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Organic push–pull chromophoric system containing thiazole Schiff bases were synthesized from amino-
thiazole intermediate. These novel chromophores possessed excellent thermal and optical properties
with complete transparency in the visible spectral region. Thermogravimetric analysis revealed that all
dyes were thermally stable at temperatures above 300 �C. The third-order nonlinear optical studies, per-
formed using the Z-scan technique with �2 ps pulses, revealed excellent three photon absorption coef-
ficients/cross-sections combined with reasonably high values of nonlinear refractive index (n2). The
solute n2 was of opposite sign compared to that of solvents. To the best of our knowledge, this is the first
report of three-photon absorption studies in Schiff base compounds.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The basic phenomena of multi-photon absorption proposed
theoretically by Goppert–Mayer [1] in the early 1930s and the
recent observation/demonstration of such phenomena using intense
laser pulses has opened up several important and advanced appli-
cations like high-density optical data storage [2,3], photo-dynamic
therapy [4], and optical limiting [5]. The success of such applica-
tions and several others demand efficient materials exhibiting
multi-absorption phenomena. The design of novel chromophores
based on structure-property relationship and their synthesis is
especially challenging. In this context, organic materials have con-
tributed significantly towards understanding and creating materi-
als with large multi-photon absorption coefficients and several
reports are available in the literature [6–8]. The field of two-photon
absorption (2PA) has been successfully explored in the last two
decades including many systems containing strong-electron donor
(D), a polarisable p-bridge (p), and a strong p-electron acceptor (A).
In an experimental report He et al. [8] have demonstrated that cer-
tain two-photon active organic molecules provided excellent re-
sults in three-photon absorption (3PA) applications. Nevertheless,
only a few reports are documented for materials, especially organic
molecules, with strong 3PA. Some of the active molecules reported
ll rights reserved.
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in literature include metal complexes such as dinaphthoporphyc-
enes [9–11], phthalocyanines [12,13], organometallic ruthenium
dendrimer [14], and platinum acetylide [15]. Metal free molecules
have reports of some moieties like fluorene derivatives [16,17], tri-
phenylamine derivative with three conjugated branches [18], stil-
bazolium-like dyes [19] involving C@C bond or C„C bond as the
conjugation bridge and Y-shaped chromophores with heterocyclic
bridges [20]. These molecules investigated as three photon active
materials have variable systems wherein D–p–D and D–p–A are
usually used. Wu et al. [21] have designed D–p–A chromophore
using diphenyl amino group as donor, oligofluorene as linker and
triazole ring as an electron acceptor and studied their NLO proper-
ties using femtosecond (fs) pulses. Lin et al. [22] have synthesized
D–p–D system in the central part with electron acceptor system
like 2,5-diphenyloxadiazole extended identically from both sides
of the donor. Zhou et al. [23] reported high cross section values
with an organic dye containing two pyrrolidinyl units connected
by Stilbene Bridge. Cronstrand et al. [24] have theoretically pre-
dicted that a donor–acceptor system connected to dithienothioph-
ene linker increased 3PA probability by a factor of six as compared
to donor–donor system. However, till date and to the best of our
knowledge, no molecules based on strong acceptor system like
phenyl nitro groups have been experimentally studied for 3PA.
Furthermore, conjugation systems like C@N bond or Schiff bases
have been explored only for 2PA [25] and no report on C@N bond
containing Schiff bases with 3PA has occurred yet, to the best of
our knowledge. Looking at these aspects, it is clear that organic
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chromophores with push–pull chromophoric system possess wide
scope for further exploration for applications in the fields utilizing
3PA. Herein, for the first time, we investigate 3PA studies in push–
pull chromophoric system containing phenyl substituted or het-
erocyclic donors connected to thiazole based linker via imine bond
and nitrophenyl groups as acceptor. Ultrafast all-optical switching
devices are key components for next generation broadband optical
networks. The implementation of such devices requires materials
with low linear and nonlinear losses, high refractive nonlinearities
and response times of a few picoseconds or less. It has been devel-
oped that inclusion of a sulfur heteroatom in the p-conjugated sys-
tem might favor the enhancement of nonlinearity. Furthermore,
thiazole or benzthiazole units have been shown to be attractive
building blocks for synthesis of dyes with 2PA. In addition, incor-
porating a good donor group improves desirable nonlinear optical
(NLO) properties such as high values of 3PA cross sections [26]. In
this context we studied the NLO properties of thiazole based Y-
shaped chromophores containing C@N bond as the conjugation
bridge. The donor groups were varied by including moieties like in-
dole, diethylaminohydroxybenzene, and carbazole in the chromo-
phoric system. A systematic investigation of nonlinear absorption
and nonlinear refraction of these chromophores using ps pulses
is discussed.
2. Synthesis and experimental details

All the solvents and chemicals were procured from S D fine
chemicals (India) and were used without further purification. The
reactions were monitored by TLC using 0.25 mm E-Merck silica
gel 60 F254 pre-coated plates, which were visualized with ultravi-
olet light. UV–visible absorption spectra were recorded on Spec-
tronic genesis 2 spectrophotometer instruments from dye
solutions (�mM) in chloroform. The 1H NMR spectra were re-
corded on 400 MHz on Varian mercury plus spectrometer. Chemi-
cal shifts are expressed in d ppm using TMS as an internal standard.
Mass spectral data were obtained with micromass-Q-Tof (YA105)
spectrometer. Elemental analysis was done on Harieus rapid ana-
lyzer. Melting points measured and thermogravimetric analysis
was carried out on SDT Q600 v8.2 Build 100 model of TA
instruments.
2.1. Synthesis of Schiff base 8a–8c

We synthesized three novel and rigid chromophoric Y-shaped
systems containing thiazole based Schiff bases. The novel Schiff
base derivatives 8a–8c were prepared by refluxing the intermedi-
ate 4,5-bis(4-nitrophenyl)-1,3-thiazole-2-amine 6 with carbalde-
hyde compound 7a–7c in glacial acetic acid as illustrated in
Fig. 1. The aldehydes 7a–7c were obtained by the classical Vilsme-
ier Haack reaction [27]. The aminothiazole intermediate was syn-
thesized in a sequence of five steps in accordance with literature
report [28] wherein in the initial stage, 2-hydroxy-1,2-diphenyl-
ethanone 1 was refluxed in pyridine followed by addition of thio-
nyl chloride to obtain 2-chloro-1,2-diphenylethanone 2. This was
subsequently condensed with thiourea in ethanol and then soaked
in sodium hydroxide to afford 4,5-diphenyl-1,3-thiazol-2-amine 3
in excellent yield. Acetylation of 3 with acetic anhydride in glacial
acetic acid and few drops of concentrated sulphuric acid yielded N-
(4,5-diphenyl-1,3-thiazol-2-yl) acetamide 4. Nitration of 4 with
fuming nitric acid to yield N-[4,5-bis(4-nitrophenyl)-1,3-thiazol-
2-yl]acetamide 5. Deacylation of 5 with aqueous hydrochloride af-
fords 4,5-bis(4-nitrophenyl)-1,3-thiazol-2-amine 6 in excellent
yield. The structures of the compounds (8a–8c) were characterized
by FT-IR, 1H NMR spectroscopy, mass spectrometry and elemental
analysis.
2.1.1. N,N0-((9-butyl-9H-carbazole-3,6-diyl)bis
(methanylylidene))bis(4,5-bis(4-nitrophenyl) thiazol-2-amine) (8a)

A mixture of N-butyl-3,6-carbazoledialdehyde 7a (0.81 g,
2.91 mM) and 4,5-bis(4-nitrophenyl)-1,3-thiazol-2-amine com-
pound 6 (2 g, 5.84 mM) was added to the glacial acetic acid
(60 ml) with stirring for 24 h at 110 �C. The reaction was monitored
by TLC. For work-up, the mixture was added to cold water. The
product was filtered and residual product was dried in an oven un-
der vacuum. The crude product on purification by column chroma-
tography (mobile phase: hexane and silica gel 60–120 mesh).

2.2 g, 65 % yield; M.P.: 302 �C; 1H NMR (CDCl3 , 300 MHz): d
8.18–8.10 (m, 10H, CH); d 7.62–7.56 (m, 6H, CH); d 7.48–7.42 (m,
6H, CH); d 7.20 (m, 2H, CH); d 7.20 (m, 2H, CH); d 2.40–2.20 (m,
2H, CH2); d 2.18–2.10 (m, 2H, CH2); d 1.22–1.18 (m, 2H, CH2); d
0.80 (m, 3H, CH3); LCMS: m/z calculated for C48H33N9O8S2 (M+H)
928.8 calculated 927.1; Elemental analysis calculated (found); C
62.13 (62.09), H 3.58 (3.42), N 13.58 (13.75), S 6.91(6.90); IR
(neat): m (cm�1) 2921 (Ar CAH), 1695 (C@N), 1591 (C@C), 1506
(NO2), 1336 (NO2), 1280 (C@C), 1105 (CAN).

2.1.2. 2-(((4,5-bis(4-nitrophenyl)thiazol-2-yl)imino)methyl)-5-
(diethylamino)phenol (8b)

The product 8b was prepared by a similar procedure as stated
for 8a except that a mixture of N,N-diethylaminophenolaldehyde
7b (0.96 g, 5.84 mmol) and 4,5-bis(4-nitrophenyl)-1,3-thiazol-2-
amine compound 6 (2 g, 5.84 mmol) were taken as substrates.

1.97 g, 69% yield; M.P.: 258 �C 1H NMR (CDCl3, 300 MHz): d
8.22–8.14 (m, 5H, CH); d 7.68–7.46 (m, 6H, CH); d 7.34–7.32 (m,
1H, CH); d 2.30 (m, 10H, CH); LCMS: m/z calculated for C26H23N5O5-

S (M+H) 518.4 calculated 517.4; Elemental analysis calculated
(found); C 60.34 (60.38), H 4.48 (4.18), N 13.53 (13.93), S
6.20(6.37); IR (neat): m (cm�1) 3380 (OAH), 3186 (Ar CAH), 1670
(C@N), 1595 (C@C), 1508 (NO2), 1338 (NO2), 1278 (C@C), 1105
(CAN).

2.1.3. N-((1-butyl-1H-indol-3-yl)methylene)-4,5-bis(4-
nitrophenyl)thiazol-2-amine (8c)

The product 8c was prepared by a similar procedure as stated
for 8a except that a mixture of indole-3-aldehyde 7c (1.2 g,
5.84 mmol) and 4,5-bis(4-nitrophenyl)-1,3-thiazol-2-amine com-
pound 6 (2 g, 5.84 mmol) were taken as substrates. 2.2 g, 71%
yield; M.P.: 266 �C 1H NMR (CDCl3 , 300 MHz): d 8.24–8.16 (m,
6H, CH); d 7.60–7.66 (m, 3H, CH); d 7.52–7.48 (m, 3H, CH); d
7.20 (m, 2H, CH); d 2.30–2.15 (m, 4H, CH2); d 1.80 (m, 2H, CH2);
d 1.30 (m, 3H, CH3); LCMS: m/z calculated for C28H23N5O4S
(M+H) 527.2 calculated 526.0; Elemental analysis calculated
(found); C 63.99 (64.02), H 4.41 (4.43), N 13.33 (13.48), S 6.10
(6.45); IR (neat): m (cm�1) 3060 (Ar CAH), 1670 (C@N), 1593
(C@C), 1510 (NO2), 1340 (NO2), 1278 (C@C), 1105 (CAN).

The linear absorption spectra of novel synthesized push pull
chromophores were measured for concentrations of 1 � 10�3 M
(in chloroform) in a cell of 1 cm path length whereby influences
of the quartz cuvette and solvent have been subtracted. We had
also tested the thermal stability of dyes by thermal gravimetric
analysis (DSC-TGA) carried out in the temperature range 25–
600 �C under nitrogen gas at a heating rate of 10 �C min�1. Nonlin-
ear absorption (NLA) of 8a–c were measured by the open aperture
Z-scan technique at room temperature with laser pulses from a
chirped pulse amplified Ti:sapphire laser system operating at a
wavelength 800 nm delivering nearly transform-limited (�2 ps,
1 kHz repetition rate) pulses [9,11,12,29–33]. The measurements
were performed with solutions (chloroform) at a concentration of
2–5 mM. A quartz cuvette (1-mm thick) containing the sample
solution was traversed in the focusing geometry enabled by an
achromat lens of 200 mm focal length. The beam waist (2x0) at
focal plane was estimated to be �68 lm (FW1/e2M) with a



Fig. 1. Schematic route for synthesis of Schiff base colorants 8a-8c.
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corresponding Rayleigh range (Zr) of �4.5 mm ensuring the valid-
ity of thin sample approximation. Typically <3 lJ energy pulses
were used for the experiments. The nonlinear absorption coeffi-
cients [3PA coefficients (a3) in this case] were obtained from the
open aperture data analysis whereas the intensity dependent non-
linear refractive indices (n2) of the samples were obtained from the
closed aperture data.
Fig. 2. UV–visible absorption spectra of 8a–8c in chloroform (CHCl3).
3. Results and discussion

The heterocyclic donor group containing thiazole Schiff bases
8a and 8c exhibited similar spectral features in the absorption
spectra recorded, clearly illustrated in Fig. 2. Both these dyes
contained a broad band starting from 225 nm and dropping at
350–370 nm, in addition to a hump ending at 450 nm. In case of
compound 8b, two major bands existed in the spectral range of
225–300 nm and 350–370 nm followed by a slight hump ending
at 440 nm. It should be noted that there is no linear absorption
attributed beyond 450 nm and, therefore, represents excellent
transparency in the visible region. Inset of Fig. 2 illustrates the
structures of compounds 8a–8c.

The TGA curves revealed that all dyes were thermally stable
even above 300 �C as revealed in Table 1. The thermogravimetric
curves indicates that compound 8a showed best thermal stability
up to 333 �C which might be owing to the rigid nature of the
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Fig. 3. Open aperture Z-scan data of compounds (a) 8a (b) 8b (c) 8c (in CHCl3). Inset
shows the closed aperture data. Solid lines are fits while scattered points are
experimental data.
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di-substituted Schiff base chromophore. Differential scanning calo-
rimetric (DSC) analysis of chromophores 8a, 8b, and 8c, illustrated
exothermal peaks at 257 �C, 256 �C, and 266 �C, respectively.
Fig. 3a–c shows typical open aperture and closed aperture (inset)
Z-scan data for the compounds 8b, 8a, and 8c with concentrations
of 2 mM, 2 mM, and 5 mM, respectively. Solvent contribution, ob-
tained by recording the open aperture data with pure solvents, was
negligible (at least 25 times lower) in the present studies. Open
aperture data was recorded with a peak intensity of 83 GW/cm2

while the closed aperture data was recorded at 28 GW/cm2 in or-
der to avoid any contribution from higher order nonlinearities.
Closed aperture of the solvent provided a value of
2.8 � 10�16 cm2/W but, most importantly, the sign was opposite
to that of the solution suggesting that the actual value of solutes
could be higher than values estimated and presented here.

Three-photon absorption (3PA) equation used for fitting the
data was

TOAð3PAÞ ¼ 1
p1=2p0

Z 1

�1
ln ½1þ p2

0 expð�2s2Þ�1=2 þ p0 expð�s2Þ
n o

ds

where p0 ¼ ð2a3L0eff I
2
0Þ

1=2, a3 is the 3PA coefficient, I0 is the intensity
as a function of z, z is the sample position, Z0 ¼ px2

0=k is the Ray-
leigh range: x0 is the beam waist at the focal point (z = 0), k is
the laser wavelength; effective path length in the sample of length
L for 3PA is given as:

L0eff ¼
1� e�2a0L

2a0

We have evaluated the three photon cross-section (r3) using
the relation:

r3 ¼
ð�hxÞ2

N
a3

where x is the frequency of the laser radiation, and N is the number
density given by C � NA/1000, where C is the molar concentration,
NA is the Avogadro number.

The closed aperture data were fitted using the equation [9]:

TCA ¼ 1þ
4D/ð z

z0
Þ

ðð z
z0
Þ2 þ 9Þðð z

z0
Þ2 þ 1Þ

T is the normalized transmittance, D/ is the nonlinear phase shift,
x = Z/Zr is the normalized position with respect to the Rayleigh
range.

I0 ¼
I00

1þ Z2

Z2
0

� �

where I00 is the peak intensity at focus calculated using the relation:

I00 ¼
2E

p3=2w2
0ðHW1=e2MÞspðHW1=eMÞ

E is the input pulse energy, s is the pulse duration, 2x0 is the beam
diameter at focus.

The fits to the data in Fig. 3a–c were performed with 3PA equa-
tion and when we tried fitting with 2PA equation the fits were not
Table 1
Physical data and thermal behavior of dyes 8a–c.

Dye
no.

Yield
(%)

Melting
point

Temperature of
stability (�C)

Weight of compound
(in %)

8a 82 302 333 90.6
8b 78 258 300 95.1
8c 80 266 310 97.8
matching the experimental data, especially near focal region. The
error bars presented in Fig. 3a–c represents errors in (a) intensity
fluctuation of laser pulses (b) errors in data collection. Insets of
Fig. 3a–c depicts the closed aperture data (open circles) and the fits
(solid lines). The closed aperture data was divided by open aper-
ture data to account for the presence of any nonlinear absorption.
3PA fits obtained at lower peak intensities (Fig. 4a–c) indicated
much higher values suggesting that there could be contribution
from excited state absorption and the 3PA coefficient presented



-40 -20 0 20 40
0.95

0.96

0.97

0.98

0.99

1.00

1.01

(a)

 Expt
 3PA

α
3

= 9.3×10-22cm3/W2

 I00 = 55 GW/cm2

N
or

m
.T

ra
ns

m
it

ta
nc

e

Z (mm)

-40 -20 0 20 40

0.94

0.96

0.98

1.00

(b)

 Expt
 3PA

α
3

= 13.2×10-22cm3/W2

 I00 = 55 GW/cm2

N
or

m
.T

ra
ns

m
it

ta
nc

e

Z (mm) 

-40 -20 0 20 40

0.95

0.96

0.97

0.98

0.99

1.00

1.01

(c)

 Expt
 3PA

α
3

= 10.4×10-22cm3/W2

 I00 = 55 GW/cm2

N
or

m
.T

ra
ns

m
it

ta
nc

e

Z (mm)

Fig. 4. Open aperture Z-scan data of (a) Compound 8a (b) Compound 8b (c)
Compound 8c recorded at low peak intensity of 55 GW/cm2. Solid lines are fits
while scattered points are experimental data.
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here is an effective coefficient with 2 + 1 photon kind of absorption
(2PA + excited state absorption) [11]. To confirm whether the pro-
cess was indeed due to 3 photons we plotted the graph of ln(I00)
versus 1 � TOA for sample 8c. The data, shown in Fig. 5 for such a
plot with value of slope close to 2, clearly indicates the process is
indeed 3PA process. Interestingly, 8b demonstrated strong 3PA
coefficient and cross-section magnitude compared to dyes 8a and
8c which could, probably, be due to greater intramolecular charge
transfer from the hydroxy groups to the conjugated core in the D–
p–A system. In addition, disubstituted molecule (8a) exhibited
superior 3PA than mono substituted molecule (8c) owing to great-
er charge separation.

The values of n2 obtained from closed aperture data were
5.9 � 10�16 cm2/W, 5.7 � 10�16 cm2/W, and 7.4 � 10�16 cm2/W,
for 8a, 8b, and 8c, respectively, indicating that 8c had better coef-
ficient. The real part of second hyperpolarizability (cR) has also
been evaluated using n2 values [37]. The magnitude of cR was esti-
mated to be �10�31 e.s.u. for all the molecules investigated. How-
ever, when the figure of merit (V = ka3I0/3n2) was calculated [34],
taking into account the linear absorption and the value of n2, all
the compounds had similar values in the range of 0.5–0.6, indicat-
ing excellent potential. The complete NLO coefficients and cross-
sections of 8a–8c are summarized in Table 2. These coefficients
are comparable to some of the successful compounds reported re-
cently in literature. For example, porphycenes [9,10] had cross-sec-
tions in the range of 14–103 � 10�77 cm6 s2/photon2 where as
phthalocyanines [11] possessed cross-sections in the range of
10�80 cm6 s2/photon2 wherein the measurements were performed
under similar conditions with �2 ps pulses. Hernandez et al. [17]
observed 3PA in fluorene derivatives with cross sections of
�10�77 cm6 s2/photon2 using 35 ps pulses. The 3PA cross-section
of D–p–D analog was 2.2 times greater than that of its D–p–A
counterpart demonstrating that symmetric charge transfer en-
hanced 3PA. Cohanoschi et al. [16] demonstrated that symmetrical
charge transfer from the center to the periphery in A–p–A fluorene
derivatives enhanced their 3PA cross-section. Wu et al. [21] ob-
tained cross sections in the range of 10�80 cm6 s2/photon2 in D–
p–A systems with fs pulses. Zhan et al. [35] working with 35 ps
pulses observed that the r3 values (�10�77 cm6 s2/photon2) of six
stilbazolium derivatives increased linearly with the electron-
donating ability of the donor units, from N-methylpyrrole, to pyr-
role, to furan, and to thiophene. Liu et al. [36] studied symmetrical
fluorene-based molecule suing 38 ps pulses and observed 3PA in-
duced optical limiting with 3PA cross-section of �10�76 cm6 s2/
photon2. Ma et al. [38] explored 3PA of two novel symmetrical
charge transfer fluorene-based molecules again using 38 ps pulses
and obtained magnitudes similar to those of Liu et al. [36]. Aude-
bert et al. [39] investigated range of two families of D–p–A mole-
cules possessing the same withdrawing group and p connecting
system, donor groups with various strengths and observed 2PA
with 130 fs pulses instead of 3PA. Therefore, it is imperative to
thoroughly investigate all the novel molecules synthesized to
understand the structure property relationship and thereby tailor-
ing these molecules to suit specific requirements for practical
applications.

The stability of the colorant molecules was tested both in terms
of thermal stability and chemical stability. The high thermal stabil-
ity of these molecules (decomposition temperature >300 �C) was
clearly observed from thermogravimetric analysis data. In addi-
tion, the samples were also very stable in terms of chemical and
time stability. This was clear from the fact that there was no
change in sample even after storing it for 6 months as per the anal-
ysis done by FTIR and NMR methods. Z-scan experiments were
performed using peak intensities up to 100 GW/cm2 and we did
not observe any physical damage to the samples. However, inde-
pendent experiments were performed to test the molecules in
solution form for any laser damage using peak intensities up to
200 GW/cm2. We did not observe any damage which was con-
firmed from the absorption spectra recorded before and after
the exposure to these peak intensities.

Our initial studies, obtained using much shorter pulses, strongly
suggest that these are potential molecules with strong 3PA
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Table 2
Summary of NLO coefficients extracted from data for dyes 8a–c.

Dye
no.

I0

(GW/
cm2)

a3

(cm3/W2)
� 10�22

r3

(cm6 s2/
photon2)
� 10�77

n2

(cm2/
W) � 10�16

Re [v3]
(e.s.u.)

cR (e.s.u.)

8a 83 (55) 3.60 (9.30) 1.85 5.90 6.7 � 10�13 3.29 � 10�31

8b 83 (55) 6.50 (13.2) 3.34 5.70 6.5 � 10�13 3.19 � 10�31

8c 83 (55) 3.95 (10.4) 0.81 7.40 8.6 � 10�13 1.69 � 10�31
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coefficients with relevant possible applications in bio-imaging. Our
future studies comprise (a) studying their NLO properties at visible
and near-IR wavelengths (and with femtosecond pulses) to exam-
ine their true potential for device applications (b) dope these dyes
in a suitable matrix and extend the NLO studies (c) examine the ex-
cited state dynamics using fs/ps pump-probe techniques [12].

4. Conclusions

In conclusion, we have synthesized three novel Schiff bases
with excellent thermal properties and no absorption in the visible
region. The synthesized compounds were subjected to NLO studies
at 800 nm where they were exhibited three-photon absorption. All
these dyes possessed good values of nonlinear refractive index (n2)
that is useful for optical switching applications. Importantly, these
values were obtained at a non-resonant wavelength of 800 nm. The
magnitudes of three photon absorption cross sections obtained
were 1.85 � 10�77 cm6 s2/photon2, 3.34 � 10�77 cm6 s2/photon2,
0.81 � 10�77 cm6 s2/photon2 for dyes 8a, 8b, and 8c, respectively.
These values are comparable/higher than some of the recently re-
ported molecules. Moreover, this is the first study of three photon
absorption in case of Schiff base compounds. There is further scope
for tailoring these molecules to achieve superior cross-sections.
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