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Abstract

The third-order nonlinear optical properties of chalcone derivatives have been studied using the single beam Z-scan technique. The
dependence of v(3) on different donor and acceptor type substituents demonstrates the electronic nonlinearity of compounds. The largest
value of nonlinear refractive index, n2, measured for a high electron donor substituted molecule is �2.033 · 10�11 esu. These molecules
exhibit a strong two-photon absorption and interesting optical limiting of nanosecond laser pulses at 532 nm.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Molecules with large third-order optical nonlinearities
are required for photonic applications including all-optical
switching, data processing, and eye and sensor protection
[1–4]. Molecules those exhibit strong two-photon absorp-
tion are currently of considerable interest for a variety of
applications including optical limiting because of their fast
response and the advantage of high transmission at low
intensity for fundamental optical frequencies well below
the band gap frequency [5]. Recently, we have studied chal-
cone derivatives (dibenzylideneacetone and its derivatives)
for their large third-order nonlinear response [6]. Many
researchers have been reporting large two-photon absorp-
tivities for several organic materials [7,8]. High values of
the nonlinear refractive index n2 (which is proportional to
the real part of v(3)) are essential for electro-optical and
all-optical switching, where as high nonlinear absorption
0030-4018/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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coefficients, b (which is proportional to the imaginary part
of v(3)) are important for optical limiting [9]. The third-
order nonlinearity of these conjugated organic compounds
can be enhanced by (i) increasing the conjugation length, to
increase the distance over which charge can be transferred;
(ii) creating a donor–acceptor–donor motif by substitution
to increase the extent of charge transfer from the ends of
the molecule to the center and (iii) reversing the sense of
symmetric charge transfer by substituting electron accep-
tors and donors, and there by creating acceptor–donor–
acceptor compounds [10].

In this paper, we report on our efforts to enhance the
third-order nonlinearity of a series of p-conjugated organic
compounds by using the above strategy. We have examined
a series of chalcone derivatives substituted with donor and
acceptor groups. We were interested in high electron
donating groups since the increased delocalized electron
density can enhance the third-order nonlinearity. We
report that, among all investigated compounds, the
molecule with strongest electron donor group exhibits
large two-photon absorption at 532 nm as measured with
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Fig. 1a. Linear absorption spectra of samples. (a) mc-3, (b) mc-6, (c) mc-
10 and (d) mc-4.
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Fig. 1b. Linear absorption spectra of samples coded mc-3m, mc-4m and
mc-6m.
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nanosecond laser pulses and shows high value of n2 and
v(3). We demonstrate the strong optical limiting of visible,
nanosecond pulses with these compounds.

2. Experiment

The chalcone compounds we investigated are: 1-(4-
methylphenyl)-3-(4-methylthiophenyl)-2-propen-1-one
(labeled mc-4), 1-(4-methoxyphenyl)-3-(4-methylthiophe-
nyl)-2-propen-1-one (labeled mc-6), 1-(4-chlorophenyl)-
3-(4-methylthiophenyl)-2-propen-1-one (labeled mc-3),
1-(4-methylthiophenyl)-3-(4-tertiarybutylphenyl)-2-propen-
1-one (labeled mc-10), 2-bromo-1-(4-methylphenyl)-3-
(4-methylthiophenyl)-2-propen-1-one (labeled mc-6m),
2-bromo-1-(4-methoxyphenyl)-3-(4-methylthiophenyl)-2-
propen-1-one (labeled mc-4m) and 2-bromo-1-(4-chloro-
phenyl)-3-(4-methylthiophenyl)-2-propen-1-one (labeled
mc-3m). The compounds were synthesized according to
the standard literature procedure [11]. The p-methylthio
benzaldehyde (0.01 mol) and substituted acetophenones
(0.01 mol) were stirred for 2–3 h in presence of sodium
hydroxide solution (0.01 mol). After stirring, it was kept
aside for about an hour. Then the precipitated solid was fil-
tered and dried. It was then recrystallised from ethanol.

The single beam Z-scan technique [12] was used to mea-
sure the nonlinear susceptibility of the samples. This
method allows the simultaneous measurement of both non-
linear refractive index and nonlinear absorption coefficient.
Basically, the method consists of translating a sample
through the focus of a Gaussian beam and monitoring
the changes in the far field intensity pattern. Because of
the light-induced lens like effect, the sample has the ten-
dency to recollimating or defocusing the incident beam,
depending on its z position with respect to the focal plane.
By properly monitoring the transmittance change through
a small aperture placed at the far-field position (closed
aperture), one is able to determine the amplitude of the
phase shift. By moving the sample through the focus and
without placing an aperture at the detector (open aperture),
one can measure the intensity dependent absorption as a
change of transmittance through the sample.

The Q-switched Nd:YAG laser with a pulse width of
7 ns at 532 nm was used as a source of light in the Z-scan
experiment. The Z-scan experiment was performed using
Gaussian beam. A lens of focal length 26 cm was used to
focus the laser pulses into a 1 mm quartz cuvette, which
contained the sample solution. The resulting beam waist
radius at the focused spot was 19.6 lm. This corresponds
to the Rayleigh length of 2.274 mm. The sample thickness
of 1 mm was less than the Rayleigh length and thus it could
be treated as a thin medium. The scan was obtained with a
50% (S = 0.5) aperture and at pulse energy of 0.16 mJ,
which corresponds to a peak irradiance of 2.91 GW/cm2.
In order to avoid cumulative thermal effects, data were col-
lected in single shot mode [13].

In optical limiting experiment, the laser beam was
focused at the center of a 1 mm path-length quartz cell
by a 26 cm convex lens giving a spot radius of 19.6 lm.
Optical limiting was obtained by varying the input energy
and by monitoring input and output energy with Laser
Probe Rj-7620 Energy Ratiometer with two pyroelectric
detectors.

3. Results and discussion

The linear absorption spectra of compounds mc-3–mc-10
and mc-3m–mc-6m are shown in Fig. 1a and 1b, respec-
tively. The UV–VIS absorption spectra of samples were
recorded at room temperature in dilute dimethylformamide
(DMF) solutions [1 · 10�2 mol/L] using the fiber optic spec-
trometer model SD2000, supplied by Ocean Optics Inc. The
absorption spectra show that all compounds are transpar-
ent at 532 nm and hence we measure nonresonant nonlin-
earity. The linear refractive indices of samples obtained by
using an Abbe refractometer are shown in Table 1.

The general structure of compounds coded mc-3, mc-4,
mc-6 and mc-10 is shown in Fig. 2a. The group H3CS
is common on right hand side to all the compounds
where as, D2 is different for different compounds. The com-
pounds mc-4, mc-6 and mc-10 have donor–p-acceptor–
p-donor structure in which there is a symmetric charge
transfer from ends to the center, while the compound
mc-3 has donor–p-acceptor–p-acceptor structure. In order
to study the variation in nonlinear response we synthesized
another type of derivatives of these compounds. The gen-
eral structure of these compounds coded mc-3m, mc-4m
and mc-6m is shown in Fig. 2b. In mc-3m, mc-4m and



Table 1
Values of n0, n2, b, Rev(3) and Imv(3) determined experimentally for different compounds

Name of the samples n0 n2 (10�11 esu) b (cm/GW) Rev(3) (10�13 esu) Imv(3) (10�13 esu)

mc-3 1.423 �1.098 1.472 �1.181 0.23
mc-4 1.421 �1.21 2.046 �1.296 0.26
mc-6 1.421 �1.23 2.690 �1.320 0.42
mc-10 1.420 �2.023 3.035 �2.170 0.47
mc-3m 1.423 �0.719 1.440 �0.770 0.22
mc-4m 1.421 �0.251 0.330 �0.269 0.05
mc-6m 1.423 �0.33 0.321 �0.356 0.049

CH CH C

O

H3CS D2

Fig. 2a. The structure of compounds coded mc-3, mc-4, mc-6 and mc-10.
D2 is Cl, CH3, OCH3 and C(CH3)3, respectively for mc-3, mc-4, mc-6 and
mc-10.
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Fig. 2b. The structure of compounds coded mc-3m, mc-4m and mc-6m.
D2 is Cl, CH3 and OCH3, respectively for mc-3m, mc-4m and mc-6m.
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Fig. 3. Normalized open aperture curves for (a) mc-10 and (b) mc-6. Solid lines
respectively.
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Fig. 4. Normalized closed aperture Z-scan curves for (a) mc-10 and (b) mc-6.
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mc-6m one more acceptor atom, bromine, is attached at
the center.

Z-scan measurements were performed on the sample
solutions of concentration 1 · 10�2 mol/L. The nonlinear
transmission of compounds with and without aperture
was measured in the far field as the sample moved through
the focal point. This allows us to separate the nonlinear
refraction from the nonlinear absorption. The open aper-
ture curves, closed aperture curves, and pure nonlinear
refraction curves of mc-10 and mc-6 are shown in Figs.
3–5, respectively. Fig. 3 shows the normalized transmission
without an aperture at 532 nm. Here, the transmission is
symmetric with respect to focus (z = 0), where it has a min-
imum transmission, showing an intensity dependent
absorption effect. The shape of the open aperture
curves suggests that these compounds exhibit two-photon
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are fit of data to Eq. (1), fitted with b = 3.035 cm/GW and 2.046 cm/GW,
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Solid lines are fit of data to Eq. (5) with D/0 = 1.8 and 1.32, respectively.
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Fig. 5. Normalized pure nonlinear refraction curves obtained by division method for (a) mc-10 and (b) mc-6. Solid lines are fit to the experimental data.
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absorption [14–16]. The model described in [12] was used to
determine the magnitude of nonlinear absorption coeffi-
cient (b) of the samples.

The normalized transmittance for the open aperture
Z-scan is given by [12]:

T ðzÞ ¼ ln½1þ q0ðzÞ�
q0ðzÞ

for jq0ðzÞj < 1; ð1Þ

where

q0ðzÞ ¼
bI0ð1� exp�aLÞ
ð1þ z2=z2

0Þa
;

a is the linear absorption coefficient, L is the thickness of
the sample, I0 is the on axis peak irradiance at the focus,
and z0 is the Rayleigh length given by the formula
z0 ¼ kw2

0=2, where k is the wave vector and w0 is the beam
waist radius at the focus. Eq. (1) is used to fit the open
aperture experimental data. In Fig. 3(a) and (b), the solid
lines are fitted with b = 3.035 cm/GW and 2.046 cm/GW,
respectively.

Fig. 4 shows the normalized transmission of compounds
through a closed aperture. In order to obtain a pure non-
linear refraction curve the division method described in
[12] was used. The curves thus obtained by dividing closed
aperture curve by open aperture curve for samples are
shown in Fig. 5. A prominent peak in the Z-scan curve
shows a strong refractive nonlinearity. The nonlinear
refractive index c is given by the formula [12]:

c ¼ D/0k
2pLeff I0

; ð2Þ

where

Leff ¼
ð1� exp�aLÞ

a

and D/0 is the on axis nonlinear phase shift.
For a Gaussian spatial and temporal distribution:

I0 ¼
4
ffiffiffiffiffiffiffiffi

ln 2
p

Etotal
ffiffiffiffiffi

p3
p

w2
0s

; ð3Þ

where Etotal is the incident energy on the sample after the
reflection from the front surface of the cuvette is taken into
account, and s is the pulse width of laser (full width at half
maximum) [17]. The sign of D/0 and hence n2 is determined
from the relative position of the peak and valley with z.

D/0 is calculated from the relation:

D/0 ¼
DT p-v

0:34ð1� SÞ0:25
for jD/0j 6 p; ð4Þ

where DTp-v is the peak-valley transmittance difference and
S is the linear aperture transmittance [12].

The normalized transmittance for the closed aperture
Z-scan is given by [18]:

T ðxÞ ¼ 1þ 4xD/0

½ðx2 þ 9Þðx2 þ 1Þ� �
2Dw0ðx2 þ 3Þ
½ðx2 þ 9Þðx2 þ 1Þ� ; ð5Þ

where DW0 is the on axis phase shift due to nonlinear
absorption, given by Dw0 ¼ 1

2
bI0Leff . Now, the real part

of the third order nonlinear susceptibility is related to c
through Revð3Þ ¼ 2n2

0e0cc and the imaginary part is related
to the nonlinear absorption through Imvð3Þ ¼ n2

0e0ckb=2p,
where n0 is the linear refractive index, e0 is the permittivity
of free space and c is the velocity of light in vacuum [12].
The nonlinear refractive index n2 (esu) was calculated by
using the conversion formula n2 (esu) = cn0c/40p.

The peak-valley configuration of the pure nonlinear
refraction curves for different compounds shown in Fig. 5
clearly demonstrates that the index change is negative
[12]. The experimentally determined values of n2, b,
Rev(3) and Imv(3) for all the compounds are shown in
Table 1. The results were consistent in all trials with a max-
imum error in measurements less than 8.5%. The nonlinear
response was found to increase on going from mc-3 to mc-
10. The electron donating ability of C(CH3)3 > OCH3 >
CH3 > Cl. Among the investigated compounds, the nonlin-
ear response is highest in the case of mc-10. In mc-10 there
is a S–CH3 group on the left hand side of the molecule and
a C(CH3)3 on the right hand side. The S–CH3 group is
known to be a good electron donor and it gives away elec-
trons easily to form a stable p-electron distributed system.
This donates more electrons into the molecule and on the
other side C(CH3)3 also releases electrons in to the mole-
cule. The acceptor, C@O, at the center accepts electrons
and hence there is a strong delocalization of electrons in
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Fig. 6a. Optical limiting of nanosecond pulses in samples a = mc-10,
b = mc-4, c = mc-6 and d = mc-3.
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the molecule. There is a symmetric charge transfer from the
ends to the center and hence the extent of p-electron trans-
fer is increased in the molecule. Consequently, a highest
nonlinear response was observed with mc-10. In mc-3,
mc-4 and mc-6 the response was observed to vary accord-
ing to the density of delocalized electrons in the molecule.
Therefore, the enhanced nonlinear response of mc-10 is
mainly due to the increased p-electron density in the mole-
cule [9,19]. In mc-3, due to the inductive effect of chlorine,
the p-electron density and the charge transfer in the system
is reduced considerably. Therefore the response is mini-
mum compared to that of other three samples.

In compounds mc-3m, mc-4m and mc-6m there is a bro-
mine atom at the center of molecule. Br is a good electron
acceptor due to its high electronegativity. Bromine, being a
heavy atom, affects the planarity of the molecule, which in
turn reduces the delocalization of electrons through out the
molecule. In conjugated systems, like those of chalcones,
co-planarity is required for the transfer of electrons from
donor to acceptor. In a-Bromo chalcones, the bulky bro-
mine atom sterically interferes with adjacent cis-phenyl ring
and pushes this phenyl ring out of plane. Hence there is no
co-planar arrangement of two phenyl rings with the double
bond and the p-conjugation is thus not effective in the
transfer of electrons from one end to the other in the sys-
tem [20]. As a result, nonlinear response of these samples
was found to decrease upon substitution of Br atom at
position �2 of the propenones. These results indicate that
the nonlinearity varies among these molecules upon substi-
tution of different electron donating and electron with-
drawing groups and thus show that the response is
electronic in origin and that the thermal effect is not the
dominant effect for the third order nonlinear response of
the samples.

Further, to determine the contributions of the solvent to
n2 we conducted Z-scan experiment on the pure DMF, and
found that neither nonlinear refraction nor nonlinear
absorption was observed at the input energy used. Hence,
any contribution from the solvent to the nonlinearity of
the samples is negligible.

Compounds mc-3, mc-4, mc-6 and mc-10 show very
strong two-photon absorption. Hence, optical limiting
based on the two-photon absorption is expected for the
nanosecond laser pulses. The linear transmittance of all
samples (in the region far from the focus) was in the range
90% to 92%. In Fig. 6a optical limiting behavior of these
compounds is shown for nanosecond pulses. An interesting
limiting was observed in the case of mc-4, mc-6 and mc-10,
which have donor–acceptor–donor structure. The nonlin-
ear absorption was observed to increase on going from
mc-3 to mc-10. In the case of mc-10, for input energies less
than 220 lJ/pulse, the output energy increased linearly
with the incident energy. But for energies more than
220 lJ/pulse, the output energy was almost constant
assuming the value of 140 lJ/pulse. The limiting threshold
increased from 220 lJ/pulse to 250 lJ/pulse in the case of
mc-4 and the output was clamped at around 153 lJ/pulse.
Further, this threshold increased to 370 lJ/pulse in the case
of mc-3 and there the output became almost constant at
220 lJ/pulse. The limiting behavior diminished in com-
pounds mc-3m, mc-4m and mc-6m, as shown in Fig. 6b.
As discussed above, the substitution of Br atom affects
the planarity and electron delocalization in molecule.
Hence, these compounds show low two-photon absorption
and very low nonlinear refraction at 532 nm. Therefore, the
output energy is almost linear with the input energy show-
ing the reduced optical limiting in these three samples.

4. Conclusions

The third order nonlinear optical properties of 1-3-dia-
ryl-propenones containing 4-methylthiophenyl moieties
were investigated at 532 nm using the nanosecond single-
beam Z-scan technique. The dependence of nonlinear
response of these samples on donor/acceptor type substitu-
ents was investigated. The variation in p-electron density in
these conjugated materials was found to be responsible for
the variation in their third order nonlinear response. The
compounds with strong electron donor groups exhibit
strong two-photon absorption at 532 nm. This makes them
promising nonlinear optical absorbers and optical limiters.
The compounds coded mc-4, mc-6 and mc-10 show very
good optical limiting properties. The present results may
help us in designing organic materials suitable for device
applications such as optical limiters, optical switches and
optical modulators.
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