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Abstract

Novel, photocrosslinkable, star-shaped molecules have been synthesized by attaching a tricyanopyrroline (TCP)-based chromophore to
6-(4-{1,1-bis-[4-(5-carboxy-pentyloxy)-phenyl]-ethyl}-phenoxy)-hexanoic acid. The chromophore 2-(3-cyano-4-(4-diethylamino-phenyl)-5-
oxo-1-{4-[4-(3-oxo-3-phenyl-propenyl)-phenoxy]-butyl}-1,5-dihydro-pyrrol-2-ylidene)-malononitrile is a second-order nonlinear optical active
compound and bears a chalcone moiety that is sensitive to UV light (l¼ 320e350 nm) for 2pþ 2p photocycloaddition. The resultant molecules
exhibited good processability and showed 29e37 pm/V of the maximum electro-optic coefficient at 1300 nm.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the past two decades, researchers have shown a great
deal of interest in organic nonlinear optical (NLO) active chro-
mophores and polymeric composites [1e3]. Polymeric mate-
rials have a strong potential for use in telecommunications,
digital signal processing, phased array radar, THz generation,
and many other applications as active materials in photonic
microdevices [4e7]. This interest has given rise to the need
for materials with better electro-optic (EO) properties, both
at the molecular level and as processed materials. Organic
NLO material systems are advantageous because of factors
such as a high NLO susceptibility, a fast response time,
a low dielectric constant, small dispersion in the refractive
index, structural flexibility, and ease of material processing
[8e10]. Recently, Jen’s group reported a significantly high
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EO coefficient of around 200e262 pm/V at 1300 nm, using
a dialkylaminotetraene-type chromophore in amorphous poly-
carbonate; this is the highest value reported thus far [11].

However, there still remains a strong need to improve the
thermal stability of these materials in order to fulfill the
requirements for multilayer fabrication processes and long-
term device operations. Hence, the thermal crosslinking reac-
tion is often adopted for stabilizing the bulk acentric ordering
of the NLO molecular lattice [12e15]. However, thus far,
there have only been a few reports on photocrosslinkable
NLO materials.

Very recently, the strong potential of tricyano-pyrroline
(TCP) chromophores and their detailed microscopic analysis
data were demonstrated [16]. In particular, the electron-
accepting properties of TCP moiety are considerably stronger
than those of tricyanofuran (TCF). Although there were many
reports about photosensitive NLO material systems, photo-
crosslinking was rather rarely employed for lattice-hardening
processes [17,18].

This report suggests that photocrosslinking provides a facile
method to tune the thermal stability of the EO effect.
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We report the synthesis and characterization of new photocros-
slinkable NLO star-shaped molecules bearing TCP-based
chromophores. One molecule contains a photochemically inert
TCP chromophore and the other comprises a photocrosslink-
able TCP chromophore. This is a new synthetic study for pre-
paring an NLO chromophore with a photocrosslinkable unit in
one molecule and an NLO star-shaped molecule exhibiting
tunable thermal stability. A real-time pole-and-probe tech-
nique permits us to synchronously monitor the EO signal
even during light irradiation. The rising behavior and dynamic
stability of the EO signal of dendrimer samples are investi-
gated under UV light illumination.

2. Experimental

2.1. Materials and measurements

All commercially available starting materials were pur-
chased from Aldrich or Acros Co. and used without further
purification unless otherwise stated. All solvents used in this
study were freshly dried under the standard distillation
method.

A chalcone moiety, 1 and core unit, 2 were synthesized by
using a modified approach to a published method [19,20].

1H NMR spectra were recorded on a Varian Mercury NMR
300 MHz spectrometer using deuterated chloroform or DMSO
(Cambridge Isotope Laboratories, Inc.). Elemental analyses
were performed using an EA1112 (Thermo Electron Corp.)
elemental analyzer. Thermal properties were studied under
a nitrogen atmosphere on a Mettler DSC 821e instrument.
Thermogravimetric analysis was performed using Mettler
TGA50 (temperature rate 10 �C under N2). Absorption analy-
sis was performed with UVevis spectrometer (HP 8453,
PDA type, l¼ 190e1100 nm). HeeCd laser (Melles Griot,
l¼ 325 nm, Model 3074-M-A01) and Xenon lamp equipped
with monochromator (Thermo Oriel, Model 6C921, 1 kW)
were utilized as an excitation source.

Spectroscopic ellipsometry measurement to determine the
refractive indices at various wavelengths was performed on
the thin film using a Woollam VASE model with an autore-
tarder. EO signal was monitored by real-time pole-and-probe
method that is a modified simple reflection method [20e22].
The linear EO coefficient, ‘‘r33’’ of the poled film was calcu-
lated using the ratio of the amplitude of EO modulation (Im)
and the intensity of incident light where phase retardation is
90� between TE and TM mode (Ic). In order to induce photo-
crosslink, we focused pump beam from HeeCd laser on the
reflected spot of the incident diode laser (LaserMax,
l¼ 1300 nm, 10 mW) during poling.

2.2. Synthesis

2.2.1. Synthesis of compound 3
4-Cyano-5-dicyanomethylene-3-hydroxy-2-oxo-3-pyrroline

disodium salt (6.90 g, 30.00 mmol), 2-(N-ethylanilino)ethyl
acetate (7.25 g, 35.00 mmol), and acetic anhydride (2.42 g,
30 wt% aniline) were dissolved in 50 mL of DMF under
argon. The reaction mixture was cooled in an ice bath.
POCl3 (4.59 g, 30.00 mmol) was added dropwise over 0.5 h.
The color of the reaction mixture turned blue and the mixture
was stirred for 6 h at room temperature. Precipitation was
done by pouring the reaction mixture into ice water. The solid
was filtered and dried to yield 8.76 g (77%) of dark blue
solid.

1H NMR (300 MHz, DMSO-d6): d (ppm) 12.56 (s, 1H),
8.30 (d, J¼ 8.7 Hz, 2H), 7.02 (d, J¼ 8.7 Hz, 2H), 4.22
(t, 2H), 3.77 (t, 2H), 3.58 (q, 2H), 1.96 (s, 3H), 1.15 (t, 3H).

13C NMR (DMSO-d6): d (ppm) 171.010, 168.892, 159.192,
153.621, 144.961, 133.512, 116.119, 114.540, 113.763,
113.457, 112.632, 95.039, 61.840, 58.348, 49.105, 46.142,
21.356, 12.846.

EA analysis: Calcd for C20H17N5O3: C, 63.99; H, 4.56; N,
18.66; O, 12.79; found: C, 63.67; H, 4.51; N, 18.08.

HRMS: m/z Calcd for C20H17N5O3 [MþNa]þ, 398.1229;
found, 398.1218.

2.2.2. Synthesis of compound 4a
Compound 3 (3.75 g, 10.00 mmol) and sodium carbonate

(0.529 g, 5.00 mmol) were mixed in 50 mL of DMF under
argon. After heating the solution at 90 �C, 1-bromobutane
(2.05 g, 15.00 mmol) was added dropwise and the reaction mix-
ture was stirred for 24 h. It was poured into ice water to obtain
the greenish solid product. The solid was filtered and dried at
60 �C in vacuo. The resulting product was purified by silica
gel column chromatography (EtOAc:chloroform¼ 1:9, v/v) to
yield 3.47 g (80%) of green solid.

1H NMR (300 MHz, CDCl3): d (ppm) 8.50 (d, J¼ 8.7 Hz,
2H), 6.84 (d, J¼ 8.7 Hz, 2H), 4.30 (t, 2H), 4.08 (t, 2H), 3.74
(t, 4H), 3.59 (q, 2H), 2.06 (s, 3H), 1.63e1.72 (m, 2H), 1.35e
1.46 (m, 2H), 1.29 (t, 3H), 0.98 (t, 3H).

13C NMR (CDCl3): d (ppm) 170.87, 167.17, 155.56,
153.190, 142.607, 133.830, 116.295, 113.668, 113.158,
112.934, 111.613, 96.434, 61.132, 60.661, 49.033, 46.245,
41.709, 31.552, 20.959, 19.638, 13.765, 12.498.

EA analysis: Calcd for C24H25N5O3: C, 66.81; H, 5.84; N,
16.23; O, 11.12; found: C, 66.82; H, 5.80; N, 16.10.

HRMS: m/z Calcd for C24H25N5O3 [MþNa]þ, 454.1855;
found, 454.1853.

2.2.3. Synthesis of compound 4b
Compound 3 (3.75 g, 10.00 mmol) and sodium carbonate

(0.529 g, 5.00 mmol) were mixed in 50 mL of DMF under argon.
After heating the solution at 90 �C, compound 1 (3.59 g,
10.00 mmol) in 20 mL of DMF was added dropwise and the re-
action mixture was stirred for 24 h. It was poured into ice water to
obtain the blue solid product. The resulting product was purified
by silica gel column chromatography (EtOAc:chloroform¼ 1:7,
v/v) to yield 4.22 g (65%) of green solid.

1H NMR (300 MHz, CDCl3): d (ppm) 8.49 (d, J¼ 8.7 Hz,
2H), 8.01 (d, J¼ 8.7 Hz, 2H), 7.76 (d, J¼ 15.6 Hz, 1H), 7.59
(d, J¼ 8.7 Hz, 2H), 7.47e7.60 (m, 3H), 7.41 (d, J¼ 15.6 Hz,
1H), 6.92 (d, J¼ 8.7 Hz, 2H), 6.83 (d, J¼ 8.7 Hz, 2H), 4.29 (t,
2H), 4.17 (t, 2H), 4.07 (t, 2H), 3.73 (t, 4H), 3.58 (q, 2H), 2.05
(s, 3H), 1.88e1.97 (m, 4H), 1.28 (t, 3H).
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13C NMR (CDCl3): d 190.751, 170.900, 167.276, 160.996,
155.566, 153.249, 144.856, 142.616, 138.672, 133.941,
132.751, 130.459, 128.759, 128.608, 127.870, 119.977,
116.358, 115.105, 113.629, 113.235, 112.963, 111.487,
96.532, 67.277, 61.118, 60.899, 49.062, 46.279, 41.534,
26.506, 26.005, 20.988, 12.532.

EA analysis: Calcd for C39H35N5O5: C, 71.65; H, 5.40; N,
10.71; O, 12.24; found: C, 72.44; H, 5.43; N, 11.36.

HRMS: m/z Calcd for C39H35N5O5 [MþNa]þ, 676.2536;
found, 676.2543.

2.2.4. Synthesis of compound 5a
Compound 4a (3.15 g, 7.30 mmol) was dissolved in 20 mL of

THF. Aqueous solution of HCl (10 mL, 3 N) was added and the
mixture was stirred at 80 �C for 12 h. After cooling to room tem-
perature, 100 mL of water was added to precipitate out the prod-
uct. The product collected by filtration, washed, and dried. The
crude product was purified by silica gel column chromatography
(EtOAc:chloroform¼ 1:3, v/v) to yield 2.46 g (86%) of green
solid.

1H NMR (300 MHz, CDCl3): d (ppm) 8.46 (d, J¼ 8.7 Hz,
2H), 6.87 (d, J¼ 8.7 Hz, 2H), 3.99 (t, 2H), 3.92 (q, 2H), 3.69
(t, 4H), 3.66 (q, 2H), 2.27 (t, 1H, OH), 1.59e1.70 (m, 2H),
1.33e1.45 (m, 2H), 1.30 (t, 3H), 0.97 (t, 3H).

13C NMR (CDCl3): d 167.130, 155.833, 153.938, 141.247,
133.713, 116.116, 113.925, 113.502, 113.410, 111.997,
93.797, 60.214, 59.068, 52.793, 46.877, 41.646, 31.470,
19.618, 13.746, 12.386.

EA analysis: Calcd for C22H23N5O2: C, 67.85; H, 5.95; N,
17.98; O, 8.22; found: C, 67.81; H, 5.96; N, 17.92.

HRMS: m/z Calcd for C22H23N5O2 [MþNa]þ, 412.1749;
found, 412.1749.

2.2.5. Synthesis of compound 5b
Compound 4a (3.53 g, 5.40 mmol) was dissolved in 20 mL

of THF. Aqueous solution of HCl (10 mL, 3 N) was added and
the mixture was stirred at 80 �C for 12 h. After cooling to
room temperature, 100 mL of water was added slowly to pre-
cipitate out the product. The product collected by filtration
was washed and dried. The crude product was purified by
silica gel column chromatography (EtOAc:chloroform¼ 1:2,
v/v) to yield 2.68 g (81%) of blue solid.

1H NMR (300 MHz, CDCl3): d (ppm) 8.42 (d, J¼ 8.7 Hz,
2H), 8.01 (d, J¼ 8.7 Hz, 2H), 7.67 (d, J¼ 15.6 Hz, 1H), 7.54
(d, J¼ 8.7 Hz, 2H), 7.48e7.59 (m, 3H), 7.37 (d, J¼ 15.6 Hz,
1H), 6.89 (d, J¼ 8.7 Hz, 2H), 6.80 (d, J¼ 8.7 Hz, 2H), 4.15
(t, 2H), 4.08 (t, 2H), 3.93 (q, 2H), 3.67 (t, 4H), 3.60 (q, 2H),
2.26 (t, 1H, OH), 1.85e1.94 (m, 4H), 1.26 (t, 3H).

EA analysis: Calcd for C37H33N5O4: C, 72.65; H, 5.44; N,
11.45; O, 10.46; found: C, 71.30; H, 5.31; N, 10.58.

HRMS: m/z Calcd for C37H33N5O4 [MþNa]þ, 634.2430;
found, 634.2421.

2.2.6. Synthesis of compound 6a
Compound 2 (0.65 g, 1.00 mmol) and compound 5a

(1.83 g, 3.00 mmol) were dissolved in 50 mL CH2Cl2. DPTS
(0.88 g, 3.00 mmol) and 0.62 g of N,N0-dicyclohexylcarbodii-
mide (DCC, 3.00 mmol) were added to the mother solution.
The reaction mixture was allowed to stir at room temperature
for 24 h under argon. Repeated dissolution and filtration re-
moved most of the resultant urea. The filtered CH2Cl2 solution
was then added dropwise to the stirring methanol. The precip-
itate was collected and the resulting product purified by silica
gel column chromatography (EA:chloroform, 1:6, v/v) to yield
1.52 g (86%) of blue solid. Tg¼ 71 �C.

1H NMR (300 MHz, CDCl3): d (ppm) 8.48 (d, J¼ 8.7 Hz,
6H), 6.97 (d, J¼ 8.7 Hz, 6H), 6.84 (d, J¼ 8.7 Hz, 6H), 6.74
(d, J¼ 8.7 Hz, 6H), 4.30 (t, 6H), 4.04 (t, 6H), 3.89 (t, 6H),
3.73 (t, 6H), 3.57 (q, 6H), 2.32 (t, 6H), 2.08 (s, 3H), 1.68e
1.78 (m, 6H), 1.60e1.70 (m, 12H), 1.32e1.49 (m, 12H),
1.27 (t, 9H), 0.96 (t, 9H).

13C NMR (CDCl3): d (ppm) 173.498, 167.179, 157.096,
155.561, 153.224, 142.631, 141.907, 133.830, 129.745,
116.305, 113.687, 113.162, 112.973, 111.623, 96.488,
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Scheme 2. Synthetic procedure for TCP-based NLO chromophores and their star-shaped molecules. Reagents and conditions: (i) POCl3, DMF, acetic anhydride,

0 �C, 6 h; (ii) a: 1-bromobutane, Na2CO3, DMF, 90 �C, 24 h, b: compound 1, Na2CO3, DMF, 90 �C, 24 h; (iii) HCl, THF, 80 �C, 12 h; (iv) compound 2, DCC,

DPTS, MC, rt, 24 h.
67.597, 61.026, 60.686, 50.714, 48.980, 46.124, 41.714,
34.136, 31.572, 30.931, 29.119, 25.801, 24.689, 19.647,
13.785, 12.507.

EA analysis: Calcd for C104H111N15O12: C, 70.85; H, 6.35;
N, 11.92; O, 10.89; found: C, 70.75; H, 6.31; N, 11.81.

MALDI-TOF-MS m/z Calcd for C104H111N15O12 [Mþ
Na]þ, 1784.8434; found, 1784.9726.

2.2.7. Synthesis of compound 6b
Compound 2 (0.324 g, 0.50 mmol) and compound 5b

(0.917 g, 1.50 mmol) were dissolved in 50 mL CH2Cl2. DPTS
(0.441 g, 1.50 mmol) and DCC (0.309 g, 1.50 mmol) were
added to the mother solution. The reaction mixture was allowed
to stir at room temperature for 24 h under argon. Repeated dis-
solution and filtration removed most of the resultant urea. The
filtered CH2Cl2 solution was then added dropwise into metha-
nol. The precipitate was collected and the resulting product
purified by silica gel column chromatography (EA:chloroform,
1:5, v/v) to yield 0.94 g (77%) of blue solid. Tg¼ 86 �C.

1H NMR (300 MHz, CDCl3): d (ppm) 8.47 (d, J¼ 8.7 Hz,
6H), 8.00 (d, J¼ 8.7 Hz, 6H), 7.75 (d, J¼ 15.6 Hz, 3H), 7.57
(d, J¼ 8.7 Hz, 6H), 7.46e7.60 (m, 9H), 7.40 (d, J¼ 15.6 Hz,
3H), 6.96 (d, J¼ 8.7 Hz, 6H), 6.90 (d, J¼ 8.7 Hz, 6H), 6.82
(d, J¼ 8.7 Hz, 6H), 6.73 (d, J¼ 8.7 Hz, 6H), 4.29 (t, 6H),
4.12 (t, 6H), 4.04 (t, 6H), 3.87 (t, 6H), 3.56 (q, 6H), 2.31 (t,
6H), 2.08 (s, 3H), 1.85e1.92 (m, 12H), 1.68e1.77 (m, 6H),
1.58e1.68 (m, 6H), 1.38e1.48 (m, 6H), 1.26 (t, 9H).

13C NMR (CDCl3): d 190.620, 173.479, 167.203, 160.981,
157.091, 155.541, 153.307, 144.792, 142.437, 141.897,
138.604, 133.873, 132.742, 130.435, 129.740, 128.735,
128.565, 127.797, 119.880, 116.305, 115.076, 113.692,
113.648, 113.269, 113.022, 111.530, 96.221, 67.602, 67.272,
60.992, 60.627, 50.709, 48.975, 46.138, 41.476, 34.122,
30.921,29.109, 26.457, 25.976, 25.787, 24.675, 12.512.
Table 1

The physical properties and measured parameters of the star-shaped molecules, 6a and 6b

lmax (nm) Tg (�C) Dye conc. (wt%) Transition temperature (�C) EO property

Rising (Ttr
R) Decaying (Ttr

D) r33 (pm/V)a (Ep¼ 70 V/mm)

Pristine UV-exposed Pristine UV-exposed Pristine UV-exposed

6a 629 71 63 74 e 64 e 32 e

37b

6b 634 86 46 79 92 80 94 29 23

a The refractive indices of 6a and 6b are 1.67 and 1.70, respectively.
b The sample was poled under 80 V/mm.
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EA analysis: Calcd for C149H141N15O18: C, 73.65; H, 5.85;
N, 8.65; O, 11.85; found: C, 73.10; H, 5.87; N, 8.54.

MALDI-TOF-MS m/z Calcd for C149H141N15O18 [Mþ
Na]þ, 2451.0477; found, 2551.0900.

3. Results and discussion

3.1. Synthesis and materials

4-Hydroxychalcone was reacted with dibromobutane to
obtain 1, and a core unit with carboxylic acid groups in three
arms was also synthesized (Scheme 1). The syntheses of 2-(1-
butyl-3-cyano-4-{4-[ethyl-(2-hydroxy-ethyl)-amino]-phenyl}-
5-oxo-1,5-dihydro-pyrrol-2-ylidene)-malononitrile (5a) and
2-(3-cyano-4-{4-[ethyl-(2-hydroxy-ethyl)-amino]-phenyl}-5-
oxo-1-{4-[4-(3-oxo-3-phenyl-propenyl)-phenoxy]-butyl}-1,5-
dihydro-pyrrol-2-ylidene)-malononitrile (5b) are illustrated in
Scheme 2, including the structures of the resultant two star-
shaped molecules. The butyl group in the secondary amine
group of the pyrroline ring improves the solubility of the chro-
mophore in organic solvents. While 5a was photochemically
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Fig. 1. DSC thermograms of 6a and 6b.
inert, 5b was photochemically active. In particular, 5b was
prepared to attach one photocrosslinkable group to the NLO
chromophore, although the reaction yield was fairly low
(w20%). It was sensitive to UV light (l¼ 300e360 nm)
and underwent 2pþ 2p cycloaddition [23e25]. DCC cata-
lyzed esterification was conducted to prepare 6a and 6b with
a moderately high yield. The two star-shaped molecules
were highly soluble in common organic solvents such as chlo-
roform, THF, cyclopentanone, and DMF.

The net compositions (wt%) of the NLO chromophore and
chalcone group are illustrated in Table 1. The glass transition
temperatures of 6a and 6b are measured and also tabulated in
Table 1. Compound 6b has a higher Tg (¼86 �C) than 6a,
which is due to the higher molar mass as well as the existence
of a rigid chalcone group (see Fig. 1). In addition, the two den-
drimers have a good film-forming property for fabricating thin
films.

3.2. Absorption spectroscopy of 6a and 6b

The absorption spectra of 6a and 6b in the solution state are
also illustrated in Fig. 2A. The absorption spectrum of 6a
illustrates an important feature in that a very sharp low-energy
absorption edge (l¼ 700 nm) is observed. The intrinsic opti-
cal loss in an NLO material that is attributable to chromophore
absorption would be rather small at the communication wave-
lengths of 1.30 and 1.55 mm.

Moreover, it should be noted that absorption by the selected
TCP-based NLO chromophore is weak at the wavelength
(l¼ 330e343 nm) at which absorption by the photocrosslink-
able group is the maximum. Therefore, 6b is thought to be sen-
sitive to UV light for inducing the photocycloaddition reaction.

UVevis absorption spectroscopy for the solution state
revealed that 6a and 6b have absorption maxima at 629 nm
and 634 nm, respectively; these absorption maxima commonly
arise from the pep* transition bands in the NLO unit. In par-
ticular, 6b has another characteristic absorption maximum
(lmax) at 343 nm, which corresponds to the pep* transition
bands in the chalcone unit (see Fig. 2A). In Fig. 2B, we
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illustrated the absorption spectral change of 6b during UV
(Xe lamp with monochromator, lex¼ 340 nm, I¼ 10 mW/cm2)
irradiation. The UV absorption changes at lmax in 6b caused
by photoreaction were investigated using chloroform solution.
The chalcone units underwent a crosslinking reaction by
[2þ 2] cycloaddition between a UV-excited chalcone group
and an unexcited chalcone group (ground state) on another.
As the irradiation time increased, the absorbance at 343 nm
decreased gradually and that at 634 nm was rather constant.
In the inset figure, the dynamic decaying behavior of the ab-
sorbance at 343 nm is shown. The TCP-based chromophore
used in this study showed significant persistence against the
radical generated in the polymer.

3.3. Infrared spectroscopic study on photocrosslinking
reaction

In order to monitor the photoreaction of the olefinic eC]Ce
double bonds of the chalcone group, we utilized FT-IR
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spectroscopy. Fig. 3 shows the localized FT-IR spectra of the
6b sample. The spectra, plotted on an absolute transmittance
scale in the range from 1800 to 1500 cm�1, were recorded
with the same sample before and after UVexposure. Indeed, sig-
nificant changes occurred in the infrared spectra upon UV irra-
diation. The eC]Ce stretching vibration mode at
1602 cm�1 is observed to decrease significantly due to UVexpo-
sure. The spectral band from the ethylenic double bond is nor-
mally superposed with the absorption bands of the double
bonds in the benzene ring. In addition, the intensity of the
C]O unsaturated ketone carbonyl stretching band at
1656 cm�1 decreases after UV exposure; further, a new band
at 1664 cm�1, attributed to a saturated ketone carbonyl stretch-
ing vibration, appears in the spectrum of the polymer after UV
irradiation (see Fig. 3).

3.4. Electro-optic properties of NLO molecular glasses

The EO coefficient (r33) values were measured by a modified
reflection technique [20e22]. We could monitor the variation of
the EO signal (Im/Ic) during heating, cooling, and UV illumina-
tion in the presence of a poling field. In order to investigate the
effect of photocrosslinking, we prepared two sandwiched EO
samples using 6a and 6b. In the case of 6b, one of the sand-
wiched EO samples was the pristine sample, while the other
was the sample that was exposed to 325 nm UV light (HeeCd
laser I¼ 25 mW/cm2) for 5 min before poling.

Curve (a) was obtained by poling the pristine 6a sample
(poling field: 70 V/mm) and curve (b) was obtained by poling
the 6b sample (see Fig. 4). From the UV-exposed 6b sample,
we could obtain curve (c). When poling the samples, a signif-
icant shift in the transition temperature (Ttr

R) of the rising curve
was observed at a higher temperature in the UV-exposed 6b
sample (see Table 1). This is mainly attributed to the high
degree of crosslinking between the chalcone moieties and
the hardening of the matrix. Therefore, the 6b sample under-
went a photo-assisted lattice-hardening process after the
illumination of monochromatic UV light (lex¼ 325 nm).
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The dynamic decaying behavior of the maximized EO sig-
nal was investigated in order to evaluate the thermal stability
(see Fig. 5). One of the 6b samples was poled at 70 V/mm dur-
ing UV irradiation. The poled 6a sample showed the lowest
transition temperature at which the EO signal decreased
abruptly. This indicates that the worst stability of the EO sig-
nal among the three different samples was shown by 6a. Curve
(c) was obtained from the sample that was exposed to UV
irradiation at the maximum poling temperature for 5 min. Ow-
ing to the highly efficient lattice-hardening process induced by
photocycloaddition, the 6b sample showed clear evidence of
the tunable thermal stability of the chromophore alignment.
The UV-exposed 6b sample showed a shift in the transition
temperature (Ttr

D), which is similar to the trend of the transition
temperature (Ttr

R) for the rising behavior shown in Fig. 4.
Further, under a relatively low poling field (Ep¼ 70 V/mm),

all the pristine samples exhibited rather promising EO coeffi-
cients: 32 pm/V for 6a and 29 pm/V for 6b. Compound 6a
showed a higher EO coefficient as compared to 6b because
of lower Tg and a more facile orientation of the small chromo-
phores in 6a. As can be seen in Fig. 6, with careful variation in
the temperature and poling field, we could obtain the maxi-
mum EO coefficient of 6a around 37.0 pm/V under 80 V/mm.

In order to overcome the commonly observed trade-off phe-
nomena between nonlinearity and stability observed in typical
thermal, crosslinkable materials e which hamper the full po-
tential of high optical nonlinearity in these materials e we
suggested a new modified poling/photocuring process.

4. Conclusions

The introduction of a photocrosslinkable moiety constitutes
a new approach to obtain highly efficient NLO star-shaped
molecules. The relatively high EO coefficients under a low
poling field and the tunability of thermal stability offer the
advantage of overcoming the trade-off between nonlinearity
and stability, notably, the degradation of the chromophore dur-
ing UV irradiation in the presence of radical species. The
TCP-based chromophore used in this study shows significant
opposition to radicals that are generated in the material.
When 6a was poled under a field of 80 V/mm, the maximum
EO coefficient was w37.0 pm/V; 6b exhibited much improved
stability after UV irradiation.
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