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The third order nonlinearities of two azobenzene-iminopyridine molecular systems have been investi-
gated employing the Z-scan technique at 532 nm, 30 ps. The objective of the work has been to study
and to compare the nonlinearity of two iminopyridine based ligands substituted with one (NO2AzoImin-
oPy, A) and two azobenzene units ((NO2Azo)2IminoPy, B). The ligand B exhibits an extended conjugated
structure and higher charge transfer within the molecule. Our results show high dependence of the non-
linearity on both the conjugation length within the molecule and on the number of the electron accepting
units.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Currently there is a growing demand for materials which can be
utilized in photonic applications. The synthesis of novel organic
materials with superior properties and a better insight on the rela-
tion between the molecular structure and the nonlinear optical
(NLO) response is necessary. We have recently demonstrated a sig-
nificant modification of the NLO response of dithiolene complexes
by changing the counter cation [1]. We have also shown that the
introduction of metal cations in a TTF-based ligand resulted in a
switching of the nonlinear absorptive character from Reverse Sat-
urable Absorption (R.S.A.) to Saturable Absorption (S.A.) [2]. Among
organic materials, azobenzenes are well known to exhibit high sec-
ond and third order nonlinearities [3–6], while one of the most
widely investigated azobenzenes is the Disperse Red 1 [7,8]. Due
to their very interesting properties, including the photoinduced
trans–cis photoisomerization, azobenzene-based systems are
promising candidates for numerous applications. It has been dem-
onstrated for example that the cis–trans photo-isomerization and
the high second order nonlinearity of the systems can be utilized
in order to record data in thin azobenzene/polymer films [9,10].
In all cases it is of great importance to investigate the nonlinear
optical response of these systems and to examine the relation be-
tween their structure and the NLO efficiency. In this direction we
report herein comparative third order nonlinear studies between
two azobenzene-iminopyridine derivatives A and B (see Scheme 1).
Note that compound (B) exhibits two electron accepting moieties –
NO2 and an extended conjugation in its molecular structure, which
is expected to have an impact on the nonlinearity of the system.
2. Experimental

Our studies have been carried out by using Z-scan technique
[11], employing a 30 ps mode-locked Nd:YVO4 laser with a repeti-
tion rate of 10 Hz. Z-scan is a single beam technique for measuring
both the nonlinear refraction and the nonlinear absorption. It con-
sists of measuring the transmittance simultaneously in the far field
by the so-called ‘open aperture’ (OA) and ‘closed aperture’ (CA) Z-
scans, as the sample is moving along the propagation path and
through the focal plane of a focused laser beam. In particular, dur-
ing OA measurements the totally transmitted light is collected by a
large diameter lens and detected by a photomultiplier for each po-
sition of the sample, while for the CA a small part of the laser beam
is collected after passing through an aperture (ø1.3 mm) placed in
front of the photomultiplier. In order to account for the nonlinear
absorption contribution in the CA signals, one can divide the CA
recordings by the corresponding OA recordings. The curve obtained
after this division is called ‘divided’ Z-scan and it contains
information related only to the nonlinear refractive part of the
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Scheme 1. Chemical structures of the two studied systems A and B.
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Figure 1. UV–Vis absorption spectra of compound A dissolved in toluene. Inset:
UV–Vis absorption spectra of compound B dissolved in nitrobenzene.
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nonlinearity. From the OA curves the nonlinear absorption can be
determined. More specifically the OA Z-scan recordings can show
a transmission maximum or a transmission minimum, correspond-
ing to Saturable Absorption (S.A.) and Reverse Saturable Absorp-
tion (R.S.A.), respectively. On the other hand the ‘divided’ Z-scan
can exhibit a ‘valley-peak’ or a ‘peak-valley’ configuration, corre-
sponding to positive (self-focusing) or negative (self-defocusing)
response.

The absorption and the refraction index of a material under
intense laser excitation can be expressed, considering also the non-
linear terms, as:

a ¼ a0 þ b I0

n ¼ n0 þ c0 I0
ð1Þ

where a0 (cm�1) and n0 are the linear absorption and refraction
parameters, b(cm/W) is the nonlinear absorption coefficient,
c0(cm2/W) is the nonlinear refraction parameter and I0 (W/cm2) is
the on-axis intensity of the laser beam.

From the CA, OA curves the nonlinear refraction parameter (c0)
and the nonlinear absorption coefficient (b) can be determined
using the following equations:

T ¼
X1

m¼0

�bI0Leff =ð1þ z2=z2
0Þ

� �m

ðmþ 1Þ3=2 ð2Þ

T ¼ 1� 4DU0x
ðx2 þ 9Þðx2 þ 1Þ ð3Þ

where T is the normalized transmittance, Leff is the effective thick-
ness of the sample, a0 is the linear absorption coefficient at the laser
excitation wavelength and DU0 is the on-axis nonlinear phase shift
at the focus and its related with the nonlinear refraction parameter
through the equation DU0 ¼ kI0c0Leff :

The nonlinear absorption and refraction parameters are related
to the third order nonlinear susceptibility by the following
equations:
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Figure 2. Characteristic ‘open-aperture’ Z-scan recordings of (a) System
Imvð3ÞðesuÞ ¼ 10�7c2n2
0

96 p2x b ðcmW�1Þ

Revð3ÞðesuÞ ¼ 10�6cn2
0

480 p2 c0ðcm2 W�1Þ
ð4Þ

where c is the speed of light in cm/s and x is the fundamental fre-
quency given in cycles s�1.

The second order hyperpolarizability (c) can be deduced from
the third order nonlinear susceptibility (v(3)) using the equation:

c ¼ vð3Þ

NL4 ð5Þ

where N is the number of molecules per volume and L is the local
field correction factor.
3. Results and discussion

The chemical structures of the studied azobenzene-imino
pyridine based dreivatives, namely NO2Azo2IminoPy (A) and
(NO2Azo)2IminoPy (B) are presented in Scheme 1(a and b). Both
molecules contain an electron accepting group (–NO2), which is ex-
pected to enhance the charge transfer within the molecule and
sequentially the nonlinear optical response.

The electronic absorption spectra of the two compounds were
obtained using a UV–Vis spectrometer (Perking Elmer, model
Lambda 19) in the spectral range of 250–800 nm.
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A and (b) System B and the corresponding solvent (nitrobenzene).
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Figure 3. Characteristic ‘divided’ Z-scan recordings of (a) System A and toluene and (b) System B and nitrobenzene.

Table 1
Nonlinear optical parameters of the Azo based Iminopyridine A determined by means of the Z-scan technique (532 nm, 30 ps).

C Rev(3) Imv(3) Rec Imc c
(mM) (�10�13 esu) (�10�13 esu) (�10�30 esu) (�10�30 esu) (�10�30 esu)

Compound A 2.50 �1.31 ± 0.09 0.64 ± 0.09 �0.03 ± 0.01 0.010 ± 0.003 0.03 ± 0.01
2.00 �1.09 ± 0.08 0.50 ± 0.09
1.75 �0.94 ± 0.09 0.45 ± 0.08
1.50 �0.5 ± 0.09 0.41 ± 0.09
1.00 �0.66 ± 0.09 0.28 ± 0.06
0.50 �0.48 ± 0.10 0.16 ± 0.07

Table 2
Nonlinear optical parameters of the Azo based Iminopyridine B determined by means of the Z-scan technique (532 nm, 30 ps).

C Rev(3) Imv(3) Rec Imc c
(mM) (�10�12 esu) (�10�12 esu) (�10�30 esu) (�10�30 esu) (�10�30 esu)

Compound B 1.00 �1.29 ± 0.07 n/a �0.37 ± 0.2 �0.20 ± 0.02 0.4 ± 0.2
0.75 �0.92 ± 0.03 n/a
0.50 �0.66 ± 0.03 �0.31 ± 0.01
0.25 �0.08 ± 0.02 �0.13 ± 0.01
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Figure 4. (a) Rev(3) as a function of concentration for A and B, (b) Imv(3) as a function of concentration for compound A.
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The electronic absorption spectra for compound A recorded in
toluene solution is presented in Figure 1 and is exhibiting a typical
azobenzene absorption band located at kmax = 380 nm. The elec-
tronic absorption spectra for compound B was recorded in nitro-
benzene solution (inset Figure 1). This system exhibits a strong
electronic absorption band that is red shifted towards the visible
region of the spectrum, kmax = 455 nm. This shift is mainly due to
the use of nitrobenzene as solvent because the absorption peak
of compound B recorded in toluene solution was also located at
around 380 nm like in system A.

In order to determine the nonlinear optical properties for com-
pounds A and B, different concentrations have been prepared for
each compound. For solubility reasons compound A was dissolved
in toluene and compound B in nitrobenzene. For the needs of the
measurements the samples were put into 1 mm thick quartz
cuvettes. In both cases the contribution of the solvents to the
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nonlinearity has been separately investigated. The measurements
have been carried out at the frequency doubled laser beam
(532 nm) and energy dependent measurements have been carried
out for every concentration of each molecular system.

In Figure 2a and b characteristic ‘open-aperture’ Z-scan record-
ings are presented for systems A and B respectively. The contribu-
tion of nitrobenzene is shown in graph 2b and was obtained under
the same experimental conditions with those of system B. On the
contrary the nonlinear absorption of toluene has been found to
be negligible compared with that of system A. As it is obvious from
Figure 2a and b the solutions of systems A and B exhibit a transmit-
tance minimum around the focal point. As far as it concerns the
solutions of system A the totality of the nonlinear absorption is
attributed to the compound A (as the solvent has a negligible ef-
fect) so as a result the nonlinear absorption of system A is of Re-
verse Saturable Absorptive (RSA) character. On the contrary in
the case of compound B the dip obtained in the case of the solu-
tions is smaller than that of the solvent (nitrobenzene). As a result
it can be deduced that the sign of the nonlinear absorption of com-
pound B is opposite to that of the solvent corresponding to Satura-
ble Absorption (SA) behavior. The fact that the absorption
character of systems B changed comparing to system A is related
to the fact that the increase of the conjugation length as well as
the introduction of a second electron accepting nitro group modi-
fies the energy levels of this system. So, for system B the SA can be
attributed to the fact that the exited-state absorption cross-section
is lower compared with that of the ground state, while the opposite
applies for system A. The reversing of the absorption character as
reported elsewhere [12] can also depend for each molecule on
the wavelength and on the intensity of the laser used.

Concerning the nonlinear refraction the response of the com-
pounds has been studied comparatively with that of the solvents
as they are well known to exhibit high nonlinear refractive param-
eters [13,14]. In Figure 3a and b characteristic ‘divided’ Z-scan
recordings are presented for both systems together with the curves
corresponding to the solvents. It can be seen that in the case of sys-
tem A (0.5 mM in toluene) a valley-peak configuration has been
found, which has been however lower than that of the solvent. This
leads to the result that the nonlinear optical refraction of com-
pound A is negative (self-defocusing). A self-defocusing character
(negative c0) has been also found in the case of compound B. The
peak-valley configuration found in this case (Figure 3b) for the
same concentration demonstrates a higher nonlinear refractive re-
sponse for this system. In this sense the nonlinear refraction ema-
nating from the dissolved compound surpasses that of the solvent
resulting in a peak-valley configuration.

From the analysis of the ‘open-aperture’ and ‘divided’ Z-scan
data, the nonlinear absorption coefficient (b) and the nonlinear
refractive parameter (c0) have been determined using Eqs. (2)
and (3). Then by means of Eq. (4) the real and the imaginary part
of v(3) for each concentration have been deduced and are shown
in Tables 1 and 2 for the compounds A, B respectively.

Moreover in Figure 4a and b the concentration dependence of
the real and imaginary parts of v(3) for both systems is shown.
As it is expected a linear dependence upon the concentration is ob-
served verifying that no saturation of the response for this range of
concentrations/energies was taking place. Additionally it is obvious
that the magnitude of the slope of the fit in the case of the nonlin-
ear refraction of compound B is much higher than that in the case
of compound A. The slopes of these fittings are directly related
with the real part of the second order hyperpolarizabilities (Eq.
(5)), which have been derived and can be seen also in Tables 1
and 2 for the two molecular systems. As expected from graph 4a
the Rec of B is dramatically enhanced with respect to that of A
(about one order of magnitude). Concerning the Imv(3), concentra-
tion dependent measurements have been achieved only in the case
of system A. In the case of system B higher nonlinear absorption
has been found which resulted to cancellation of the contribution
of the solvent for high concentrations. As a result in the case of
higher concentrations (more than 0.5 mM) and under the present
experimental conditions low signal to noise ratios have been
found. Consequently the imaginary part of the second order hyper-
polarizability has been determined from the lower concentrations
as it can be seen in Table 2.

In summary we report that the increase of the nonlinear optical
response for compound B comparing to that of compound A can be
attributed to the increase of the conjugation length of the mole-
cule. This finding is in good agreement with results reported by
Y. Qian et. al. [15] who have shown that larger hyperpolarizabili-
ties can be obtained in azobenzene-based systems by increasing
the molecular conjugation length and the donor–acceptor conjuga-
tion path.

4. Conclusions

In summary, two novel p-conjugated azo based iminopyridine
derivatives were studied using the Z-scan technique at 532 nm
employing a 30 ps mode-locked Nd:YVO4 laser with a repetition
rate of 10 Hz. Compound A exhibited RSA process and self-defocus-
ing while compound B exhibited SA and self-defocusing. The Z-
scan measurements also revealed the increase of the nonlinearities
for these iminopyridine based systems with the increase of the
conjugation length of the molecule. The second order hyperpolar-
izability values were obtained to be �0.03 � 10�30 esu and
0.40 � 10�30 esu for compound A and B, respectively. These find-
ings are highly desirable in nonlinear optics since the combination
of SA and RSA as well as the tuning of the NLO response, upon con-
jugation length or the number of acceptor units, can be used for
several photonic applications.
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