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re versus second-order nonlinear
optical response of the push–pull type pyrazoline-
based chromophores

A. Szukalski,*a B. Sahraoui,b B. Kulyk,b C. A. Lazar,c A. M. Maneac and J. Mysliwieca

In this study, we present experimental results of the second-order nonlinear optical response of a series of

pyrazoline derivatives. The main aim of this study was to determine the correlation between the chemical

structure of the pyrazoline derivatives family and their nonlinear optical properties. The investigated group

of materials consists of pairs or triplets of derivatives and structural isomers, which are characterized by the

same electron-donor unit, whereas differ in their electron-accepting part. Moreover, some of them possess

different moieties, which can change the electron cloud distribution in the molecule. Their efficient

nonlinear optical responses and possibility of tuning in this group of materials promote them for various

optoelectronic applications where optical nonlinearity plays a crucial role. Since material engineering

enables the control of molecular structure, the nonlinear optical features of the created systems can be

consequently optimized.
Introduction

One of the main topics in modern materials science and in the
eld of organic photonics is the search for materials that
exhibit multiple useful properties, including large nonlinear
optical (NLO) effects, making them suitable for applications in
numerous multidisciplinary areas such as frequency con-
version, lasing, multiphoton uorescence, and microscopy or
light switching.1–5 To expand these utilities, designing mole-
cules with signicant second-order nonlinear optical proper-
ties plays a vital role. The push–pull type molecular systems
have attracted signicant attention in the past few years
mainly because of the high optical nonlinearities that they can
exhibit, due to the signicant delocalization of their electronic
clouds.6,7 One of the popular push–pull type molecular
systems that is expected to have a high NLO performance is
compounds based on the pyrazoline ring. It was shown and
proven that pyrazoline derivatives can be used as efficient
systems for optical switching or light amplication by stimu-
lated emission, lasing or random lasing action.8–12 Further-
more, because of their high dipole moments and quantum
yield, they also exhibit efficient two photon absorption (TPA)
and third harmonic generation (THG).13–17
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The main goal of this study was to determine the correlation
between the chemical structure of the pyrazoline derivatives
family and their optical nonlinearity by altering the molecular
structure of these push–pull organic materials. The strategy of
this property modication during molecular design and
synthesis is based on the surrounding electron-donor and
acceptor group position manipulation and their capability for
effective intramolecular charge transfer. The studied group of
materials consists of pairs of derivatives and structural isomers,
which present the same electron-donor unit, whereas differ in
their electron-accepting part. Moreover, some of them possess
different moieties, which can change the electron cloud distri-
bution. Due to this variation and efficient nonlinear optical
response of this group of materials, their importance for opto-
electronic applications is promoted, especially, where optical
nonlinearity plays a crucial role.
Materials

The investigated compounds were synthesized according to
the Knoevenagel and Fischer method.13,18 Basically, all the
systems present the typical push–pull type molecular structure
divided in donor (D) and acceptor (A) regions connected by
a p-conjugated linkage (Fig. 1). All of them comprise the same
simple electron-donor aromatic ring unit; moreover, the pyr-
azoline ring and p-conjugated system (double bonds and/or
another aromatic ring) sustain internal electron transfer in
the molecule. The compounds differ in electron-acceptor
moieties, which are mainly nitrile (–CN) and nitro (–NO2)
groups located in various positions and congurations giving
pairs or triplets of derivatives and structural isomers. For
RSC Adv., 2017, 7, 9941–9947 | 9941
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Fig. 1 Chemical structures of the investigated compounds. The donor
(D) and the acceptor (A) parts are marked in blue and red, respectively.
A full description of the abbreviated names of the structures is pre-
sented in the main text.
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instance, the compound (E)-2-(4-(2-(1-phenyl-4,5-dihydro-1H-
pyrazol-3-yl)vinyl)benzylidene)malononitrile (abbreviation:
PY-PhdiCN) is an extended version of the well-known DCNP (3-
(1,1-dicyanoethenyl)-1-phenyl-4,5-dihydro-1H-pyrazole) mole-
cule,10,19–21 which in this study serves as the reference material
among the newly introduced pyrazoline derivatives. PY-
PhdiCN has two terminal nitrile groups in the acceptor
region, whereas in comparison with DCNP, it also has an
additional aromatic ring and ethenyl bond between the D–A
parts. Moreover, to determine the synergistic effect arising
from the combination of two different electron-acceptor units,
we investigated the compound with the abbreviated name PY-
CNpNO2 ((Z)-2-(4-nitrophenyl)-3-(1-phenyl-4,5-dihydro-1H-
pyrazol-3-yl)acrylonitrile), which possesses both nitro and
nitrile units. Four other molecules can be separated in two
different pairs of structural isomers. First, (E)-2-(4-(1-phenyl-
4,5-dihydro-1H-pyrazol-3-yl)vinyl)benzonitrile (PY-pCN) and (E)-
2-(2-(1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)vinyl)benzonitrile (PY-
oCN), which possess only one moiety in the electron-acceptor
region at the para and ortho positions connected to the
aromatic ring, respectively. The second pair of isomers consists
of (Z)-2-(1-cyano-4-(1-phenyl-4,5-dihydro-1H-pyrazol-3-yl)vinyl)
benzonitrile (PY-pCNCN) and (Z)-2-(1-cyano-2-(1-phenyl-4,5-
dihydro-1H-pyrazol-3-yl)vinyl)benzonitrile (PY-oCNCN). These
two molecules possess the same electron acceptor group
positioned similarly in the two previous cases, but also again
the nitrile group is located in the middle part of each
compound. Additionally, (E)-3-(4-nitrostyryl)-1-phenyl-4,5-
dihydro-1H-pyrazole (PY-pNO2) was investigated. In this case,
only one nitro group located at the end of the chemical
structure serves as the electron-acceptor moiety (at the para
position). All the designed and synthesized molecules were
characterized by different charge distributions, dipole
moment values, and directions as well as crystal congura-
tions and nonlinear optical parameters.
9942 | RSC Adv., 2017, 7, 9941–9947
Experimental

Second harmonic generation (SHG) from thin polymeric lms
doped with the pyrazoline derivatives was investigated using the
Maker fringes technique22 using the experimental set-up
employing the fundamental wavelength of 1064 nm of
a Nd:YVO4 laser with a 30 ps pulse duration and repetition rate
of 10 Hz (Fig. 2). A polarizer and half-wave plate were used to
align and adjust the incident laser beam polarization, which
was then focused by a 250 mm lens. The samples were posi-
tioned on a rotational stage, which enabled to obtain Maker
fringes with a step of 0.5 degrees. A KG3 lter allowed the
1064 nm laser beam to be cut out, whereas with an additional
interference lter at 532 nm, the SHG signal was preserved and
aer all was detected by a photomultiplier. Themeasured signal
was modied by appropriate neutral density lters, which were
positioned before the photomultiplier to exclude its saturation.
Each sample was measured a few times in the close-located
places, and then nally these areas were marked and checked
under an optical microscope and prolometer. A y-cut single
crystal quartz slab (d ¼ 0.5 mm) was used as the reference
material during the experiments because it has a well-known
nonlinear optical response, c(2)q ¼ 1.0 � 10�12 m V�1.23

Poled polymers exhibit theN mm point symmetry, in which
from 3 nonzero components of susceptibility tensor only two
are relevant: the diagonal c(2)zzz and the off-diagonal c(2)xxz. For an
unstressed24 thin lm and within the free gas model, their ratio
is dened by

cð2Þ
xxz

c
ð2Þ
zzz

¼ 1

3
(1)

In eqn (1), z is the poling electric eld direction and x lies in
the poled lm plane (Fig. 3).

To determine both the tensor components, the SHG experi-
ments were performed in different fundamental generated
harmonic beams polarization congurations: s–p and p–p. As
was shown by Kuzyk and co-workers24 (see also: Kajzar,25 Rau
and Kajzar26), for these congurations, the generated harmonic
intensity at frequency 2u, created by a fundamental beam with
frequency u, is given by27

I
s�p
2u ¼ 128p3

c2

�����
cð2Þ
s�pð�2u;u;uÞ

D3

�����
��Ps�pðqÞAs�pðqÞT s�pðqÞ��2Iu2

� sin2 D4
s�pðqÞ
2

(2)

where c is the light speed in vacuum, u is the fundamental
beam angular frequency, Iu is its intensity, q is the incidence
angle, and D3 is the dielectric constant dispersion of the
material between the harmonic (2u) and fundamental (u)
frequency.

D3 ¼ 32u � 3u (3)

Ps–p(q) in eqn (2) is the projection factor for the s–p cong-
uration, which is given by
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Experimental set-up for the second harmonic generation (SHG) measurements based on the Maker fringes technique.

Fig. 3 Reference frame used for the studied thin films.
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Ps–p(q) ¼ sin2 qsu cos qs2u (4)

and for p–p fundamental harmonic beams congurations, it is
given by

Pp–p(q) ¼ sin2 qpu sin qp2u + a cos qpu(cos q
p
u + 2 sin qpu cos qp2u)

(5)

As–p(q) and Ts–p(q) in eqn (2) are the factors arising from the
boundary conditions and transmissions on the interfaces,
respectively. As usual, the studied lms were supported by glass
substrates such that the transmissions through glass–lm
interfaces should also be considered. D4s–p in eqn (2) is the
phase mismatch between bound waves, which is given by

D4s�p ¼ 4s
u � 4

p
2u ¼ 4pl

l

�
nsu cos qs2u � n

p
2u cos q

p
2u

�
(6)

where l is the thin lm thickness, l is the wavelength of the
fundamental wave, ni are the refractive indices of the NLO
medium for (s,p) beam polarization and u/2u frequency.
qs(p)u(2u) are the respective beam propagation angles. In eqn (1)–
(6), qs(p)u(2u) are the propagation angles in the nonlinear medium
for s or p polarization of the laser beam and at u or 2u
frequency. They can be calculated from Descartes law and
replaced by the corresponding incident angle. The thin lm
This journal is © The Royal Society of Chemistry 2017
absorptions were considered using the complex indices of
refraction in eqn (1)–(6).

The nonzero quadratic susceptibilities of the studied lms
were calibrated with the independent SHG measurements on
a y-cut a-quartz single crystal plate, performed under the same
conditions. Calibration was carried out by tting eqn (2) to
the experimental data and comparing the scale factors. Herein,
we rst determined the susceptibilities for the s–p congura-
tion, in which the projection factor depends only on
c(2)s–p susceptibility, thus allowing its determination.

For the p–p polarization conguration, the projection factor
depends on both c(2)s–p and c(2)p–p susceptibilities. Thus, the
determination of the diagonal component of the c(2)(�2u;u,u)
tensor can be carried out in two ways:

(i) determining c(2)s–p from the s–p measurements (eqn (4)),
and then injecting it into eqn (5) to obtain the c(2)p–p value and

(ii) proceeding in the same way for the s–p conguration,
whereas assuming the theoretical value for the ratio 1/3 (eqn
(1)).

We chose the second approach to avoid the uncertainty in
the value of c(2)p–p susceptibility introduced by the error in s–p
measurements. This approach makes the comparison of the
c(2)p–p susceptibilities of the studied compounds more reliable.
Results and discussion

For the requirements of spectroscopic experiments, the series of
thin polymeric lms for each of the investigated compounds
was prepared as follows. We used commercially available pol-
y(methyl methacrylate) (Mw ¼ 966 kDa, Sigma Aldrich®) in
powder form and family of the pyrazoline derivatives described
above. First, solutions of PMMA/THF and PRD/THF in proper
ratios were prepared. Aer mixing and heating for few days,
when the polymer completely dissolved, we mixed the above-
mentioned solutions to obtain the nal mixture (3% dry weight
proportion between the pyrazoline derivative and polymer) of
a simple guest-host system, where the active material is
RSC Adv., 2017, 7, 9941–9947 | 9943
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stabilized by a branched, well-dened, transparent, and oxygen/
laser light resistant polymer matrix. Aer stirring and heating,
the nal solution (PRD/PMMA/THF) was deposited on a clean
silica glass plate using the drop casting technique. The layers
were dried in a solvent atmosphere until the evaporation
process was nished. The thicknesses of the lms are presented
in Table 1, which were measured using a prolometer (Tencor,
ALFA-Step).

Fig. 4(a) presents the group of four derivatives of pyrazoline,
where the absorption maxima are located mainly at around
455 nm. Note that by putting differentmoieties on the compound
or extension of its molecular structure, it does not cause any shi
in its absorption maximum, except in the case where the mole-
cule possesses two different moieties (nitrile and nitro groups),
the absorption band is red shied (lmax ¼ 468.8 nm). All these
compounds are characterized by a quite signicant absorption in
the range of the second harmonic generated wavelength at
532 nm (which is also marked in green in the spectrum) except
DCNP. According to this fact, for all the samples, we also
considered the linear absorption contribution during the 2nd

order nonlinear optical susceptibility calculations. Fig. 4(b)
shows the absorption spectra of the two pairs of structural
Table 1 Basic and second-order nonlinear optical parameters of the inv

c(2)(s)a,b [pm V�1] ds–p [pm V�1] c(2)(p

DCNP 11.0 5.50 24.4
PY-pCN 2.40 1.20 6.04
PY-pCNCN 5.02 2.26 7.20
PY-oCNCN 1.22 0.61 3.38
PY-oCN 0.06 0.03 0.18
PY-CNpNO2 10.1 5.05 9.40
PY-PhdiCN 9.06 4.53 10.0
PY-pNO2 6.86 3.43 9.10

a Calculated according to the used model (considering the linear abso
fundamental exit (1064 nm) of a 30 ps Nd:YVO4 laser with a repetition ra

Fig. 4 Normalized absorption spectra for the investigated polymeric s
double pairs of structural isomers and derivatives PY-pCN, PY-oCN, PY-

9944 | RSC Adv., 2017, 7, 9941–9947
isomers. In this case, the maxima of the absorption are posi-
tioned at various wavelengths, which is strictly due to the location
and number of nitrile substituents linked to the structure. For
the isomers having only one electron-acceptor unit (PY-pCN and
PY-oCN), their maxima are mostly located in the UV range (412.0
and 377.2 nm, respectively). The absorption maxima for the
molecules possessing two –CN units (PY-pCNCN and PY-oCNCN)
are red-shied and are positioned at 442.7 and 423.5 nm,
respectively. In the case when the substituent is located at the
end of the structure (para position), there is a red shi, which is
possible to observe in both the cases (Fig. 4(b)). The different
locations of the units and therefore different charge distributions
are responsible for this behavior. Moreover, it is clearly visible
that herein the linear absorption inuence is less signicant for
the obtained and measured signal of SHG. However, to sustain
the calculation method as a comparable method for the all the
compounds, we also used the same methodology.

Concerning the 2nd order nonlinear optical effects, it was
necessary to use the corona poling (CP) technique for the thin
lms to break the symmetry inside the layers. Since the
parameters for the molecules poling procedure are in thin
polymeric layers, we used a high voltage (U ¼ 5 kV) when the
estigated compounds

)a,b [pm V�1] dp–p [pm V�1] a0 [10
3 cm�1] L [mm]

12.2 0.207 14.9
3.02 0.002 15.2
3.60 0.576 7.66
1.69 0.065 6.56
0.09 0.004 9.25
4.70 0.702 54.1
5.00 2.200 17.5
4.55 1.040 18.9

rption coefficient at 532 nm). b Maker fringes set-up employing the
te of 10 Hz; the energy per pulse was 40 mJ.

ystems (a) DCNP, PY-PhdiCN, PY-CNpNO2, PY-pNO2 and (b) for the
pCNCN, and PY-oCNCN, measured for thin films.

This journal is © The Royal Society of Chemistry 2017
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substrate reached the high temperature of T ¼ 83 �C (but still
below the glass point of PMMA). The poling process took 15
minutes. Aer this time, the samples were le for thermal
relaxation (3 hours for the lms to reach room temperature),
but still with the applied high voltage. We also tried to measure
the second harmonic generation signal from the same systems
before the CP treatment; however, no SHG was observed. We
measured the Maker fringes due to the NLO response coming
from the lms as a function of irradiation angle of the incident
beam. The typical SHG signal coming from the reference
material is shown in Fig. 5(a).

The results presented in Fig. 5(b–d) are comparatively rela-
tive. Indeed, aer considering the values of the linear absorp-
tion coefficient, layer thickness, and using the theoretical
model introduced earlier in this study (see also Fig. 6), the nal
results of the NLO parameters can be compared with respect to
the reference (cf. Table 1).

DCNP possesses the highest values of the 2nd order
nonlinear optical susceptibility in both experimental polariza-
tion congurations (s and p). Note that we succeeded in
obtaining almost the same results obtained from other pyr-
azolines: (i) the molecule with an extended structure (PY-
PhdiCN) with respect to DCNP, (ii) by putting two different
electron-acceptor units (PY-CNpNO2) or (iii) using only one
functional group (PY-pNO2). Furthermore, the presented results
concern both the polarization state congurations, and it
Fig. 5 Maker fringes as the characteristic 2nd order nonlinear optical resp
two different configurations of excitation polarization (s and p) for (b) PY-
laser excitation.

This journal is © The Royal Society of Chemistry 2017
should be highlighted, refer to these polymeric systems doped
by dyes, which are signicantly sensitive for the generated
harmonic wave due to the possible reabsorption process.

As abovementioned, the molecular system containing PY-
CNpNO2 molecule represents one of the highest 2nd order NLO
signal among the investigated samples. This behavior is related
to the charge distribution coming from two different electron-
acceptor moieties, which cause some sort of disorder during
molecular poling. Then, the direction of the generated SHG
signal could extenuate each other by simple interference, espe-
cially since in this case, the linear absorption in this range (532
nm) is signicant. Therefore, it proves the high efficiency of this
system. Furthermore, in this case, we observed unusual behavior
according to the different polarizations of incident beam used.
In general, the p-polarized laser light should cause a higher NLO
effect than the s light for the same compound (cf. Fig. 5b).

In the case of the PY-PhdiCNmolecular system (cf. Fig. 5d), it
is clearly visible that with the extension of the p-conjugated
linkage and the structure's lability, there is no signicant
correlation of SHG signal for both polarization conditions (s
and p), which were used to compare the inuence of the 2nd

order NLO effect. Both molecules, PY-PhdiCN (which is the
extended version of DCNP) and DCNP (much shorter and stiffer
structure), were characterized with almost the same value of the
generated signal and the same behavior for the different
polarization congurations.
onse from (a) reference material–quartz slab (l ¼ 0.5 mm) and also for
CNpNO2, (c) DCNP, and (d) PY-PhdiCN, obtained under 30 ps, 1064 nm

RSC Adv., 2017, 7, 9941–9947 | 9945
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Fig. 6 SHG intensity measured points (dots) and calculated theoretical values (red line) for the (a) PY-PhdiCN and (b) PY-oCNCN molecular
systems in the p polarization state configuration.
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Another compound that is equipped with two (but the same)
electron-acceptor units, in the best possible spatial congura-
tion (with respect to the lowest molecular energy and steric
hindrance), is also signicantly efficient for the SHG phenom-
enon (PY-pCNCN). According to the structural isomer of this
compound (PY-oCNCN), it is worth mentioning that the posi-
tion of the terminal electron-acceptor unit plays a crucial role in
the 2nd order nonlinear optical effect magnication. In this
particular case, it is related to the dipole moment value and
possibility to obtain a molecular system with broken symmetry
as a result of the corona poling treatment. The ortho isomer (PY-
oCNCN) has a lower dipole moment value than the para isomer
(PY-pCNCN) and also according to the spatial arrangement of
the terminal electron-acceptor unit, the shape of the molecule is
different, and as a consequence of this, the efficiency of the
molecular ordering by the corona poling technique is less
effective.

Furthermore, Fig. 7 (for another pair of isomers) and Table 1
(for the all molecules) present the signicant correlations
between the chemical structure and observed NLO effect
with respect to the received values of the 2nd order nonlinear
optical susceptibilities for each structure. By only changing the
Fig. 7 Characteristic second-harmonic generation signals for the two
structural isomers of the examined push–pull type compounds: (a) PY-p

9946 | RSC Adv., 2017, 7, 9941–9947
position of the electron-acceptor unit from the para position to
the ortho position, it was possible to increase/decrease the SHG
signal by one order of magnitude. Using different isomers of the
compound, it was even possible to switch on and off the
nonlinear translation of the fundamental beam because the
value of the SHG signal coming from the ortho isomer is only on
the background level and in the same moment, two times lower
than that from the para position. In the case of the cis isomer of
the PY-oCN compound, it was possible to achieve hydrogen
bonding between the hydrogen atom (from the aromatic ring
placed in the electron-donor part) and the nitrogen atom from
the nitrile group, which undoubtedly stabilizes this bended
form and directly hinders the molecular alignment (breaking
symmetry efficiency) during the corona poling procedure.9

Another important parameter that should be considered,
especially for the PY-pCN, PY-oCN, and PY-pNO2 compounds, is
the type of electron-acceptor unit (changing from –CN to –NO2

in our case). We have shown that proper selection of the
abovementioned groups allows to enhance the SHG signal
roughly by a factor of 3 (for s polarization) and almost two times
(for the p polarization conguration) with respect to dened c(2)

susceptibility.
different configurations of excitation polarization (s and p) for two
CN and (b) PY-oCN, obtained under 30 ps, 1064 nm laser excitation.

This journal is © The Royal Society of Chemistry 2017
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Conclusions

In summary, we derived the second-order optical nonlinearity
characterization for the selected group of pyrazoline derivatives,
which have been investigated as thin dye-doped PMMA lms.
Different types of electron-acceptor units have been introduced
into the molecular structure. The results conrm a strong
correlation between the various investigated molecular systems,
giving high values of c(2), which differ by three order of
magnitude (i.e. DCNP and PY-oCN). It has been shown that
there is a signicant difference in the harmonic light generation
magnitude when the substituent (electron-acceptor unit) is
connected to the ortho or para position. Moreover, two types of
polarizations of incident beam (s and p) have been employed,
which, in general, result in the SHG signal enhancement.
Finally, according to the obtained experimental results, a clear
dependence between the optical nonlinearity and the position
as well as number and type of the electron-acceptor groups
attached to the structure has been found. This suggests and
proves that molecular engineering is an efficient solution to
design and/or manipulate the optical nonlinearities of these
push–pull type of molecular systems.
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