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Abstract

Nonlinear optical chromophores with nitro acceptors have been designed and synthesized. The first-order hyperpolarizability of the chromo-
phores was determined using hyper-Rayleigh scattering; the decomposition temperature was determined using DSC and the absorption spectra of
the compounds were measured. The nonlinear optical properties of the chromophores were discussed; the first-order hyperpolarizabilities of
chromophores 3 and 4 come from their two-dimensional structure, the length of the conjugation bridge and intramolecular proton transfer.
The strong dihydroxyl donor of chromophores 1 and 2 expanded the first-order hyperpolarizabilities, the measured Byrs values of chromophores
1and 2 at 1064 nm are 211 x 107 esu and 177 x 107 esu, respectively. These NLO-chromophores exhibit higher decomposition temperature

in the range of 290—330 °C.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Second-order nonlinear optical materials have attracted
much attention because of potential utilization in photonic ap-
plications. Due to their high molecular hyperpolarizabilities,
organic materials display a number of significant nonlinear op-
tical properties and hence are emerging as possible materials
for the next generation telecommunication technologies, opti-
cal information processing, and storage [1—5]. It has been gen-
erally accepted that donor and acceptor terminal groups
separated by a delocalization 7t-conjugated system exhibit
large first-order hyperpolarizabilities [6—8]. Donor—acceptor
charge-transfer molecules have been used to manufacture effi-
cient photonic switches and gates; much effort has concen-
trated on the optimization of the typical “push—pull” structure.
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In this paper, we report a systematic study of the structure—
nonlinearity relationship and nonlinearity—transparency—
thermal stability trade-off for several charge-transfer azo
compounds containing a nitro group, a fixed donor group
and different conjugated systems. The chemical structure of
the synthesized chromophores are listed in Table 1. Two types
of chromophores are reported here:

— wherein the chromophore employed the bihydroxyl-nitro
group and which displayed large optical nonlinearity and
was able to form NLO-active polyimides via the Mitsu-
nobu reaction of diol and diimide;

— atwo-dimensional azo imine chromophore containing both
intramolecular charge transfer and intramolecular proton
transfer and which showed obvious blue-shifted absorption
compared with a chromophore of similar chain length.

The results indicate that the combination of different
types of conjugation bridge provides a new opportunity for
NLO-materials. These chromophores exhibited good
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transparency at both telecommunication wavelengths
1300 nm, and 1550 nm and in their second harmonic and
also displayed nonlinearity—transparency—thermal stability
trade-off for nonlinear optical application.

2. Experimental
2.1. Materials

N,N-Di-(2-hydroxyethyl)aniline, aminopyrimidine and p-
anisidine were purchased from Aldrich. All the regents and

solvents involved in synthesis were analytically pure and
used as received without further purification.

2.2. Characterization

Chemical structures of NLO-chromophores were synthe-
sized and fully characterized by Fourier transform infrared
spectra (FT-IR), UV—vis and '"H NMR spectroscopy with
a Brucker 300 spectrometer and the data are in full agreement
with the structures assigned. Differential scanning calorimetry
(DSC) curves and thermal degradation temperature were
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Fig. 1. Experimental set up for hyper-Rayleigh scattering in solution.
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Scheme 1. Synthesis of

obtained with SDT Q600 thermogravimetric analyzer at a heat-
ing rate of 20 °C/min under nitrogen atmosphere.

2.3. HRS apparatus

The set up for hyper-Rayleigh scattering measurements in
molecules is shown in Fig. 1. Laser pulses at fundamental
wavelength of 1064 nm were obtained from a mode lock
Nd:YAG laser (Quantel YG901C, producing 35 ps pulses up
to 100 mJ with a 10 Hz repetition rate). After filtering out
any residual flash lamp light with a high-pass filter, the funda-
mental light was focused onto the sample cell by using a long
focal length plano-convex lens (f= 1200 mm). To keep away
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Fig. 2. Plot of HRS signal versus sample concentration of chromophores 1—5
in THE.

the NLO-chromophores.

from any unwanted nonlinear processes such as stimulated
Raman scattering, stimulated Brillouis scattering and dielec-
tric breakdown, the laser pulse (<10 mJ) was focused at
150 mm after passing through the sample cell. The harmonic
radiation from the solution was collected by an efficient con-
denser system and was passed through a 3 nm FWHM interfer-
ence filter centred at 532 nm. Gated integrators were used to
retrieve actual values for the intensities of the incident and
second-order scattered light pulses. The output signal from
a photomultiplier tube (Hamamatsu CR114) was sampled by
a boxcar signal averager (Stanford Research Sys. SR250),
and all experimental data points were background subtracted
and averaged over 1000 laser pulses.

To confirm the performance of our experimental apparatus,
the B-value of PNA, which was usually taken as standard ma-
terial in HRS experiment, and quardratic power dependence of
signal were measured. The results are in good agreement with
those reported before [9,10].

Control compound para-Nitroaniline (PNA) was purchased
from Aldrich and purified by recrystallization from water. So-
Iutions were freshly prepared in tetrahydrofuran for samples.
Spectrograde methanol and tetrahydrofuran were used for
the preparation of solutions.

Table 2

Thermal degradation temperature and melting point of chromophores
Chromophores m.p. (°C) AH (J/g) Tq °C)
1 243.09 41.81 302.36
2 209.50 88.39 291.93
3 231.93 74.71 330.45
4 235.25 64.90 297.19
5 198.06 95.77 301.71




Y. Qian et al. | Dyes and Pigments 75 (2007) 460—465 463

0.5
chromophore 1

_ 0.4+
3
&
8 0.3
% chromgphore 2
2
]
2 0.2+
<

0.1

0.0 T T T T T T T T T T T

400 450 500 550 600 650

Wavelength (nm)

Fig. 3. UV—vis spectrum of the chromophores 1 and 2 in THE.

HRS experiment was performed as follows. A portion of
the spectrograde solvent (1 ml) was placed in the sample cu-
vette. Aliquots (5—10 pl) of a solution of the dye were then
added, and the signal recorded after each addition. A mini-
mum of three replications of each experiment was required
to provide data suitable for analysis.

3. Results and discussion
3.1. Synthesis of chromophores

Scheme 1 depicts the synthetic route of the NLO-
chromophore. Azo compounds were synthesized by diazo
coupling, in which arenediazonium salts reacted with salicy-
laldehyde and di-(2-hydroxyethyl)aniline, respectively in an
ice-bath. Azo imines were synthesized by Schiff base conden-
sation, in which an equimolar amount of azo aldehyde reacted
with aromatic amine in boiling ethanol.
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Fig. 4. UV—vis spectrum of chromophore 1 in different solvents. Up to down:
acetone, DMF, acetonitrile, ethanol, 1,2-dichloroethane.

Azo compounds bring two or three substituted aromatic
rings into conjugation with a donor group and nitro acceptor
group, which are strong NLO-chromophores.

3.2. Hyper-Rayleigh scattering

The incoherent second-order nonlinear light scattering in
a macroscopically isotropic molecular liquid has emerged as
a widely applicable technique for the experimental determina-
tion of the first-order hyperpolarizability of nonlinear optical
molecules in solution. The technique has become widely
known as hyper-Rayleigh scattering (HRS) [11,12]. Over the
last 10 years, HRS has been used as a tool to determine the
(-value of the organic chromophores in solution [13—20].

The hyper-Rayleigh scattering method is capable of mea-
suring a wider range of molecules including octupolar and
ionic compounds in solution. First-order hyperpolarizabilities
of compounds 1—-5 in THF were measured using the HRS
technique with respect to the one observed for PNA, a refer-
ence compound frequently used in determination (Fig. 2).
The internal reference method (IRM) eliminates the need for
local-field correction factors. The incoherent detected signal
intensity, at twice the fundamental pump frequency, is directly
related with the first hyperpolarizability f(2w;w,w). In HRS,
the measured signal, the second harmonic intensity, /(2w), is
given by [11,17,21—-23]:

1(2w) = G(N,B2 + Nc2)I* (w)exp(—eCl) (1)

where G is a proportionality constant, related to a fixed geo-
metrical aspect of detection and to the solvent local-field
parameter, N designates the number density of the solvent
(subscript ““s”’) or chromophore solute (subscript “c”). @ is
the first-order hyperpolarizability of the solvent or material,
respectively. I(w) is the intensity of the incident laser at the
fundamental frequency. The observable product, Gﬁg, is often
called the quadratic coefficient, which can be determined by
least-squares fitting of the experimental data.

Comparison between the amplitudes of the scattered signal
by a sample and that from the reference compound, in identi-
cal signal collection conditions for the same parameter G, al-
lows one to determine the first-order hyperpolarizability of the
molecule in its particular solvent environment. Values of § are
estimated relative to that of PNA as standard. Measurement of
the quadratic coefficient for a substance, for which § is known,
effectively determines the collection efficiency factor, G, in
Eq. (1), and allows it to be solved directly for 8 in the cases
of interest. The §-value for 1—5 NLO-chromophores are given
in Table 1.

3.3. Thermal stabilities of chromophores

The synthesized chromophores present high melting point,
which can be seen by DSC analysis. TGA shows the good
thermal stability of the designed compounds. The samples
were heated in a pan at a rate of 20 °C/min to give the melting
point and the decomposition temperature, which are listed in
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Fig. 5. Structures of the NLO-chromophores and their corresponding subunits.

Table 2. Great thermal stability and high melting point
are much desirable for device applications. The NLO-
chromophore show higher decomposition temperature between
291 and 330 °C, which makes it a good chromophore for the in-
corporation into high temperature glass polymer. The decompo-
sition temperature of chromophores 1 and 2 wase decreased due
to the bihydroxyl group in their structures, which makes chro-
mophores more susceptible to sublimation at high temperatures.
Two-dimensional multipolar chromophore 3 was thermally
stable up to 330 °C under a nitrogen atmosphere.

3.4. Linear and nonlinear optical properties

UV—vis absorption spectra of the NLO-chromophores 1
and 2 are shown in Fig. 3. The maximum absorption wave-
length of chromophores 1 and 2 appear at 514 nm and
486.8 nm, respectively, due to the t—7* transition of the con-
jugation bridge. Chromophores 3 and 4 displayed obviously
blue-shifted absorption whose conjugation bridges were
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Fig. 6. Relationship between first hyperpolarizabilities (x 10~° esu) of NLO-
chromophores and their subunits.

much longer in comparison with chromophore 2. The blue-
shifted absorption can be partially accounted for by the poorer
co-planarity and the limitation of the intramolecular charge
transfer between two-dimensional multipolar chromophores
3 and 4.

Fig. 4 depicts the solvent dependence of the UV—vis ab-
sorption spectrum of chromophore 1, which shows the solva-
tochromic effect in different solvents. In particular, the effect
of solvent on position, shape, or intensity of the absorption
bands of a molecule can be determined from the UV—vis
spectrum.

Since these NLO-chromophores can be considered to be
made up of some dipolar molecules (Fig. 5) we have also mea-
sured these “‘subunits” and taken the ratio of the hyperpolar-
izabilities of the chromophores and their dipolar subunits
(Fig. 6). The relationship between the NLO-chromophores
and their subunits can be discussed. First, the chromophores
are much larger than their corresponding subunits; the ratio
of the hyperpolarizabilities of the chromophores and their sub-
units is found to be between 1.2 and 4.7. Second, longer con-
jugated bridge lead to longer absorption wavelengths of the
chromophores compared to the subunits.

Since the length of the conjugation bridge was much lon-
ger, chromophores 3 and 4 displayed larger NLO-property in
comparison with the corresponding chromophore 5. The
strong donor—acceptor and effective intermolecular charge
transfer expanded the (§-values of chromophores 1 and 2.

It is interesting that two types of intramolecular hydrogen
bonds (either N—H---O or N---H—O) exist in chromophores
3 and 4. In the aldimine compounds made from salicylalde-
hyde derivatives both types of hydrogen bonds were found
[24,25]. The tautomeric equilibrium of Schiff bases in solid
state and in solution has been a subject of considerable interest
(Fig. 7). However, the enol—keto tautomerism has effect to en-
large molecular hyperpolarizability because of the intramolec-
ular proton transfer associated with a change in 7t-electron
configuration. The charge transport occurs through overlap-
ping intramolecular 7 orbitals with proton transfer.
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Fig. 7. The tautomeric equilibrium of Schiff bases.

4. Conclusions

In this work, some NLO-chromophores containing nitro ac-
ceptor have been synthesized by diazo coupling and Schiff
base condensation. The first-order hyperpolarizability of the
chromophores was measured by hyper-Rayleigh scattering for
sample solutions having a linear relationship between the signal
intensity versus number density. The decomposition tempera-
ture was determined with differential scanning calorimetry,
and the linear absorption spectra were measured. Especially,
the first-order hyperpolarizabilities of chromophores 3 and 4
come from their two-dimensional structure, the length of the
conjugation bridge and the intramolecular proton transfer. The
strong dihydroxyl donor and effective intermolecular charge
transfer of chromophores 1 and 2 expanded the first-order hyper-
polarizabilities; the measured Bygrg values of chromophores 1
and 2 at 1064 nm are 211 x 107> esu and 177 x 10~ esu,
respectively. These NLO-chromophores exhibit higher decom-
position temperature in the range of 290—330 °C. In summary,
it is important to consider optical nonlinearity—transparency—
thermal stability trade-off in design of the NLO-materials.

Acknowledgements

This work was supported by the National Science Founda-
tion of China for Distinguished Young Scholars through Grant
No. 60125513 and the Science Foundation of Southeast
University, No. 9207041399.

References

[1] Kuhn H, Robillard J, editors. Nonlinear optical materials. CRC; 1992.
[2] Prasad PN, Williams DJ. Introduction to nonlinear optical effects in mol-
ecules and polymers. John Wiley; 1991.

[3] Marder SR, Kippelen B, Jen AKY, Peyghambarian N. Nature
1997,388:845.
[4] Kanis DR, Ratner
195.
[5] Linsday GA, Singer KD. In: Polymers for second-order nonlinear optics.
Washington, DC: ACS; 1995.
[6] Chen LT, Tam W, Marder SR, Stiegman AE, Rikken G, Spangler CW.
J Phys Chem 1991;95:10643.
[71 Meyers F, Bredas JL, Zyss J. J Am Chem Soc 1992;114:
2914.
[8] Mukhopadhyay P, Bharadwaj PK, Krishnan A, Das PK. J Mater Chem
2002;12:2786.
[9]1 Williams DJ. Angew Chem Int Ed Engl 1984;23:690.
[10] Heesink GJT, Ruiter AGT, van Hulst NF, Bolger B. Phys Rev Lett
1993;71(7):999.
[11] Clays K, Persoons A. Phys Rev Lett 1991;66:2980.
[12] Clays K, Persoons A. Rev Sci Instrum 1992;63:3285.
[13] Clays K, Hendrickx E, Triest M, Verbiest T, Persoons A, Dehu C, et al.
Science 1993;262:1419.
Verbiest T, Clays K, Samyn C, Wolff J, Reinhaudt D, Persoons A. J Am
Chem Soc 1994;116:9320.
Dhenaut C, Ledoux I, Damuel IDW, Zyss J, Bourgault M, Bozec HL.
Nature 1995;374:339.
[16] Stadler S, Feiner F, Brauchle C, Brandl S, Gompper R. Chem Phys Lett
1995;245:292.
[17] Song NW, Kang TI, Jeoung SC, Jeon SJ, Cho BR, Kim D. Chem Phys
Lett 1996;261:307.
[18] Wong SW, Wong KY. Opt Commun 1997;133:268.
[19] Clays K, Persoons A. J Mol Struct 2000;521:303.
[20] Coe BJ, Jones LA, Harris JA, Brunschwig BS, Asselberghs I, Clays K,
et al. J] Am Chem Soc 2003;125:862.
[21] Put EJH, Clays K, Persoons A, Biemans HAM, Luijkx CPM, Meijer EW.
Chem Phys Lett 1996;260:136.
[22] Santos BS, Pereira GAL, Petrov DV, Donega CDM. Opt Commun
2000;178:187.
[23] Marks AF, Noah AK, Sahyun MRV. J Photochem Photobiol A
2001;139:143.
[24] Knyazhansky MI, Metelitsa AV. J Mol Struct 2000;526:65.
[25] Lambi E, Gegiou D. J Photochem Photobiol A Chem 1995;86:
241.

MA, Marks TJ. Chem Rev 1994;94:

[14

[15



	The first-order molecular hyperpolarizability and thermal stability of charge-transfer azo diol and azo aldimine
	Introduction
	Experimental
	Materials
	Characterization
	HRS apparatus

	Results and discussion
	Synthesis of chromophores
	Hyper-Rayleigh scattering
	Thermal stabilities of chromophores
	Linear and nonlinear optical properties

	Conclusions
	Acknowledgements
	References


