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Abstract. This work presents a combined experimental and theoretical study on a photochromic compound, 2-([1,1’-biphenyl]-4-yl)-2-methyl-6-(4-nitrophenyl)-4-phenyl-1,3 diazabicyclo [3.1.0]hex-3-ene, existing in closed form (‘A’) and open form (‘B’). The spectroscopic properties of the title compound have been
investigated by using IR, UV–Vis and 1 H NMR techniques. The molecular geometry and spectroscopic data of
the title compound have been calculated by using the density functional method (B3LYP) invoking 6-311G(d,p)
basis set. UV-Vis spectra of the two forms were recorded. The excitation energies, oscillator strength, etc.,
were calculated by time-dependent density functional theory (TD-DFT). Furthermore, molecular electrostatic
potential map (MEP), frontier molecular orbital analysis (HOMO–LUMO), total density of state (TDOS) and
reactivity descriptors were found and discussed. We applied a ﬁrst-principles computational approach to study
a light-sensitive molecular switch. We ﬁnd that the conductance of the two isomers varies dramatically, which
suggests that this system has potential use as a molecular switch.
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1. Introduction
Photochromism is a phenomenon associated with
reversible color and absorption spectral change of
a molecule.1 Photochromic compounds reversibly
change geometrical structure.2 Although many types
of photochromic compounds have been reported,
those exhibiting photochromism in solid state are
very rare.3 Depending on the special structure, 1,3diazabicyclo[3.1.0]hex-3-ene derivative crystals show
different colour such as blue, purple, yellow, purple,
pink, brown, etc. with UV irradiation.4,5 The photochromic behavior of “A” over “B” form can be assigned
to the electron-withdrawing effect of para-NO2 substitution (scheme 1).
Heterocyclic imidazole derivatives have attracted signiﬁcant consideration because of their unique optical properties and play a main role in chemistry as
an intermediary for synthetic reactions.6 Imidazole
nucleus forms the primary structure of several wellknown biomolecules and also has considerable analytical applications by virtue of their chemiluminescence
and ﬂuorescence.7 Aromatic nitro compounds and their
∗ For

correspondence

derivatives are used as analytical reagents, solvents, and
are important intermediates in the organic synthesis of
explosives, pesticides, drugs, and perfumes.8,9
With continued shrinking of the size of conventional silicon-based electronics, molecular electronics
has been proposed to be the future nanoscale electronic
devices.10 Recently, many potentially applicable molecular electronic devices, like molecular switches, ﬁeldeffect transistors, wires and rectiﬁers devices have been
investigated.11 A wide range of molecular switches has
been presented in the literature, activated with different
kinds of external motive.12 Light is a marvelous stimulus because its fast response time. In the present work,
Non-equilibrium Green’s function (NEGF) formalism
combined with ﬁrst-principles density functional theory
(DFT) were used to investigate molecular conductance
of the title compound.
Ab initio quantum-mechanical method is at present
widely used for simulating IR spectrum and studying isomeric compounds.13 17 In this study, vibrational spectra, optimized geometry, electronic absorption spectra, reactivity descriptors, molecular electrostatic potential and the electron transport properties of
the title compound have been studied.
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Scheme 1. Structures and Photochromic reaction of the title compound.

2. Experimental
2.1 Materials and measurements
The mid-IR spectra were obtained in the 4000–
400 cm−1 region with a spectral resolution of 2 cm−1
by averaging the results of 10 scans with a PerkinElmer RXI Fourier Transform spectrophotometer using
KBr pellet technique. The ultraviolet absorption spectra were recorded in the range 200–800 nm using
Perkin-Elmer lambda 25 recording spectrophotometer equipped with a 10 mm quartz cell. The photoinduced form was formed upon UV irradiation (Hg lamp
DRSh-260+ UV-transmitting glass ﬁlters). The NMR
spectrum was recorded for the title compound at the
ambient temperature on a Brucker AVANCE DRX
400 MHz using CDCl3 as a solvent. All the chemicals
and reagents were purchased from Merck and Fluka
and were used without further puriﬁcation. The development of the reaction was checked by thin layer chromatography (TLC) analysis on silica gel 60 GF254 aluminum sheets, using ethyl acetate: petroleum ether (1:
3) as the mobile phase. The spots were exposed to UV
light and iodine vapor.
Synthesis of the 2-([1,1’-biphenyl]-4-yl)-2-methyl-6(4-nitrophenyl)-4-phenyl-1,3 diazabicyclo [3.1.0]hex3-ene is explained in Supplementary Information.
2.2 Computational methods
The calculations for the title compound have been done
with a hybrid functional B3LYP at 6-311G(d,p) and
basis set. All the calculations were performed using
G03 program package.18 The molecular structure of
the title compound in the ground state was optimized.
For all the calculations for this study, optimized structural parameters were used. The vibrational frequencies
were calculated and scaled.19 The Lorentzian function
has been employed for deconvolution of IR spectrum
using the Genplot package. 1 H NMR chemical shifts

were calculated using the standard GIAO/DFT (GaugeIndependent Atomic Orbital).20 Electronic excitations
of the title compound were calculated by using TD-DFT
in the gas phase.21
The transport properties of the molecular junction
were calculated using the TranSIESTA package22 which
is based on the combination of DFT with the nonequilibrium Green’s function (NEGF) technique. In NEGF
theory, the molecular wire junction is separated into
three regions: left electrode (L), contact region (C),
and right electrode (R). In the lateral dimension, a
6 × 6 supercell was used, large enough to remove
interactions between periodic images. Based on previous issues about self-assembled monolayers (SAMs), it
is accepted that hydrogen atoms are dissociated upon
adsorption to metal surfaces.23 So, the two terminal
hydrogen atoms bonded to the sulfur atoms are omitted from the optimized structure, and the remaining
segment is put between two parallel Au(111) surfaces,
which have a face-centered cubic (f.c.c.) lattice.
The structural optimization is accomplished in
the SIESTA package24 with the maximum force of
0.02 eV/Å, and core electrons are modeled using
Troullier-Martins25 soft norm-conserving pseudopotentials. The Perdew–Burke–Ernzerhof (PBE) exchange–
correlation functional was adopted for the generated
gradient approximation (GGA).26 There is a good compromise of prior theoretical simulations with experimental measurements.27 The Au atoms are described as
a single-ξ plus single polarization (SZP) basis set while
for the other atoms a double-ξ plus single polarization
(DZP) basis set is used. The current through the device
is computed using the Landauer–Büttiker formula in the
TranSIESTA package.22

2e
T (E, V )[f (E − μL ) − f (E − μR )]dE (1)
I=
h
Here, e is the electron charge, h Planck’s constant,
T (E, V ) the transmission function at energy E under
bias voltage V , and f (E − μL(R) ) is the Fermi–Dirac
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distribution function with the electrochemical potential
μL(R) of the left (right) electrode.
3. Results and Discussion
3.1 Geometrical parameters
The optimized geometrical parameters of the title
compound were calculated by using DFT/B3LYP
method with 6-311G(d,p) basis set which are listed in
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table S1 in accordance with numbering scheme given in
ﬁgure 1. Some selected geometric parameters (Å, ◦ )
of “A” and “B” forms are presented in table 1. The
optimized structure may be contrasted with other similar systems for which the crystal structures have been
solved. Since the identiﬁcation of all the normal modes
of vibration of large molecules is not explicit, we tried
to streamline the problem by considering each molecule
as substituted benzene as this idea has been used several times in the past.28 In the following discussion,

Figure 1. Optimized geometry by B3LYP/6-311++G(d,p) for (a) “A” and (b) “B” forms.
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Selected geometric parameters of “A” and “B” forms, atom labeling according to ﬁgure 1.

Parameters
Bond lengths (Å)
C4 -C22
C22 -C23
C23 -H24
C22 -N28
N28 -C29
C29 -C30
Bond angles (◦ )
A(4, 22, 23)
A(22, 23, 24)
A(22, 23, 25)
A(22, 23, 26)
A(4, 22, 27)
A(4, 22, 28)
A(22, 28, 29)
A(28, 29, 30)
Dihedral angles (◦ )
D(3, 4, 22, 23)
D(4, 22, 23, 24)
D(4, 22, 23, 25)
D(4, 22, 23, 26)
D(3, 4, 22, 27)
D(3, 4, 22, 28)
D(4, 22, 28, 29)
D(22, 28, 29, 30)

“A”

“B”

1.5347
1.5361
1.0933
1.4759
1.2850
1.4721

1.5319
1.5361
1.0923
1.3079
1.4767
1.4027

109.6
111.7
109.4
109.9
108.7
109.0
109.2
123.7
84.8
−176.8
−57.1
62.0
−153.0
−36.4
−110.8
176.8

116.7
108.5
109.3
112.6
110.7
107.9
108.0
122.1
35.0
−179.6
−62.5
59.5
−87.5
−87.5
−117.4
179.3

the nitrobenzene, benzene, and biphenyl are assigned as
PhI, PhII and PhIII, respectively, and the 4-methyl-3,5diaza-bicycle [3.1.0]hex-2-ene as Ring. For “B” form,
PhI, PhII and PhIII are similar and 1,2-dimethyl-2,5dihydro-1H-imidazole is assigned Ring.
Dhanabal et al.,29 reported the N-O and C-N bond
lengths in the range of 1.198–1.238 and 1.440–1.525 Å.
Sundaraganesan et al.,30 stated C-N and N-O bond
lengths as 1.453, 1.460 Å and in the range 1.273–
1.275 Å, respectively. For “A” form, the N-O bond
lengths are 1.231 Å and C-N bond lengths are 1.461–
1.502 Å, and for “B” form, N-O and C-N bond
lengths are in the range 1.236–1.236 Å and 1.347–
1.553 Å, respectively, which are in agreement with
the reported values. The CNO angles are reported33
in the range 117.4–118.7◦ , whereas for the “A” form
it is 117.7◦ and for “B” form it is 117.9–118.0◦ .
Sridevi et al.,31 reported N = C, N28 -C22 bond lengths
and O-N-O, O-N-C bond angles as 1.283, 1.357 Å
and 125.3, 118.0–116.6◦ for 5-chloro-1-methyl-4-nitro1H-imidazole. In the present case, for “A” form
the respective bond lengths are 1.285, 1.476 Å and
bond angles 124.6, 117.7, and for “B” form bond
lengths are 1.308, 1.448 Å and bond angles are 124.2,
117.9–118.0◦ .

“A”

“B”

Bond lengths (Å)
N27 -C41
C41 -H42
N27 -C43
C43 -H44
C43 -C45

1.4612
1.0870
1.4665
1.0888
1.4899

1.0790
1.3530
1.3465
1.0858
1.4349

Bond angles (◦ )
A(22, 27, 41)
A(27, 41, 42)
A(22, 27, 43)
A(27, 43, 44)
A(27, 43, 45)
A(43, 45, 46)
A(43, 45, 47)

105.0
119.3
116.0
118.4
117.6
121.5
119.4

105.3
121.3
130.6
111.5
134.0
128.6
114.8

Dihedral angles (◦ )
D(28, 29, 30, 31)
D(28, 29, 30, 32)
D(4, 22, 27, 41)
D(4, 22, 27, 43)
D(22, 27, 43, 44)
D(22, 27, 43, 45)
D(27, 43, 45, 46)
D(27, 43, 45, 47)

−9.8
169.8
111.3
177.2
8.8
153.3
14.5
−166.8

−6.0
−179.9
115.2
−68.3
−173.1
4.7
15.9
−166.1

The Global minimum energies obtained for dimer
were −2867.13672 and −2867.11578 Hartrees by
DFT method and the corrected intermolecular energies were −2867.13486 and −2867.11399 Hartrees in
BSSE method for “A” and “B” forms, respectively. The
energy differences were only 0.0018621 and 0.0017914
Hartrees conﬁrming that in the present case this method
seemed to be compatible.
3.2 Vibrational analysis
The title compound contains 57 atoms, and it has
165 normal modes of vibration. The assignments of
the observed infrared vibrational bands have been
performed and compared with the calculated frequencies. The calculated wavenumbers are generally
scaled by scaling factor to evaluate with observed
wavenumbers.15 The experimental FT-IR spectrum of
the title compound in the region 4000–400 cm−1 is
shown in ﬁgure 2. For obvious identiﬁcation of these
bands, we used band deconvolution techniques in the IR
spectrum. A deconvoluted IR spectrum of the title compound is shown in ﬁgure S1 (Supplementary Information). The observed IR bands and calculated wavenumbers (scaled) and assignments are given in table S2
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Figure 2. FT-IR spectra (experimental) for “A”, before
irradiation; and “B”, after irradiation for 50 s at 300 nm.

(Supplementary Information). The correlation diagram
for the calculated and the experimental frequencies of
“A” and “B” forms are shown in ﬁgure S2 (Supplementary Information).
The connection between the calculated and experimental wavenumbers is linear and described by the
following equations:
For “A” form: υcal. = 0.9864υexp. + 8.4408
(R2 = 0.9978)
For “B” form: υcal. = 0.9874υexp. + 0.5383
(R2 = 0.9983)

(2)
(3)

Aromatic nitro compounds displayed strong absorption due to the asymmetric and symmetric vibrations of the NO2 group in 1570–1485 cm−1 and 1370–
1320 cm−1 , respectively.32 Deconvoluted IR spectra of
“A” form showed the presence of two bands observed
to the asymmetric vibrations of the NO2 group in 1602,
1498 cm−1 (see ﬁgure S1a in Supplementary Information) and in 1603, 1552 cm−1 (B3LYP). The symmetric stretching mode for “A” form was observed at
1348 cm−1 in FT-IR which coincides with the theoretically computed value 1342 cm−1 .
The NO2 scissors33 appear at higher wavenumbers
(850 ± 60 cm−1 ) when conjugated to C-C or aromatic
molecules. For nitrobenzene, δNO2 is reported26 at
852 cm−1 . Deconvoluted IR spectra for “A” form indicated the presence of two bands at 852 and 774 cm−1 in
the IR spectrum and 848 and 819 cm−1 in B3LYP are
assigned as δNO2 modes. In aromatic compounds, the
wagging mode ωNO2 is expected in the region 740 ±
50 cm−1 with a moderate to strong intensity, a region
in which γ CH is also active.26 Deconvoluted IR spectra
for “A” form indicates the presence of two bands at 738
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and 644 cm−1 in the IR spectrum, and 725 and 680 cm−1
in B3LYP calculation that belong to γ NO2 modes. The
rocking mode, ρNO2 is active in the region 540 ±
70 cm−1 in aromatic nitro compounds.26 For “A” form,
the FT-IR band observed at 512 cm−1 corresponds to
ρNO2 rocking vibration while theoretically computed
value was 516 cm−1 . Suryanarayana et al.,34 reported
the range 65 ± 10 cm−1 as the τ NO2 for aromatic compounds. In the “A” form, the deformation modes of NO2
are assigned at 65 and 27 cm−1 (B3LYP).
The C=N stretching skeletal bands are expected
in the 1585 cm−1 .35 Deconvoluted IR spectra of “A”
form showed the appearance of two bands in 1664,
1578 cm−1 in IR spectrum. The identiﬁcation of the C–
N vibration is a very difﬁcult task since mixing of several bands is possible in this region. Melardi et al.,36
assigned the C–N stretching absorption in 1305 cm−1
for aromatic amines. In “A” form, the theoretical calculation gives 1364, 1324 and 1231 cm−1 as C-N stretching modes matching with bands at 1398, 1334 and
1224 cm−1 in the IR spectrum.
The band at 2739 cm−1 is assigned to the CH3 asymmetric stretching.37 The C–H stretching in methyl group
occurs at lower frequencies than the use of the aromatic ring (3100–3000 cm−1 ). The B3LYP calculations
give υa CH3 at 3031, 3022 and 3015 cm−1 and υs CH3
at 2944 cm−1 . The bands at 2895 and 2845 cm−1 in IR
spectrum are assigned as υa CH3 and υs CH3 for the “A”
form. For the “A” form, the scissoring mode of the CH3
group is assigned at 1449, 1440, 1364 and 1360 cm−1
(B3LYP) and 1446, 1398 cm−1 (IR). In “A” form, the
CH3 wagging mode is observed at 1110, 1072 cm−1
and in the IR spectrum at 1212, 1120, 1110, 1088 and
1062 cm−1 theoretically. The rocking vibrations of the
CH3 group are generally observed in the region 1070–
1010 cm−1 .37 The band at 926 cm−1 in the IR spectrum and at 918, 908, 882 and 871 cm−1 (B3LYP) are
assigned as ρCH3 mode for the “A” form. The bands at
259, 238, 221 and 206 cm−1 (B3LYP) are assigned as
the twisting mode τ CH3 .
Sajan et al.,38 assigned the C–H stretching vibrations
absorption in the region 3064–3012 cm−1 for aromatic
amines. In “A” form the bands observed at 3182, 3103,
3079, 3060, 3028, 2982 and 2929 cm−1 in the IR spectrum are assigned to the C-H stretching modes of the
phenyl rings. The B3LYP calculations give these modes
in the range 3048–3086 cm−1 .
The C-H out-of-plane deformations of γ CH is
observed between 1000 and 700 cm−1 .33,34 The aromatic C–H in-plane bending modes of benzene and its
derivatives are observed in the region 1300–1000 cm−1 .
The C–H out-of-plane bending modes, usually of
medium intensity, arise in the region 950–600 cm−1 .39
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In the case of “A” form, the bands observed at 1334,
1244, 1180, 1142, 1096, 1012 cm−1 are assigned to
the C-H in-plane bending modes of the phenyl rings.
The aromatic C–H out-of-plane bending vibrations of
the title compound is assigned to the medium to weak
bands observed at 926, 754, 692, 600, 560 cm−1 for “A”
form in the infrared spectrum.
The IR frequency regions for the “B” form are similar
to “A” form.
3.3

1

H NMR spectrum

The 1 H spectrum of the title compound in “A” form was
recorded in CDCl3 (ﬁgure 3). The 1 H NMR theoretical
chemical shifts and the assignments of the title compound are presented in table S3 (Supplementary Information), according to atom numbering in the ﬁgure 1.
The geometry of the title compound, together with that
of tetramethylsilane (TMS), is fully optimized. Then,
1
H chemical shift calculation of the compound was
done by the same method using 6-311G(d,p) basis set
IEFPCM/chloroform solution.20 The chemical shifts of
the aliphatic proton appeared in the high ﬁeld while aromatic protons of organic compounds are usually seen
in the range of 7.00–8.00 ppm. The signals of the eighteen aromatic protons (1 H) of the title compound were
calculated theoretically as 7.37–8.61 ppm and experimentally observed at 7.27–8.28 ppm. We predicted H19
at 7.37 ppm in the lower ﬁeld and H54 at 8.61 ppm in

Figure 3.

1

the highest ﬁeld of the aromatic region. It could be
seen from table S3 that chemical shifts that is obtained
through theory are in agreement with the experimental
NMR data.
3.4 Molecular electrostatic potential (MEP) surface
Molecular electrostatic potential (MEP) is used for
comparative reactivities towards electrophilic attack
and nucleophilic reactions.40 To predict reactive sites
for electrophilic and nucleophilic attack for “A” and
“B” forms, the MEP at the B3LYP/6-311G(d,p) method
was calculated. The negative (red and yellow) and
the positive (blue) regions of MEP were related to
electrophilic and nucleophilic reactivities are shown
in ﬁgure S3 (Supplementary Information) where blue
shows the strongest attraction and red shows the
strongest repulsion. MEP color scale is such that
δ + → δ − in the direction red → blue. The maximum negative electrostatic potential is prominent over
O56 and O57 atoms. The maximum negative electrostatic potential value for these electrophilic sites calculated at B3LYP/6-311G(d,p) are about −22.339(O56 ),
−22.340(O56 ) and −22.371(O56 ), −22.371(O56 ) a.u. for
“A” and “B” forms. The ﬁtting point charges to those
electrostatic potentials are −0.443(O56 ), −0.451(O57 )
and −0.437(O56 ), −0.440(O57 ). For the feasible nucleophilic reaction, the maximum positive region is
located on hydrogen bond to C atoms. The higher

H NMR (400.224 MHz, CDCl3 ) spectrum of “A” form at 294.8 K.
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electronegativity in the nitro group makes it the most
reactive part of the molecule.
3.5 HOMO–LUMO band gap
Gauss-Sum 2.2 Program41 was used to calculate group
contributions to the molecular orbitals (HOMO and
LUMO) and provide the density of the state (DOS) as
shown in ﬁgure S4 (Supplementary Information). DOS
plot shows population analysis per orbital and indicates an easy outlook of the makeup of the molecular orbitals in a certain energy range. The energy
split between the HOMOs and LUMOs are the critical parameters in special molecular electrical transport properties which help in the measure of electron conductivity.42 The HOMO represents the ability
to donate an electron whereas LUMO represents the
ability to obtain the electron. The energy difference
between the HOMO and LUMO illustrate the charge
conduction interaction within the molecule The frontier orbital gaps in the case of “A” and “B” forms
were found to be 3.592 eV and 2.397 eV, respectively,
obtained by TD-DFT method using 6-311G(d,p) basis
set in the gas phase (see ﬁgure S5 in Supplementary
Information). The conjugated molecules are noted for
low HOMO–LUMO separation. Therefore, an electron
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density conduction happens from the maximum aromatic
region of the π-conjugated system in the electron-donor
side to its electron-withdrawing part. Upon excitation,
intramolecular electron displacement occurs from the
phenyl group to the nitrobenzene moiety, where phenyl
and nitrobenzene groups acted as electron donor and
acceptor, respectively.
3.6 Electronic spectra
Experimentally observed UV–Vis absorption spectra of
“A” and “B” forms recorded in ethanol solvent are
presented in ﬁgure 4.
The ﬁrst excited state of open form has been fully
optimized based on the optimized ground state geometric conformation as the initial conformation with
the TDDFT method.21 The calculated absorption spectra in this work are for the ﬁrst 10 singlet excited
states and all the calculated emission spectra are for
the ﬁrst 6 low lying singlet excited states. Based
on the TDDFT/B3LYP/6-311G(d,p) calculated level,
the corresponding absorption and ﬂuorescence spectra of open form are displayed in ﬁgure S6 (Supplementary Information). It should be noted that the
strong absorption peak for open form is located at
430 nm (23256 cm−1 ) (listed in table 2), which is in

Figure 4. UV-Vis absorption spectra of the title compound upon irradiation
under 300 nm light in EtOH at a concentration of 2 × 10−3 M with a 10 mm
quartz cell before and after successive UV irradiation (λmax = 310 nm for “A”
and 310, 415 nm for “B”).
Table 2. Experimental and calculated absorption wavelength and oscillator strengths of “A” and “B” forms using the TDDFT method at the B3LYP/6-311G(d,p) level.
Comp.

Ethanol
λ (nm)
f

λ (nm)

f

Exp.
λ (nm)

Assignment

“A”

310.3

0.085

318.6

0.136

310

π → π*

“B”

315.8
430.2

0.070
0.848

318.4
443.8

0.089
0.663

310
415

π → π*
n→ π *

a

H: HOMO, L: LUMO

Gas

a

Gas major contribution
H→L(75%),
H-2→L+1(21%)
H-1→L(91%)
H→L(98%)
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consistent with 24096 cm−1 (415 nm) in the experiment.
The results of open form shown in ﬁgure S6 reveal a
normal Stokes shifted emission maximum at 546 nm
(18315 cm−1 ) in ethanol.
For both “A” and “B” forms of the title compound,
wavelength (λ), oscillator strength (f ) and major contributions of calculated transitions are given in table 2.
The calculated excitation energies of the transition are
compared with the experimental values and the results
are in good agreement.15
The UV–Vis band in “A” form is observed at 310 nm
(colorless), and for “B” form bands are observed at 310,
415 nm (blue color) due to the formation of zwitterionic
doubly charged imine ylide (open form). The observed
band at 310 nm is due to the π → π* transition. The
more important band observed at 415 nm for “B” form
belong to the dipole-allowed n→ π* transition. “B”
form was also converted to “A” form after being held at
90◦ C for 4–5 min.
The results of TD-DFT show an appreciable redshift in solvent and the degree of red-shift in vacuum is
more signiﬁcant than that in solvent. The discrepancy
between vacuum and solvent effects in TD-DFT calculations may result from two aspects. The ﬁrst aspect
is that smaller gap of materials which induces smaller
excited energies. The other is solvent effects. Experimental measurements of electronic absorption are usually performed in solution. Solvent, especially in polar
solvent, could affect the geometry and electronic structure as well as the properties of molecules through
the long-range interaction between solute and solvent
molecules.
The HOMO-LUMO gap of the title compound in
ethanol (3.659 and 2.552 eV for “A” and “B” forms)
at TD-DFT/B3LYP/6-311G(d,p) theory level is bigger
than that in vacuum (3.5918 and 2.3962 eV for “A”
and “B” forms). A general hypochromic shift (blue

shift) was noticed from the gas phase to the polar solvent ethanol. We propose that these observations are
due to the role of the nitrogen dioxide (NO2 ) functionality which induces charge- transfer and intermolecular hydrogen bonding. The observed blue shift can
be described by the hydrogen acceptor ability of the
organic molecule and the hydrogen donor ability of the
relevant solvents.43 This fact designates that the solvent
effects destabilize the frontier orbitals of the title compound. Hence, it induces blue-shift of the absorption as
compared with that in vacuum.
3.7 Global reactivity parameters
The energies of frontier molecular orbitals (EHOMO ,
ELUMO ), energy band gap (EHOMO - ELUMO ), electronic
chemical potential (μ), electronegativity (χ ), global
hardness (η), global softness (S), and electrophilicity
indices (ω) have been listed in table 3, which were calculated on the basis of EHOMO and ELUMO , using the
following equations.44
μ=

1
(ELUMO + EHOMO )
2

1
χ = −μ = − (ELUMO + EHOMO )
2
η=

(4)

(5)

1
(ELUMO −EHOMO )
2

(6)

S=

1
2η

(7)

ω=

μ2
2η

(8)

Table 3. Calculated energy values of “A” and “B” forms by B3LYP/6-311G(d,p)
basis set.
Chemical parameters

“A” form

“B” form

EHOMO (eV)
EHOMO−1 (eV)
ELUMO (eV)
ELUMO+1 (eV)
EHOMO−LUMO gap (eV)
Chemical potential (μ)
Global hardness (η)
Global softness (S)
Elecronegativity (χ )
Electrophilicity index (ω)

−6.0089
−6.6745
−2.4171
−1.5896
3.5918
−4.2130
1.7959
0.2784
4.2130
4.9416

−4.9426
−6.2680
−2.5464
−1.4212
2.3962
−3.7445
1.1981
0.4173
3.7445
5.8515
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Electrophilicity index is one of the main quantum
chemical descriptors in characterizing biological or toxicity activities of the molecules in the background of
expansion of Quantitative Structure Activity Relationship (QSAR) parlance.45 The computed electrophilicity index of the title compound also describes the
biological activity of drug-receptor interaction.
3.8 Current–Voltage Characteristics of Linear
Molecular Switches
As illustrated in ﬁgure S7 (Supplementary Information), the molecular electronic device is divided into
several regions: the right electrode, the central scattering region, and the left electrode. Figure 5 shows the
calculated I–V characteristics of the system for the two
forms at a bias up to 2 V. It should be noted that at each
bias, the current is determined self-consistently under
the nonequilibrium condition. The switching action can
be obviously seen in ﬁgure 5; the current of open
(“B”) form is greater than that of closed (“A”) form
at the same bias. It can be concluded that there is a
switch from on (low resistance) state to the off (high
70

Current (μA)

60

ON (open)

50

resistance) state when the open form of the molecule
changes to the closed form.
As shown in Landauer–Bütiker formula (Eq. 1), calculated values for the current for the system is dependent on the transmission spectra. The switching behavior of this compound can be perceived from the energy
afﬁliation of zero bias transmission spectra, which are
shown in ﬁgure S8 (Supplementary Information). In
our computation, the average Fermi level is set as zero.
From Eq. 1, we can expect that only electrons with energies within a range close the Fermi level EF contribute
to the total current. Therefore, a good approximation
of the range of the bias window, i.e., [−V/2, +V/2] is
adequate to analyze a ﬁnite section of the transmission
spectrum.
It is clear in ﬁgure S8 that the transmission spectra of two isomers display tangibly disparate characteristics. When the system is with open form, the value
of the transmission coefﬁcient is smaller than that of
closed form in the energy window of [−2.0, 2.0 eV].
Meanwhile, the HOMO and LUMO levels are −1.131,
0.169 eV for the open form and −1.943, 0.0.063 eV for
the closed form. So, the HOMO–LUMO gap of the
open form is smaller than that of the closed form. As
a result, the absence of intense peaks in the window of
[−2.0, 2.0 eV] and larger HOMO–LUMO gap because
of the molecular structure of closed form account for its
low conductivity.
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Figure 5. Calculated current−voltage (I –V ) characteristics for OFF and ON state structures, ‘A’ and ‘B’ forms, of the
title compound. Note the different scales for the calculated
currents in the ON and OFF state.

The novel compound the 2-([1,1’-biphenyl]-4-yl)2-methyl-6-(4-nitrophenyl)-4-phenyl-1,3 diazabicyclo
[3.1.0]hex-3-ene was synthesized for the ﬁrst time and
characterized by IR, UV–Vis and NMR. The entire
calculations for the title compound were done with a
hybrid functional B3LYP at 6-311G(d,p) and basis set.
The UV–Vis band in “A” (closed) form is observed at
310 nm (colorless), and for “B” (open) form at 310 and
415 nm (blue color) due to the formation of zwitterionic
doubly charged imine ylide (open form). Also, molecular electrostatic potential map (MEP), frontier molecular orbital analysis (HOMO–LUMO), total density of
state (TDOS) and reactivity descriptors were found and
discussed.
Title compound has been proposed as a potential
molecular switch for electronic device, in particular, a
photoinduced molecular switch. This molecule has two
stable conformations (closed and open) in its ground
state, which makes it a promising component of molecular devices, and can be converted from one conformation to the other by photoexcitation. The open form
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(“B”) has a conductance considerably higher than that
of the closed form (“A”) at equilibrium (zero bias),
enabling its use as a molecular switch with ON and OFF
states.
Supplementary Information (SI)
All additional information pertaining to synthesis of the
title compound, deconvoluted IR spectra (ﬁgure S1),
correlation between the calculated and the experimental frequencies (ﬁgure S2), molecular electrostatic
potential surface (ﬁgure S3), TDOS diagrams (ﬁgure S4), frontier molecular orbital (ﬁgure S5), calculated absorption and ﬂuorescence spectra of open form
(ﬁgure S6), schematic molecular junctions (ﬁgure S7),
transmission spectra of the molecular switch at zero
bias (ﬁgure S8), characterization of the geometry optimization of “A” and “B” forms (table S1), observed and
calculated (scaled) selected frequencies (cm−1 ) for “A”
and “B” forms (table S2), experimental and theoretical
1
H NMR isotropic chemical shifts (table S3), are given
in the Supporting Information, available at www.ias.ac.
in/chemsci.
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