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A suite of new nonlinear optical chromophores containing an indoline donor and azo linker has been
synthesized in high yields. The methodology used allows for the incorporation of various acceptor
systems, the ready isolation of the target compounds and access to materials with excellent thermal
stabilities (viz = Tq 220—270 °C). The first hyperpolarizabilities of the compounds were measured by
hyper-Raleigh scattering and all were found to have an excellent response. The highest value measured
was 1640 x 10739 esu in DMF at 800 nm for a chromophore containing the well-known TCF acceptor
system. Based on data obtained in this and other studies, there is evidence that chromophores containing
indoline donors are capable of providing compounds with molecular NLO responses higher than those
containing donors derived from N,N-disubstituted anilines.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Materials having large second-order nonlinear optic (NLO)
properties are in demand due to their potential applications in
photonic devices and optical information processing [1-3]. At
a fundamental level, organic push—pull NLO chromophores contain
electron-donor and electron-acceptor groups at opposite ends of
a w-conjugated spacer [4], and the vast majority of known organic
NLO compounds utilize olefinic or aromatic linkers in the m-conju-
gated bridge. Many examples of different conjugated interconnects
are known and vary from either open chain or ring-locked polyenes
to various aromatic (heterocyclic) systems [5]. Furthermore,
a significant number of organic compounds with large molecular
NLO responses contain N,N-disubstituted anilines as this nucleus is
an excellent electron donor, and because a vast array of substituents
— some of which permit tethering — can be attached to the amine
nitrogen atom. Coupled with the emergence of 4,5,5-trimethyl-3-
cyano-2(5H)-furanylidenepropanedinitrile (TCF) [6] and its deriva-
tives as powerful acceptors, the past decade has seen a number of
steady improvements to the basic design of NLO chromophores.
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Indeed compounds containing an aniline-based donor, a T-conju-
gated interconnect of c. 6—12 carbon atoms and TCF as acceptor have
become almost ubiquitous as core NLO materials and have been
shown to have high molecular NLO responses [7]. Nonetheless,
while these compounds have excellent electro-optic properties
a number of other factors must be satisfied before an organic NLO
material can be considered viable for device applications [8—11].
These include having high thermal and photochemical stabilities,
being processable in a range of solvents, being optically transparent
at the operating wavelength(s) and being amenable to large scale
preparation. While a number of approaches have been made to
address these challenges, one option is to incorporate an azo group
in the conjugated interconnect instead of an olefinic linker. Azo
based donor-m-acceptor systems such as this have been extensively
investigated, with many showing improved optical nonlinearities
and thermal stabilities when compared to their olefinic analogues
[12]. Another advantage of using an azo linker is that the compounds
prepared can also be studied for further applications as azobenzene/
azo-heterocycle containing compounds have been the subject of
intensive research in optical switching [13] and digital and holo-
graphic storage applications [14,15].

Organic NLO chromophores containing an azo linker and
a donor based on N,N-dialkyl anilines are known and possess high
molecular hyperpolarizabilities. Such molecules are perhaps best


Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
mailto:a.kay@irl.cri.nz
www.sciencedirect.com/science/journal/01437208
http://www.elsevier.com/locate/dyepig
http://dx.doi.org/10.1016/j.dyepig.2012.04.022
http://dx.doi.org/10.1016/j.dyepig.2012.04.022
http://dx.doi.org/10.1016/j.dyepig.2012.04.022

456 M. Ashraf et al. / Dyes and Pigments 95 (2012) 455—464

exemplified by compound 1 which has been reported to have a first
hyperpolarizability value, 8, of 682 x 103 and a static value (8o) of
343 x 10739 esu using data obtained in DMSO solutions at 800 nm
[16]. In addition, we have recently described the preparation of
a series of NLO compounds containing donors based on an indoline
nucleus [17]. These compounds also have high NLO figures of merit
with the most effective compound, 2, having a ( value of
1485 x 10730 esu and Sy value of 815 x 1073 esu when measured at
800 nm in chloroform; the values are 1175 x 1073 esu and
645 x 103 esu respectively for measurements obtained in DMSO.
The likely reason for the superior performance of indoline-based
compound 2 over compound 1 is due to the lower degree of
aromaticity in the conjugated bridge between the donor and the
acceptor. In accordance with this observation, Perez-Moreno et al.
reported that for similar compounds the magnitude of the hyper-
polarizability can breach the apparent limit found for similar
molecules by modulating the degree of aromatic stabilization
energy in the units that make up the conjugated interconnect [18].
Given these results it suggests that not only are azo compounds
capable of yielding molecules with large NLO responses, but the use
of indoline-based donors (as opposed to aniline-based) allows
access to compounds with high first hyperpolarizabilities. Thus, it is
a logical progression to target new chromophores containing
indoline donors and azo linkers (e.g. 3) as potentially interesting
NLO materials. In this paper we report the syntheses and properties
of a series of such compounds that exploit the electron rich indoline
core as the donor component and to which a reactive diazonium
salt can be directly coupled.

HO
N@N\\
~ N
HO
CN

NC NC

2. Experimental
2.1. Reagents and procedures

Commercially available reagents were obtained from Aldrich
and were used without additional purification. The solvents used
were of analytical grade and were also used without further puri-

fication. Column chromatography was carried out using gravity
feed column techniques on Merck silica gel type 9385 (230—400

+  Ar—N," HSO/

5 6a-c

6a: Ar= ‘§‘©7CHO

mesh) with the stated solvent systems. Analytical thin-layer chro-
matography (TLC) analyses were performed on pre-coated plates
(Merck aluminium sheets, silica gel 60F 254, 0.2 mm). Visualisation
of compounds was achieved by illumination under ultraviolet light
(254 nm).

2.2. Measurements and instrumentation

Melting points were recorded with an EZ-Melt automated
melting point apparatus and are uncorrected. '"H and '3C NMR
spectra were recorded on a Bruker AVANCE 300 MHz or 500 MHz
spectrometer and proton multiplicities are defined by the usual
notations. Accurate mass measurements were made on a Micro-
mass Q-Tof Premier Mass Spectrometer operating in the positive
ion mode. The UV—Visible (UV—Vis) absorption spectra were
recorded by a Perkin—Elmer Lambda 900 spectrometer at room
temperature. Hyper-Rayleigh scattering (HRS) measurements were
performed at 800 nm in both THF and DMF. Crystal violet dissolved
in methanol was used as an octupolar external reference
(Bxxx = 338 x 10739 esu at 800 nm). For all of the HRS measure-
ments, a series of dilute solutions were measured and compared to
the reference concentration series. To correct for the differences in
the solvent between the chromophores and the reference
compound, local field correction factors were applied [(n? + 2)/3]3
where n is the refractive index of the solvent at the sodium D line,
with n(DMF) = 143, n(THF) = 141 and n(MeOH) = 1.32. The
calculations of the dynamic first hyperpolarizability were per-
formed by taking the ratio of the slopes of the sample and the

N,
N N

Acceptor

2 3

reference compound. For dynamic first hyperpolarizability values
obtained at 800 nm it is necessary to consider the appropriate
tensor components (dipolar versus octupolar geometry) as the
reference compound crystal violet is octupolar whereas the chro-
mophores under investigation are dipolar. The static first hyper-
polarizability is derived from the simple two-level model as
previously described [19]. The apparatus and experimental proce-
dures for the HRS measurements are exactly the same as described
before [20].

AcOH, 0-5°C
oo, N N=N
\ Ar
4a-c

6¢c: Ar=

Scheme 1. Synthesis of the chromophores 4a—c.
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Scheme 2. Methodology used to prepare chromophores 4d—i.

2.3. Preparation of chromophores

The methods used to synthesis the chromophores are shown in
Schemes 1 and 2. 4-Aminobenzaldehyde and compounds 6e—h
were prepared according to the literature procedures [21].

2.4. Preparation of compounds 4a—c. General diazotisation
procedure

To conc. sulphuric acid (4 mL) was added the appropriate aryl
amine (2.5 mmol) and the reaction mixture cooled to 0—5 °C.
A solution of sodium nitrite (206 mg, 3 mmol) in 2 mL of water
was then slowly added and the reaction stirred at 0—5 °C for
30 min. To this was added a solution of 1,3,3-trimethyl-2-
methyleneindoline 5 (336 mg, 2 mmol) in 10 mL of glacial acetic
acid and the solution stirred for 2 h and allowed to gradually warm
to room temperature. The mixture was then poured into water and
neutralized with aqueous sodium carbonate. The resulting precip-
itate was filtered, washed with water, dried, and recrystallized from
ethanol to give the product as a deeply coloured solid.

2.4.1. 4-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-ylidenemethyl)-azo|-
benzaldehyde (4a)

Red solid (82%), m.p. 130 °C (Found: MH' m/z 306.1599
C19H19N30 requires MH" m/z 306.1606; A = 2.3 ppm). TH NMR
(dg-DMS0) 6 9.97 (s, 1H), 7.96 (d, ] 9 Hz, 2H), 7.69 (d, ] 9 Hz, 2H), 7.56
(s,1H), 7.48 (t,] 5 Hz, 1H), 7.22 (d,] 3 Hz, 1H), 7.30 (d, ] 9 Hz, 1H), 7.10
(t,J 9 Hz, 1H), 3.46 (s, 3H), 1.72 (s, 6H). >C NMR (dg-DMSO) 6 21.1,
29.0, 29.1, 30.3, 47.8, 48.6, 108.4, 109.5, 121.0, 121.2, 121.8, 1224,

123.0,23.2,129.4,130.0,131.3,134.2, 140.2, 144.1, 158.4, 168.9, 192.3.
Amax (DMF) 471, logyge 4.55.

2.4.2. 1-{4-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-ylidenemethyl)-
azo|-phenyl}-ethanone (4b)

Red solid. (88%), m.p. 149.1 °C. (Found: MH™ m/z 320.1757
C20H21N30 requires MH m/z 320.1763; A = 1.9 ppm). '"H NMR
(de-DMSO) 6 8.02 (d, J 10 Hz, 2H), 7.63 (d, J 10 Hz, 2H), 7.51 (s, 1H),
7.46 (d, J 5 Hz, 1H), 7.32 (t, J 5 Hz, 1H), 7.18 (d, J 10 Hz, 1H), 7.09
(t, J 5 Hz, 1H), 2.58 (s, 3H), 1.53 (s, 3H), 1.71 (s, 6H). 13C NMR
(de-DMSO0) 6 22.4, 26.6, 27.5, 28.6, 29.9, 34.5, 46.9, 48.0,108.9,120.4,
121.3, 122.0, 122.4, 126.8, 127.9, 128.1, 129.6, 134.4, 139.7, 143.8,
157.0, 168.0, 172.9, 196.8. Amax (DMF) 470, logp¢ 4.49.

2.4.3. 6-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-ylidenemethyl)-
azo]-benzo[deJisoquinoline-1,3-dione (4c)

Green solid (72%), m.p. 235.2 °C. (Found: MH' m/z 397.1664
C4H0N40; requires MH* m/z 397.1665; A = 0.3 ppm). TH NMR
(dg-DMS0) 6 9.16 (d,J 5 Hz, 1H), 8.47 (t,] 5 Hz, 2H), 7.87 (m, 3H), 7.55 (d,
J 10 Hz, 1H), 7.38 (m, 1H), 7.32 (d, ] 5 Hz, 1H) 7.18 (t, ] 5 Hz, 1H), 5.75 (s,
1H), 3.58 (s, 3H), 1.78 (s, 6H). 13C NMR (d-DMSO) 6 28.6, 30.4, 48.7,
109.8, 110.5, 118.4, 122.2,122.4,123.3, 125.0, 126.1, 128.0, 128.1, 130.0,
131.1,140.3,143.5,153.6,163.9,164.4,170.1. Amax (DMF) 545, log o< 4.60.

2.5. Preparation of compounds 4d—f. General procedure for the
coupling of acceptors 6d—f to 4a

Aldehyde 4a (1 eq) and the appropriate acceptor 6d—f (1.2 eq)
were dissolved in methanol and a catalytic quantity of
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triethylamine added. The mixture was refluxed for the period of
time stated below, and resulted in a change in the colour of the
solution from red to either purple or green. After cooling, the solid
product was collected by filtration, washed with 3—4 times with
cold methanol and dried under vacuum to give 4d—f as coloured
solids.

2.5.1. 2-{4-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-ylidenemethyl)-
azo]-benzylidene}-malononitrile (4d)

Refluxed 20 min. Violet solid (85%), m.p. 226 °C. (Found: MH" m/z
354.1722 CyHigNs requires MH' m/z 354.1719; A = 0.8 ppm).
'H NMR(dg-DMSO0) 6 8.41 (s, 1H), 8.03 (d, J 9 Hz, 2H), 7.66 (d, ] 9 Hz,
2H), 7.64 (s, 1H), 7.50 (d, ] 9 Hz, 1H), 7.36 (t,] 6 Hz, 1H), 7.27 (d, ] 9 Hz,
1H), 715 (t,J 6 Hz, 1H), 3.73 (s, 3H), 1.71 (s, 6H). 1>C (ds-DMS0) 6 21.1,
29.0,29.1,30.3,47.8,48.6,108.4,109.5,121.0,121.2,121.8,122.4,123.2,
128.4,130.0, 131.3,134.2, 140.2, 144.1, 158.4, 168.9. Amax (DMF) 549,
logms 4.69.

2.5.2. 3-(4-Hydroxy-phenyl)-2-thioxo-5-{4-[(1,3,3-trimethyl-1,3-
dihydro-indol-2-ylidenemethyl)-azo]-benzylidene}-thiazolidin-4-
one (4e)

Refluxed 4 h. Green solid (75%), m.p. 220 °C. (Found: MH" m/z
513.1413 CpgH24N40,S, requires MH™ m/z 513.1419; A = 1.2 ppm).
TH NMR (dg-DMSO) 6 9.85 (s, 1H), 7.82 (s, 1H), 7.77—7.68 (m, 4H),
7.55 (s, 1H), 7.48 (d, ] 9 Hz, 1H), 7.33 (t,] 6 Hz, 1H), 7.22—7.16 (m, 3H),
7.0 (t, ] 6 Hz, 1H), 7.68 (d, J 9 Hz, 2H), 3.45 (s, 3H), 1.73 (s, 3H). °C
NMR (dg-DMSO) 6 28.6, 29.9, 48.1, 109.0, 115.8, 121.4, 121.5, 122.1,
122.5, 122.8, 126.0, 128.0, 129.7, 130.9, 132.2, 132.3, 139.8, 143.8,
155.3, 158.1, 167.1, 168.0, 193.9. Amax (DMF) 534, log;o¢ 4.67.

2.5.3. 2-[3-Cyano-5,5-dimethyl-4-(2-{4-[(1,3,3-trimethyl-1,3-
dihydro-indol-2-ylidenemethyl)-azo]-phenyl}-vinyl)-5H-furan-2-
ylidene]-malononitrile (4f)

Refluxed 2 h. Green solid (80%), m.p. 275 °C. (Found: MH" m/z
487.2247 C30H26NgO0 requires MH™ m/z 487.2246; A = 0.2 ppm). H
NMR (dg-DMSO) & 7.98 (d, J 9 Hz, 2H), 7.94 (s, 1H), 7.65 (d, J 9 Hz,
2H), 7.62 (d,J 15 Hz, 1H), 748 (d, ] 6 Hz, 1H), 7.34 (t,] 5 Hz, 1H), 7.22
(d, ] 6 Hz, 1H), 717 (d, J 15 Hz, 1H), 7.12 (t, ] 5.5 Hz, 1H), 3.47 (s, 3H),
1.81 (s, 6H), 1.72 (s, 6H). >C NMR (dg-DMSO0) 6 25.2, 28.4, 30.0, 48.2,
99.1, 109.1, 112.8, 113.9, 121.2, 122.0, 122.6, 123.1, 127.9, 131.0, 147.],
175.0. Amax (DMF) 601, logqo¢ 5.04.

2.6. Preparation of compounds 4g,h. General procedure for the
coupling of acceptors 6g,h to 4a

Aldehyde 4a (1 eq) and the appropriate salt (1.1 eq) were dis-
solved in methanol and a catalytic quantity of triethylamine was
added. The reaction mixture was refluxed for 18 h and this resulted
in a change in the colour of the mixture from red to brown. After the
reaction was completed 75% of the solvent was removed at reduced
pressure and ether added until a solid appeared. This was collected
by filtration, washed with 3—4 times with cold ethanol and dried
under vacuum to give 4g,h as coloured solids.

2.6.1. 2-[2-(2-{4-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-
ylidenemethyl)-azo]-phenyl}-vinyl)-benzothiazol-3-yl]-ethanol
iodide (4g)

Greenish-red solid (72%), m.p. 259—63 °C (dec.). (Found: M" m/z
481.2116 Cy9H29N40S requires M™ m/z 481.2113; A = 0.6 ppm). H
NMR (dg-DMSO) 6 8.25 (d, J 15 Hz, 1H), 7.98 (d, J 9 Hz, 2H), 7.82 (s,
1H), 7.62 (d, J 9 Hz, 2H), 7.51 (d, J 9 Hz, 1H), 7.38 (t, J 6 Hz, 1H),
7.26—7.22 (m, 3H), 7.15 (t,] 6 Hz, 1H), 6.98 (d, J 15 Hz, 1H), 6.82—6.78
(m, 2H), 5.07 (t, ] 6 Hz, 2H), 4.50 (t, ] 6 Hz, 2H), 3.45 (s, 3H), 1.73 (s,
6H). 3C NMR (dg-DMSO) 6 12.8, 14.2, 27.3, 32.1, 44.5, 45.8, 50.0,
54.9,112.0,113.8,116.6, 118.4,122.5,124.2,125.7,128.2,128.3,128.5,

128.9,129.5,131.3,131.9, 140.9, 141.2, 143.0, 148.5, 171.2. Amax (DMF)
567, lOng 4.48.

2.6.2. 2-[4-(2-{4-[(1,3,3-Trimethyl-1,3-dihydro-indol-2-
ylidenemethyl)-azo]-phenyl}-vinyl)-quinolin-1-yl]-ethanol iodide
(4h)

Dark brown solid (70%), m.p. 249—252 °C (dec.). (Found: M" m/z
475.2504 C31H31N40 requires M+ m/z 475.2498; A = 1.3 ppm). H
NMR (dg-DMSO) 6 9.10 (d, J 9 Hz, 1H), 9.08 (d, ] 9 Hz, 1H), 8.25 (d, J
15 Hz, 1H), 8.20 (m, 2H), 7.94 (d, ] 9 Hz, 2H), 7.60 (d, ] 9 Hz, 2H), 7.86
(m, 2H), 7.80 (s, 1H), 7.48 (d, ] 6 Hz, 1H), 7.34 (t, ] 5 Hz, 1H), 7.22 (d, ]
6 Hz, 1H), 7.12 (t,] 6 Hz, 1H), 6.98 (d, J 15 Hz, 1H), 5.07 (t,] 5 Hz, 2H),
450 (t, ] 5 Hz, 2H), 3.45 (s, 3H), 1.73 (s, 6H). >C NMR (dg-DMSO)
028.6,29.9, 48.1,109.0, 115.8, 1214, 121.5, 122.1, 122.5, 122.8, 126.0,
128.0, 129.7, 130.9, 132.2, 132.3, 139.8, 143.8, 155.3, 158.1, 1671,
168.0, 193.9. Amax (DMF) 555, logqo¢ 4.03.

2.7. Synthesis of 2-(3-dicyanomethylene-5,5-dimethyl-2-{4-[(1,3,3-
trimethyl-1,3-dihydro-indol-2-ylidenemethyl)-azo|-benzylidene}-
cyclohexylidene)-malononitrile (4i)

To a mixture of aldehyde 4a (10 mmol, 3.05 g) and dimedone
(10 mmol, 1.40 g) in toluene was added triethylamine (10 mmol,
1.0 mL). The reaction mixture was refluxed for 10 h and the water
generated removed using a Dean—Stark trap. After all the starting
materials had been consumed (via TLC) malononitrile (20 mmol,
1.32 g) was added and the reaction mixture refluxed for a further
4 h resulted. This resulted in a colour change from red to brownish
red. The solvent was removed under reduced pressure, extracted
into dichloromethane, and washed with water. The organic phase
was then dried (MgS0O4) and concentrated. The resultant solid was
purified by column chromatography (using dichloromethane as
eluent) to give a dark brownish-red solid. (45%), m.p. 136.2 °C.
(Found: MH" m/z 523.2533 C33H29N7 requires MH" m/z 523.2538;
A = 1.2 ppm). 'H NMR (ds-DMSO) 6 8.47 (s, 1H), 8.09 (d, J 9 Hz, 2H),
7.70(d,J 9 Hz, 2H), 7.64 (s, 1H), 7.50 (d, ] 9 Hz, 1H), 7.36 (t,J 5 Hz, 1H),
7.27(d,J9 Hz,1H), 715 (t,] 5 Hz, 1H), 3.73 (s, 3H), 1.90 (s, 4H), 1.71 (s,
6H), 1.50 (s, 6H). 13C (ds-DMSO) 6 21.1, 24.8, 27.7, 29.0, 29.1, 30.2,
48.5, 774, 109.5, 114.9, 121.1, 121.5, 122.1, 123.1, 123.7, 128.0, 125.7,
132.5, 140.6, 158.2, 159.9, 168.9, 169.4. Amax (DMF) 441, logio¢ 4.33.

3. Results and discussion
3.1. Synthesis

The structures of the molecules prepared for this study are
shown in Fig. 1. The chromophores can be classified as one of two
types depending on the synthetic methodology used to prepare
them. The first type are chromophores 4a—c, and which were ob-
tained in one step by simply coupling the corresponding diazonium
salt, 6a—c, to Fischer’s base 5 (Scheme 1). The reactions employed
standard conditions for the diazotization of the appropriate aryl
amine in glacial acetic acid. These diazonium couplings proceeded
in high yield (72—88%) and this reinforces the strong electron
donating ability of the indoline ring system. Compound 4a is the
key synthon for the preparation of chromophores 4d—i, and so was
synthesised in multi-gram quantities. Compounds 4d—h could then
be obtained by refluxing 4a and the appropriate acceptor 6d—h for
between 20 min and 24 h in methanol containing a catalytic
amount of triethylamine (Scheme 2). A key advantage of the
methodologies used to prepare 4a—h is that it was not necessary to
perform chromatography in order to obtain the final products pure.
Compound 4i was obtained by first condensing 4a with dimedone
in refluxing toluene and then adding malononitrile to the reaction
mixture and heating for an additional 5 h. The structures of all the
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Fig. 1. Structures of the compounds prepared in this study.

chromophores were confirmed by 'H and >C NMR, UV—vis spec-
troscopy and high resolution mass spectrometry. The azo linkers
are all assumed to be in the trans-configuration, and for compounds
4f—h the double bonds adjacent to acceptor rings are also expected

Table 2
Dynamic first hyperpolarizability §,,, values determined at a fundamental wave-
length of 800 nm; static hyperpolarizability $,,,0 values derived with the two level

to be in a trans-configuration and evidenced by the large coupling model and decomposition temperatures of the compounds prepared in this study.
constants _of 15 Hz observed in the NMR spectra. The thermal Compound Solvent B Averaze b Buo Average fmn Ta (-C)
decomposmon. tempgratures .(Td) of .all chromophores were (*10-20 esu) (10~ esu) (1020 esu) (*10-2° esu)
measured py differential scanning calorimetry and the resu_lts are b THF 395130 270120 0.6 G015 754
presented in Table 2. Importantly, all the chromophores, with the DMF 210 + 10 50 + 3
4c THF 470 £15 425+20 20045 185 + 10 220
Table 1 DMF 3754+ 20 170 £ 10
UV—Visible spectroscopic data for the compounds prepared in this study. 4ad THF 71020 630+25 320+10 290 + 10 230
DMF 550 + 25 260 + 10
Compound  Amax, THF Logioe, Amax DMF Logiof, Amax, PYR  Admax, 4e THF  695+25 675+25 290+10 285+10 245
(nm) (THF) (nm) (DMF) (nm) DMF-PYR (nm) DME 650 + 25 280 + 10
4b 461 449 470 449 471 -1 af THF 1060 +55 1350+ 105 570 +30 735 + 60 270
4c 531 466 545 460 544 1 DMF 1640 + 155 900 =+ 85
ad 540 495 549 469 460 91 4g THF 640 £35 630+£40 330+20 320 +20 234
4e 525 479 534 467 540 -6 DMF 620 + 45 310 + 20
af 590 475 601 5.04 440 161 4h THF 350+30 350+25 165+15 165+ 15 230
4g 574 395 567 448 445 122 DMF 345+ 20 165 + 10
4h 551 375 555 403 435 120 4i THF 430+£20 390+20 46+2 50 + 3 171

4i 429 4.53 441 4.33 436 5 DMF 350 + 20 55+3
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exception of 4i, have decomposition temperatures above 230 °C,
which suggests they will be amenable to poling at high tempera-
tures. The best performing chromophore, 4f, has a Tq value of
270 °C which is close to that of the well-known NLO material, 4-
dimethylamino-4’-nitrostilbene (DANS) (Tg, 290 °C) [22].

3.2. Linear optical properties

The absorption maxima and molar extinction coefficients for
chromophores 4b—i are given in Table 1, and cover a range of
solvents with varying dielectric constants, i.e. tetrahydrofuran (THF,
¢ =7.5), pyridine (PYR, ¢ = 12.4) and N,N-dimethylformamide (DMF,
¢ = 38). The main absorption bands are located in the ranges of
429—-590 nm (THF), 435—544 nm (PYR) and 441-601 nm (DMF).
These bands are attributable to intramolecular charge-transfer
(ICT) transitions, and it is seen that with THF and DMF as solvent
that compound 4i has the highest energy absorption while for the
same solvents compound 4f has the lowest energy absorption
maxima. Based on previous observations that compounds with the
lowest energy absorption maxima typically have the highest NLO
response [1], it would be expected that compound 4f will have the
highest first hyperpolarizability, B, of the series. Furthermore, with
the exception of 4g, upon changing the solvent from the less polar
THF to DMF there is an approximate 10 nm bathochromic shift in
the absorption maxima. This positive solvatochromic shift implies
that the excited states of the compounds are more polar than the
ground states and is consistent with what would be expected for
chromophores containing a indoline — and indeed a N,N-disubsti-
tuted aniline-donor unit. The anomalous behaviour seen for 4g is
probably due to the benzothiazolium “acceptor” nucleus also being
able to act as a donor and this presumably results in a reversal of
the ground state polarity. With pyridine as solvent there is no clear
trend as some compounds show a hypsochromic or bathochromic
shift in their absorption maximum with respect to the value found
in DMF. This reflects the somewhat complex nature of
solvent—solute interactions plus the fact that solvatochromism can
be influenced by a number of factors such as solvent polarity and
a solvent’s H-bond donor/acceptor ability — these in turn can affect
the solvation energy of a given compound and lead to significant
variations in the absorption maximum [23]. Nonetheless from the
data presented in Table 1 it is very clear that for some compounds,
viz. 4d, 4f—4h, the most significant hypsochromic shifts occur when
comparing the absorption maxima obtained in DMF with those
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Fig. 2. UV—Vis spectra of compounds 4b—i in THF.

obtained in pyridine, with the largest change being 161 nm for
compound 4f. As a general rule of thumb, compounds that exhibit
high degrees of solvatochromism (i.e. AA > 100 nm) also have
a large second-order NLO responses. Consequently, based purely on
UV—Vis data, 4f, with the well-studied TCF acceptor, is predicted to
have a large first hyperpolarizability.

It is also worth noting that when the UV—vis spectra are ob-
tained in the solvent with the lowest polarity, THF, there is no
evidence for either H- or J-aggregation (Fig. 2). The former is
identifiable through the appearance of a high energy shoulder on
the main absorption band, while the latter is characterised though
the presence of a low energy shoulder. This therefore suggests that
there is only a very small degree of charge separation in the ground
state of the molecules, as a moderate degree of zwitterionic char-
acter would almost certainly manifest itself via the appearance of
high or low energy shoulders [24]. The absence of any evidence for
aggregation is encouraging as, in order to be usefully deployed,
these chromophores need to be both non-centrosymmetrically
aligned in a polymer matrix (via electric field poling) and this
alignment maintained indefinitely. As the dielectric constant of THF
is within the range found for most polymers, i.e. 1—7 [25] this
suggests that these compounds will respond well to the poling
process and that the temporal stability post-poling will be less
affected.

3.3. Quadratic nonlinear optical properties

The quadratic optical nonlinearities of compounds 4b—i were
determined using the Hyper-Rayleigh scattering (HRS) technique at
800 nm employing femtosecond (fs) pulses. The second-order NLO
polarizability (or first hyperpolarizability §,;;) and the static first
hyperpolarizability $,,,0 of all the compounds under investigation
are listed in Table 2. It should be noted that there is no fluorescence
contribution from any of the compounds. The differences in
second-order NLO response between the various compounds can
be explained using the two level model developed by the Oudar
and Chemla, equation (1) [19a]. According to this model, § is
directly proportional to the difference in the dipole moment
between the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals (Aueg) and the transition dipole moment
(oscillator strength) (uge). The model also states that § is inversely
proportional to the energy difference between ground state
(HOMO) and charge transferred excited state (LUMO) Ege. Thus, any
phenomenon that decreases this energy gap and increases the
dipole moment difference between the ground and the excited
states will enhance g.

2
s SeslMe) M
ge

From the results presented in both Tables 1 and 2 the
magnitude of the (,;; and f,,,0 responses are in general agree-
ment with the values expected from the linear optical properties.
Thus, those compounds with the lowest energy absorption
maxima exhibit the highest nonlinear optical responses. The
highest dynamic response (1640 x 1073° esu) was found for
compound 4f in DMF (Apax 601 nm) while the lowest value
(210 x 10739 esu) was recorded for 4b, also in DMF (Amax
470 nm). As has been well documented in the past, while the
NLO response will depend on a variety of structural/electronic
factors including donor/acceptor strength and the extent of
conjugation, differences in solvent polarity as well as the
fundamental wavelength used to make the measurements can
also have a significant impact. We have previously described how
changes in solvent polarity can impact on the observed response
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Fig. 3. Relationship between hyperpolarizability and bond length alternation for NLO
chromophores. The ellipsoids represent where, approximately, hyperpolarizability
data suggests the various compounds used in this study sit on the curve.

for a series of chromophores containing donors based on 1,4-
dihydropyridine and 1,4-dihydroquinoline [26]. Such changes
are due to the relationship between bond length alternation
(BLA) in the chromophore and the inherent hyperpolarizability
[8]. Furthermore, depending on where a given molecule sits on
the theoretical BLA vs § sinusoidal curve can result in either an
increase or decrease in the observed hyperpolarizability (Fig. 3).
Given that the current molecules have only a very small degree of
zwitterionic character they can be defined as “left hand side
molecules” and this means that any increase in the polarity of the
solvent leads to an increase in charge separation and a shift in
BLA towards zero. In the present case, all of the compounds with
the exception of the best performing compound 4f, have
a superior dynamic NLO response in the less polar solvent THF
(e = 7.5). Consequently this would suggest that, as depicted in
Fig. 3, only 4f sits to the left of the theoretical § vs BLA maximum.
Furthermore, the result implies that deployment of 4f in the low
polarity environments often found in polymers will result in
areduction in the macroscopic NLO response. Nonetheless, as the
magnitudes of both the static and dynamic hyperpolarizabilities
of 4f in THF are still significantly higher than any of the other

Table 3
Crystallographic and structure refinement data for 4e.

Table 4

Selected bond distances (A) in 4e.
Bond A B (primed)
N,—N3 1.325(11) 1.311(11)
Ci2—N; 1.382 (11) 1.395 (12)
N3—C;3 1417 (12) 1.406 (12)
Ci9—Cao 1.409 (13) 1.409 (14)
S1—Cao 1.707 (11) 1.730 (12)
S1—Cx 1.766 (11) 1.759 (11)
Co2—Ss 1.604 (11) 1.591 (12)
Ca6—0, 1435 (12) 1.410 (14)

compounds in the same solvent it is clearly the superior
molecule.

It is also worth making a comparison of the relative merits of
using an indoline versus a more conventional aniline based donor.
As mentioned earlier the § and (g values reported for the known
N,N-dimethylaminophenyl analogue of 4f (Fig. 1) in DMSO
(e = 46.7) are 682 and 343 x 1073 esu respectively; these
measurements were also performed using a laser with funda-
mental wavelength of 800 nm [16]. These values are considerably
lower than those of the indoline derivative 4f (1640 and
900 x 10720 esu in DMF; ¢ = 38) even taking into account the
modest differences in solvent polarity. Therefore, this indicates that
NLO chromophores based on indoline donors could be capable of
a similar, if not better, performance than those that employ an
aniline based donor. However, as the current results are based on
a single comparison more detailed studies are clearly required to
confirm this conclusion.

3.4. X-ray crystallography

We have managed to obtain adequate X-ray crystallographic
data for compound 4e and a selection of results are presented in
Tables 3 and 4. While crystallographic data for the more effective
compound, 4f, would have been preferred, we were unable to grow
suitable crystals due to twinning. Nonetheless, the X-ray data ob-
tained for 4e provides valuable insight into molecular interactions,
and these in turn relate to the ease by which a non-
centrosymmetric alignment can be obtained by poling. Table 3
contains the refinement data whereas Table 4 contains
a summary of key bond lengths. The crystals are packed in
a centrosymmetric fashion and contain solvents of crystallization
(Table 3).

Asymmetric unit Ce2 Hes N4 O7 Sy
Moiety formula 2(Cag Haa N3 05 S3)0.2(C3Hg0)-H,0
MW 1163.47

Temperature (K) 153 (2)

Wavelength (A) 1.54178

Crystal system, Monoclinic

Space group P21/n

Refinement Full matrix least-squares on F?
method

a, A 11.2224 (19)

b, A 31.855 (3)

¢ A 17.0522 (6)

8, ° 103.926 (8)

Volume, A3 5916.8 (13)

zZ 4

P,Mg m—> 1.306

u, mm~" 1.96
Limiting indices —-11<h<10,0<k<31,0<1<17
Crystal size (mm) 0.63 x 0.20 x 0.08

Theta range ° 6.5—50.4
Reflections collected 10352

No of unique data 5232

Rint 0.087

P1,P2 coefficients of 0.1898,
weighting scheme?

Absorp. Coeff. range 0.507, 1.0
Restraints 3

No. of parameters 393
Goodness-of-fit on F? 0.90

R;"<, /data number 0.110, 1743
WRC i (all data) 0.339
Largest diff. peak and 0.33 and—-0.37
hole (e A—3)

3 Weight, w = 1/[0*(F2) + (P1*P)*] where P = (Max (F3, 0) + 2*F2)/3.
b Intensities 2.0 times their standard deviations (from counting statistics).
€ Ry = 3||Fo|=Fd|/Z|Fol; wRy = Z[w (F—F2)*]/=[(WF3*]"/2.
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Fig. 4. Structure of molecule A in 4e (with 20% probability ellipsoids) [29].

3.4.1. Crystallographic features of compound 4e

The asymmetric unit of 4e contains two independent copies of
the compound (Fig. 4 shows one of them, A; molecule B has iden-
tical primed labels) and three solvate molecules: one water and two
2-propanol molecules. Excluding the terminal 4-hydroxy-phenyl
ring, the molecules are approximately planar lying parallel to the
(1,0, 1) plane. The terminal 4-hydroxy-phenyl rings make angles of
76.3 (6)° (in A, shown in Fig. 4) and 85.9 (6)° (B) to the 5-membered
thioxo rings (S1, C20—C22, N4). The root mean square bond and
angle fits between the two molecules are 0.031 A and 2.20° [27].
The molecules are not exactly superimposable with molecule A
twisting further from planarity around the central C13—C18 ring:
the interplanar angles with the 5-membered thiooxo rings are 20.5
(6)° and 6.5 (6)° respectively (molecules A & B). The molecular

contents are bound together via O—H:---O, O—H.---N(azo) and
C—H---O interactions (Table 5, Fig. 5 shows some of these interac-
tions). The water (07) hydrogens were refined from calculated
positions but other alternative positions are possible; data resolu-
tion is insufficient to be definitive. It seems most likely that two
independent adjacent parallel molecules are bound in a bifurcated
manner to the water O7 via O7—H---N3(azo) interactions, with the
water oxygen also acting as acceptor from the 2-propanol hydroxyl
protons. Molecules lying “side by side” are linked by weaker
C—H---O(=C) interactions completing R3(10) and R3(12) motifs
[28]. The overall packing is thus based on a full 3-dimensional
interaction set through the solvate molecule interactions, and
suggests that dipole alignment via poling will require reasonably
high voltages.

Table 5

Hydrogen bond geometry (A, °) for 4e.
D—H:--A D—H H---A D---A D—H:--A Symmetry?
02'—H20---06 0.85 (13) 1.87 (15) 2.577 (15) 140 (10) 1-x —-y1-z
02—H20---05 0.84 1.78 2,611 (12) 168 1+x1+y,z
05—-H50---07 0.84 1.96 2.699 (14) 146 x—-0.5,05-y,05+z
07—-H107---06 0.84 (7) 2.19 (14) 2.696 (13) 119 (13) X, ¥,z
07—H207---N3 0.85(11) 2.54 (14) 2.806 (13) 100 (8) 1-x1-y1-z
C5—H5---02 0.95 2.57 3.491 (19) 164 0.5x,05 - y,z— 05
C5'—H5'---02 0.95 2.55 3.495 (14) 171 x —0.5,15-y,0.5z
C19—-H19---01’ 0.95 2.41 3.345(14) 166 x, 1y, z
C19'-H19'---01 0.95 2.32 3.172(14) 149 xy—-1z

¢ Symmetry to bring the A atom into contact.
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Fig. 5. Crystal packing of 4e [30]; some of the main attractive contacts are shown as dotted lines (see Table 5). Symmetry (i): 1.5 — x, 0.5 + ¥, 1.5 — z (ii) 0.5 + x, 0.5 — y, 0.5 + z (iii)

1.5-%y—-0515-z(v)1 -x1-y1-z

4. Summary and conclusions

A series of push—pull azo-based chromophores, derived from an
indoline donor have been synthesized using a straightforward
synthetic protocol. UV—Vis spectra of the compounds show no
evidence of aggregation in solution and in some cases the chro-
mophores exhibit high degrees of solvatochromism (A2 > 100 nm).
An X-ray crystallographic study of one chromophore, 4e, has been
undertaken in order to provide structural details for one
compound. The static and dynamic first hyperpolarizabilities at
800 nm were obtained, and chromophore 4f — which contains the
well-studied TCF acceptor — was found to have the highest
response in both polar and nonpolar media. Furthermore
a comparison of the values obtained for 4f with its equivalent
aniline-based derivative suggests indoline donors are capable of
yielding compounds with very high NLO responses. Consequently
further studies are underway to investigate the properties of other
chromophores containing an indoline donor with a view to making
meaningful comparisons with their aniline-based analogues.
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