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Abstract

Three hyperbranched polymers (P1—P3) containing second-order nonlinear optical chromophores were synthesized by copolymerization of
aromatic dialdehydes (carbazole, triphenylamine or benzene moieties) with sulfonyl-based chromophores attached with three active methylene
groups, from “A, + B3’ approach based on simple Knoevenagel reaction. For comparison, their corresponding linear analogue polymers
(P4—P6) were prepared. All the polymers are soluble in common organic solvents, and exhibit good thermal stability. The tested NLO properties
of the hyperbranched polymers are better than their corresponding linear polymers, due to the three-dimensional spatial separation of the

chromophores in the obtained hyperbranched polymeric structures.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their advantages such as large nonlinearity, good
processability, ultra-fast response time and superior chemical
flexibility, organic and polymeric nonlinear optical (NLO)
materials are considered as viable alternatives to conventional
inorganic crystalline materials, in which lithium niobate is the
typical delegate [1]. To exhibit electro-optical (EO) effect, the
active moieties, NLO chromophores should be generally poled
under an electric field, to form a highly ordered noncentrosym-
metric alignment. However, chromophores with high first-order
hyperpolarizability usually have large dipole moments, which
directly lead to the strong intermolecular dipole—dipole inter-
actions in the polymeric system, making the poling-induced
noncentrosymmetric alignment a daunting task [2]. This reason
accounts for the fact that the NLO properties of the polymers
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are only enhanced several times even if the uf values of chro-
mophores have been improved by up to 250 folds, thanks to the
great efforts of scientists in the past decades. Thus, it is still
a big challenge in this area to efficiently translate large molec-
ular first hyperpolarizability (8) value into high macroscopic
second-harmonic generation (SHG) coefficient [3].

Much work has been done to tackle this problem. And re-
cent theoretical analyses suggest that optimization of molecu-
lar shape can minimize this intermolecular -electrostatic
interaction and enhance the poling efficiency to some degree,
bringing about a boost in the maximum realizable EO activity,
with spherical shape, proposed by Dalton et al., being the most
ideal conformation [4]. This is further proved by Jen et al. in
the NLO dendrimers and polyimides containing dendronized
chromophores in the side chains [5]. Similar to dendrimers,
hyperbranched polymers possess many unusual properties in
comparison with conventional linear polymers. Especially,
both of them are globular macromolecules, well suited for
the ideal shape modification of NLO chromophores. Also,
the three-dimensional spatial separation of the chromophores
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endows the polymers with favorable site-isolation effect, and
their void-rich topological structure helps to minimize optical
loss in the NLO process [6—S8].

To deepen the exploration of the fundamental architectural
design parameters and develop NLO hyperbranched polymers,
based partly on our previous research [9], in this work, we
designed and synthesized three NLO hyperbranched polymers
(P1—P3) (Scheme 1), in which the common azo chromophores
with sulfonyl moieties as the acceptor were used as the NLO
active units. Due to the synthetic flexibility of sulfonyl chromo-
phores, we also prepared the corresponding linear analogues
(P4—P6). The hyperbranched polymers are macroscopically
processable, thermolytically resistant, and morphologically
stable, and the tested NLO values of the hyperbranched poly-
mers are better than their analogue linear polymers, due to
the special structure and several advantages of hyperbranched
polymers. Herein, we would like to report the syntheses,
characterization and NLO properties of these polymers.

2. Experimental
2.1. Materials

Tetrahydrofuran (THF) was dried over and distilled from
K—Na alloy under an atmosphere of dry nitrogen. N,N-Dimeth-
ylformamide (DMF) was dried over and distilled from CaH,
under an atmosphere of dry nitrogen. POCIl; was freshly
distilled before use. N,N-Di-(2-hydroxyethyl)amine (1) was
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Scheme 1.

bought from Fluka. Triphenylamine was purchased from
Alfa Aesar. p-(Hydroxyethylsulfonyl)aniline (2) and p-(ethyl-
sulfonyl)aniline (3) were prepared according to the literature
[10]. N-Hexylcarbazole (8) was synthesized as reported
previously [11]. Bis-(4-formylphenyl)phenyl amine (10) was
obtained by the method reported in the literature [12]. All
other reagents and solvents were used as received without
further purification.

2.2. Instrumentation

"H NMR and ">C NMR spectroscopic study was conducted
with a Varian Mercury300 spectrometer using tetramethyl-
silane (TMS; 6 =0 ppm) as internal standard. The Fourier
transform infrared (FTIR) spectra were recorded on a Perkin-
Elmer-2 spectrometer in the region of 4000—400 cm ', UV—
vis spectra were obtained using a Shimadzu 160A spectrome-
ter. Mass spectral analysis was performed on API 200 LC/MS
system or with a VJ-ZAB-3F-Mass spectrometer. Elementary
analysis was taken on a Vario EL III elementary analysis
instrument. Gel permeation chromatography (GPC) was used
to determine the molecular weights of polymers. GPC analysis
was performed on an Agilent 1100 series HPLC system and a
G1362A refractive index detector. Polystyrene standards were
used as calibration standards for GPC. THF was used as an el-
uent and the flow rate was 1.0 mL/min or GPC was conducted
on a Waters HPLC system equipped with a 2690D separation
module and a 2410 refractive index detector, with DMF as an
eluent and the flow rate 1.0 mL/min. Thermal analysis was
performed on Netzsch STA449C thermal analyzer at a heating
rate of 20 °C/min in argon at a flow rate of 50 cm>/min for
thermogravimetric analysis (TGA). The thermal transitions
of the polymers were investigated using a Netzsch differential
scanning calorimeter DSC200PC under nitrogen at a scanning
rate of 10 °C/min. The thermometer for measurement of the
melting point was uncorrected. The thickness of the films
was measured with an Ambios Technology XP-2 profilometer.

2.3. Synthesis of 4

Compound 4 was prepared similarly according to the
method described in the literature. p-(Hydroxyethylsulfonyl)-
aniline (2) (0.40 g, 1.94 mmol), sodium nitrite (0.14 g,
2 mmol) and water (2 mL) were placed in a flask, then 18%
(wt%) hydrochloride acid (4.4 mL) was added slowly at O °C.
After stirred for 30 min below 2 °C, the mixture was filtered
to give a pink solution. To this solution was added dropwise the
solution of N-di-(2-hydroxyethyl)amine (1) (0.37 g, 2 mmol) in
ethanol (2.5 mL), and the resultant mixture was agitated in an
ice bath for 1.5 h. The crude product was precipitated out by
neutralizing the reaction mixture with the aqueous solution of
sodium bicarbonate, and was further purified by recrystalliza-
tion from acetone to afford an orange crystalline solid
(0.55g, 70%). Mp: 158—161 °C. '"H NMR (acetone-ds)
0 (ppm): 3.34 (t, J=5.7Hz, 2H, —SO,CH,—), 3.60 (t,
J=5.1Hz, 4H, —NCH,CH,), 3.70 (t, J=5.1Hz, 4H,
—0O—CH,CH,—), 4.07 (t, J=6.0 Hz, 2H, —CH,CH,—0—),
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6.83 (d, J=9.6 Hz, 2H, ArH), 7.75 (d, J = 8.7 Hz, 2H, ArH),
7.86 (d, J =8.7 Hz, 2H, ArH), 7.94 (d, / = 9.0 Hz, 2H, ArH).
IR (thin film) » (cm™'): 3352 (—OH), 1135 (—SO,—). UV—
vis (THF, 2.5 x 107> mol/L): Apax (nm): 446. MS (EI) m/z
[M™]: 393.7, caled 393.1.

2.4. Synthesis of 5

Compound 5 was obtained from the similar procedure as
that for 4, except that p-(ethylsulfonyl)aniline was used instead
of p-(hydroxyethylsulfonylaniline. Yield: 96%. Mp: 129—
130 °C. '"H NMR (acetone-dg) 6 (ppm): 1.30 (t, J=7.5 Hz,
3H, —CHy), 3.17 (q, 2H, —SO,CH,—), 3.75 (t, J=5.1 Hz,
4H, —NCH,CH,), 3.97 (s, br, 4H, —O—CH,CH,—), 6.81 (d,
J=9.0Hz, 2H, ArH), 791 (d, J=28.7 Hz, 2H, ArH), 7.98
(q, 4H, ArH). IR (thin film) » (ecm™Y): 3346 (—OH), 1131
(—S0,—). UV—vis (THF, 2.5 x 107" mol/L): Ay 448 nm.

2.5. Synthesis of chromophores 6 and 7

The general synthetic procedure for these two compounds
was similar, and that of 7 was described in detail as an
example. Compound 4 (0.20 g, 0.50 mmol), cyanoacetic acid
(029 g, 3.0mmol) and 4-(N,N-dimethyl)aminopyridine
(0.10 g, 0.81 mmol) were dissolved in dry DMF (15 mL),
then dicyclohexylcarbodiimine (1.90 g, 0.90 mmol) was added
quickly. The resultant mixture was stirred at room temperature
for 42 h. The precipitate was filtered, and the filtrate was
poured into saturated salt solution. The orange solid was col-
lected, washed subsequently with 0.5 M hydrochloride acid,
diluted aqueous solution of sodium bicarbonate, and water.
The crude product was further purified by column chromatog-
raphy on silica gel for two times. First, the mixture of petro-
leum and ethyl acetate (1:3, v/v) was used as eluent. And in
the second run, the eluent was dichloromethane plus a little
amount of ethyl acetate (about 5%). A pure orange product
was yielded (0.14 g, 47%). Mp: 53—55 °C. "H NMR (acetone-
deg) 0 (ppm): 3.66 (s, 2H, —OCOCH,CN), 3.74 (t, / = 6.0 Hz,
2H, —SO,CH,—), 3.85 (s, 4H, —OCOCH,CN), 3.97 (t,
J=6.0Hz, 4H, —NCH,CH,), 4.49 (t, J/=6.0 Hz, 4H, —O—
CH,CH,—), 4.56 (t, J=5.7Hz, 2H, —CH,CH,—0CO-),
7.09 (d, J=8.7 Hz, 2H, ArH), 7.94 (d, / =9.0 Hz, 2H, ArH),
8.05 (d, J=28.7 Hz, 2H, ArH), 8.12 (d, /= 8.7 Hz, 2H, ArH).
13C NMR (acetone-dg) 6 (ppm): 24.1, 24.3, 49.5, 54.5, 59.7,
63.5, 112.3, 113.7, 114.1, 122.9, 126.0, 129.6, 139.9, 144.2,
151.6, 156.4, 163.8, 164.3. IR (thin film) » (cm™'): 2264 (CN),
1742 (C=0), 1123 (—SO,—). Anal. Calecd for C,7H,6N¢OsS:
C, 54.54; H, 4.41; N, 14.13; S, 5.39. Found: C, 54.51; H,
451; N, 14.04; S, 5.11. UV—vis (THF, 2.5 x 10~ mol/L):
Amax (nm): 429. MS (FAB) m/z [M"]: 595.0, calcd 594.2.

Compound 6: for the preparation of this compound, THF
was used instead of DMF, and the crude product was purified
by column chromatography on silica gel using ethyl acetate/
petroleum ether (3/1) as eluent. Yield: 79.6%. Mp: 50—
51 °C. '"H NMR (CDCls) é (ppm): 1.15 (t, 3H, —CH3), 3.18
(q, 2H, —SO,CH,—), 3.45 (s, 4H,—CH,CN), 3.86 (t, 4H, —
NCH,CH,), 4.48 (t, J=6.0Hz, 4H, —O—CH,CH,—), 6.87

(d, J = 8.7 Hz, 2H, ArH), 7.96 (d, J = 9.3 Hz, 2H, ArH), 7.99
(s, br, 4H, ArH). IR (thin film) » (cm™"): 2264 (CN), 1750
(C=0), 1129 (—SO,—). UV—vis (THF, 2.5 x 10> mol/L):
Amax (nM): 426. MS (EI) m/z [M"]: 512.1, caled 511.2.

2.6. Synthesis of 9

To N,N-dimethylformamide (DMF) (16 mL, 0.20 mol) at
0 °C, was added dropwise phosphorus oxychloride (18.5 mL,
0.20 mol). The solution was then warmed up to room temper-
ature, and compound 8 (5.03 g, 20 mmol) was added. The
resultant mixture was heated to 80 °C and stirred at this tem-
perature for 16 h. After reaction, the mixture was poured into
ice water (300 ml), and extracted with chloroform for several
times. Removal of chloroform gave the crude product with
deep color, which was purified on a silica column using hex-
ane/ethyl acetate (7:3 by volume) as eluent (2.46 g, 40%).
Mp: 130 °C. 'H NMR (CDCl5) 6 (ppm): 0.87 (t, J=6.9 Hz,
3H, —CH3), 1.43—1.25 (m, 6H, —CH,—), 1.92 (m, 2H,
—CH,CH,), 4.39 (t, J=7.2Hz, 2H, —NCH,CH,), 7.57 (d,
J=8.4Hz, 2H, ArH), 8.11 (d, /=7.8 Hz, 2H, ArH), 8.68
(s, 2H, ArH), 10.14 (s, 2H, —CHO). IR (thin film) » (cm_l):
1685 (C=0), 1625, 1593 (carbazole ring).

2.7. Synthesis of PI—P6

The general procedure was alike for the preparation of
P1—P6, and the synthesis of P1 was given as an example.

A 50-mL Schlenk tube was charged with 7 (0.13 g,
0.22 mmol), 9 (0.10 g, 0.33 mmol), and hexahydropyridine
(0.07 mL) as a basic catalyst in DMF (3.5 mL) with a stirring
bar under the atmosphere of dry nitrogen. The reaction mixture
was stirred at 110 °C for about 2 h, then poured into methanol
(250 mL) after cooled to room temperature. The orange precip-
itate was collected and purified by several reprecipitations
from THF to methanol. The product was dried under vacuum
(0.17 g,73.9%). M, = 5000, M /M, = 1.20 (GPC, polystyrene
calibration). '"H NMR (DMSO-dg) 6 (ppm): 0.73 (—CH3),
1.10—1.17 (—NCH,CH,CH,CH,CH>), 1.49 (—NCH,CH;,—),
342 (—SO,CH,—), 3.56 (—NCH,CH,—), 399 (—0O—
CH,CH,—), (—NCH,—), 4.56 (—CH,CH,—0—), 7.17—7.35
(ArH), 7.53—7.84 (ArH), 7.98 (—CH=CH-). IR (thin film)
v (cm™'): 2214 (CN), 1722 (C=0), 1583 (C=C), 1132
(—S0O,—). UV—vis (THF, 0.02 mg/mL): A« (nm): 407.

P2: orange powder, 54.5%. M, =4200, M. /M,=1.83
(GPC, polystyrene calibration). '"H NMR (DMSO-dg)
0 (ppm): 3.51 (—SO,CH,—), 3.59 (—NCH,CH,—), 3.94
(—O—CH,CH,—), 4.49 (—CH,CH,—0—), 6.89—7.39 (ArH),
7.82 (ArH), 7.96 (—CH=CH-). IR (thin film) v (cm ')
2223 (CN), 1722 (C=0), 1578 (C=C), 1129 (—SO,—).
UV—vis (THF, 0.02 mg/mL): A.x (nm): 434.

P3: orange powder, 45.0%. M, = 6300, M/M,=1.29
(GPC, polystyrene calibration). "H NMR (DMSO-dg) 6 (ppm):
355 (—SO,CH—), 3.98 (—NCH,CH,—), 454 (—0O—
CH,CH,—), 4.88 (—CH,CH,—0-), 6.86—7.11 (ArH), 7.79—
7.89 (ArH), 7.99 (—CH=CH-). IR (thin film) » (cm'): 2223
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(CN), 1728 (C=0), 1600 (C=C), 1131 (—SO,—). UV—vis
(THF, 0.02 mg/mL): A, (nm): 432.

P4: orange powder, 26.1%. M, = 13,000, M /M,=1.18
(GPC, DMF as eluent, polystyrene calibration). 'H NMR
(DMSO-dp) 6 (ppm): 0.76 (—CH,CH5—), 1.10 (br, -NCH,CH,
CH,CH,CH,CH3), 1.58 (—NCH,CH,—), 3.59 (—SO,CH,—),
3.87 (-NCH,CH,—), 4.03 (—NCH,—), 4.59 (—O—CH,CH,—),
7.21-7.79 (ArH), 7.86 (—CH=CH—). IR (thin film) » (cm ™ "):
2223 (CN), 1722 (C=0), 1580 (C=C), 1129 (—=SO,—). UV—
vis (THF, 0.02 mg/mL): A, (nm): 407.

PS: orange powder, 48.2%. M,, = 5700, M/M,=2.40
(GPC, polystyrene calibration). '"H NMR (DMSO-dp)
0 (ppm): 1.09 (—CH,CH3—), 3.57—3.61 (—SO,CH,—), 4.47
(—=NCH,CH,—), 4.85 (—O—CH,CH,—), 7.01—7.12 (ArH),
7.79—7.91 (ArH), 7.94 (—CH=CH-). IR (thin film) » (cm ™ "):
2223 (CN), 1719 (C=0), 1578 (C=C), 1129 (—=SO,—). UV—
vis (THF, 0.02 mg/mL): A, (nm): 432.

P6: orange powder, 33%. M, =20,000, My/M,=1.07
(GPC, DMF as eluent, polystyrene calibration). '"H NMR
(DMSO-dg) 6 (ppm): 1.11 (—CH,CH;—), 3.57—3.61
(=SO,CH,—), 4.27 (—NCH,CH,—), 4.82 (—O—CH,CH,—),
6.93 (ArH), 7.42-7.47, 7.79 (ArH), 7.95 (—CH=CH-).
IR (thin film) » (cm™"): 2206 (CN), 1667 (C=0), 1600
(C=0), 1129 (—SO,—). UV—vis (DMF, 0.02 mg/mL): A.x
(nm): 440.

2.7.1. Film fabrication

The polymers were dissolved in THF (concentration
~2 wt%) or DMF (concentration ~3 wt%), and the solutions
were filtered through syringe filters. The polymer solutions
were spin coated onto indium-tin oxide (ITO)-coated glass
substrates, which were carefully pre-cleaned by DMF, acetone,
distilled water, and THF sequentially in ultrasonic bath. Resid-
ual solvent was removed by heating the polymer films in a
vacuum oven at 40 °C for 2 days.
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2.7.2. NLO measurement

The second-order optical nonlinearity of the polymers was
determined by in situ SHG experiments using a closed tem-
perature-controlled oven with optical windows and three
needle electrodes. The films were kept at 45° to the incident
beam and poled inside the oven, with the SHG intensity
monitored simultaneously. Poling conditions were as follows:
temperature: different for each polymer (Table 1); voltage:
7.5kV at the needle point; gap distance: 0.8 cm. The SHG
measurements were carried out with a Nd: YAG laser operating
at a repetition rate of 10 Hz and a pulse width of 8 ns at
1064 nm. A Y-cut quartz crystal was used as reference.

3. Results and discussion
3.1. Synthesis

Compounds 4—5 were prepared by the normal azo coupling
reactions; it was important to keep the reaction temperature be-
low 2 °C during the experiment to achieve high yields. Com-
pounds 6—7 were synthesized by the reaction between the
cyanoacetic and the corresponding alcohol, 4 or 5, and all the
reacting compounds and the solvent should be well dried [13].

As shown in Scheme 2, hyperbranched polymers P1—P3
were obtained by the Knoevenagel condensation reactions
from “A, + B3” approach. The chromophore active moieties
were the same (chromophore 7), while the co-monomers
changed from small bulky groups (benzene ring) to larger
groups (TPA or CZ moieties). For comparison, the analogue
linear polymers (P4—P6) of P1—P3 were also prepared under
the similar conditions (Scheme 3) but chromophore 6 was used
instead of chromophore 7. It is easily seen that chromophores 6
and 7 possess the same donor—1t-acceptor structure, and their
only difference is the number of the active methylene moieties.
This is the special point of sulfonyl-based chromophores as
claimed previously, which offers the large synthetic flexibility

Table 1

Polymerization results and characterization data

No. Yield (%) M M /M2 Amax” (111 T (°C) T (°C) T¢ (°C) LT (um) ds3% (pm/V)
P1 73.9 5000 1.20 407 (412) 130 246 91 0.43 51.1
P2 545 4200 1.83 434 (436) 146 230 126 0.53 44.7
P3 45.0 6300 1.29 432 (439) 134 212 90" 0.29" 20.6"
P4 26.11 13,1001 1.18 407 (413) 144 270 0.37 13.4
P5 48.2 5700 2.40 432 (434) 116 255 0.15 20.1
P6 33.01 20,000' 1.07 (440) 271

6 79.6 426 (436)

7 47.0 429 (437)

# Determined by GPC in THF on the basis of a polystyrene calibration.

® The maximum absorption wavelength of polymer solutions in THE, while the maximum absorption wavelength of their diluted solutions in DMF are given in

the parentheses.

¢ Glass transition temperature (T,) of polymers detected by the DSC analyses under nitrogen at a heating rate of 10 °C/min.
4 The 5% weight loss temperature of polymers detected by the TGA analyses under argon at a heating rate of 20 °C/min.

¢ The best poling temperature.

' Film thickness.

€ Second-harmonic generation (SHG) coefficient.

b Tested in the doped PMMA film with the concentration of 50% (w/w).
! Determined by GPC in DMF on the basis of a polystyrene calibration.
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[14]. By adjusting the groups linked to the sulfur atoms, we corresponding analogue linear ones. Another special advantage
could easily construct linear or hyperbranched polymers from is that the sulfonyl-based chromophores exhibit good transpar-
the sulfonyl-based chromophores, and in the resultant poly- ency, leading to the wider transparency window [14].

mers, the concentrations of the NLO chromophores in the During the polymerization process of hyperbranched poly-
hyperbranched polymers are only a little lower than in their mers, the reactions were monitored by dropping small fractions

BT eI

Ar=CZ (9) Ar=CZ (P4) N

\Y

TPA (10) TPA (P5) N

Bz (1) Bz (P6)
6
O:?:

s 0=S=0

|
C2H5

Scheme 3.



7886 Z. Zhu et al. | Polymer 47 (2006) 7881—7888

of the reaction mixtures into methanol from time to time, and
stopped immediately when some solid precipitates appeared.
Since the reactions proceeded in moderate rates, soluble prod-
ucts could be obtained. The products were purified by repeated
precipitations of their THF solutions into methanol, and the
purified products were obtained in good yields (Table 1).
GPC analyses proved the polymeric nature of the products,
although their M,, values seemed a little lower. However, it
should be pointed out that the GPC analysis using linear poly-
styrenes as calibration standards often underestimates the mo-
lecular weights of hyperbranched polymers, with difference as
big as ~40 times being reported in the literature [15]. The
actual or true molecular weights of the hb-PAEs thus could
be much higher than the values given in Table 1.

3.2. Structural characterization

All the compounds and polymers were well characterized,
and the analytical data were shown in the Section 2. In the
IR spectra of all the polymers, there is an apparently strong
absorption band at 1129 cm ™!, which should be attributed to
the characteristic peak of sulfonyl groups derived from the
sulfonyl-based chromophore 6 or 7. Also, the absorption bands
at about 1720 and 2220 cm ™', respectively, contributed by the
carbonyl stretching vibration of a conjugated carboxylic ester
and the nitrile stretching vibration, are easily found. The IR
spectrum of P1 is demonstrated in Fig. 1 as an example.

In all the '"H NMR spectra of the polymers P1—P6, the
chemical shifts are consistent with the proposed polymer
structure as demonstrated in Schemes 2—3, and all the data
are demonstrated in the Section 2. For example, Fig. 2 shows
the spectra of P1 and P4, it is obvious that the two curves are
similar as their structure is alike. The signal of the proton in
aldehyde groups at about 10 ppm, derived from the co-mono-
mer 9, nearly disappears in the spectrum of P4, and remains
a little in P1, indicating the successful reaction between
monomer 9 and chromophore 7 or 6.

All the polymers, P1—PS5, are easily soluble in polar sol-
vents, such as DMF, DMSO, THF, etc., and P6 exhibits similar
solubility in solvents as others except THF. Fig. 3 shows the
UV—vis spectra of them in the THF solutions, and the

T-soz-

I T T T T T
4000 3000 2000 1600 1200 800
Wavenumber (cm™)

Fig. 1. IR spectra of P1.

a A il
LN

1" 10 9 8 7 6 5 4 3
Chemical shift (ppm)

Fig. 2. "H NMR spectra of polymers in DMSO-dj: (A) P1, (B) P4. The solvent
peaks are marked with asterisks (*).

maximum data are summarized in Table 1 with those obtained
from their solutions in DMF. It is easily seen that there are
strong absorption peaks with the maximum absorption wave-
lengths longer than 400 nm and a band edge of ~550 nm,
due to the mt—m* transition of the sulfonyl-based chromo-
phore. However, the maximum absorption wavelength of P1
is blue-shifted more than 25 nm, compared with free chromo-
phore molecules and other polymers with different co-mono-
mers. Nearly the same maximum absorption wavelengths are
observed in the case of P4. Even when the solvent is changed
from THF to DMF, these two polymers still show much blue-
shifted maximum absorption wavelengths. This is very inter-
esting and would lead to even good transparency and reduced
optical loss. In P1—P6, the chromophore moieties are sur-
rounded by bulky phenyl rings derived from the co-monomer

Absorption (au)

0.0 +—————
270 370

T T T T T = —
470 570
Wavelength (nm)

Fig. 3. UV—vis absorption spectra of THF solutions of polymers P1—P5
(concentration: 0.02 mg/mL).
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(9 or 10 or 11), thus it is possible to achieve effective site iso-
lation, which would directly reduce the strong intermolecular
dipole—dipole interactions between chromophore moieties
and benefit the ordered noncentrosymmetric alignment during
the poling process. And the site-isolation effect in P1 and P4,
indicated by the maximum absorption wavelengths in their
UV—vis spectra, is more obvious than that in other polymers.
Similar phenomena were reported in the literatures [Sb,16].

The glass transition temperatures (T,) of the polymers were
measured by differential scanning calorimetry (DSC), and the
results are summarized in Table 1. The moderate T,s may be
partially ascribed to the presence of bulky aromatic rings in
the polymers, although the flexible alkyl spacer between the
phenyl rings and chromophore moieties is a little longer.
The polymers do not show any significant low temperature
weight loss. The 5% weight loss temperatures are above
210 °C, and up to 271 °C (Table 1).

3.3. Nonlinear optical property

To evaluate the optical nonlinearity of P1—P6, their poled
thin solid films are fabricated. Since P3 and P6 are easily crys-
tallized to opaque solid state during the film fabrication pro-
cess, their thin films could not be obtained by the process
described in the Section 2. This might be due to their too
high rigid structure. Thus, we tried to dope them in poly(methyl
methacrylate) (PMMA), and got the thin films of P3, suitable
for the NLO test, however, those of P6 were not obtained.

The most convenient technique for measuring the second-
order NLO activity is to investigate the SHG processes charac-
terized by ds3. The ds3 value for a poled film can be calculated
from the equation given below [17]:

d33,s I: lc q

PSS g 1
dllAq Iq ls ( )

where d,; q is the d;; of the quartz crystal (0.45 pm/V), I, and
I, are the respective SHG intensities of the sample (polymer
film) and the quartz crystal, [. 4 is the coherent length of the
quartz crystal, /; is the thickness of the sample, and F is the
correction factor of the apparatus (1.2 when [, > [).

From the experimental data, the ds5 values of the polymers
are calculated, at the fundamental wavelength of 1064 nm
(Table 1). Although various ds3 values have been reported for
different polymers containing similar azo dye moieties, and the
ds3 value of a NLO polymer can be different when measured
by different methods or even by different testing systems,
which makes direct data comparison difficult, it is still reason-
able to compare the obtained results of P1—PS5 with each other
and with the ds3 values of the polymers carrying the similar
sulfonyl-based chromophores calculated by the same method
using the experimental data obtained from the same apparatus.

The linear polymers, P4 and P5, show similar ds; values as
other polymers containing nearly the same sulfonyl-based
chromophores we reported previously [9]. It is exciting that
the tested d33 values of the hyperbranched polymers, P1 and

P2, are much better than previous results, and up to 3.8 times
higher than their corresponding linear analogues, which are
prepared and tested at the same time. And P3 also exhibits
relatively high ds; value (20.6 pm/V), even tested in the doped
PMMA film with the concentration only of 50% (w/w).

Generally, the concentrations of chromophore moieties in
the polymer system would heavily influence the resultant
NLO effect. According to the one-dimensional rigid orienta-
tion gas model [18]:

dyz = %Nﬁfz"’( £9)*(cos’ 0) (2)
where N is the number density of the chromophore,  is its first
hyperpolarizability, f is the local field factor, 2w is the double
frequency of the laser, w is its fundamental frequency, and
(cos” 6) is the average orientation factor of the poled film. Ob-
viously, under identical experimental conditions, the ds; value
is proportional to the number density of the chromophore moi-
eties in the polymers. Thus, the real d33 value of P3 should be
much higher. And on the other hand, if we analyze the actual
concentrations of the chromophore moieties in the polymers,
it is obvious that the concentrations of the active sulfonyl-based
chromophore moieties in hyperbranched polymers (P1—P3) are
lower than those in their corresponding linear analogues (P4—
PS). However, the d;; values of the hyperbranched polymers
are much higher than those obtained for the linear polymers.
Compared with other polymers with similar chromophore moi-
eties we prepared previously [9,19], the ds3 values of the hyper-
branched polymers are still higher. However, most of the NLO
polymers prepared so far possess linear molecular structures.
The impressively higher d33 values of P1—P3 suggest that the
3D architectural structure of the hyperbranched polymers and
the spatial chromophore isolation in the macromolecular
spheres have helped to enhance their optical nonlinearities,
just as already shown in the NLO dendrimer systems. Unlike
the NLO dendrimers and linear polymers containing dendron-
ized chromophores, hyperbranched polymers are much easier
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Fig. 4. Decays of SHG coefficients of P2 as a function of temperature.



7888 Z. Zhu et al. | Polymer 47 (2006) 7881—7888

to be prepared from very flexible synthetic routes with conve-
nient purification procedure.

The dynamic thermal stabilities of the NLO activities of the
P2 are investigated by depoling experiments for its highest T,
in which the real time decays of their SHG signals are moni-
tored as the poled films are heated from 45 to 150 °C in air at
a rate of 4 °C/min. The onset temperature for decays in the ds3
values is found to be 118 °C (Fig. 4), partially due to the high
T, value, because of their rigid molecular structures.

4. Conclusion

Through simple Knoevenagel reaction, three hyperbranched
polymers (P1—P3) were successfully obtained, which contain
the sulfonyl-based chromophore as the NLO active moieties.
All the three hyperbranched polymers exhibit better NLO prop-
erties rather than their corresponding linear analogues, due to
the three-dimensional spatial separation of the chromophores
in them. Thus, hyperbranched NLO polymers might be another
choice for us besides NLO dendrimers and polymers contain-
ing dendronized chromophores as side chains, to efficiently
translate large molecular first hyperpolarizability (8) value of
chromophores into high macroscopic second-harmonic genera-
tion (SHG) coefficient of materials.
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