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Abstract
A new series of azobenzene-containing polyurethanes were prepared and post-azo coupling reactions were successfully used to modify the
subtle structure of the azobenzene chromophore moieties. The polymers were characterized and their nonlinear optical properties were inves-
tigated by means of second harmonic generation processes. One of the polymers exhibited highest nonlinear optical effects (d33¼ 58.2 pm/V), in
which carbazolyl moieties were introduced to the chromophore groups as the isolation moieties. The results demonstrate the possibility of
controlling the properties of polymers after the polymerization process.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymeric and monomeric azo-based materials have been
paid great attentions in the past decades, due to their huge
potential applications in high technology fields, such as wave-
guide switches, photomechanical systems, micropatterning,
nonlinear optical (NLO) materials, and holographic memories.
As the azobenzene compounds exhibit poor solubility in com-
mon solvents, they are usually introduced to polymer system
as dopants (guestehost system) or as covalent construction
blocks within the polymers (as the side chains or in the
main chain). Generally, the latter is much better because of
the avoidance of some disadvantages present in the gueste
host systems, for example, the concentration limitation and
bad compatibility of the azobenzene chromophores [1e23].
The frequently used synthetic route for the azobenzene-con-
taining side-chain and main-chain polymers is the homo- or
copolymerization of their corresponding monomers or to
bond the azobenzene chromophores to the polymer backbone
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by the reaction between the azo moieties and the reactive
groups of the polymers. However, in some special cases, this
method does not work well. For example, in polyphosphazene
system, it is very difficult to increase the concentration of
Disperse Red 1 (DR1), a famous azo chromophore, as the
side chains by the direct linkage reaction. Partially according
to the literature [24], we improved the loading of DR1 to
a large degree by using the post-azo coupling reaction [25];
the post-functional strategy also solved other problems
encountered in direct linkage reactions [26e28]. Thus, the
post-azo coupling reaction is an important and acceptable
alternative for the preparation of azobenzene-containing
polymers.

The azobenzene-containing polymers have been systemati-
cally studied as NLO materials, and recent researches demon-
strate that, according to the site isolation principle [29,30], the
introduction of some isolation groups to the azo chromophore
moieties could dramatically improve the NLO effect of the
resultant polymeric materials, by weakening the strong inter-
molecular dipoleedipole interactions between the highly polar
azobenzene chromophore moieties in the polymeric system.
Just this strong intermolecular electrostatic interaction
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accounts for the fact that the NLO properties of the polymers
are only enhanced several times even if the mb values of
chromophores have been improved by up to 250-fold [31e36].

Thus, based on our previous work [37e39], we wonder if it
is possible to introduce additional reactive group to the azo-
benzene-containing polymers for further functionalization,
for example, to introduce some isolation groups, during the
post-azo coupling reaction of the polymers. If possible, we
could control the subtle structure of the azobenzene chromo-
phore moieties in polymers through polymer reactions, to
adjust the properties of the resultant azobenzene-containing
polymers. In the present article, with the above idea, we pre-
pared a series of new azobenzene-containing polyurethanes,
by applying the post-functional strategy (Scheme 1). The
subtle structure of polymers P3eP5 was adjusted by bonding
different isolation moieties to the azobenzene groups, and the
NLO effects of polymers were boosted from 34.6 pm/V of P3
to much larger one (58.2 pm/V) of P5. Another special point is
that P2 could not be obtained from the direct polymerization
of its corresponding monomers. Thus, our examples might
give light on the syntheses of other polymers containing reac-
tive groups for the further functionalization.

2. Experimental part
2.1. Materials
N,N-Dimethylformamide (DMF) was dried over and
distilled from CaH2 under an atmosphere of dry nitrogen.
2,4-Toluenediisocyanate (TDI) was purified by distillation
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under reduced pressure before use. 2-Amino-5-nitrophenol
(1) was purchased from Acros. All other reagents were used
as-received. N-Carbazolylacetic acid (7) was synthesized
according to the methods reported in the literature [9]. Poly-
urethane P1 was obtained from the copolymerization of 2,4-
toluenediisocyanate (TDI) and N,N-(2-hydroxyethyl)aniline
under similar polymerization conditions as reported previously
[40e42].
2.2. Instrumentation
1H NMR spectroscopic study was conducted with a Varian
Mercury300 spectrometer using tetramethylsilane (TMS;
d¼ 0 ppm) as internal standard. The Fourier transform
infrared (FTIR) spectra were recorded on a PerkineElmer-2
spectrometer in the region of 4000e400 cm�1. UVevis spec-
tra were obtained using a Shimadzu UV-2550 spectrometer.
EI-MS spectra were recorded with a Finnigan PRACE mass
spectrometer. 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 eluent and the flow rate was 1.0 mL/min. Ther-
mal analysis was performed on NETZSCH STA449C thermal
analyzer at a heating rate of 10 �C/min in nitrogen at a flow
rate of 50 cm3/min for thermogravimetric analysis (TGA).
The thermal transitions of the polymers were investigated us-
ing a METTLER differential scanning calorimeter DSC200PC
under nitrogen at a scanning rate of 10 �C/min. The thickness
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of the films was measured with an Ambios Technology XP-2
profilometer.
2.3. Synthesis of 3
2-Chloroethanol (2) (0.8 g, 10 mmol) and potassium
carbonate (2.8 g, 20 mmol) were added to the solution of 1
(1.54 g, 10 mmol) in acetone (77 mL) and the reaction mixture
was refluxed at 60 �C for 43 h. After cooled to room temper-
ature, the resultant mixture was filtered, and the solvent in the
filtrate was removed under reduced pressure. The crude solid
was further purified by column chromatography on silica gel
using petroleum ether/ethyl acetate (1:2) as an eluent to yield
the pure yellow product (1.37 g, 69.2%). Mp¼ 144e145 �C.
1H NMR (acetone-d6) d (ppm): 3.94 (t, J¼ 4.2 Hz, 2H,
eOCH2CH2e), 4.19 (t, J¼ 4.5 Hz, 2H, eOCH2CH2e), 6.75
(d, J¼ 9.0 Hz, 1H, ArH), 7.67 (s, 1H, ArH), 7.75 (d,
J¼ 8.7 Hz, 1H, ArH). MS (EI), m/z [Mþ]: 198.0, calcd. 198.1.
2.4. Synthesis of 4
Compound 3 (1.98 g, 10 mmol) was dissolved in fluo-
roboric acid (40%, 4.5 mL) and then the solution was cooled
to 0 �C. A solution of sodium nitrite (0.69 g, 10 mmol) in
ice water (1.4 mL) was added dropwise. The resultant mixture
was stirred at 0 �C for 1 h and then put into a refrigerator over-
night. The white solid was filtered quickly and washed with
cool ethanol and ether for several times. The solid was
collected, and stored in the refrigerator (2.88 g, 97.0%).
2.5. Synthesis of P2
Polyurethane P1 (0.96 g) was dissolved in DMF (7.5 mL)
and then the resultant solution was cooled to 0 �C in an ice
bath. Compound 4 (2.41 g) was added and the color of the
solution changed to red immediately. After stirred for 12 h
at 0 �C, excessive anhydrous potassium carbonate was added
and the mixture was further stirred for half an hour before
filtration. The residue was washed with THF and then the
filtrate was collected. After THF was removed under reduced
pressure, the red solution was added dropwise to methanol.
The precipitate was collected and further purified by several
precipitations from THF into methanol, and dried in a
vacuum to a constant weight (1.37 g, 89.8%). Mw¼ 82 700,
Mw/Mn¼ 1.32 (GPC, DMF, polystyrene calibration). IR (thin
film), n (cm�1): 1720 (C]O), 1339 (eNO2). 1H NMR
(DMSO-d6) d (ppm): 2.05 (eCH3), 3.76 (eNeCH2e), 3.98
(eOeCH2e and eCH2OH), 4.25 (eCH2OCOe), 6.97e7.12
(ArH), 7.45e7.56 (ArH), 7.75e7.82 (ArH), 7.93 (ArH),
8.88e8.97 (eNHe), 9.61 (eNHe). UVevis (DMF,
0.02 mg/mL): lmax (nm): 485.
2.6. General procedure for the synthesis of P3eP5
Polymer P2 (200 mg, 1.00 equiv) was dissolved in
DMF (1.6 mL). Then a solution (1.6 mL) of compound 5 or
6 or 7 (5.00 equiv), 4-(N,N-dimethyl)aminopyridine (DMAP)
(0.4 equiv) and dicyclohexylcarbodiimide (DCC) (5.00 equiv)
was added. The resultant mixture was allowed to stir at room
temperature for 72 h under nitrogen and then filtered to
remove the insoluble solid. The filtrate was added dropwise
to methanol to precipitate the polymer, which was further
purified by several precipitations from THF into methanol,
and dried in a vacuum to a constant weight.

Polymer P3: wine-red powder (150 mg, 66.5%).
Mw¼ 17 700, Mw/Mn¼ 1.55 (GPC, polystyrene calibration). IR
(thin film), n (cm�1): 1722 (C]O), 1340 (eNO2).

1H NMR
(DMSO-d6) d (ppm): 2.07 (eCH3), 3.78 (eNeCH2e), 4.27
(eNCH2CH2e), 4.63e4.68 (eOeCH2e and eCH2OCOe),
6.88e6.90 (ArH), 7.05e7.16 (ArH), 7.40 (ArH), 7.52e7.56
(ArH), 7.69e7.71 (ArH), 7.84e7.93 (ArH), 8.02 (ArH), 8.92e
9.01 (eNHe), 9.65 (eNHe). UVevis (THF, 0.02 mg/mL):
lmax (nm): 471.

Polymer P4: wine-red powder (220 mg, 92.5%). Mw¼ 15 800,
Mw/Mn¼ 1.56 (GPC, polystyrene calibration). IR (thin film), n

(cm�1): 1718 (C]O), 1340 (eNO2).
1H NMR (DMSO-d6)

d (ppm): 2.04 (eCH3), 3.58e3.70 (eNeCH2e), 4.20
(eNCH2CH2e), 4.64e4.76 (eOeCH2e and eCH2OCOe),
6.72e6.85 (ArH), 7.06e7.13 (ArH), 7.46e7.62 (ArH), 7.87
(ArH), 8.03 (ArH), 8.70 (ArH), 8.89e8.98 (eNHe), 9.62
(eNHe). UVevis (THF, 0.02 mg/mL): lmax (nm): 469.

Polymer P5: wine-red powder (232 mg, 92.4%).
Mw¼ 17 670, Mw/Mn¼ 1.57 (GPC, polystyrene calibration). IR
(thin film), n (cm�1): 1730 (C]O), 1339 (eNO2).

1H NMR
(DMSO-d6) d (ppm): 2.06 (eCH3), 3.78 (eNeCH2e), 4.26
(eNCH2CH2e), 4.48e4.55 (eOeCH2e and eCH2OCOe),
5.29 (eCH2e), 6.94 (ArH), 7.08e7.11 (ArH), 7.25 (ArH),
7.40e7.42 (ArH), 7.51 (ArH), 7.62e7.65 (ArH), 7.78e7.80
(ArH), 7.88e7.95 (ArH), 8.04e8.06 (ArH), 8.92e9.02
(eNHe), 9.66 (eNHe). UVevis (THF, 0.02 mg/mL): lmax

(nm): 473.
2.7. Synthesis of compound 9
Compound 3 (0.20 g, 1 mmol) was dissolved in a solution
of 18% (wt) hydrochloride acid (2.2 mL). The mixture was
cooled to 0 �C in an ice bath. A solution of sodium nitrite
(0.069 g, 1 mmol) in 1 mL of water was added slowly and
the mixture was stirred in the ice bath for 30 min. After this,
the mixture was filtered to give a transparent solution. To
this solution, N,N-(2-hydroxyethyl)aniline (8) (0.181 g, 1 mmol)
in 1.3 mL of ethanol was added dropwise and the resultant mix-
ture was stirred for 2 h in an ice bath. The crude product was pre-
cipitated out by neutralizing the reaction mixture with sodium
bicarbonate solution, and further purified by recrystallization
from THF to afford a dark red crystalline solid (0.31 g, 79.4%).
Mp¼ 178e179 �C. 1H NMR (DMSO-d6) d (ppm): 3.57 (s, br,
8H, eNCH2CH2e and eNCH2CH2e), 3.80 (t, J¼ 4.2 Hz, 2H,
eOCH2CH2OH), 4.28 (t, J¼ 4.5 Hz, 2H, eOCH2CH2e), 6.88
(d, J¼ 9.0 Hz, 2H, ArH), 7.61 (d, J¼ 8.7 Hz, 1H, ArH), 7.78
(d, J¼ 8.7 Hz, 2H, ArH), 7.88 (d, J¼ 8.7 Hz, 1H, ArH), 7.96
(s, br, 1H, ArH). 13C NMR (DMSO-d6) d (ppm): 54.1, 58.9,
60.3, 72.4, 79.9, 110.5, 112.2, 117.1, 117.7, 126.6, 144.0, 147.3,
148.3, 152.6, 155.6. IR (thin film), n (cm�1): 1327 (eNO2). MS
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(EI), m/z [Mþ]: 390.2, calcd. 390.2. UVevis (DMF,
2.5� 10�5 mol/L): lmax (nm): 505.
2.8. Preparation of polymer thin films
The polymers were dissolved in THF (concentration
w3 wt%) and the solutions were filtered through syringe fil-
ters. Polymer films were spin-coated onto indium-tin-oxide
(ITO)-coated glass substrates, which were cleaned by N,N-di-
methylformamide, acetone, distilled water and THF sequen-
tially in ultrasonic bath before use. Residual solvent was
removed by heating the films in a vacuum oven at 40 �C.
2.9. NLO measurement of poled films
The second-order optical nonlinearity of the polymers was
determined by in situ second harmonic generation (SHG)
experiment using a closed temperature-controlled oven with
optical windows and three needle electrodes. The films were
kept at 45� to the incident beam and poled inside the oven,
and the SHG intensity was monitored simultaneously. Poling
conditions were as follows: temperature: different for each
polymer (Table 1); voltage: 7.0 kV at the needle point; gap
distance: 0.8 cm. The SHG measurements were carried out
with an Nd:YAG laser operating at a 10 Hz repetition rate
and an 8 ns pulse width at 1064 nm. A Y-cut quartz crystal
served as the reference.

3. Results and discussion
3.1. Synthesis
The synthetic route is demonstrated in Scheme 1. Com-
pound 3 was prepared under the similar reaction conditions
as reported previously [43]. Then, this aniline was converted
to its fluoroborate salt (4) smoothly as other benzenediazo-
nium fluoroborates [44]. From two cheap commercial
Table 1

Polymerization results and characterization data

No. Yield

(%)

Mw
a Mw/Mn

a lmax
b (nm) Tg

c

(�C)

Td
d

(�C)

Te

(�C)

d33
f

(pm/V)

P1 90.3 17 400 1.79 291 (293)

P2 89.8 g g 471 (484)

P3 66.5 17 700 1.55 471 (483) 107 270 113.5 34.6

P4 92.5 15 800 1.56 469 (486) 110 273 117.5 40.0

P5 92.4 17 670 1.57 473 (487) 136 258 126.3 58.2

a Determined by GPC in THF on the basis of polystyrene calibration.
b The maximum absorption wavelength of polymer solutions in THF, while

the maximum absorption wavelength of their diluted solutions in DMF are

given in the parentheses.
c Glass transition temperature (Tg) of polymers detected by the DSC

analyses under nitrogen at a heating rate of 10 �C/min.
d The 5% weight loss temperature of polymers detected by the TGA

analyses under nitrogen at a heating rate of 10 �C/min.
e The best poling temperature.
f Second harmonic generation (SHG) coefficient.
g Not obtained due to its poor solubility in THF.
products, TDI and N,N-(2-hydroxyethyl)aniline, polyurethane
P1 was yielded in a large scale. Thus, the following polymers,
P2eP5, could be derived from the same batch of P1, assuring
their similar molecular weights for the comparison of their
properties on the same level. Through post-azo coupling reac-
tion, the structure of azobenzene was successfully constructed,
while an additional hydroxyl group bonded to the side chain of
P2 simultaneously. Just by utilizing this newly introduced
hydroxyl group, we could adjust the subtle structure of the
chromophore moieties to some degree by the following ester
formation between P2 and different carboxylic acids. As
shown in Scheme 1, benzoic acid (Bz), 1-naphthoic acid
(Np) and N-carbazolylacetic acid (Cz) were selected as the
isolation moieties to modify the azobenzene side chains of
P2, as they could be easily obtained and with different bulk
sizes. Thus, our approach to P3eP5 comprised the post-
polymerization azo coupling and ester formations, with the us-
age of the different reactive properties of aniline and hydroxyl
groups. To the best of our knowledge, there are no reports
from other groups about the combination of these two different
reactions to functionalize polymers through polymer reactions.

All the post-functional polymer reactions were conducted
under mild conditions, and the purification procedure was
very simple. So, our examples demonstrate the synthetic
flexibility of the post-functional strategy, especially the intro-
duction of an additional reactive group to the side chain of
polymers. By applying this post-functional strategy, we would
like to design and synthesize other functional polymers
inaccessible from the polymerization of their corresponding
monomers. Further study is still under way in our lab.
3.2. Structural characterization
The polymers were well characterized. As shown in Fig. 1,
in the IR spectrum of P2, a new strong absorption peak
appeared at 1339 cm�1, which was attributed to the absorption
Fig. 1. IR spectra of polymers (A) P1, (B) P2, (C) P3, (D) P4, and (E) P5.
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of the nitro groups, indicating that the post-azo coupling
reaction was successful, and the structure of the azobenzene
was constructed.

Polymers P3eP5 were easily soluble in polar solvents,
such as THF, DMF and DMSO, though P2 exhibited poor
solubility in THF (it could be dissolved in THF at low concen-
tration). Similar to the case in the IR spectrum of P2, there was
a new strong absorption peak with the maximum absorption
wavelength at 471 nm (due to the pep* transition of the nitro
azo chromophore moieties), which further confirmed the
successful attachment of azobenzene groups to the polymer
backbone (Fig. 2). This absorption peak remained in
P3eP5, though different isolation groups bonded to the chro-
mophore moieties through the ester formation. This indicated
that the pushepull structure of the formed azobenzene
chromophore moieties was nearly unaffected by the attached
isolation part. That is to say, the electronic properties of the
chromophore groups in polymers remained nearly the same,
no matter there were isolation moieties or not, or different
ones. This result assured that the different NLO properties
should be only caused by the different isolation moieties intro-
duced, and we will discuss this point in detail later. The sharp
peak at 291 nm in the spectrum of P5 was ascribed to the ab-
sorption of the carbazolyl moieties.

From the UVevis spectra, we could also determine the
molar ratio of the azobenzene groups and the unreacted aniline
moieties in P2 accurately. A model compound (9, Scheme 2)
was prepared from the normal azo coupling reaction. Then,
a series of DMF solutions of 9 with concentration in the range
of 1� 10�5 mol/L to 4� 10�5 mol/L were prepared, and a cal-
ibration curve was drawn from their absorption data at 505 nm
in UVevis spectra. The spectrum of a DMF solution of P2
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Fig. 2. UVevis absorption spectra of THF solutions of polymers P1eP5 (con-

centration: 0.02 mg/mL).
(0.02 mg/mL) was then measured. Using the calibration curve,
the molar ratio of the azobenzene moieties in P2 was calcu-
lated to be 0.59.

Also, the molar concentration of azobenzene moieties
could be calculated from the 1H NMR spectrum of P2. As
shown in Fig. 3, after the post-azo coupling reaction, a new ab-
sorption peak appeared at 3.98 ppm, which should be ascribed
to the ethylene groups between the two oxygen atoms, in ad-
dition to some other new peaks present at around 7.70 ppm.
The molar ratio of the azobenzene moieties in P2 was calcu-
lated to be 0.63, by comparing the integrations of signal peaks
at 3.98 ppm (the ethylene groups) and 3.76 ppm (the alkyl
protons linked to the nitrogen atoms in the main chain). This
results was similar to that obtained in their UVevis spectra.

In the 1H NMR spectra of P3eP5, the chemical shifts were
also consistent with the proposed structures as demonstrated in
Scheme 1, and that of P5 was selected as an example
(Fig. 3C). Influenced by the linked carboxylic groups, the ab-
sorption peak of the ethylene groups between the two oxygen
atoms shifted from 3.98 ppm to about 4.5 ppm and the original
peak at 3.98 ppm disappeared completely, indicating that there
was no unreacted hydroxyl groups present in P5. This case
was further confirmed by analyzing the peak integrations of
the methylene groups linked with the nitrogen atoms of carba-
zolyl moieties at 5.29 ppm, and the alkyl protons linked to the
nitrogen atoms in the main chain at 3.76 ppm.

The molecular weights of polymers were determined by gel
permeation chromatography (GPC), with THF as an eluent
and polystyrene standards as calibration standards. All the
results are summarized in Table 1. Polymers P3eP5 possessed
similar molecular weights and this would facilitate the
Fig. 3. 1H NMR spectra of (A) P1, (B) P2, and (C) P5 in dimethylsulfoxide-d6.

The solvent and water peaks are marked with asterisks (*).
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comparison of their properties on the same level. Polymers
P3eP5 were thermolytically resistant, and exhibited nearly
the same thermal stability. Their TGA thermograms are shown
in Fig. 4, while the 5% weight loss temperatures of them is
listed in Table 1. Also, by using a Setaram differential scan-
ning calorimeter, the glass transition temperature (Tg) of the
polymers was investigated (Table 1). Polymers P3 and P4
have a moderate Tg (w110 �C), and P5 has a higher Tg of
136 �C, partially due to the strong secondary forces between
polymer chains. The introduced bulky isolation groups (carba-
zolyl moieties) might also contribute to the higher Tg of P5.
3.3. NLO properties
The thin films of P3eP5 were prepared to evaluate the
NLO activity of the polymers, which was studied by investi-
gating the second harmonic generation (SHG) processes
characterized by d33, an SHG coefficient. The method for
the test of the SHG coefficients (d33) for the poled films has
been reported in our previous papers [45e49]. From the exper-
imental data, the d33 values of P3eP5 were calculated at
1064 nm fundamental wavelength (Table 1).

Although the three polymers contain the same NLO active
chromophore moieties, they exhibit different d33 values, due to
the different structures caused by the different isolation
groups. As indicated by the similar maximum absorption
observed in their UVevis spectra, the linkage of the isolation
spacers did not affect the electronic properties of the chromo-
phore moieties. Thus, the different NLO properties of the
polymers should be caused by the difference of the isolation
groups, and especially related to their size. From P3 to P5,
the size of the isolation groups increased step by step, accord-
ingly, the NLO effect increased from 34.6 pm/V of P3 to
58.2 pm/V of P5 (enhanced nearly 1.7 times). To see this trend
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Fig. 4. TGA thermograms of P3eP5 measured in nitrogen at a heating rate of
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more visually, Fig. 5 shows the comparison of the d33 values of
the polymers (Curve A), using P3 as the reference. Thus, the
carbazolyl groups are the best isolation groups among the
three polymers.

Since the introduction of different isolation groups would
surely lead to the different molar weights of the obtained
chromophores, we should consider the different molar
concentrations of the active chromophore moieties in the poly-
mers. According to the one-dimensional rigid orientation gas
model [50],

d33 ¼
1

2
Nbf 2uðf uÞ2

�
cos3 q

�
ð1Þ

where N is the number density of the chromophore, b is its first
hyperpolarizability, f is the local field factor, 2u is the double
frequency of the laser, u is its fundamental frequency, and
hcos3 qi is the average orientation factor of the poled film.
As the active NLO chromophore moieties in P3eP5 are the
same, which should exhibit the same first hyperpolarizability
(b), under identical experimental conditions, d33 should be
proportional to the number density of the chromophore
moieties in the polymers. Therefore, considering the active
concentration of the chromophore moieties in the polymers,
we could compare the results again with that of P3 as the
reference (Curve B, Fig. 5). The trend is nearly the same.

These results coincide well with the site isolation principle.
In our case, the azobenzene moieties are highly polar groups
with large dipole moments, leading to a centrosymmetric
packing model in polymers due to the strong intermolecular
dipoleedipole interactions. This status would surely make
the poling-induced noncentrosymmetric alignment of azoben-
zene chromophores under electric field a daunting task and the
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strong dipoleedipole interactions could be weakened by the
bonded isolation groups, due to the enlarged distance of the
azobenzene chromophore moieties. As the biggest isolation
group in the three ones, carbazolyl group could minimize
the electronic interactions in a larger degree and this fact
might account for the best NLO property of P5.

In comparison with that of P3, the macroscopic NLO effect
of the same azobenzene chromophore moieties was boosted to
1.7 times higher in P5. This result demonstrates the positive
effect of the introduced isolation group, and also indicates
the importance of the usage of suitable isolation moieties.
As the microscopic mb value of the present azobenzene chro-
mophore is relatively small, larger macroscopic NLO effects
could be obtained if other better NLO chromophores with
higher microscopic mb value were used. Thus, our examples
realize the possibility of modifying the NLO properties of
polymers by adjusting the subtle structure of their contained
NLO chromophore moieties through polymer reactions.

The dynamic thermal stabilities of the NLO activities of the
polymers were investigated by the depoling experiment, in
which the real time decays of their SHG signals are monitored
as the poled films are heated from 45 �C to 150 �C in air at
a rate of 4 �C/min. P5 shows the best thermal stability with
the onset temperature for decays in the d33 values at around
125 �C, possibly due to the presence of the large carbazolyl
groups, which resulted in the relatively higher glass transition
temperature in comparison with those of P3 and P4 (Fig. 6).
Thus, the introduction of isolation groups not only benefits
the NLO properties of the resultant materials, but also affects
other behaviors related to their practical applications.

4. Conclusion

By applying post-functional strategy, new azobenzene-
containing polyurethanes were prepared through polymer
reactions (including post-polymerization azo coupling and es-
terization reactions) conveniently. Thus, the subtle structure of
the azobenzene chromophore moieties in polymers could be
further adjusted to modify the NLO properties of the final
yielded materials through polymer reactions. Thus, the present
examples might provide some useful information for the syn-
thesis of other functional polymers inaccessible from their
monomers. The obtained polyurethanes, especially P5, could
be good candidates for the practical applications in NLO field.
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