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Abstract. We report nonlinear optical (NLO) investigations of few pyrazines with terminal donor groups and the
inﬂuence of graphene oxide (GO) on their nonlinear absorption (NLA) under the nanosecond (ns) pulse excitation.
We have used Z-scan and Degenerate Four-Wave Mixing (DFWM) techniques for the NLO investigations and a Q
switched Nd:YAG laser (532 nm, 7 ns, 10 Hz) was used as the source of excitation. Modiﬁed Hummers method was
used for synthesizing GO. A signiﬁcant quenching in the ﬂuorescence intensity of the pyrazine derivatives was
observed when incorporating GO and it suggests the interaction between GO and pyrazine moieties through
electron/energy transfer. The pyrazines/GO composites showed strong NLA and it is better than that of the parent
compounds. The mechanism behind the NLA is found to be two-photon absorption (TPA) along with excited-state
absorption (ESA) and the signiﬁcant enhancement in the NLA activity of composites can be attributed to the
photoinduced electron and/or energy transfer between the GO and pyrazine moieties.

Keywords. Pyrazine derivatives; Graphene Oxide; Z-scan Analysis; Optical Limiting; Two-Photon
Absorption; Excited-State Absorption.

1. Introduction
Owning to their architectural ﬂexibility, low dielectric
constants, fast nonlinear optical responses, thermal
stability and cost-effectiveness, NLO studies of
organic materials leads to various applications
including advanced telecommunications, optical signal
processing, optical data storage and biological imaging.1–6Among the organic compounds, pyrazines are
an important group that has been rarely explored for
NLO activities7–9 but is intensively studied in many
other ﬁelds due to the presence of 1, 4-diazine core.10
Moreover, many pyrazine derivatives show good biological activities and are being used in ﬁelds like
pharmaceuticals and phytosanitary.11 In addition to
their medicinal uses, pyrazine derivatives are also used
in technical applications like organic semiconductors,
electroluminescent materials, dyes, etc.12–14 The
nitrogen atoms in the 1, 4-diazine ring has great
*For correspondence

capability for hydrogen bond formation, protonation
and chelation, which is essential for the formation of
supramolecular systems. Since pyrazines are highly pdeﬁcient aromatic heterocycles, they can act as an
electron withdrawer in push-pull structures which
enables intramolecular charge transfer (ICT). A blend
of such electron-pair accepting and electron-pair
donating substituents can lead to the formation of
smart hybrid materials for various NLO applications,
like second harmonic generation (SHG) or TPA.15
It is well reported that combining organic materials
with nanomaterials like GO may further enhance the
optoelectronic properties through different interactions.16–20 Exfoliated GO sheets are a form of graphene and are very suitable for chemical processing
since they are easily suspendable in polar solvents.
Also GO consists of a two-dimensional network of
small sp2 carbon clusters isolated by sp3 bonded carbon matrix, resulting in a heterogeneous electronic
structure that features both p-states from the sp2
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carbon sites and a huge energy band gap between the
r-states of the sp3 carbons. Z B Liu et. al.,21 reported
the unique atomic and electronic structure of GO
leading to the occurrence of different NLA processes
such as saturable absorption (SA), TPA and ESA on
exciting with different pulse intensities, and the
absorption processes are spread between the sp2
clusters and the sp3 domains of the GO.21 The development of composites that blends the mechanical, as
well as the optoelectronic properties of two or more
components, gained considerable interest as it offers
ﬁnetuning of different material properties like
mechanical, chemical, electronic and optical over a
wide range.16–21 Regarding the NLO activities, these
new composite systems exhibit enhanced hyperpolarizability, low energy transitions and rapid switching.
For example, adsorption of the organic molecules onto
the graphene surface leads to an increase in the number of electrons or holes through ICT and such charge
transfer results in a change of the electronic and
optical properties.22 Many reports are available about
combining GO and other NLO materials like porphyrins, fullerenes and phthalocyanines to form hybrid
materials that show superior NLO responses.23–25 In
this context we have selected four types of pyrazine
derivatives each with a different terminal donor group
and are blended with GO in a motivation to enhance
the nonlinear optical behavior.

2. Experimental
2.1 Preparation of samples and characterizations
All pyrazine derivatives were prepared and characterized by our group previously26–28 and the samples
for the NLO studies were prepared in N, N-Dimethyl
Formamide (DMF) with 1 mg of the pyrazine
derivatives in 3 mL of DMF and are named as P1, P2,
P3 and P4 respectively. The molecular structures of all
the compounds are given in Figure 1. Their absorption
and ﬂuorescence spectra were recorded using a UV-vis
spectrophotometer (Shimadzu 2450) and ﬂuorometer
(PerkinElmer LS 55). Both absorption and ﬂuorescence spectra of the compounds are given in Figure 2.
P1—(E,E)-2,5-Bis[2-(4-(dimethylamino)phenyl)
ethenyl]pyrazine,
P2—(E,E)-2,5-Bis(3’,4’-dimethoxystyryl) pyrazine,
P3—(E,E)-2,5-Bis[2-(1-methyl-1H-pyrrole2-yl)vinyl1]-pyrazine,
P4—(E,E)- 2,5-Bis 2(2-Naphthyl) Vinylpyrazine.
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Figure 1. Molecular structures of the compounds under
study.

GO has been prepared by the modiﬁed Hummers
method29,30 through the acid oxidation of ﬂake graphite and was characterized by powder XRD, FESEM
(Hitachi SU6600) and UV-vis spectroscopy (Shimadzu 2450). Figure 3 shows the absorption spectrum,
as well as XRD of the prepared GO, and Figure 4
shows the FESEM images of GO ﬂakes dispersed in
DMF.
The stock solution 1 mg/3 mL of the graphene oxide
sample was prepared by dispersing GO in DMF using
a sonicator and the dispersion quality was tested by
taking the sample into two parts and took the
absorption spectra separately. It is found that the
absorbance remains unchanged for both solutions.
Pyrazine/GO solutions were prepared by adding different amounts of prepared GO solution to 50 microliters of pyrazine solutions having a concentration of
330 lg/1 mL. In all the cases the pyrazines concentration was kept constant. In order to know the effect
of GO, absorption, as well as ﬂuorescence spectra of
the composite, has been taken by gradually adding
different amounts of GO solution. All the absorption,
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Figure 2. Absorption spectra (left) and emission spectra of the samples P1, P2, P3 and P4. Photographs of the samples are
given inset.
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Figure 3. Absorption spectra of GO in distilled water,
powder XRD is given inset.

Z-scan studies were used to explore the NLO parameters of the sample.31 A Q-switched Nd:YAG laser
(7 ns pulse width and 532 nm wavelength) was taken as
the source of excitation for Z-scan experiment. All the
studied samples were in liquid form and were taken in
a quartz cuvette of thickness 1 mm. A convex lens
having a focal length 15 cm is used to focus the beam
onto the sample. The beam spot radius was found to be
17 lm, and Rayleigh range is calculated to be 1.7 mm.
The sample is moved 20 mm on either side of the
focus in steps of 1 mm with the help of an automated

Figure 4. FESEM images of GO.
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Figure 5. Left panels A and C shows absorption spectra of P1/GO and P3/GO, Right panels B and D shows emission
spectra of P1/GO and P3/GO respectively with different amount of GO.

translation system (HOLMARC) accomplished with a
stepper motor arrangement. The detectors used are
RjP-735 pyroelectric detectors, with an operating
range of 100 nJ–1J. One detector is used for reference
and the second detector is used for measuring the
transmitted energy. Both the detectors were connected
to an energy ratio meter (Laser Probe Rj-7620). In the
closed aperture Z-scan set up, an aperture is kept in
front of the detector, as the transmittance beam enters
the detector at far-ﬁeld through this aperture of
diameter 4 mm. Cumulative thermal effects were
reduced by operating the input source in a single-shot
mode. The linear transmittance of all the samples is set
to be at *70% for recording the Z-scan data.

experimental set-up is shown in Figure 6. The same
laser system that was used for Z-scan studies was used
as the pump source. The pump beam was divided into
three parts with the help of a mask of hole diameter
3 mm and three pump beams of the same intensity
were focused on the sample with the help of a convex
lens of the focal length of 50 cm. Here also, the sample
was taken in a quartz cuvette of 1 mm thickness. Both
the pump beam and transmitted beam intensities were
monitored with the help of two identical pyroelectric
detectors (RJP 735), and an energy ratio meter (Laser
Probe Rj-7620).

2.3 v(3) measurement by degenerate four-wave
mixing

3.1 Analysis of absorption, emission and XRD
data

The third-order NLO properties of the pyrazine samples were also studied using the forward BOXCAR
geometry of the degenerate four-wave mixing
(DFWM) technique and the schematic of the

Figure 2 shows the absorption and emission spectra of
pristine pyrazine derivatives while Figure 3 shows the
absorption spectra of GO with powder XRD pattern in
the inset. The kmax for the samples P1 = 455 nm, P2 =

3. Results and Discussion
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Figure 6. Schematic of DFWM (Forward geometry) experimental arrangement.

411 nm, P3 = 402 nm, and P4 = 406 nm, respectively.
All the samples exhibited considerable ﬂuorescence
with their respective excitation wavelengths (P1 = 455
nm, P2 = 411 nm, P3 = 402 nm, and P4 = 406 nm).
Sample P3 was found to be having an emission peak
exactly at 532 nm which is our excitation wavelength
for NLO studies. P1, P2 and P4 showed emission
peaks at 566 nm, 482 nm and 454 nm, respectively.
The redshift in the emission spectra is due to photoinduced intramolecular charge transfer (ICT) in the
singlet excited state which occurs in compounds having donor-acceptor groups (Donor groups: N(CH3)2,
(OCH3)2, pyrrole ring and Naphthalene ring; Acceptor: Pyrazine ring) in a single molecule.26–28 The
absorption peak for GO was obtained at 234 nm with a
shoulder peak at around 305 nm which is a wellestablished result.32 The powder XRD pattern in the
inset of Figure 3 shows an intense and sharp peak at 2h
= 10.720, which is assigned to the (001) plane with an
inter-planar spacing of 0.82 nm and these results are
consistent with the standard graphite JCPDS ﬁle no.
75-2078 (interlayer d-spacing = 0.3347 nm). According to the standard XRD data, the characteristic graphite peak at *260 has been replaced by a sharp peak
around 10.720 in the XRD spectrum of GO indicating
that oxygen functional groups are inserted into the
graphitic layers.33 FESEM images of GO is shown in
Figure 4. It is clear from Figure 5, that on the addition
of different amounts of GO-DMF solution to samples
P1 and P3, the absorption spectra of the resultant
solution exhibits gradual change along with the isosbestic regions (around 465 nm for P1/GO and near
433 nm, 466 nm for P3/GO complexes). It is seen that
the absorption spectra are inﬂuenced by the absorption

of GO at higher concentrations as the combination of
the compounds and excess GO gives rise to increased
absorbance. The slight blue shift in the absorption
spectra along with the isosbestic regions could be an
indication of the formation of some ground state
complexes (GSC) between the samples P1and GO as
well as P3 and GO as reported by Xian-Fu Zhang et al.
in 2012.34 The quenching of the ﬂuorescence emission
of the compounds P1 and P3 by the addition of GO as
shown in the right panel of Figure 5 also revealed a
large contribution of complex formation. The
quenching of ﬂuorescence intensity could be ascribed
to the pyrazine/GO interactions enlarging the p conjugation of the pyrazine or efﬁcient electron or energy
transfer from pyrazine to GO.35

3.2 Z-scan measurements
From the absorption spectrum, it is understood that the
samples’ linear absorption at the excitation wavelength (532 nm) is not signiﬁcant; hence, non-resonant
optical nonlinearities should be observed in our studies. Figure 7 shows the open aperture (OA) and closed
by open (CBO) Z-scan signatures of the samples. It is
seen that the intensity of the transmitted light from the
samples were symmetric about the focus (z = 0),
where it has the lowest transmittance transmission
which reveals TPA and/or RSA could be the reason for
observed NLA with a positive nonlinear absorption
coefﬁcient. In this study, we mainly concentrated on
samples P1 and P3 since they were showing better
nonlinear responses at lower intensities. P2 and P4
started showing nonlinear optical activity at energy
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Figure 7. (a) Normalized open aperture Z-scans traces and optical limiting plots (inset), (b) closed by open (CBO) Z-scan
signatures of the studies samples at an on-axis intensity of 0.27 GW/cm2.

(50 lJ) ﬁve times greater than that used for the samples P1 and P3. In Figure 7 the symbols represent
experimental data and solid lines are corresponding
numerical ﬁt. The NLA coefﬁcient and corresponding
modiﬁed normalized nonlinear transmittance can be
expressed as (1).21,31
aðI Þ ¼

a0
  þ beff I
1 þ IIs

ð1Þ

where a0, beff are linear absorption coefﬁcients and the
effective nonlinear absorption coefﬁcient respectively.
I and Is are the input intensity and saturation intensity.
beff is used to indicate the observed NLA has contributions from both TPA and ESA.
1
TðzÞ ¼ pﬃﬃﬃ
pqðz; 0; 0Þ

Z1

h
i
2
ln 1 þ qðz; 0; 0Þes ds

ð2Þ

1


 2 
qðzÞ ¼ beff I0 Leff = 1 þ z=z0

ð3Þ

where I0 is the on-axis peak intensity at the focal point
(z = 0), z0 is the Rayleigh range and is given by
z0 ¼ px20 =k. x0 stands for the beam waist radius, k is
the laser wavelength, and Leff ¼ ð1  ea0 L Þ=a0 , where
L stands for the sample length.
Usually, the NLA mechanism of organic molecules
under nanosecond pulse excitation can be discussed by
a ﬁve-level model36 as shown in Figure 8 where S0
corresponds to the ground state of the system and S1,
S2 represents ﬁrst and second excited singlet states of
the system respectively. T1 indicates the ﬁrst excited

Figure 8. Five-level energy model for the pyrazine
derivatives.

triplet state and T2 is the second excited triplet state.
As a result of the laser pulse interaction, a few
molecules from S0 may get excited to upper vibrational levels of S1 by TPA and/or it may also be
possible to transfer molecule from S0–S1 by singlephoton absorption, though it is weak at this wavelength. They will reach the lower vibrational levels of
S1 by non-radiative decay. The molecules may further
get excited to the upper state S2 by absorbing photons
or they can be transferred from S1 to T1 through intersystem crossing (ISC); from there it will absorb
another photon and get transfered to a higher triplet
state T2. ESA supported RSA can take place in two
ways as shown in Figure 8; one is due to the transition
from excited singlet state S1 to Sn and the other
involving triplet states T1 and Tn. Since we have used
nanosecond pulse for the excitation of the samples, the
ISC rate will be very high and as a result, a large
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number of electrons from the ﬁrst excited singlet state
S1 will move to T1. Succeeding triplet-triplet transitions are expected to play the central role in the
observed NLA. The excited-state absorption crosssection (rexc) values of the samples were calculated
from the OA Z-scan data by ﬁtting the experimental
data using the equation available in the literature.37
The ground-state absorption cross-sections (rg) for the
samples P1 and P3 were calculated using the relation
rg = a/NaC, where Na stands for Avogadro’s number
and C represents the concentration in mol/cm3. The
rexc values (1.97 9 10-22 m2 and 2.38 9 10-22 m2 for
P1 and P3, respectively) of the samples were found to
be higher than the ground state absorption cross-section values of rg (2.26 9 10-23 m2 and 2.71 9
10-23 m2 for P1 and P3, respectively). The larger
value of rexc also veriﬁes RSA is the major contributor
to the observed NLA. Moreover, to understand the
principal mechanism behind RSA, OA Z-scan experiments were conducted for different input intensities
and obtained beff values are plotted as a function of on
axis intensity. As shown in Figure 9, for P1 and P3, a
decreasing beff value with increasing value of on-axis
intensity I0 is observed and it is an indication of ESA.
The higher value of ESA cross-section leads to a
depletion in the pump intensity, which in turn reduces
the TPA leading to the population of the ﬁrst excited
singlet state. Therefore, any reduction in the S1 state
population with intensity leads to the reduction in the
beff value as it is a combination of TPA, excited-state
absorptions from singlet and triplet states.38 Whereas,
in the case of pure TPA the b value remain intensity

Figure 9. beff versus on-axis intensity I0 for samples P1
and P3.
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independent due to the negligible depletion in the
ground state population.39
Linear absorption at 532 nm was found to increase
with the incorporation of GO, which indicates the
possibility of more ESA. To measure the solvent
contribution on observed nonlinearity, we carried out
the Z-scan analysis of pure DMF at identical experimental conditions one used with the samples and
found that the solvent contribution is negligible. In the
case of pure GO dispersion, nonlinear scattering
(NLS) and TPA could have a strong effect on the NLA
and optical limiting responses. TPA in GO arises from
the introduction of sp3 hybridized domains caused by
oxidation while NLS originates from the thermally
induced bubbles and microplasmas as a result of laser
irradiation on the sample.40 From the results, it is clear
that the composites P1/GO and P3/GO are showing
larger NLA compared to the pure samples. The signiﬁcant increase in NLA effect of the composite system is attributed to the photoinduced excited-state
interaction between pyrazine molecules and GO,
which induces the electron/energy transfer. The
interaction between pyrazines and GO is clearly visible from the modiﬁcations that occurred in absorption
and emission spectra. The emission intensity of the
compounds P1 and P3 is greatly suppressed when they
form composites of P1/GO and P3/GO, which is evidence for the interaction among the excited states of
the composites. In the absence of the interaction, one
cannot see any changes in the emission spectra.41
The inset of Figure 7(a) depicts the optical limiting
(OL) plots of the studied samples, and it is derived
from the OA Z-scan data. Here the normalized transmitted data of the sample are plotted as a function of
input intensity/ﬂuence. In the OA Z-scan experiment,
each position corresponds to a ﬂuence of
pﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃ
4 ln2Epulse = p3 xðzÞ2 s, where Epulse is the energy of
the input beam and x(z) = x(0)/[1?(z/z0)2]1/2, x(z)
represents the beam radius at z. The linear dependence
of output intensity on input intensity deviated, under
high input irradiance, and exhibits OL behavior which
is visible from the plot. Normally RSA, TPA, NLS and
nonlinear diffraction are the major mechanisms that
lead to the optical limiting response of materials.42–45
Optical limiting threshold value is the input ﬂuence at
which the transmittance of the sample became 50% of
the initial value. From the optical limiting plots, it is
clear that all the compounds exhibiting limiting action
but P1/GO and P3/GO exhibited an enhanced limiting
activity compared to their constituents. The output
transmittance of the compound P1 is not reaching 50%
at 0.27GW/cm2 but on forming a composite with GO,
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its optical limiting action enhanced signiﬁcantly and
the transmittance has gone beyond the 50% mark with
a limiting threshold of 0.089J/cm2. The limiting
threshold value of P3 is found to be 0.157 J/cm2 with
an on-axis input intensity of 0.27 GW/cm2 and as a
result of the composite formation, the new system is
able to reduce the limiting threshold by around 2.4
times, with a limiting threshold value of 0.067 J/cm2.
Optical limiting threshold of P1/GO and P3/GO
compounds were found to be better than the many
reported limiting threshold values of hybrid systems
like Pt/f-HEG(13.7 J/cm2) Pd/f-HEG (8.8 J/cm2),17
GO-Ag composites (6.4 J/cm2),18 GO ? Porphyrine
and Au? Porphyrine complex (1.9 J/cm2, 4.3 J/cm2).23
They were all proposed for OL applications under ns
pulse regime. The improved OL activity could be due
to a combination of NLO mechanisms like RSA, TPA
and NLS with photoinduced electron and/or energy
transfer between the GO and pyrazine moieties. The
improved OL activity of the composite P1/GO and P3/
GO shows its potential for use as an optical limiting
material.
The value (both sign and magnitude) of the nonlinear refraction coefﬁcient (n2) of the studied samples
were obtained by the division method, where the
closed aperture Z-scan data is divided by the corresponding OA Z-scan data to remove the NLA part and
are shown in Figure 7(b). From the signature, it is clear
that the samples P1and P3 exhibit a peak followed by
valley nature, which is the sign of negative nonlinearity. Material exhibiting negative nonlinearity shows
self-defocusing nature when it interacts with a highintensity beam. Obtained closed by open Z-scan data is
numerically ﬁtted using the formula:39,41
T ¼1

4D/0 ðz=z0 Þ

ð4Þ

½1 þ ðz=z0 Þ2 ½9 þ ðz=z0 Þ2 

where jD/0 j ¼ kn2 I0 Leff is the on-axis nonlinear phase
shift at the focus, k is the wave vector. The magnitude
of n2 can be obtained from the above expression and
the real part of the third-order nonlinear optical

susceptibility (Re v(3)) can be calculated by the
expression given in the literature.31 The NLO susceptibility v (3) can be calculated using the value of n2
and beff.31 The obtained values of beff, Im v(3), Real
v(3) of the samples are tabulated in Table 1.

3.3 DFWM measurements
Throughout the DFWM studies, the cubic dependency
of the phase conjugate signal to the input intensity has
been conﬁrmed for the samples P1, P2, P3 and P4. The
signal intensity is plotted as a function of input
intensity for each sample and the obtained data was
ﬁtted to equation (5). The solid lines in Figure 10
represent the numerical ﬁt for the observed data
(symbols). CS2 is taken as the reference sample with a
reported value of v(3) (1.7 9 10-12 esu) for ns
pulses.46
The value of vð3Þ is given by the formula
!
 2  12  
l
I0
l
ea2
ð3Þ n0
ð3Þ
v ¼ vref
 al
l
lref
nref
Iref
1  ea2
ð5Þ
where n0, nref stands for the index of refraction of the
sample and reference respectively, lref, l are the
ð3Þ
thickness of the reference and sample and vref is the
v(3) value of CS2. The calculated v(3) values for the
studied samples of P1, P2 and P3 are 1.5 9 10-12 esu,
0.08 9 10-12 esu and 0.25 9 10-12 esu, respectively.
The difference between the measured values from the
Z-scan data and the DFWM data could be mainly due
to the imaginary part and TPA playing a major role in
the Z-scan recording. Among the samples, P3 shows
higher v(3) while P2 has the lowest v(3) and sample P4
didn’t show any nonlinear response at this wavelength.
The higher NLO response of P3 can be attributed to
the elevated delocalization along the molecular backbone by the attachment of donor groups having
N-methyl pyrrole ring at both ends of the 1, 4-diazine

Table 1. Measured NLO parameters of the samples.
Sample

Is 9 1010
(W/m2)

beff 9 10-10
(m/W)

n2 9 10-10
(esu)

Im v(3) 9 10-11
(esu)

Real v(3) 9 10-11
(esu)

v(3) 9 10-11
(esu)

P1
P2
P3
GO
P1/GO
P3/GO

90
170
40
15
50
30

5.8
0.29
14.2
17
21
26

1.46
4.98
2.18
2.33
2.46
2.90

1.46
0.099
3.44
5.05
6.82
8.21

0.15
0.56
0.24
0.26
0.27
0.33

1.47
0.11
3.45
5.06
6.83
8.21
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pyrazine moieties. Hence the composites can be
potential candidates for future photonic applications.
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Figure 10. Plots with DFWM signal intensity vs pump
beam intensity for the samples at 532 nm.

core. The extension of conjugation by the attachment
of the naphthalene ring on both ends of the pyrazine
core was not sufﬁcient to enhance the electron delocalization in sample P4 and hence the nonlinear
response from P4 has come out to be weaker.
4. Conclusions
In summary, we report a detailed third-order NLO
analysis of few pyrazine derivatives namely P1, P2, P3
and P4 by Z-scan and DFWM with nanosecond laser
pulse excitation. All the samples were characterized
using UV-vis absorption and ﬂuorescence spectroscopy. All the compounds except P4 exhibited
substantial nonlinear response. Sample P3 exhibited
better nonlinearity among the four pyrazine derivatives. DFWM technique also has been employed to
obtain the absolute value of v(3) to verify the result
obtained by Z-scan. To enhance the optical nonlinearities we made use of GO prepared by the modiﬁed
Hummers method. GO was characterized using UVvis spectroscopy, SEM and powder XRD technique.
Nonlinear absorption in pristine GO and the blend of
samples P1 and P3 separately with GO has been
explored using the open aperture Z-scan technique.
Both the composite material showed enhanced NLA
with P3/GO having the highest NLA coefﬁcient. The
interaction of P1 and P3 with GO was conﬁrmed by
ﬂuorescence quenching studies. The improved NLA
and optical limiting performance of the composites
can be attributed to a combination of NLO mechanisms like RSA, TPA and NLS with photoinduced
electron and/or energy transfer between the GO and
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