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ABSTRACT: We investigated the third-order nonlinear
optical properties of donor-acceptor substituted hydra-
zones doped into PMMA matrix using single beam Z-scan
technique at 532 nm. The magnitude of third-order suscep-
tibility, x(3) is of the order of 10 "%esu. The nonlinear re-
fractive index, n, and the molecular second order
hyperpolarisability, y, are of the order of 10 ''esu and
10 *%esu, respectively. The compounds exhibit larger

third-order NLO properties in PMMA host when com-
pared to the pure compounds. The study reveals that
these hydrazones are a good candidate of nonlinear optical
materials for photonic applications. © 2010 Wiley Periodicals,
Inc. ] Appl Polym Sci 119: 595-601, 2011
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INTRODUCTION

Organic materials with large third-order nonlinear
optical (NLO) properties will be the key elements
for future photonic technologies because of their
potential applications in all optical switching, data
processing, and eye and sensor protection.'” The
nonlinearity in organic materials originates from a
strong delocalization of n electrons along the length
of the molecules.*> With the aid of novel synthetic
chemistry we are able to engineer the organic mole-
cules by substituting them with strong electron
donating and withdrawin§ entities and to enhance
their optical nonlinearities.”®

Among the various organic compounds, hydra-
zones have revealed to be an important class of or-
ganic materials exhibiting the properties of various
optics phenomena. Since the hydrazone backbone is
an asymmetric transmitter, it strongly increases the
molecular nonlinearity for the electron donating and
withdrawing group substitutions.”” We selected a
hydrazone derivative, ethyl 2-[(2E)-2-benzylidenehy-
drazino]-5-nitrobenzoate and substituted with it dif-
ferent electron donating groups. These compounds
possess noticeable third-order nonlinearity. However,
they cannot be used directly in practical applications
because they are not flexible. Moreover they can get
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degraded when exposed to intense laser light. To
overcome these problems and make effective use of
these materials in devices, they can be doped into a
polymer matrix. This can enhance the opto-chemical
and opto-physical stability, mechanical and thermal
properties, and linear optical transparency.'”

Here we report the results of our experiments
using single beam Z-Scan technique to measure the
third-order NLO properties of these hydrazones
namely ethyl 2-[(2E)-2-benzylidenehydrazino]-5-
nitrobenzoate(HZ-1), ethyl 2-[(2E)-2-(4-hydroxyben-
zylidene)hydrazino]-5-nitrobenzoate (HZ-2), ethyl
2-[(2E)-2-(4-methoxybenzylidene)hydrazino]-5-nitro-
benzoate (HZ-3), and ethyl 2-[(2E)-2-(4-hydroxy-3-
methoxybenzylidene)hydrazino]-5-nitrobenzoate (HZ-4)
in Poly (methyl methacrylate) (PMMA) host. The op-
tical limiting studies were also carried out.

PMMA has been selected as a matrix because it is
hard, rigid but transparent polymer with glass tran-
sition temperature of 125°C. It is a polar material
and has large dielectric constant. The physical dura-
bility of PMMA is far superior to that of other ther-
moplastic and is tougher than polystyrene."' Being
an organic material it possess high optical and
thermo mechanical damage resistant in the range
needed for optical limiting applications.'

Experiment

The compounds were synthesized by following the
standard procedure.'”” The structures of the com-
pounds are shown in Figure 1(a—d).
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Figure 1 The chemical structures of the samples.

To prepare doped polymer samples, both the com-
pounds and PMMA are dissolved separately at
room temperature in dimethyl formamide (DMF).
The solutions are then mixed and stirred slowly for
an hour to get a uniform solution. The concentration
of the dopant in PMMA matrix was varied from 5 to
25%. The linear absorption spectra of the samples
recorded at room temperature in dilute DMF solu-
tion using a spctro photometer (UV-2500 PC Series)
are shown in the Figure 2. The linear absorption
spectrum of the PMMA doped solutions shows that
all the compounds are transparent at 532 nm.

The linear refractive indices of the samples were
measured using a Refracto 30GS digital refractome-
ter. The measurements were performed on sample
solutions of concentration 1 x 1072 mol/L.

Z-scan measurements

The single beam Z-scan technique'> was used to
study the nonlinear response of the samples. It is a
simple but accurate method to determine both non-
linear refractive index (1) and nonlinear absorption
coefficient (Pegr). By monitoring the transmittance
through a small circular aperture placed at the far
field position (closed aperture), one can determine
the nonlinear refractive index. The nonlinear absorp-
tion coefficient of the sample can be determined
using the open aperture (OA) Z-scan arrange-
ment."*'* A Q-switched Nd: YAG laser with a pulse
width of 7 ns at 532 nm was used in the experiment.

Journal of Applied Polymer Science DOI 10.1002/app

A lens of focal length 30 cm was used to focus the
laser pulses into a 1 mm-quartz cuvette containing
sample solution. The closed aperture (CA) Z-scan
was performed with 50% aperture. The input energy
used was 50 pJ, which corresponds to a peak inten-
sity of 1.13 GW/cm? The Z-scan measurements were
performed on sample solutions of concentration 1 x
102 mol/L. In an attempt to suppress cumulative
thermal effects, data were collected in single shot
mode."® Optical limiting studies were performed by
keeping the sample at the focus by varying the input

Absorbance a.u.

T . T
300 400 500 600 700
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Figure 2 Linear absorption spectra of the samples in
PMMA.
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Figure 3 Open aperture Z-scan curves for the samples at Iy = 1.13 GW/ cm?. The solid line is fitted with (a) Peg =
1.55 cm/GW for HZ-1, (b) Begs = 5.4 cm/GW for HZ-2, (¢) Begr = 4.2 cm/GW for HZ-3 and (d) Beg = 6.8 cm/GW for HZA4.

energy and by monitoring the output energy. The
incident and transmitted energies were measured
simultaneously by two Rj-7620 energy ratio meters.

RESULTS AND DISCUSSION

The nonlinear transmission of the compounds with
and without aperture was measured in the far field
as the sample is moved through the focal point.
Assuming a spatial and temporal Gaussian profile
for laser pulses, the open aperture (OA) normalized

energy transmittance is given by,13'16
[0z 0" BerloLett
T, z) = E ————— with go(z,0) = )
open( ) Pt (m I 1)3/2 qO( ) 1 +22/Z%
)

where B is the effective two photon absorption
coefficient, I is the input irradiance, z is the sample

position, zy = nwy>/, is the Rayleigh range with ,
being the beam waist radius at the focal point (z =
0), L is the sample length, and X is the laser wave-
length. For fitting the data with eq. (1), we consider
Less as the effective path lengths in the case of 2PA
and is defined by Ly = 1 — e %L /oo, where oy is the
linear absorption coefficient.

Figure 3 shows the normalized transmission for
OA Z-scan for the samples HZ-1, HZ-2, HZ-3, and
HZ-4 in PMMA (concentration of 25% in matrix).
Here the solid line is a theoretical fit of the experimen-
tal data to the eq. (1), which yields the value of effec-
tive two photon absorption (TPA) coefficient, Beg.

To differentiate nonlinear refraction from nonlin-
ear absorption, one can follow the division
method." Figure 4 shows the pure nonlinear refrac-
tion curve obtained by dividing CA data by the cor-
responding OA data. The normalized transmittance
for the pure nonlinear curves is shown to be

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Pure nonlinear curves obtained by division method.

o 4Adyx
r=1 (2 +1)(x2+9)’ @

where T is the normalized transmittance for the
pure refractive nonlinearity, Ady is the on-axis non-
linear phase shift at the focus and x = 2/70. 1

Now we can determine the real and imaginary
part of the third-order nonlinear optical susceptibil-
ity x® according to the following relations;

Re ¥ = 2n? gcy, (3)
Im y® = ny? g cBr/2m, 4)

where 1 is the linear refractive index, g is the vac-
uum permittivity, and c is the velocity of light in
vacuum.” 7y is the nonlinear refractive index given

by the formulae

_ Adpr
V= ZT[LeffIO '

©)
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Solid lines are theoretical fit of experimental data to eq. (2).

The nonlinear refractive index n, (esu) was calcu-
lated from the conversion formulae

cnogy

10n (6)

ny(esu) =

The calculated value of ¥® = \/ (Rex®)*+(Imy®))*
for the samples is of the order of 10 '*~10 esu
depending on different donor group substitutions.
The value of n, is found to be of the order of
10 Mesu.

The coupling factor p, the ratio of imaginary part
to real part of third-order nonlinear susceptibility
can be measured as,

p=Im % /Re y® = B/2ky. 7)

The observed values of coupling factor for the
samples HZ-1, HZ-2, HZ-3, and HZ-4 are —0.062,
—0.122, —0.107, and —0.106, respectively.

The nonlinear induced polarization per molecule is
described by the microscopic susceptibilities known
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TABLE I
Linear and Nonlinear Optical Parameters of Hydrazone Derivatives in PMMA Host

Mg Bett (cm/GW) o, (107%) (cm*s/Photon)

1, (10 Mesu)

vr (107%%esu)  Re 4@ (10 Besu)  Im x® (10 Pesu)

HZ-1 1425 1.55 0.960
HZ-2  1.458 5.40 3.346
HZ-3 1426 4.20 2.603
HZ-4 1426 6.80 4210

—3.60 1.97 —3.88 0.241
—6.28 3.27 —7.01 0.884
—5.63 3.07 —6.03 0.646
—9.35 512 —10.02 1.070

as the hyperpolarizabilities." For third-order effects
the corresponding hyperpolarizability vy, (second
order hyperpolarizability) is related to the third-
order susceptibility 3 by the equation

x®

S — 8
102N “

Yh =

where N is the density of molecules in the unit of
molecules per cm® and ny is the linear refractive
index of the medium.'”'® The value of y, obtained is
of the order of 10 %?esu, which is well comparable
with the value reported for widely used thiophene
oligomers by Hein et al. and chalcone derivatives
investigated by John Kiran et al.'”"*”

The two photon absorption cross section, o, (in
units of cm®s/Photon), which defines the transition
rate for TPA*® was calculated for all the samples
using the equation

Betr = 02 Na d x 1072 /hv, )

where N, is the Avogadro number, d is the concen-
tration of the samples in mol/Liter and hv is the
energy of an incident photon (in Joules).”"* Tt is
observed that the TPA cross section increases with
the electron donating ability of the substituents. The
measured o, values are in the order of 10 *¢cm?*s/
photon. The calculated values of #5, Perr, G2, Re x(3),
Im ¥, y,, for the samples are shown in the Table 1.

The Re 3 @ values of the pure compounds HZ-1,
HZ-2, HZ-3, and HZ-4 in the same experimental
conditions are calculated to be —3.25 x 10*13esu,
—651 x 10 "esu, —4.96 x 10 esu, and -9.5
x10"esu, respectively. The nonlinear refractive
index n, of the pure compounds HZ-1, HZ-2, HZ-3,
and HZ-4 are —3.1 x 10 'esu, —6.08 x 10 'esu,
—4.44 x 10 "esu, and-8.83 x 10 'esu, respectively.
These results show that the compounds exhibit
larger third-order NLO properties in PMMA host
when compared to the pure compounds. The n elec-
trons associated with the dopant molecules will
form a cloud around the chain and can be distorted
by applying an electric field, which results in to vari-
ation of nonlinear effects in the samples.

From the Table I it is clear that the nonlinear
responses of the samples are influenced by the

strength of the electron donating substituents. The
highest nonlinear response was observed with the
sample HZ-4. In HZ-4, the hydroxy and methoxy
group in the benzene ring (4-hydroxy and 3-
methoxy group) are electron donating groups;
whereas the nitro group (5-nitro group) and ester
group are electron acceptors. Hence, there is a strong
delocalization of electrons in the molecule that gives
rises to the large nonlinear polarization. Conse-
quently, the highest nonlinear response was observed
with the sample HZ-4. In HZ-2, a hydroxy group
(4-OH) is attached in the benzene ring while in HZ-3
a methoxy group (4-OCH;) is attached. Since the
hydroxy group is a stronger electron donor than
methoxy group, we can expect an enhanced nonlinear
response in HZ-2.

The excited state cross section o, for all the sam-
ples can be determined from the procedure
described in the literature.'®* The o, for the sam-
ples HZ-1, HZ-2, HZ-3, and HZ-4 are 0.445 x 10~ '®
em®, 1756 x 107" em? 159 x 107" em? and
1.9 x 107" cm? respectively. The ground state
absorption cross section G, can be calculated from
the equation o = 6,NoC where N, is the Avogadro
number, C is the concentration in moles/cm 2 and o
is the linear absorption coefficient. The o, for the
samples HZ-1, HZ-2, HZ-3, and HZ-4 are 6.64 X
10 ' em? 83 x 107! em?, 3.32 x 10"*! cm?, and
31.37 x 102" cm?, respectively.

B (em/GW)

1
09 1.2 15 1.8 21 24

IO(GW/cm:)
Figure 5 A plot of Beg vs. Iy for sample HZ-3.
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Figure 6 A fall of P with increase in Iy within the sam-
ple HZ-4.

The knowledge of the on-axis irradiance depend-
ence of the nonlinear absorption (NLA) coefficient
gives the information about the mechanism of the
nonlinear absorption. Generally nonlinear absorption
can be caused by free carrier absorption, saturable
absorption, and direct multiphoton absorption or
excited state absorption. If the mechanism belongs to
the simple two photon absorption (TPA), Beg should
be a constant that is independent of the on-axis irra-
diance 10.24 However, in compounds HZ-1 and HZ-3
(substituted with methoxy group) we find that Beg
increases with increase in Iy and the intercept on the
vertical axis is non-zero and the excited state absorp-
tion cross section is greater than the ground state
absorption cross section. This suggests that a higher-

5{]-
n
45 4
40 <
§35"
o
B *1 "
&
25
20+ .
15
n
10 1 1 1 T 1
5 10 15 20 25

Concentration (% in matrix)

Figure 7 The dependence of Pe¢ on the concentration of
the sample HZ-4 in the PMMA.
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Figure 8 Optical limiting behavior in samples (a) HZ-3,
(b) HZ-1, (c) HZ-2, and (d) HZ-4.

order effect, such as excited state absorption (ESA)
accessed via two photon absorption, is contributing
to the NLA.>> However, a decrease of Pei with I
was observed for the compounds HZ-2 and HZ-4.
The fall of Beg with increasing Iy and the large value
of o, compared to o, are a consequence of reverse
saturation absorption (RSA).?® The responses of e
with I, for the samples HZ-3 and HZ-4 are as shown
in the Figures 5 and 6, respectively. The dependence
of Begr on the concentration of the sample HZ-4 in
the polymer matrix is shown in the Figure 7.

The optical limiting experiment was performed by
keeping the sample at the focus. The input pulse
energy steadly increased and output energy was
recorded. Figure 8 shows the optical limiting behav-
ior of the samples at 532 nm. It can be seen that the
best limiting behavior is observed with HZ-4, which
exhibits strongest nonlinear absorption among the
samples. For input energies well below 250 pJ, there
is no damage observed in the samples. However,
beyond 300 pJ there is a deviation from the optical
limiting behavior. It could be due to damage of sam-
ple with laser pulses.

CONCLUSIONS

The third-order nonlinear properties of donor—
acceptor substituted hydrazone derivatives in
PMMA matrix have been investigated by single
beam Z-scan technique at 532 nm. The results show
that these hydrazones exhibit larger third-order
NLO properties in PMMA host when compared to
the pure compounds. Good optical limiting behavior
was observed in all the samples at 532 nm.The cal-
culated values of nonlinear refractive index (1,) and
second order hyperpolarisability (y,) are of the order
of 107" esu and 10 ** esu, respectively. Hence
these hydrazones can be considered as a good class
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of nonlinear optical dopant materials for optical de-
vice applications.
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