benzimidazole derivatives as potential organic
semiconductors. They also investigated the photophysical and
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electrochemical properties of these materials. However, there
are no studies involving the interpretation of the geometrical,
photophysical, electrochemical and semiconductor properties
of these compounds at molecular level. Therefore, to comple-
ment the literature of the polycyclic benzimidazole deriva-
tives, in this paper, we report for the first time, quantum me-
chanical computations of eleven polycyclic benzimidazole
fused organic pigments, Fig. 1. (four based on phthalic anhy-
dride, four based on naphthalic anhydride and three based on
naphthalene tetracarboxylic acid dianhydride). The present
paper highlights the comparison between experimentally ob-
served photophysical and electrochemical results [17] with the
data computed using DFT and TD-DFT methods. We also
discuss the effect of geometrical parameters affecting the
charge transfer properties of these compounds.

Computational Methods

All the computations were performed using the Gaussian 09
package [18] running on GridChem [19]. Ground state (S0)
geometry of the compounds was optimized without imposing
symmetry in the gas phase using DFT method [20]. The func-
tionals used were the old but the popular B3LYP and new the
generation M06. The B3LYP functional combines Becke’s
three Parameter exchange functional (B3) [21–24] with the
non-local correlation functional by Lee, Yang and Parr
(LYP) [25–27]. The M06 functional is one of the sets of four
meta-hybrid GGADFT (Generalized gradient approximation)
functionals which is highly parameterized accounting for non-
covalent interactions as well as Bmedium range^ electron cor-
relations. The M06 functional has 27 % Hartree-Fock ex-
change and it is known to perform well when non-covalent

interactions are present as against the B3LYP functional [28,
29]. The basis set used for all atoms was 6-31G-(d). The Po-
larizable Continuum Model (PCM) [30, 31] was used to opti-
mize the ground and excited state geometries in dichlorometh-
ane (DCM). The vibrational frequencies were computed for
the optimized geometries to investigate the nature of the sta-
tionary points. The optimized structures were confirmed to be
the local minima on the potential energy surface and no imag-
inary frequencies were noted. The vertical excitation energies
and oscillator strengths were obtained for the lowest 20
singlet-singlet transitions at the optimized ground state equi-
librium geometries by using the TD-B3LYP/6-31G(d) and
TD-M06/6-31G(d) methods [32–34].

The low-lying first singlet excited states (S1) of all the
benzimidazole compounds were relaxed to obtain their mini-
mum energy geometry. The vertical emissions were computed
using TD-DFT method with the optimized first singlet excited
state geometry [35, 36]. Frequency computations were also
carried out on the low lying first singlet excited state of the
compounds. The vertical electronic excitation spectra, includ-
ing wavelengths of absorption, oscillators strengths, and main
configuration assignment, were systematically investigated
using the TD-B3LYP/6-31G(d) and TD-M06/6-31G(d)
methods.

Results and Discussion

Geometrical Parameters

The charge transfer characteristics are influenced by the ge-
ometry of the compounds. The optimized geometries of the
eleven molecules can be interpreted with the help of the basic

d1c1b1a1

d2c2b2a2

c3b3a3

Fig. 1 Structures of the
compounds studied
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structure as shown in Fig. 2. The dihedral angle, bond angle
and bonds which show prominent changes in the first singlet
excited state compared to the ground state are also illustrated
(Fig. 2). The two nitrogen atoms forming the imidazole or
pyrimidine unit (designated as C-core) are anchored on one
side with the carbonyl containing aryl core originating from
the anhydrides (designated as A-core in Fig. 2) and on the
other side another aryl core originating from the 1,2-diamine
(designated as D-core). The dihedral angles which the C-core
bears on both sides (in the ground and in the excited states) are
influenced by the substituents on both cores as well as the
nature of the anhydride.

Both the hybrid functionals predicted that the compounds
1a, 1b, 2a-2d, 3a and 3b have planar geometry, while the
compounds 1c, 1d and 3c have twisted geometry in both the
ground and excited states. In the case of compounds 1a and
1b, the C1-N1-C3-C4 dihedral angle is close to zero and the
angles C1-N1-C3-C6 and C1-N1-C2-N2 (Fig. 2) are close to
180° respectively in both the ground state and the first singlet
excited state. The bond angle around the carbonyl carbon (N1-
C1-C5) for compound 1a is found to be 114° in the ground
state and 113° in the excited state. These deviations from the
expected 120° can be explained in terms of the strain associ-
ated with the five membered imidazole moiety. The difference
is only 0.7° suggesting that there is no significant change in
the planarity on excitation to the first singlet excited state as
predicted by the M06 functional while B3LYP functional pre-
dicts a difference of 0.8°. Similar results regarding the dihedral
angles (supporting information) are observed in the case of the
compound 1b suggesting that there is no significant difference
due to the presence of more electronegative fluorine atom
(compared to the hydrogen) on the planarity of the molecule.

In the case of the compound 1c (twisted geometry), C1-N1-
C3-C4 dihedral angle is found to be deviated in the excited
state. TheM06 functional computed this deviation to be larger
as compared to the B3LYP functional. The results are similar
for C1-N1-C2-N2 and C1-N1-C3-C6 dihedral angles (should
be 180°) as C1-N1-C3-C4. The N1-C1-C5 bond angle is
found to decrease in the excited state compared to the ground
state by 1.5° in the B3LYP-optimized geometry and by 1.3° in
the M06-optimized geometry. The N1-C1-C5 bond angle for
compound 1d is found to be deviated in the excited state
compared to the ground state by 0.6° as computed by both

functionals. Similar results are found for the C1-N1-C2-N2
and C1-N1-C3-C6 dihedral angles for the compounds 1c
and 1d. These observations suggest that the compounds 1c
and 1d which are twisted both in the ground and excited state
but attain some planarity in the excited state compared to the
ground state.

For the series of compounds 2a-2d, the C1-N1-C3-C4 di-
hedral angle is observed to be close to zero and C1-N1-C3-C6
and C1-N1-C2-N2 dihedral angles are observed to be close to
180° in the ground and excited states, respectively. The N1-
C1-C5 bond angle is found to decrease in the excited state
compared to the ground state by 2–2.5° using the M06 func-
tional. These trends are not different for B3LYP functional
(Supporting information).

In the case of the bis-benzimidazole derivatives 3a and 3b,
both the functionals predict that the N1-C1-C5 bond angle is
similar to the other planar compounds (1a, 1b, 2a-2d). The
C1-N1-C3-C4 dihedral angle is observed close to zero and
C1-N1-C3-C6 and C1-N1-C2-N2 angles are observed to be
close to 180° in both the ground and in the excited states. The
N1-C1-C5 bond angle in compound 3c (twisted geometry) is
found to be 117.3° in the ground state and 116.6° in the ex-
cited state as predicted by the B3LYP functional. The same
angle is observed to be 116.7o in the ground state and 116.5°
in the excited state as predicted by the M06 functional. This is
close to the expected value of 120° which is not observed for
the mono-imidazoles 1c and 1d. The difference in the C1-N1-
C3-C4 dihedral angle between the ground and excited states
are 0.6° and 2.3° using the B3LYP and M06 functionals, re-
spectively. The other C1-N1-C3-C6 and C1-N1-C2-N2 dihe-
dral angles are found to increase in the excited state as com-
pared to ground state. However, the difference is larger in the
M06-optimized geometry as compared to the B3LYP-
optimized geometry (Table 1). This shows that the M06 func-
tional predicts planar structure in the excited state unlike the
structure optimized using the B3LYP functional.

Additional information regarding the bond lengths of the
eleven compounds is summarized in the Tables 1.1-3.3

C5C1
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O1
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C-core

A-core

Fig. 2 General structure of the eleven compounds studied

Table 1 Twisted dihedral angle predicted using the hybrid functionals
(B3LYP and M06) of compounds 1c, 1d and 3c in the ground state (GS)
and excited state (ES) optimized geometry in DCM

Dihedral
angle in o

Functional 1c 1d 3c

GS ES GS ES GS ES

C1-N1-C3-
C4

B3LYP 20.0 18.0 18.41 15.8 18.0 17.4

M06 21.3 18.0 23.1 19.0 21.2 18.9

C1-N1-C3-
C6

B3LYP 161.5 165.1 166.9 170.0 163.4 164.8

M06 160.4 165.3 163.4 167.8 160.6 163.7

C1-N1-C2-
N2

B3LYP 162.7 165.6 168.5 171.4 164.4 165.9

M06 161.8 166.1 165.2 169.4 161.7 164.6
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(Supporting Information). In the case of the 1a-1d, 2a-2d and
3a-3c, the major bond lengthening is observed for the C1-N1,
C2-N2, N1-C2 and C3-C6 bonds (Fig. 2). The major length-
ening of the C1-N1 bond observed in the compound 1c is
found to be 0.054 Å (M06 functional) and 0.065 Å (B3LYP
functional) in the excited state. This means that due to charge
transfer in the excited state the C1-N1 bond lengthening is
significant for the compounds 1a, 1b and 1d. Similar obser-
vation and explanation apply for the observed increase in the
C1-N1-C2-N2 dihedral angle in the excited state compared to
the ground state and thus attaining planarity due to charge
transfer. Bond lengths are increased in the excited state as
compared to the ground state by about 0.018-0.040 Å for the
C2-N2, N1-C2 and C3-C6 bonds for the compounds 1a-1d
while the C1-C5 and N1-C3 bonds are shortened (Fig. 2).

The trend in the bond lengthening observed for the C1-N1
bond in the compounds 2a-2d is similar as for compounds 1a-
1d. The C1-N1 bond is also found to be increased by 0.074
and 0.080 Å in the excited state as compared to the ground
state predicted by both the M06 and B3LYP functionals, re-
spectively. The other C2-N2, N1-C2 and C3-C6 bonds are
found to be increased by 0.027-0.040 Å in the case of the
compounds 2a, 2b and 2d. The C1-C5 and N1-C3 bonds are
shortened for the compounds 2a-2d. Analogous results are
also observed in the case of the compounds 3a-3d. The bond
lengths predicted by the B3LYP functional are longer as com-
pared to the M06 functional. It is clear from the above obser-
vation regarding the bond lengths that the twisted compounds
(1c, 1d and 3c) show major differences in the bond lengths in
the excited state as compared to ground state.

Electronic Vertical Excitation Spectra

The computed vertical excitation spectra along with their os-
cillator strengths, composition of the orbitals associated with
the transition for the chromophore as well as the correspond-
ing experimental absorption wavelengths [17] are shown in
Table 2. The M06 and B3LYP functionals predict that the
compounds 2a and 2b show major electronic transition (con-
sidering experimental values) HOMO-1 to LUMO, while the
remaining compounds show major electronic transition from
HOMO to LUMO. The compounds 2a and 2b absorption
bands occur at lower energy with higher oscillator strength
compared to other compounds. This is due to the intra-
molecular charge transfer (ICT) which is significant for com-
pounds 2a and 2b. These ICT bands are mainly due to the
electronic transition from the HOMO-1 and HOMO to the
LUMO respectively. The compounds 2a, 2b and 1b have
the absorption values 330, 337 and 389 nm predicted by the
M06 functional which are in good agreement with the exper-
imental values 340, 337 and 382 nm respectively. Absorption
values predicted by theM06 functional for the compounds 3a-
3c are in fair agreement with the experimental values with

good oscillator strength. The absorption values predicted by
the B3LYP functional show larger deviations as compared to
the values predicted from the M06 functional (Table 2). The
oscillator strengths predicted by the M06 functional are higher
as compared to the B3LYP functional (Table 2).

The experimentally found UV–vis spectra of compounds
1a-1d and 3a-3c are characterized by broad π-π* transition
with an extinction coefficient in the range of 8000 M −1 cm−1

[17]. The broad π-π* transition in the compounds of the series
3 has been explained in terms of aggregation in dichlorometh-
ane [17]. The optimized geometry in dichloromethane using
the PCM model gives a similar broad vertical excitation. The
π-π* transition bands of 1a and 1b have been located at 350–
420 nm experimentally. Similar π-π* transitions for the com-
pounds 1c and 1d have been located at 390–600 and 370–
500 nm respectively. All these observations are supported by
the TD-DFT computed vertical excitations with the B3LYP
and M06 functionals.

Emission Spectra

The computed emission for the eleven compounds along with
experimental values [17] are given in Table 3. In the case of
the compounds 1a-1d and 3a and 3b, the emission energy
correlates with the quantum efficiency (energy gap law) [37,
38]. This effect is apparent for the compounds 1a,1b and 3a,
3b which differ only in the C-H and C-F bonds [17]. The
electron withdrawing fluorine atom induces a 33 nm blue shift
in the 1b emission maximum as compared to 1a. The effect of
the electronegativity of fluorine atoms on the emission of 3b
results in a 36 nm blue shift as compared to 3a [17]. The M06
functional predicted this blue shift as 20 nm for 1b as com-
pared to 1a and as 49 nm in case of the 3b as compared to 3a,
which is in fair agreement with the experimental values. The
B3LYP functional on the other hand has predicted this blue
shift as 10 nm for 1b as compared to 1a which is low and as
98 nm blue shift for 3b as compared to 3a which is higher
compared to experimental value.

The computed fluorescence emission results obtained
using the TD-M06/6-31G(d) method are fairly in good agree-
ment with the experimental emission maximum because the
deviation is generally less than 10 %. The M06 functional has
lower values emission values but they are close to experimen-
tal results for the compounds 1a-1d, whereas for the B3LYP
functional these values are found to be higher as compared to
the experimental values. For the compounds 2a-2d the emis-
sion energies are found to be lower using the M06 functional.
The B3LYP functional also predicts the same trend of higher
emission values (Table 3) except for the compound 2d which
is found to be higher compared to the experimental values.
Both the functionals predict slightly larger emission energy
values for compounds 3a and 3b (bis-benzimidazole
derivative) as compared to the experimental values. The
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emission energy is predicted to be close to experimental
values for the twisted compounds 1c and 1d by the M06
functional compared to B3LYP functional. The emission en-
ergy obtained from the M06 functional is closer to the exper-
imental results [17] compared to those obtained from the
B3LYP functional.

Computed HOMO-LUMO Energy Values
and Electrochemical Properties

The computed energies of HOMO and LUMO of the com-
pounds and the experimental cyclic voltammetry data are
summarized in Table 4. It is observed that the B3LYP func-
tional predicts HOMO energy values closer to the experimen-
tal findings, while the M06 functional underestimates the HO-
MO energy values. On considering the LUMO energy, it was
found that the values are larger in magnitude (M06 functional)
as compared to the experimental values and even more than
the values computed with the B3LYP functional.

It was reported [17] that the fluoro derivatives 1b, 2b and
3b have higher electron affinity compared to the other deriv-
atives in the series of compounds 1, 2 and 3. Similar results
(HOMO and LUMO values in Table 4) are predicted from
both the B3LYP and M06 functionals. Experimentally, it
was observed that even though naphthalene and phenanthrene
derivatives 1c and 1d exhibit similar LUMO energy, the red
shift in absorption in 1c is due to the low-lying HOMO level
[17]. Results from both the functionals are comparable and
follow similar trend (Table 4). The HOMO level of 1a is

similar to 3a and that of 1b is similar to 3b [17]. Experimen-
tally (Table 4) the compounds 3a-3c show the LUMO levels are
deeper (ca. 0.7–0.8 eV - calculated difference in LUMO

Table 2 Observed UV-Visible absorption and vertical excitation properties for all the eleven compounds in dichloromethane computed using M06
functional

Sr. No. Compound λmax
a nm Computed vertical excitation properties

TD-B3LYP TD-M06

Vertical excitationb fc Orbital contribution %Dd Vertical excitationb fc Orbital contribution %Dd

1 1a 384 429.5 0.26 H→L (96 %) 11 413.9 0.32 H→L (97 %) 8

2 1b 382 404.9 0.37 H→L (97 %) 6 389.1 0.43 H→L (98 %) 2

3 1c 475 522 0.33 H→L (98 %) 9 511.6 0.05 H→L (98 %) 8

4 1d 436 493.9 0.2 H→L (98 %) 0.13 469.1 0.22 H→L (98 %) 7

5 2a 340 342.5 0.2 H-1→L (96 %) 0.7 330.5 0.18 H-1→L (88 %) 3

6 2b 337 356.6 0.2 H-1→L (72 %) 6 337.9 0.21 H-1→L (78 %) 0.3

7 2c 448 484 0.3 H→L (96 %) 8 469.2 0.28 H→L (96 %) 5

8 2d 441 503.7 0.1 H→L (98 %) 14 484.8 0.08 H→L (98 %) 10

9 3a 484 442.4 0.08 H→L (97 %) 8 539.9 0.59 H→L (98 %) 11

10 3b 471 456.2 0.02 H-1→L (98 %) 3 513.3 0.70 H→L (98 %) 9

11 3c 609 625.3 0.04 H-1→L (98 %) 3 665.0 0.80 H→L (99 %) 9

a Experimental absorption wavelength in nm
bComputed absorption wavelength in nm
cOscillator strength
d% Deviation between experimental absorption and computed vertical excitation

Table 3 Observed UV-Visible emission and vertical excitation proper-
ties for the eleven compounds in dichloromethane computed using M06
functional

Sr.
No.

Compound Experimental
λmax

a nm
emission

Computed emission

TD-B3LYP TD-M06

Emission
λmax

b nm
%
Dc

Emission
λmax

b nm
%
Dc

1 1a 499 519 4 492 1.4

2 1b 466 509 9 472 1.3

3 1c 682 691 2 643 5.7

4 1d 589 624 7 582 1.1

5 2a 519 557 8 536 3.2

6 2b 485 537 10 514 6.0

7 2c 596 636 8 613 3.0

8 2d 616 503 23 647 5.0

9 3a 585 749 32 701 20.0

10 3b 549 647 19 652 19.0

11 3c NE 761

NE Not estimated
a Experimental emission wavelength in nm
bComputed emission wavelength in nm
c% Deviation between experimental absorption and computed emission
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values between series 3 and 1) [17] compared to compounds
1a-d [17], while the M06 and B3LYP functionals predict this
value to be 0.7–0.9 eV. The lower HOMO-LUMO energy gap
enhance better electron transportation and thereby indicating
that these compounds have good semiconductor properties.
The bis-benzimidazole derivatives of compounds 3 are found
to have lower HOMO-LUMO gap compared to their mono
analogues of compounds 1. Our theoretical results are in
agreement with the experimental HOMO-LUMO gap calcu-
lated by cyclic voltammetry reduction potential [17].

Frontier Molecular Orbitals (FMOs)

The effect of the charge transfer from phenyl, naphthalene and
phenanthrene ring as donor and carbonyl chromophore as ac-
ceptor is studied by examining the HOMO and LUMO sur-
faces of the eleven compounds. The first dipole-allowed elec-
tronic transitions, and the strongest electron transitions with
largest oscillator strength, correspond to the promotion of an
electron from HOMO→LUMO. To understand the above
electronic transitions, the surfaces of the HOMOs and
LUMOs were generated by using GaussView 9.0 software
[39]. Fig. 3 displays the energies of the different molecular
orbitals involved in the electronic transitions of the represen-
tative three classes of compounds (1b, 2c and 3a) in dichlo-
romethane obtained from the B3LYP-optimized and M06-
optimized geometries. From Fig. 3, it can be seen that the
electron density of the HOMO lies on the two nitrogen atoms
and the donor (Core-D) ring in 2c and 3a respectively, which
shifts onto the carbonyl group and the C-core (Figs. 2 and 3)
of the LUMO. This indicates the charge transfer behavior of
the compounds whereby the electrons are pulled from the
donor to the acceptor. It is also found that there is no charge
density in the LUMO of these compounds and that there is a
node between the bonding atoms.

In the case of the compounds 1b and 3a, the electron den-
sity is completely shifted on the acceptor part of the com-
pounds while in the case of 2c there is still some electron
density on the naphthalene ring of the donor. This means that
the charge is not efficiently transferred in compound 2cwhich
is also in agreement with the lower value of oscillator
strengths of absorption (0.278) as compared to 1b (0.439)
and 3a (0.593) as computed by the M06 functional. Oscillator
strength predicted from the TD-B3LYP method of 3a (0.090)
is lower than that of 2a (0.170) and 2c (0.260). Similar obser-
vations are found for other compounds.

Static Second-Order Nonlinear Optical (NLO) Properties

Organic nonlinear optical (NLO) materials are at present
attracting considerable interest as an alternative to the inorgan-
ic materials. The donor-π-acceptor molecules have been ef-
fectively used in the development of the second-order organic
NLO materials [40]. Most of the materials reported to date
have n-electron conjugated systems, which are the main origin
of their optical nonlinearities [41]. The compounds reported in
this paper do not have the push-pull chromophores but they
have good semiconductor properties. Hence, their NLO prop-
erties have been studied using DFTmethod to complement the
literature and to aid experimentalists in the synthesis of these
compounds.

Here, the second-order NLO properties of the polycyclic
benzimidazole and bis-benzimidazole derivatives were calcu-
lated. The static second-order polarizability or first
hyperpolarizability (β) and its related properties for com-
pounds 1a-1d, 2a-2d and 3a-3c were calculated on the basis
of the finite-field approach [42]. In the presence of an applied
field, the energy of the system is a function of the electric field,
and the hyperpolarizability is a third rank tensor that can be
described by a 3×3×3 matrix which is dependent on the

Table 4 Experimental cyclic voltammetry results and computed HOMO-LUMO values of the compounds in dichloromethane in electron volt (eV)

Compound Experimental M06 functional B3LYP functional

HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV) HOMO (eV) LUMO (eV)

1a −5.86 −3.06 −6.23 −2.39 −5.95 −2.53
1b −6.06 −3.16 −6.43 −2.54 −6.13 −2.68
1c −5.07 −2.96 −5.52 −2.32 −5.22 −2.45
1d −5.51 −3.08 −5.82 −2.42 −5.54 −2.57
2a −5.84 −2.98 −6.54 −2.28 −6.24 −2.44
2b −6.18 −3.15 −6.84 −2.52 −6.53 −2.67
2c −5.21 −2.94 −5.69 −2.28 −5.40 −2.42
2d −5.39 −3.05 −5.89 −2.38 −5.61 −2.54
3a −5.79 −3.37 −6.26 −3.27 −5.96 −3.38
3b −6.01 −3.92 −6.55 −3.48 −6.24 −3.59
3c −5.17 −3.63 −5.55 −3.08 −5.25 −3.18
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method used. The 27 components of 3D matrix can be re-
duced to 10 components due to Kleinman symmetry [43].
The matrix can be given in the lower tetrahedral format. It is
obvious that the lower part of the 3×3×3 matrices is a tetra-
hedral. The components of β are defined as the co-efficient in
the Taylor series expansion of the energy in the external elec-
tric field. When the external electric field is weak and homo-
geneous, this expansion becomes:

E ¼ E�−maFa−1=2aabFaFb−1=6babg FaFbFg þ……::ð1Þ

where E° is the energy of the unperturbed molecules, Fα is the
field at the origin, μα, ααβ and βαβγ are the components of
d i p o l e momen t , p o l a r i z a b i l i t y a n d t h e f i r s t
hyperpolarizabilities, respectively. The complete equations
for calculating the magnitude of total static dipole moment
(μ), the mean polarizability (α0), the anisotropy of the

polarizability (Δα) the mean first hyperpolarizability (β) and
static second hyperpolarizability (γ), using the x, y, z compo-
nents from Gaussian 09 Woutput are defined as follows [44]:

μ ¼ μ2
x þ m2

y þ m2
z

� �1=2
ð2Þ

a0 ¼ 1=3ð Þaxx þ ayy þ azz ð3Þ

Δα ¼ 2−1=2 αxx−αyy

� �2 þ αyy−αzz

� �2 þ αzz−αxxð Þ2 þ 6α2
xx

h i1=2

ð4Þ

βtotal

¼ βxxx þ βxyy þ βxzz

� �2 þ βyyy þ βxxy þ βyzz

� �2 þ 6α2
xz þ 6α2

xy þ 6α2
yz

h i

ð5Þ

Compound 

1b 

OMULOMOHlanoitcnuF

B3LYP 

7868

M06 

7868

2c 

B3LYP 

1707

M06 

1707

3a 

B3LYP 

701601

M06 

701601

Fig. 3 Frontier molecular
orbitals of the compounds 1b, 2c
and 3a in the ground and excited
states
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γ ¼ 1=5ð Þ γxxxx þ γyyyy þ γzzzz þ 2γxxyy þ 2γyyzz þ 2γzzxx
� �h i

ð6Þ

The values calculated for total static dipole moment (μ), the
mean polarizability (α0), the anisotropy of the polarizability
((Δα), the mean first hyperpolarizability (β), and static second
hyperpolarizability (γ), of the eleven compounds using
Eqs. 1, 2, 3, 4 and 5 are listed in Tables 5 and 6. More details
are provided in the supporting information). The computed
values for the first hyperpolarizability βo for the compounds
1a-1d were found to be greater than urea (3.71028×10−31) by
45, 55, 131 and 97 times respectively using the B3LYP

functional in the gas phase. The values obtained from the
M06 functional are 40, 49, 115 and 84 times greater in the
gas phase. In dichloromethane, the βo values are found to be
73, 74, 284 and 141 times (B3LYP functional) and 64, 63,
237and 117 (M06 functional) times greater compared to the
gas phase. As expected, these derivatives have shown a large
hyperpolarizability values, suggesting considerable charge
transfer characteristics of the first excited state which is also
supported by the large difference in the dipole moments. The
twisted structures of compounds 1c (fused of naphthalene an-
hydride and naphthalene diamine) and 1d (fused of naphtha-
lene anhydride and phenantherene diamine) may account for
this difference on comparing with compounds 1a and 1b. The

Table 5 Dipole moment, mean, first and second hyperpolarizability of all compounds (computed by B3LYP and M06 functionals) and urea in the gas
phase

B3LYP in the gas phase M06 in the gas phase

μ0 in Debye α0 in 10
−24 Δα in 10−24 βo in 10−31 γ in 10−37 μ0 in Debye α0 in 10

−24 Δα in 10−24 βo in 10
−31 γ in 10−37

1a 3.55 13.227 18536 169.1 540.0 3.61 13.25 17965.33 151.18 504.48

1b 6.79 13.846 18869 203.3 598.9 6.97 13.81 18109.74 181.39 538.33

1c 2.70 27.691 22651 486.8 1443.5 2.85 26.85 22456.91 429.96 1351.14

1d 3.48 26.739 35398 361.4 1496.3 3.63 26.53 34027.52 313.20 1330.62

2a 1.93 9.1681 10621 131.2 336.5 2.03 9.16 10400.62 121.74 324.95

2b 5.09 10.055 11747 179.1 381.9 5.23 9.98 11233.44 161.83 352.07

2c 1.81 26.479 9865 297.5 613.6 1.88 26.10 9982.59 281.64 613.57

2d 1.84 24.442 23131 310.3 987.6 1.96 24.27 22476.14 279.45 918.77

3a 0.42 41.682 29308 161.0 4606.1 0.39 40.44 28204.63 135.52 4133.70

3b 0.05 41.682 30452 231.5 5505.5 0.11 40.91 28641.98 193.16 4647.77

3c 2.59 84.930 82347 2266.0 53791.7 2.07 60.84 45984.93 816.43 14183.87

Urea 3.830 2410 3.7 6.8 3.83 2409.95 3.71 6.76

Table 6 Dipole moment, mean, first and second hyperpolarizability values of all compounds in dichloromethane computed by B3LYP and M06
functionals

B3LYP/6-31G(d) M06/6-31G(d)

μ0 in Debye α0 in 10
−24 Δα in 10−24 βo in 10

−31 γ in 10−37 μ0 in Debye α0 in 10−24 Δα in 10−24 βo in 10
−31 γ in 10−37

1a 4.924 17.89 33580.78 273.03 1658.5 5.084 18.02 32605.4 240.81 1528.25

1b 8.801 18.30 33205.44 277.85 1638.0 9.004 18.32 31732.6 236.01 1449.85

1c 3.841 37.65 43029.66 1054.68 5165.0 4.035 36.49 42221.7 880.61 4529.13

1d 4.766 36.77 61965.26 526.16 4126.2 4.944 36.48 59409.0 435.07 3597.71

2a 2.580 11.96 18700.48 255.15 1036.4 2.711 11.98 18221.0 229.25 974.95

2b 6.349 12.94 19490.07 295.20 1066.4 6.500 12.84 18528.1 257.61 960.75

2c 2.309 36.63 18160.29 755.35 2298.5 2.403 36.05 18280.0 695.33 2220.10

2d 2.404 21.04 44613.77 545.50 2917.7 2.526 20.98 43145.6 471.10 2632.80

3a 0.269 55.16 56202.39 414.91 15991.0 0.199 52.97 53672.7 337.35 13479.60

3b 0.180 54.67 55323.79 503.66 16090.4 0.259 52.01 51686.6 405.34 12804.24

3c 2.701 86.74 102752.80 2747.15 67804.1 2.590 84.93 82347.8 2266.53 53791.71
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planar structures of compounds 1a and 1b have electron den-
sity is delocalized over the molecule in the HOMO while in
the LUMO, the electron density is localized on the anhydride
moiety which is acting as an acceptor (supporting informa-
tion). However, for the twisted structures of compounds 1c
and 1d, the electron density of the HOMO is localized on
the diamine moiety while in the LUMO, the electron density
is localized on the anhydride moiety (supporting informa-
tion), thus, restricting the conjugation path. Similar results
are found in case of the compounds 2a-2d and 3a-3c. De-
spite that compounds 2a-2d are planar, compound 2c has
highest hyperpolarizability. On considering compounds 3a-
3c, it is found that compound 3c (twisted geometry) has the
highest βo value as computed by both the functionals in the
gas phase and in dichloromethane. The overall reason for
the large charge separation in the excited state may be due
to the fused six membered amide ring (Fig. 1) of the com-
pounds 1c, 1d, 2c and 3c. These compounds have a tetra-
hedral nitrogen atom acting as donor which is quite difficult
situation in five membered fused ring derivatives as in the
remaining compounds. The twisting in case of the com-
pounds 1c, 1d and 3c makes this effect more pronounced
making HOMO localized and not spread all over the mol-
ecule. Another important observation is that in dichloro-
methane hyperpolarizability values are greater (by 2–3
folds) compared to gas phase suggesting better stabilization
of charges in the excited state. These results suggest that the
investigated compounds can be good candidates for organic
NLO materials.

Conclusions

We studied the photophysical, electrochemical and NLO
properties of eleven polycyclic benzimidazole dyes using
two computational methods namely B3LYP/6-31G(d) and
M06/6-31G(d). The ground and excited states geometries
are well explained by both methods. The vertical excitations
and emissions are computed and compared with the experi-
mental values. These compounds have shown prominent ab-
sorption at the longer wavelength due to the HOMO→LUMO
transition with higher oscillator strengths using the TD-M06/
6-31G(d) method as compared to the TD-B3LYP/6-31G(d)
method. The computed absorption and emission wavelengths
are in fairly good agreement with the experimental values. The
M06 functional performs better in the prediction of the elec-
tronic vertical excitation and emission properties compared to
the popular B3LYP functional. This can be due to the fact that
these compounds have large long range interactions arising
from the dispersion of π electrons and the charge transfer.
The electrochemical properties are also interpreted in terms
of HOMO and LUMO energies using both methods. This
theoretical data also indicates that the fluoro-derivatives have

higher electron affinity which is necessary for better electronic
transportation. The first hyperpolarizability was calculated
using finite field approach and it was found that these com-
pounds possess a large second-order nonlinear property which
is attributed to the excited state intramolecular charge transfer.
In summary, this paper describes the importance of the DFT
method (B3LYP and M06 functionals) in understanding the
photophysical and the electrochemical behavior at molecular
level of polycyclic benzimidazole dyes for their applications
in in organic electronics. The results shall prove to be signif-
icant in envisaging new structures consisting of these types of
chromophoric systems.
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