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Abstract

A new hyperbranched polymeric structure was chosen as a nonlinear optical material. First, a difunctional chromo-
phore, 4-(4 0-nitrophenyl-diazenyl) phenyl-1,3-diamine (NDPD) was synthesized, which was then reacted with 4-
isocyanato-4 0(3,3-dimethyl-2,4-dioxo-azetidino)diphenylmethane (MIA) to form NDPDMIA (A2 type monomer). The
azetidin-2,4-dione functional groups exhibit selective reactivity, which can react only with primary amines under mild con-
ditions. The hyperbranched polymers were synthesized via ring-opening addition reaction between azetidine-2,4-dione
(A2 type monomer) and primary amine (B3 type monomer). This synthetic scheme comes with easy purification, high yield
and rapid synthesis. Chemical structures of the hyperbranched polymers were characterized by FT-IR, 1H NMR, and ele-
mental analysis. The inherent viscosity of hyperbranched polymers in DMSO ranged from 0.15 to 0.22 dLg�1. All of the
obtained polymers were soluble in DMF, DMAc, and DMSO. Using in situ contact poling, r33 coefficients of 6–16 pm/V
and their temporal stability at 60 �C were obtained. Optical loss measurement was also achieved by a prism coupling setup.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic nonlinear optical (NLO) materials have
been extensively investigated due to their high band-
width, large optical nonlinearity and low cost as
compared to inorganics [1,2]. Recently, the develop-
ment of polymers with new chemical structures for
NLO materials have become an active field [3–5].
0014-3057/$ - see front matter � 2007 Elsevier Ltd. All rights reserved

doi:10.1016/j.eurpolymj.2007.07.016

* Corresponding authors. Tel.: +886 4 22852581; fax: +886 4
22854734 (R.-J. Jeng).

E-mail address: rjjeng@nchu.edu.tw (R.-J. Jeng).
Most of the NLO polymer researches have focused
on several types of linear NLO polymers [6–13].
However, the linear NLO polymers usually con-
front the aggregation-quenching problem. Over
the past several years, the concept of using shape
modifications on NLO chromophores to improve
poling efficiently has been demonstrated to obtain
maximum realizable electro-optical (EO) activity
[14–16]. Moreover, the NLO chromophores in
spherically shaped molecules would not stack in a
side-by-side fashion [17,18]. Therefore, the highly
branched dendritic macromolecules have drawn
.
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considerable interests because of their unique phys-
ical and chemical properties, such as low solution
viscosity, high solubility, and a large number of
terminal functional groups. Dendrimers possess
spherical shape, and indeed, dendritic structures
containing NLO chromophores have been demon-
strated to display large EO coefficients due to their
site isolation effects [19]. However, the dendrimers
usually require highly complicated and repetitive
synthetic routes. By contrast, hyperbranched poly-
mers are easy to synthesize and their three-dimen-
sional spatial separation of the chromophores also
endows the polymers with favorable site-isolation
effects [20,21].

The hyperbranched polymers are generally pre-
pared by a facile one-pot self-polymerization of
ABx monomers [22–25]. Apart from that, A2

(difunctional monomer) + B3 (trifunctional mono-
mer) systems are also adopted to the synthesis of
hyperbranched polymers [26,27]. This exhibits the
advantage of more available monomers. The first
preparation of hyperbranched polymers via the
‘A2 + B3’ approach was reported by Kakimoto
[28] and Frechet [29], although the method had been
explored to prepare crosslinked polymeric materials
more than a century before [30]. The solubility of
the low viscosity hyperbranched polymers is supe-
rior to that of the corresponding linear ones [31].

In this work, we report the synthesis and charac-
terization of new hyperbranched polymers contain-
ing 4-(4 0-nitrophenyl-diazenyl) phenyl-1,3-diamine
as an NLO chromophore. The difunctional chromo-
phore 4-(4 0-nitrophenyl-diazenyl) phenyl-1,3-dia-
mine (NDPD) has been synthesized first, which is
then reacted with 4-isocyanato-4 0(3,3-dimethyl-2,4-
dioxo-azetidino) diphenyl-methane (MIA) to form
NDPDMIA (A2 type monomer). The rationale
behind selecting this building block lies in the differ-
ent reactivity of the isocyanate and azetidine-2,4-
dione groups toward amines. The isocyanate group
of MIA is the more reactive functional groups
which can react readily with compounds possessing
amino group, hydroxyl group, or functional groups
with active hydrogens. On the other hand, the azeti-
dine-2,4-dione is more selective and could only react
with primary amines to form malonamide linkages
under mild conditions [32–34]. The A2 type mono-
mer exhibit high selective reactivity, whose azetidine-
2,4-diones can react with aliphatic primary amines
rapidly at mild temperatures. Therefore, hyper-
branched polymers can be synthesized via ring-
opening addition reaction based on NDPDMIA
(A2 type monomer) and tris(3-aminoethyl)-amine
(B3 type monomer). Moreover, the azetidine-2,4-
diones of A2 monomer are capable of performing
ring-opening addition reaction toward aromatic pri-
mary amines of tris(3-aminophenyl)phenyl phos-
phine oxide (TAPPO) at higher temperatures by
using 1,8-diazabicyclo(5.4.0.)-undec-7-ene as cata-
lyst. Therefore, this work focused on the synthesis
of NLO hyperbranched polymers based on A2 +
B3 methodology through the ring-opening addition
reaction. Thermal behavior of these hyperbranched
NLO polymers was studied using differential scan-
ning calorimeter (DSC) and thermogravimetric ana-
lyzer (TGA). The composition effect on temporal
stabilities of the NLO properties was also studied.

2. Experimental

2.1. Measurements

All chemicals were purchased from Aldrich and
were used as received. All reactions were carried
out under nitrogen. Infrared spectra were recorded
by using a Perkin Elmer Paragon 500 FT-IR Spec-
trophotometer. 1H NMR spectra were taken on a
Varian Gemini-200 FT-NMR spectrometer using
CDCl3 and DMSO-d6. Elemental analysis (EA)
was performed on a Heraeus CHN-OS Rapid Ele-
mental Analyzer employing acetanilide as a stan-
dard. DSC and TGA were performed on a Seiko
SII model SSC/5200. A heating rate of 10 �C/min
under nitrogen atmosphere was used. Thermal deg-
radation temperature (Td) was taken at 5% weight
loss. Glass transition temperature (Tg) was mea-
sured at the second heating. UV–vis spectra were
recorded on a Perkin Elmer Lambda 2S spectropho-
tometer to measure the dye contents. Solution vis-
cosity of the polymers was measured on an
Ostwald–Fenske viscometer in dimethyl sulfoxide
(DMSO) solution (0.5 g dL�1) at 30 �C.

2.2. Synthesis of 4-isocyanato-4 0(3,3-dimethyl-2,4-

dioxo-azetidino) diphenylmethane (MIA) [32–39]

(Scheme 1)

The solution of triethylamine (45 g, 0.45 mol) in
xylene (100 ml) was added to a solution of methy-
lenedi-p-phenyl diisocyanate (125 g, 0.5 mol) and
isobutyryl chloride (38.6 g, 0.362 mol) in the same
solvent (250 ml). Reaction mixture was refluxed
for 7 h and then cooled to room temperature. The
resulting solution was filtered to remove the salt,
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and concentrated to about 50 ml. The product was
then crystallized from cyclohexane, yielding the
compound as white powder (33%) Scheme 1.

IR (KBr): t (cm�1)= 2 260(N@C@O), 1 852(C@
O), 1 731 cm�1(C@O).

1H NMR (CDCl3, d, ppm ): 1.40 (s, 6H, –CH3),
3.87 (s, 2H, Ar–CH2–Ar), 6.90. – 7.69 (m, 8 aro-
matic protons).

Elemental analysis: calculated for C25H23N3O3:
C, 71.24, H, 5.03, N, 8.74; Found: C, 71.32, H,
5.17, N, 8.96.

2.3. Synthesis of difunctional monomer containing

chromophores (NDPDMIA)

The difunctional monomer (Scheme 2) was syn-
thesized by the coupling of MIA and the above-
mentioned chromophore, NDPD [40]. The NLO
chromophore, NDPD (0.4 g, 1.55 mmol) and MIA
(1.2 g, 3.75 mmol) were dissolved in N,N-
dimethyl-formamide (DMF). The reaction mixture
was stirred at room temperature for 14 h. Then
the solution was poured into methanol. The precip-
itate was filtered and purified by column chroma-
tography (silica gel, ethyl acetate/n-hexane = 2:1
as eluent).
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Scheme 2. Synthesis of a chromophore-contain
1H NMR (DMSO-d6, d, ppm ): 1.39 (s, 6H, –CH3),
3.90 (s, 4H, Ar–CH2–Ar), 7.10 – 8.67(m, 23H, Ar–H).

Elemental analysis: calculated for C50H43N9O8:
C, 66.88, H, 4.83, N, 14.04; Found: C, 67.70, H,
4.96, N, 14.25.

2.4. Synthesis of NLO polymers

2.4.1. Linear polymers
The composition for the NLO linear and hyper-

branched polymers are showed in Table 1. The lin-
ear polymers PL11 (Scheme 3) was synthesized via
ring-opening addition reaction. For PL11, NDPD-
MIA (2 g, 2.2 mmol) was dissolved in 23 ml of
DMF. After complete dissolution, p-xylene diamine
(0.3 g, 2.2 mmol) was added to the solution. The
mixture was stirred and heated to 60 �C, and further
remained under dry nitrogen atmosphere for 5 h.
The product was then washed with acetone three
times and dried in vacuum at 70 �C for 12 h.

2.4.2. Hyperbranched polymers
HB11, HB32 and HB21 were synthesized by

reacting the difunctional compound (NDPDMIA)
with tris (2-aminoethyl) amines at different molecu-
lar ratios (Scheme 4; Table 1). The difunctional
lene
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Table 1
Compositions of the linear and hyperbranched NLO polymers

Sample Composition (molar ratio)

PL11 NDPDMIA/p-xylene diamine (1:1)
HB11 NDPDMIA/tri(2-aminoethyl) amine (1:1)
HB21 NDPDMIA/tri(2-aminoethyl) amine (2:1)
HB32 NDPDMIA/tri(2-aminoethyl) amine (3:2)
PHB11 NDPDMIA/TAPPO (1:1)

H.-L. Chang et al. / European Polymer Journal 43 (2007) 3988–3996 3991
compound (NDPDMIA) was dissolved in 23 ml of
DMF. After complete dissolution, tri(2-aminoethyl)
amine was added to the solution. These mixtures
were heated to 60 �C and reacted under a dry nitro-
gen atmosphere for 4 h, except that the mixture of
HB32 was reacted at room temperature. The prod-
ucts were then washed with methanol and water
three times and then dried in vacuum at 70 �C for
12 h.

The tris(3-aminophenyl) phenyl phosphine oxide
(TAPPO) was synthesized according to the litera-
ture [41]. PHB11 was synthesized by reacting the
O
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Scheme 4. Synthesis of hyperb
difunctional compound (NDPDMIA) with TAPPO
at equal molecular ratio. The difunctional com-
pound (NDPDMIA, 2 g, 2.2 mmol) was dissolved
in 23 ml of DMF. After complete dissolution,
TAPPO (0.71 g, 2.2 mmol) was added to the solu-
tion and a drop of 1,8-diazabicyclo(5.4.0.)-undec-
7-ene was added as catalyst. The mixture was heated
to 110 �C and reacted under a dry nitrogen atmo-
sphere for 20 h. The product was washed with meth-
anol and water three times and then dried in
vacuum at 70 �C for 12 h.
2.5. Thin film preparation

These polymers were respectively dissolved in
DMF. The polymer solution was stirred at room
temperature for 3 h, and filtered through a 0.5 lm
syringe filter. Thin films were prepared by spin-coat-
ing the filtered polymer solution onto indium tin
oxide (ITO) glass substrates. Prior to poling
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Fig. 1. FT-IR monitoring of NDPDMIA reaction process. (a)
pristine, (b) PHB11, reaction for 20 h and (c) HB11, reaction for
10 min.
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process, these thin films were dried in vacuum at
room temperature for 24 h.

2.6. Poling process, EO coefficient (r33) and optical
loss measurements

The poling process for the second-order NLO
polymer films was carried out using in situ contact
poling technique. The poling voltage was main-
tained for 100 V and the temperature was kept at
approximately 10 �C lower than the Tg of the sam-
ple for a certain period of time. Upon saturation
of the r33 signal intensity, the sample was then
cooled down to room temperature in the presence
of the poling field at which point the poling field
was terminated. The thickness, indices of refraction,
and optical loss were measured by a Model 2010
Prim Coupler (Metricon@) at 830 nm [42,43]. EO
coefficients of the poled samples were measured at
830 nm using the simple reflection technique [44].

3. Results and discussion

The reaction mechanism of MIA is described as
the following. The intermediate product ketene
was formed by the dehydrochlorination of isobuty-
ryl chloride, and then a cycloaddition adduct
2,4-dioxo-acetidino group was obtained from the
reactions of isocyanate and ketene. Via controlling
the molar ratio of MDI and isobutyryl chloride to
1:0.7, the monosubstituted derivative, MIA could
be obtained [32].

This hyperbranched polymers were synthesized
based on azetidine-2,4-diones via ring-opening reac-
tion. In comparison with the preparation of dendri-
mers via convergent or divergent route, the one-pot
synthesis of hyperbranched polymers was drasti-
cally simplified.

FT-IR was utilized to monitor the reaction pro-
cess (Fig. 1). The hyperbranched polymer, PHB11
was obtained via the reaction between NDPDMIA
(A2 type monomer) and TAPPO (B3 type monomer).
TAPPO is an aromatic amine capable of performing
ring-opening addition reaction toward azetidine-2,
4-diones at higher temperatures by using 1,8-diaza-
bicyclo(5.4.0.)-undec-7-ene as catalyst. As shown in
Fig. 1a, the –C@O absorption peaks of azetidine-
2,4-dione were identified at 1740 and 1855 cm�1.
These absorption peaks disappeared after reaction
for 20 h (Fig. 1b). This indicates that the ring-open-
ing addition reaction was completed and the absorp-
tion peaks of azetidine-2,4-dione were displaced by
the emergence of a new absorption peak at
1660 cm-1 corresponding to the carbonyl group of
malonamide. It is important to note that the ring-
opening addition reaction of azetidine-2,4-diones
of A2 monomer toward aliphatic amines are easier
to occur as compared to that toward aromatic
amines [45]. This is because of higher basicity of ali-
phatic amines. Therefore, the ring-opening addition
reaction could be achieved at lower temperatures for
a shorter period of time as shown in Fig. 1c. The
absorption band characterized for the carbonyl
group of malonamide (1650 cm�1) was observed,
meanwhile the absorption peaks at 1740 and
1855 cm�1 were disappeared. This indicates that
the ring-opening addition reaction is completed.
Similar FT-IR spectra were also observed for the rest
of samples.

Solubility properties in organic solvents are sum-
marized in Table 2. These polymers are soluble in
aprotic polar solvents such as dimethylacetamide
(DMAc), DMSO, and DMF. The polymers in the
other solvents are partially soluble in THF, acetone
and ethanol. The polymers PL11, HB11, and HB21
containing aliphatic amine exhibit the better solubil-
ity in organic solvents. According to the solubility
properties, the molecular weights of these polymers
were determined by GPC using DMF as eluent
(Table 3). The molecular weights of polymers con-
taining aromatic amine are lower, given the fact that
the electron-withdrawing phenyl group decreases
the basicity of the amine. As a result, the ring-open-
ing addition reaction of azetidine-2,4-dione groups
toward the aromatic primary amines becomes less
reactive [39]. The molecular weights are not avail-



Table 2
Solubility properties of the polymers

Polymer Solventa

Acetone Ethanol THF H2O DMAc DMSO DMF

PL11 ± ± ± – + + +
HB11 ± ± ± – + + +
HB32 – – – – ± ± ±
HB21 ± ± ± – + + +
PHB11 – – – – + + +

+: soluble; ±: partially soluble; –: insoluble.
a Abbreviation: THF: tetrahydrofuran, DMAc: dimethylacetamide, DMSO: dimethyl sulfoxide, DMF: N,N-dimethyl formadmide.

Table 3
Thermal properties and molecular weights of the polymers

Sample Tg (�C) Td
a (�C) Mw

b Mn
b PDI (Mw/Mn)c

PL11 124 277 53911 20636 2.61
HB11 82 203 21289 11589 1.84
HB21 92 264 21105 9145 2.31
HB32 127 257 –d –d –d

PHB11 106 252 11441 6600 1.73

a Td was read at the temperature corresponding to 5wt.% loss.
b Determined by GPC in DMF with linear polystyrene standards.
c PDI = polydispersity.
d Not available due to its partially crosslinking.
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able for the HB32 sample because it is partially
crosslinked. The HB32 sample was prepared from
NDPDMIA (A2 type monomer) reacted with
tris(3-aminoethyl)-amine (B3 type monomer) with
a feed ratio of A2–B3 of 3/2. Although the
A2 + B3 approach to hyperbranched polymers holds
some merits over the conventional AB2 polyconden-
sation approach, such as facile preparation and
commercial availability of monomers. However,
this approach still exhibits the major problem of
uncontrollable gelation [45].

The intrinsic viscosities of polymers were
obtained by dissolution of the samples in DMSO
at 30 �C. The inherent viscosities were in the range
between 0.15 and 0.28 dL/g. The inherent viscosities
of HB11 and PL11 are much higher than those of
HB21 and PHB11. According to previous literature
on the relationship between viscosity and molecular
weight for hyperbranched polymers reported by
Turner et al. [46], the molecular weight for hyper-
branched polyesters with ginh = 0.27 dL/g is ranged
from 10,000 to 100,000. Although a direct compar-
ison of our products with those is not strictly valid,
a comparison of their physical properties is
reasonable.
Thermal properties of the hyperbranched poly-
mer were measured with DSC and TGA (Table 3).
Typical DSC thermograms of polymers are shown
in Fig. 2. The Tg of hyperbranched polymer,
HB32 is the highest one (127 �C) among all the
polymers. This is possibly due to the partial cross-
linking of HB32. Moreover, the Tg of HB21 poly-
mer is higher than that of HB11. This is because a
higher content of azetidine-2,4-dione groups is pres-
ent in HB21, and the number of phenyl groups is
proportional to the azetidine-2,4-dione content.
Furthermore, the Tg of PHB11 sample is higher
than that of HB11 due to the presence of aromatic
amines and phosphorous effect. Typical TGA ther-
mograms of the hyperbranched polymers are shown
in Fig. 3. It seems that these hyperbranched polymer
show fairly good thermal stability.

Optical properties of these NLO materials are
shown in Table 4. Thicknesses of the polymer films
are ranged from 0.93 to 1.74 lm, whereas refraction
indices are ranged from 1.68 to 1.69 (830 nm). Opti-
cal loss is in the range between 5.2 and 7.6 dB/cm
(830 nm). It is important to note that the phosphorus
containing PHB11 sample exhibits lower optical loss
than other samples do. The phosphorus-containing
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functionalities which result in reducing the number
density of C–H, O–H and N–H bonds in the intrinsic
structures play a key role in lowering the optical loss
[13]. EO coefficients resulted from the in situ poling
process are in the range between 5.9 and 15.7 pm/V
(830 nm). The r33 of the hyperbranched polymer
HB21 is higher than those of the linear polymer
PL11 and hyperbranched polymer HB32. This is
due to the fact that the partial crosslinking of
HB32 results in poor molecular alignment during
Table 4
Optical properties and EO cofficients of the NLO polymers

Samples Dye content
(%)

Phosphorus
content (%)

Thickness film
(lm)

PL11 21.7 – 1.62
HB21 23.1 – 1.74
HB32 22.5 – 1.74
PHB11 18.5 2.51 0.93
the in situ poling process. More importantly, under
a similar poling condition, the poled films of HB21
and PHB11 exhibited r33 values of 14.7 and
15.7 pm/V, which are two times larger than that of
PL11, indicating a significant improvement of poling
efficiency. The hyperbranched structure of HB21 and
PHB11 possibly contributes to such improvement.
Dendritic structure is very close to the spherical
shape capable of achieving the theoretically pre-
dicted optimum poling efficiency by the site isolation
effect [19,47]. Hence, the hyperbranched structures
containing NLO chromophores have been demon-
strated to display relatively large EO coefficients as
compared to the linear NLO-active polymer in this
work.

Fig. 4 shows the temporal stability of EO coeffi-
cient for the poled samples at 60 �C. A fast decay of
the EO coefficients was observed at the beginning of
thermal treatment. This phenomenon maybe
resulted from recovery of bond angle and bond
length of the oriented chromophores [48]. The best
temporal stability was obtained for the hyper-
branched HB32 sample. After being subjected to
thermal treatment at 60 �C for 100 h, a reduction
of less than 30% in EO coefficient (r33(t)/r33(t0))
Refraction indices
at 830 nm

r33 (pm/V)
at 830 nm

Optical loss (dB/cm)
at 830 nm

1.69 6.5 7.6
1.68 14.7 6.5
1.69 5.9 6.4
1.69 15.7 5.2
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was observed for both the HB32 and PL11 samples
due to the presence of high Tg. On the other hand, a
reduction of more than 50% in EO coefficient was
observed for HB21 and PHB11 samples. This indi-
cates that the Tg is the sole deciding factor respon-
sible for the temporal stability in this work.
4. Conclusion

A new and rapid synthesis of hyperbranched NLO
polymers has been developed. The hyperbranched
NLO polymers were synthesized via ring-opening
addition reaction based an azetidine-2,4-dione-
containing chromophore (A2 type monomer) and
amine-containing compounds (B3 type monomer).
All of the obtained polymers were soluble in DMF,
DMAc and DMSO. Using in situ contact poling, r33

coefficients of 6–16 pm/V and temporal stability at
60 �C were obtained. Optical waveguide measure-
ment was also achieved by a prism coupling setup
(830 nm). As compared to the linear NLO-active
polymer in this work, these hyperbranched NLO-
active polymers have been demonstrated to display
relatively large EO coefficients due to their site isola-
tion effects.
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