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In this paper, a new series of PVK-based nonlinear optical (NLO) polymers were successfully synthesized,
in which different isolation moieties (from the small to large size) were bonded to the NLO chromophore
moieties. All the polymers were well characterized, and the obtained results demonstrated that the
polymers exhibited improved solubility and processibility, and good optical transparency upon
the introduction of the isolation groups, in addition to the enhanced NLO effects, further confirming that
the linkage of isolation groups will not only boost the NLO properties of the resultant polymers to
possibly high values, but also improve their processibility during the device manipulation process.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Poly(N-vinylcarbazole) (PVK) is a well known polymer with high
glass transition temperature (Tg), good processibility and high hole
transport ability. Due to these advantages, it has been widely
applied in many optical–electronics fields, such as photo-
conductors, photorefractive polymers (PR), organic light emitting
diodes (OLEDs) and nonlinear optical (NLO) materials [1–10].
Usually, PVK was used as a good host in the above mentioned fields.
As to the applications in the NLO area, although some exciting
results have been achieved, the guest-host (PVK) system suffered
from two problems: phase separation (chromophore recrystalli-
zation) and easily relaxation of the chromophore oriented dipoles.
Thus, it was a good alternative choice to introduce the NLO chro-
mophore moieties to the PVK backbone through covalent bonds, to
address these two shortcomings [11–13]. However, the related
reports were very scarce, possibly due to the lack of convenient
synthetic approaches [14,15]. In 2001, our group has developed an
easy postfunctionalization method to prepare an NLO chromo-
phore-containing PVK (PS1, Chart 1), which exhibited good long-
term stability of the NLO effect (the NLO activity remains
unchanged at 120 �C for over 1000 h after a minor initial drop) [16].
However, the d33 value of the resultant polymer was not very high
and its film-forming ability was relatively bad. Thus, to obtain PVK-
: þ86 27 68756757.

All rights reserved.
based NLO materials with good performance, further efforts were
still needed.

On the other hand, in the NLO research field, thanks to the great
efforts of scientists, the mb values of chromophores have been
improved by up to 250 folds; the NLO effects of the polymers,
however, were only enhanced several times due to the strong
intermolecular dipole–dipole interactions in the polymeric system,
which made the poling-induced noncentrosymmetric alignment of
chromophores a daunting task [17–19]. Fortunately, the work of Jen
and Dalton et al. have demonstrated that controlling the shape of
chromophores through the introduction of isolation groups could
be an efficient method to reduce the interaction and enhance the
poling efficiency to increase the macroscopic NLO effects [20–23].
Based on their excellent job and according to the site isolation
principle [24,25], since 2006, with the attempt to partially dissolve
the above challenge: how to efficiently translate the large b values
of the organic chromophores into high macroscopic NLO activities
of polymers, we prepared different kinds of NLO polymers, in
which the size of the isolation groups in NLO chromophore
moieties was changed from small to very larger, and the obtained
experimental results demonstrated that the macroscopic nonline-
arity of NLO polymers could be boosted several times higher by
bonding ‘‘suitable isolation groups’’ to the NLO chromophore
moieties [26–35].

Thus, we considered that by introducing suitable spacers into
the PVK polymeric system, the macroscopic nonlinearity would be
enhanced. From this idea, we have prepared a series of PVK-based
NLO polymers (PS2–S5, Chart 2) with different isolation spacers
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bonded, in which the sulfonyl group was selected to use as the
acceptors, due to its good optical transparency [36]. The results
were consonant with our original idea, the resultant polymers
exhibited enhanced NLO effects, and their long-term stabilities
were also relatively good. Interestingly, some exciting phenomena
were also observed, which were not expected at the very beginning
of the polymer design:

1. while the isolation groups were introduced, the solubility and
processibility of the polymers became much better;

2. the maximum absorption wavelength of the chromophore
moieties in polymer solution was much blue-shifted (even up
to 30 nm) in comparison with those of the free chromophore
molecules in the same solvent. Generally, such hypsochromic
shift may be attributed to the fact that the charge-transfer
interaction between the electron acceptor and the tertiary
amine-donor group was slightly reduced after incorporation of
chromophore into polymer. The extent of blue-shifted
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maximum absorption in PS2–S5 was really too big, much larger
than our previous cases [26–31].

These results were very encouraging and would surely benefit
the practical application of the PVK-based polymers, however,
these phenomena were not obviously observed in our other
systems or found in the literatures. Were they special cases just for
that system (PS2–S5) or common rule for PVK ones? To answer this
question, and also improve the low poling efficiency and bad film-
forming ability of PS1, we would like to introduce some isolation
groups to the chromophore moieties of PS1, by applying the
concept of ‘‘suitable isolation groups’’.

Therefore, in this article, a new series of PVK-based NLO poly-
mers have been prepared successfully (Schemes 1 and 2), with the
structure similar to those of the above mentioned polymers (PS3–
S5) for comparison, while the only difference was that nitro-groups
were used as the acceptors of chromophores instead of sulfonyl
groups. The obtained experimental results were consistent with
that of PS2–S5: after the suitable isolation groups (BOP) were
introduced, the d33 value of the resultant polymer (P2) could be
enhanced remarkably (up to 39.6 pm/V), two times higher than
that of PS1, and its thermal stability of the NLO property was also
better. In addition, the optical transparency and processibility of all
the polymers were improved, in comparison with those of PS1,
confirming that the above mentioned interesting phenomena were
not a separate contingency, but might be universal. Herein, we
would like to report the synthesis, characterization, and NLO
properties of these PVK polymers.

2. Experimental section

2.1. Materials

Tetrahydrofuran (THF) was dried over and distilled from K–Na
alloy under an atmosphere of dry nitrogen. N, N-Dimethylform
amide (DMF) was dried over and distilled from CaH2 under an
atmosphere of dry nitrogen. Dichloromethane (CH2Cl2) was dried
over anhydrous CaCl2 and fresh distilled before use. Poly(N-
vinylcarbazole) (PVK) was purchased from Aldrich, and its
weight-averaged molecular weight was estimated to be 1.10�106.
PVK-CHO (P0) was synthesized according to our previous work
[16]. 3-Bromo-N-ethyl-N-(2-hydroxyethyl)aniline (1), 4-(benzyl-
oxy)phenylboronic acid (4) and 3-N-(n-butyl) carbazole boronic
acid (6) were synthesized according to our previous work [36]. All
other reagents were used as received.

2.2. Instrumentation

1H and 13C NMR spectra were measured on a Varian Mercury300
spectrometer using tetramethylsilane (TMS; d¼ 0 ppm) as internal
standard. The Fourier transform infrared (FTIR) spectra were
recorded on a PerkinElmer-2 spectrometer in the region of 3000–
400 cm�1 on NaCl pellets. UV-visible spectra were obtained using
a Shimadzu UV-2550 spectrometer. Gel permeation chromatog-
raphy (GPC) was used to determine the molecular weights of
polymers. GPC analysis was performed on a Waters HPLC system
equipped with a 2690D separation module and a 2410 refractive
index detector. Polystyrene standards were used as calibration
standards for GPC. DMF was used as eluent, and the flow rate was
1.0 mL/min. EI-MS spectra were recorded with a Finnigan PRACE
mass spectrometer. Elemental analyses were performed by a CAR-
LOERBA-1106 micro-elemental analyzer. Thermal 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 ther-
mogravimetric analysis (TGA). The thermal transitions of the
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polymers were investigated using a METTLER differential scanning
calorimeter DSC822e 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 chromophore 3

4-Nitroaniline (2) (0.59 g, 4.28 mmol) was dissolved in a water
solution of 35% hydrochloric acid. The mixture was cooled to 0–5 �C
in an ice bath, and then a solution of sodium nitrite (0.34 g,
5.00 mmol) in water was added to the above cooled solution
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dropwise. After stirred below 5 �C for 15 min, a solution of 1 (1.00 g,
4.10 mmol) in ethanol was added slowly. The mixture was left in
the ice bath for another 1 h, some sodium bicarbonate was added to
adjust the pH value to about 7.0. The reaction mixture was stirred
for another 0.5 h, the red precipitate was filtered, washed with
water. The crude product was purified by recrystallization from
ethanol/water to afford deeply red powder (1.46 g, 90.7%).
Mp¼ 140–141 �C. 1H NMR (CDCl3) d (ppm): 1.25 (t, J¼ 7.5 Hz, 3H,
-CH2CH3), 3.50–3.61 (m, 4H, -N-CH2-), 3.90 (t, J¼ 5.7 Hz, 2H, -O-
CH2-), 6.69 (dd, J¼ 2.4, 9.3 Hz, 1H, ArH), 7.04 (d, J¼ 2.1 Hz, 1H, ArH),
7.78 (d, J¼ 8.7 Hz, 1H, ArH), 7.96 (d, J¼ 8.7 Hz, 2H, ArH), 8.30 (d,
J¼ 8.7 Hz, 2H, ArH).
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2.4. General procedure for the synthesis of chromophores 7, 8 and 9

A mixture of chromophore 3 (1.00 equiv), the boronic acid 4, 5
or 6 (1.05–1.10 equiv), sodium carbonate (10.0 equiv), THF (the
concentration of chromophore 3 is about 0.05 M)/water (3:1 in
volume), and tetrakis(triphenylphosphine)palladium (Pd(PPh3)4)
(3–5 mol%) was carefully degassed and charged with nitrogen.
The reaction was stirred at 80 �C for about 30 h. After it was
cooled to room temperature, the organic layer was separated,
dried over sodium sulfate, and evaporated to dryness. The
crude product was purified by recrystallization or column
chromatography.

2.4.1. Chromophore 7
3 (393 mg, 1.00 mmol), 5 (134 mg, 1.10 mmol). Purified by

recrystallization from ethanol/acetone to afford deeply red
powder (330 mg, 84.6%). Mp¼ 169–170 �C. 1H NMR (CDCl3)
d (ppm): 1.30 (t, J¼ 6.9 Hz, 3H, -CH3), 3.5–3.7 (m, 4H, -N-CH2-),
3.94 (br, s, 2H, -O-CH2-), 6.82 (m, 2H, ArH), 7.4–7.6 (m, 5H, ArH),
7.72 (d, J¼ 9.0 Hz, 2H, ArH), 7.94 (d, J¼ 8.4 Hz, 1H, ArH), 8.22 (d,
J¼ 9.0 Hz, 2H, ArH).

2.4.2. Chromophore 8
3 (250 mg, 0.64 mmol), 4 (160 mg, 0.70 mmol). Purified by

recrystallization from ethanol/acetone to afford deeply red powder
(279 mg, 88.0%). Mp¼ 128–129 �C. 1H NMR (CDCl3) d (ppm): 1.27 (t,
J¼ 7.2 Hz, 3H, -CH3), 3.5–3.7 (m, 4H, -N-CH2-), 3.94 (br, s, 2H, -O-
CH2-), 3.94 (s, 2H, -O-CH2Ph), 6.78 (m, 2H, ArH), 7.04 (d, J¼ 8.7 Hz,
2H, ArH), 7.3–7.5 (m, 7H, ArH), 7.73 (d, J¼ 9.0 Hz, 2H, ArH), 7.94 (d,
J¼ 9.0 Hz, 1H, ArH), 8.23 (d, J¼ 8.7 Hz, 2H, ArH).

2.4.3. Chromophore 9
3 (500 mg, 1.27 mmol), 6 (336 mg, 1.33 mmol). Purified by

column chromatography on silica gel using ethyl acetate/petroleum
ether (2/1) as eluent to afford deeply red solid (587 mg, 86.5%).
Mp¼ 98–100 �C. 1H NMR (CDCl3) d (ppm): 0.95 (t, J¼ 7.5 Hz, 3H,
-CH3), 1.31 (m, 3H, -CH3), 1.45 (m, 2H, -CH2-), 1.91 (m, 2H, -CH2-),
3.61–3.75 (m, 4H, -N-CH2-), 3.93 (br, s, 2H, -O-CH2-), 4.36 (t,
J¼ 7.2 Hz, 2H, -N-CH2-), 6.83 (br, s, 1H, ArH), 6.93 (s, 1H, ArH), 7.22
(m, 1H, ArH), 7.47 (m, 3H, ArH), 7.61 (d, J¼ 8.4 Hz, 1H, ArH), 7.76 (d,
J¼ 8.4 Hz, 2H, ArH), 8.00 (m, 2H, ArH), 8.15 (d, J¼ 8.4 Hz, 2H, ArH),
8.22 (s, 1H, ArH).

2.5. General procedure for the synthesis of chromophores
10, 11 and 12

Chromophores 7, 8, or 9 (1.00 equiv), dicyclohexylcarbodiimide
(DCC) (1.30–1.50 equiv), cyanoacetic acid (1.20–1.50 equiv), 4-(N,N-
dimethyl)aminopyridine (DMAP) (0.20 equiv) were dissolved in
proper dry CH2Cl2 and stirred at room temperature for 20 h. The
precipitate was filtered and the crude product was purified by
column chromatography.

2.5.1. Chromophore 10
7 (150 mg, 0.38 mmol), cyanoacetic acid (42 mg, 0.48 mmol).

Purified by column chromatography on silica gel using ethyl
acetate/petroleum ether (1/1) as eluent to afford red solid (113 mg,
65.0 %). Mp¼ 107–109 �C. IR (thin film), y (cm�1): 1754 (C¼O),
1518, 1339 (-NO2). 1H NMR (CDCl3) d (ppm): 1.29 (t, J¼ 7.2 Hz, 3H,
-CH3), 3.44 (s, 2H, -CH2CN), 3.58 (q, J¼ 7.2 Hz, 2H, -NCH2-), 3.77 (t,
J¼ 6.3 Hz, 2H, -NCH2-), 4.46 (t, J¼ 6.0 Hz, 2H, -O-CH2-), 6.78 (m, 2H,
ArH), 7.4–7.6 (m, 5H, ArH), 7.74 (d, J¼ 9.0 Hz, 2H, ArH), 7.95 (d,
J¼ 9.3 Hz, 1H, ArH), 8.24 (d, J¼ 9.0 Hz, 2H, ArH). 13C NMR (CDCl3)
d (ppm): 12.59, 24.83, 46.05, 48.57, 63.99, 111.65, 112.68, 117.99,
123.23, 124.88, 127.84, 130.96, 139.62, 141.23, 146.47, 147.60, 150.93,
156.95, 163.03. MS (EI), m/z [Mþ]: 457.2, calcd: 457.2. C25H23N5O4

(EA) (%, found/calcd): C, 65.71/65.63; H, 5.52/5.07; N, 14.83/
15.31. UV-Vis (DMF, 2.5�10�5 mol/L): lmax: 494 nm; 3max:
2.00�104 mol�1 L cm�1.

2.5.2. Chromophore 11
8 (149 mg, 0.30 mmol), cyanoacetic acid (39 mg, 0.45 mmol).

Purified by column chromatography on silica gel using ethyl
acetate/petroleum ether (1/1) as eluent to afford red solid (143 mg,
84.6%). Mp¼ 115–116 �C. IR (thin film), y (cm�1): 1754 (C¼O), 1318,
1339 (-NO2). 1H NMR (CDCl3) d (ppm): 1.28 (t, J¼ 7.2 Hz, 3H, -CH3),
3.43 (s, 2H, -CH2CN), 3.58 (q, J¼ 7.5 Hz, 2H, -NCH2-), 3.77 (t,
J¼ 6.6 Hz, 2H, -NCH2-), 4.45 (t, J¼ 5.9 Hz, 2H, -O-CH2-), 5.16 (s, 2H,
-CH2Ph), 6.77 (m, 2H, ArH), 7.05 (d, J¼ 9.0 Hz, 2H, ArH), 7.3–7.5 (m,
7H, ArH), 7.74 (d, J¼ 8.7 Hz, 2H, ArH), 7.92 (d, J¼ 9.6 Hz, 1H, ArH),
8.23 (d, J¼ 9.0 Hz, 2H, ArH). 13C NMR (CDCl3) d (ppm): 12.62, 24.83,
46.04, 48.56, 63.99, 70.32, 111.41, 112.44, 112.85, 114.30, 118.05,
123.22, 124.89, 127.76, 128.29, 128.87, 132.21, 137.15, 141.27, 146.01,
147.56, 150.98, 157.02, 158.81, 163.05. MS (EI), m/z [Mþ]: 563.0,
calcd: 563.2. C32H29N5O5 (EA) (%, found/calcd): C, 67.99/68.19; H,
5.32/5.19; N, 12.31/12.43. UV-Vis (DMF, 2.5�10�5 mol/L): lmax:
497 nm; 3max: 2.52�104 mol�1 L cm�1.

2.5.3. Chromophore 12
9 (250 mg, 0.47 mmol), cyanoacetic acid (50 mg, 0.57 mmol).

Purified by column chromatography on silica gel using chloro-
form/ethyl acetate (1/1) as eluent to afford red solid (235 mg,
82.3%). Mp¼ 96–99 �C. IR (thin film), y (cm�1): 1750 (C¼O), 1526,
1334 (-NO2). 1H NMR (CDCl3) d (ppm): 0.99 (t, J¼ 7.5 Hz, 3H,
-CH3), 1.31 (t, J¼ 6.9 Hz, 3H, -CH3), 1.45 (m, 2H, -CH2-), 1.93 (m,
2H, -CH2-), 3.44 (s, 2H, -CH2CN), 3.61 (q, J¼ 6.9 Hz, 2H, -NCH2-),
3.82 (t, J¼ 6.3 Hz, 2H, -NCH2-), 4.36 (t, J¼ 6.9 Hz, 2H, -N-CH2-),
4.49 (t, J¼ 7.2 Hz, 2H, -O-CH2-), 6.80 (d, J¼ 9.0 Hz, 1H, ArH), 6.92
(s, 1H, ArH), 7.22 (m, 1H, ArH), 7.45 (m, 3H, ArH), 7.63 (d,
J¼ 8.4 Hz, 1H, ArH), 7.76 (d, J¼ 9.0 Hz, 2H, ArH), 7.99 (d, J¼ 9.0 Hz,
1H, ArH), 8.07 (d, J¼ 7.8 Hz, 1H, ArH), 8.18 (d, J¼ 8.7 Hz, 2H, ArH),
8.24 (s, 1H, ArH). 13C NMR (CDCl3) d (ppm): 12.69, 14.15, 20.84,
24.85, 31.45, 43.27, 46.08, 48.58, 64.03, 108.00, 109.16, 111.29,
113.02, 118.08, 119.34, 120.45, 122.69, 123.02, 123.20, 124.89,
126.08, 128.99, 130.08, 140.35, 141.14, 141.54, 147.21, 147.47, 150.99,
157.12, 163.08. MS (EI), m/z [Mþ]: 602.0, calcd: 602.3. C32H29N5O5

(EA) (%, found/calcd): C, 69.33/69.75; H, 5.56/5.69; N, 13.98/
13.94. UV-Vis (DMF, 2.5�10�5 mol/L): lmax: 498 nm; 3max:
3.00�104 mol�1 L cm�1.

2.6. General procedure for synthesis of polymers P1–P3

2.6.1. PVK-CHO (P0)
PVK-CHO (P0) (1.00 equiv) was dissolved in DMF (0.08 M-CHO),

then a solution of one of chromophores 10–12 (2.60–3.00 equiv)
dissolved in THF and a catalytic amount of piperidine was added
under an atmosphere of dry nitrogen. The reaction mixture was
stirred at 45 �C for 48 h, then dropped into methanol. The obtained
orange precipitate was filtered and washed with methanol for
several times. The resultant product was collected and dried under
vacuum at 40 �C.

2.6.2. P1
P0 (31 mg), 10 (90 mg, 0.20 mmol). Red powder (54 mg, 55.6%).

Mw¼ 8.07�105, Mw/Mn¼ 1.17 (GPC, polystyrene calibration). IR
(thin film), y (cm�1): 2218 (CN), 1723 (C¼O), 1674, 748, 723
(carbazole), 1518, 1339 (-NO2). 1H NMR (DMSO-d6) d (ppm): 1.0–1.4
(-CH3), 3.6–4.2 (-CH2-), 6.5–7.0 (ArH), 7.0–7.8 (ArH), 7.8–8.2 (ArH).
UV-Vis (DMF, 0.02 mg/mL): lmax (nm): 490 nm; UV-Vis (film): lmax

(nm): 482 nm.
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2.6.3. P2
P0 (32 mg), 11 (113 mg, 0.20 mmol). Red powder (58 mg, 50.0%).

Mw¼ 7.41�105, Mw/Mn¼ 1.31 (GPC, polystyrene calibration). IR
(thin film), y (cm�1): 2217 (CN), 1727 (C¼O), 1675, 748, 727
(carbazole), 1518, 1339 (-NO2). 1H NMR (DMSO-d6) d (ppm): 1.0–1.4
(-CH3), 3.6–4.2 (-CH2-), 4.8–5.0 (-OCH2Ph), 6.5–6.9 (ArH), 7.0–7.7
(ArH), 7.8–8.2 (ArH). UV-Vis (DMF, 0.02 mg/mL): lmax (nm):
491 nm; UV-Vis (film): lmax (nm): 482 nm.

2.6.4. P3
P0 (42 mg), 12 (169 mg, 0.28 mmol). Red powder (69 mg, 43.7%).

Mw¼ 7.14�106, Mw/Mn¼ 1.27 (GPC, polystyrene calibration). IR
(thin film), y (cm�1): 2217 (CN), 1723 (C¼O), 1674, 745, 723
(carbazole), 1514, 1134 (-SO2). 1H NMR (DMSO-d6) d (ppm): 0.7–0.9
(-CH3), 1.0–1.4 (-CH3), 1.4–1.6 (-CH2-), 1.8–2.0 (-CH2-), 3.7–4.0
(-NCH2-), 4.1–4.4 (-OCH2 and -CNCH2), 4.6–4.8 (-OCH2-), 6.4–6.6
(ArH), 6.6–6.9 (ArH), 6.9–7.1 (ArH), 7.2–7.6 (ArH), 7.6–7.8 (ArH), 7.9–
8.2 (ArH). UV-Vis (DMF, 0.02 mg/mL): lmax (nm): 492 nm; UV-Vis
(film): lmax (nm): 487 nm.

2.6.5. Preparation of polymer thin films
The polymers were dissolved in DMF (concentration w8 wt%),

and the solutions were filtered through syringe filters. Polymer
films were drop-coated onto indium-tin-oxide (ITO)-coated
glass substrates (22� 22 mm), which were cleaned by N,N-dime-
thylformamide, acetone, distilled water and THF sequentially in
ultrasonic bath before use. Residual solvent was removed by
heating the films in a vacuum oven at 40 �C.

2.6.6. NLO measurement of poled films
The second-order optical nonlinearity of the polymers was

determined by in-situ second harmonic generation (SHG) experi-
ment using a closed temperature-controlled oven with optical
windows and three needle electrodes. The films were kept at 45 �C
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:
7.7 kV at the needle point; gap distance: 0.8 cm. The SHG
measurements were carried out with a 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.

2.6.6.1. General NLO test procedure. After the film was placed in
the oven, the oven was heated under the control of one computer,
and the temperature increased from room temperature to the
Table 1
Polymerization results and characterization data.

No. Yield
(%)

Mw
a

�105
Mw/
Mn

a
lmax

b

(nm)
Tg

c

(�C)
Td

d

(�C)
Te

e

(�C)
ls

f

(mm)
d33

g

(pm/V)
d33 (N)

h

(pm/V)
Fi

P1 55.6 8.07 1.17 490 (494) 140 290 154 0.71 29.4 3.5 0.11
P2 50.0 7.41 1.28 491 (498) 154 274 171 0.87 39.5 4.6 0.19
P3 43.7 7.14 1.32 492 (498) 158 307 170 0.67 34.0 3.9 0.17

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

maximum absorption wavelength of the corresponding small chromophore mole-
cules in diluted THF solutions is 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
argon at a heating rate of 10 �C/min.

e The best poling temperature.
f Film thickness.
g Second harmonic generation (SHG) coefficient.
h The nonresonant d33 values calculated by using the approximate two-level

model.
i Order parameter F¼ 1� A1/A0, A1 and A0 are the absorbance of the polymer film

after and before corona poling, respectively.
predetermined one (generally 10 �C above the glass transition
temperature). At the same time, one beam of laser irradiated on
the film to produce the SHG signal, which was measured by an
optical power meter detector (Beijing Bingsong Photon Techno-
logical Corporation, China). The detector was connected to
a computer, and there was a light filter in front of the detector,
only the light with the wavelength of 532 nm could be collected.
After the maximum signal (Is) was captured, the SHG signal of
a Y-cut quartz crystal (Iq) was tested as the reference. Then, the
heating of the oven was stopped, and the power of the laser was
turned off.
3. Results and discussion

3.1. Synthesis and characterizations

The overall pathway of the monomer synthesis was presented in
Scheme 1. Through the normal azo coupling reaction, chromophore
3 was easily prepared in high yield, and it underwent the followed
Suzuki reactions [37], with different boronic acids, including phenyl
boronic acid (4), 1-benzyloxy-4-(boronic acid)-benzene (5) and 3-
N-(n-butane) carbazole boronic acid (6), to yield the corresponding
chromophores 7–9 with different size of isolation groups in
moderate yields. Finally, cyanoacetylated chromophores 10–12
were prepared by the reactions of chromophores 7–9 with cyano-
acetic acid under mild conditions (Scheme 1) [38].

It was easily seen that PVK-based NLO polymers, P1–P3, were
conveniently obtained by Knoevenagel condensation reactions
between the partially formylated PVK (P0) and their corresponding
chromophores with different isolation moieties [16]. Thus, P1–P3
possessed similar structures (the same polymeric main chain and
the same loading molar concentration of the NLO chromophore),
the only different point was the different size of the isolation
groups bonded to the chromophore moieties.

The chromophores and polymers were characterized by spec-
troscopic methods, and all give satisfactory spectral data (see
Experimental section and Table 1 for detailed analysis data). As
shown in the IR spectra of polymers (Fig. 1), an apparently strong
absorption band appeared at 1693 cm�1 in P0, which was in the
frequency range expected for the carbonyl stretching vibration of
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Fig. 1. IR spectra of polymers P0–3.



Fig. 2. 1H NMR spectra of polymers P0 and P3 in DMSO-d6.
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Fig. 3. UV-Vis spectra of DMF solutions of polymers P1–3 (0.02 mg/mL).
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an aromatic aldehyde, confirming that the high concentration of
formyl groups was introduced into the carbarzole ring by Vilsmeier
reaction. After further functionalized with cyanoacetylated chro-
mophores 10–12, these bands of polymers P1–3 disappeared and
new absorption bands at 1750 and 2220 cm�1 appeared, which
were contributed by the carbonyl stretching vibration of a conju-
gated carboxylic ester and the nitrile stretching vibration respec-
tively. Moreover, the new appearance of nitro group absorption was
at about 1516 cm�1. All these changes indicated that the functional
chromophores were successfully added to the PVK backbone.

It is well known that the formyl groups and the active methy-
lene species in the cyanoacetate possessed high reactivity towards
the Knoevenagel condensation reaction, so under the similar
conditions as our previous work [36], the postfunctionalization
reactions of P0 with chromophores 10–12 proceeded easily and
completely. In the 1H NMR spectra of all the polymers, the
chemical shifts were consistent with the proposed polymer
structure (Scheme 2), and the absorption peak of the aldehyde
groups disappeared, proving the almost complete conversion of
the formyl groups of P0 to chromophore-functionalized PVK-based
polymers, P1–P3. Fig. 2 demonstrated the spectra of P0 and P3 for
example.

All the polymers were soluble in polar organic solvents, such as
DMF, DMSO, and NMP. Also, for good comparison, we re-synthe-
sized the polymer PS1, which, however, exhibited bad solubility,
and nearly could not be handled for any test. On the contrary, under
the same synthetic conditions, the obtained polymers (P1–P3)
demonstrated much better solubility, similar as observed previ-
ously in PS2–S5. This should be ascribed to the presence of the
bonded isolation groups, which might efficiently suppress the
polymer inter-chain entanglements and benefit the polymer chain
to extend in solvents [39]. Furthermore, the solubility seemed to be
improved much better accompanying with the enlargement of the
isolation groups, partly confirming the above explanation.

The UV-Vis absorption spectra of polymers in DMF solutions
were shown in Fig. 3, and the maximum absorption wavelength for
the p–p* transition of the azo moieties in them was listed in the
Experimental section and Table 1. All of the polymers exhibited
weak absorption bands of the carbazole group at about 324 nm. It
was easily seen that the maximum absorption wavelength of the
polymers was almost the same, indicating that the introduction of
the different isolation groups to the donor side of the chromophore
molecules did not affect their electronic structure properties at
a large extent. Thus, it was reasonable for us to focus our eyes on the
relationship between the size of the isolation groups and the
resultant NLO properties of the PVK-based polymers.

As discussed in the introduction part, the maximum absorption
wavelengths of the chromophore moieties in PS2–S5 in solutions
were much blue-shifted (up to 30 nm) in comparison with those of
the free chromophore molecules in the same solvent, and the
maximum absorption wavelengths of the polymer films were
further blue-shifted (about 10 nm), with related to the isolation
effects [20]. Here, similar phenomena were observed in this poly-
meric system, however, the blue-shifted extent of P1–3 (4 w 7 nm)
was not as large as those of PS2–S5. Considering the structure of
P1–3 was very similar to that of PS2–S5, the much less blue-shifted
maximum absorption of P1–3 should be due to the different
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acceptors used. As we know, the electron-pulling ability of nitro-
groups was much larger than that of sulfonyl groups, thus, the
aggregation of the former would be much serious than that of the
latter. Therefore, the same isolation groups led to different isolation
effects, and the better blue-shifted extent of PS2–S5 should be
caused by the much efficient reduction of the chromophore
aggregation.

The molecular weights of polymers were determined by gel
permeation chromatography (GPC) with DMF as an eluent and
polystyrene standards as calibration standards, and all the results
were summarized in Table 1. P1–P3 possessed similar molecular
weights, indicating that the reaction conditions were mild and PVK
backbone was stable during the reaction process. The polymers
were thermolytically resistant, with their TGA thermograms shown
in Fig. 4, and the 5% weight loss temperature of polymers were
listed in Table 1. The results showed that all the polymers exhibited
good thermal stability up to 300 �C. P2 was not so stable as P1 and
P3, possibly due to the unstable benzyl groups. The glass transition
temperature (Tg) of the polymers was investigated using a differ-
ential scanning calorimeter (Table 1), all the polymers generally
have moderate Tg about 155 �C, derived from the rigid mother
polymer, PVK. All the thermal results revealed the superiorities of
PVK used as polymeric backbone.
Fig. 5. A) Comparison of the d33 values of the polymers. (B) Comparison of the
calculated d33 values, which were obtained by using the tested d33 values of
the polymers dividing the concentration of the active chromophore moieties of the
polymers. (C) Comparison of the calculated d33 (N) values of the polymers, according to
the approximate two-level model, using P1 as the reference.
3.2. NLO properties

To evaluate the NLO activity of the polymers, their poled thin
films were prepared. The most convenient technique to study the
second-order NLO activity is to investigate the second harmonic
generation (SHG) processes characterized by d33, an SHG coeffi-
cient. The method for the calculation of the SHG coefficients (d33)
for the poled films has been reported in our previous papers [40–
44]. From the experimental data, the d33 values of P1–P3 are
calculated at fundamental wavelength of 1064 nm (Table 1).

As we expected, P1–P3 demonstrated different NLO properties,
due to their different structures, especially the different introduced
isolation groups linked to the chromophore moieties in the donor
side. To study the NLO results visually, we compared the d33 values
of the polymers using that of P1 as reference (Fig. 5A). As expected,
50 100 150 200 300250 350 400
50

60

70

80

90

100

W
e
i
g
h
t
 
(
%
)

Temperature ( ºC)

P1

P2

P3

Fig. 4. TGA thermograms of P1–P3, measured in nitrogen at a heating rate of 10 �C/
min.
the d33 values were not always increasing as the isolation groups
enlarged from phenyl ring to carbazole moieties, and there was also
a suitable group (BOP moieties in P2) present, similar phenomenon
as our previous work [26–35], further proving the concept of
‘‘suitable isolation groups’’: for a given chromophore moiety and
given linkage position, there should be a suitable isolation group
present to boost its microscopic b value to possible higher macro-
scopic NLO property efficiently. When the isolation groups changed
from Ph to the BOP groups, the d33 value of P2 (39.6 pm/V) was
enhanced 1.34 times that of P1. While the size of isolation groups
was further enlarged (Car groups in P3), the tested d33 value still
kept 34.0 pm/V, 1.16 times that of P1. In general, the d33 values of all
the polymers (P1–3), here, increased efficiently in comparison with
that of PS1 (20 pm/V), due to the introduced isolation groups to
restrain the intermolecular electrostatic dipole–dipole interactions,
indicating that it was an efficient method to enhance the poling
efficiency of high-Tg polymers.

Since the introduction of different isolation groups would result
in the diluted concentration of the active chromophore moieties in
the polymers, we used the tested d33 values dividing the molar
concentrations of the active chromophore moieties, then compared
the results again with that of P1 as the reference (Fig. 5B). Thus, it
was easily seen that the trend of the two curves (the labeled A and
B) was nearly the same, and BOP was also the better isolation
group. Considering there might be some resonant enhancement
due to the absorption of the chromophore moieties at 532 nm, we
calculated their d33 values by using the approximate two-level
model (Table 1), and the trend of curve C in Fig. 4 was similar as that
of curves A and B.

To further study the influence of the increase in the size of the
isolation groups, the order parameter (F) of the polymers (Table 1
and Fig. 6) was measured, which was calculated from the change of
the UV-vis spectra of their films before and after corona poling
under electric field, according to the equation described in Table 1
(footnote i). Coinciding well with the changing trend of observed in
the tested values, the F value of the polymers also did not increase
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Fig. 6. Absorption spectra of the film of P1–3 before and after poling.
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with the size of isolation groups enlarging, further confirming the
above discussion from another side.

The dynamic thermal stabilities of the NLO activities of the
polymers were investigated by depoling experiments, in which the
real time decays of their SHG signals were monitored as the poled
films were heated from 35 to 150 �C in air at a rate of 4 �C/min. As
shown in Fig. 7, the long-term temporal stability of the polymers
was good, especially for P2 and P3, of which the onset temperature
for decays in the d33 values were as high as 130 �C, making them
good candidates for the practical applications. Moreover, the results
demonstrated that the introduction of the large size of the isolated
groups to the chromophores benefited the thermal stability of the
resultant polymers. Here, when the isolation spacers were changed
from Ph to BOP (Car), the onset temperature was raised up to
around 30 �C. On the other hand, as we discussed above on their d33

values, the d33 value of P2 was 1.34 times higher than that of P1.
Thus, based on our previous work [26–30], we may presume that by
applying the concept of ‘‘suitable isolation groups’’, the ‘‘nonline-
arity-stability trade off’’ could be solved somewhat.
4. Conclusion

Totally, in order to confirm the strange phenomena in our
previous work, a new series of PVK-based NLO polymers containing
nitro-based chromophores were successfully prepared, in which
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Fig. 7. Decay curves of SHG coefficient of P1–3 as a function of temperature.
different size of isolation groups was linked to the chromophore
moieties at the donor side to adjust their subtle structure, by
applying the concept of ‘‘suitable isolation groups’’. Similar to our
previous work, the resultant polymers exhibited relatively larger
d33 values (up to 39.6 pm/V), good long-term temporal stability, as
well as improved optical transparency and processibility, making
them good candidates for the practical applications. In addition, the
enhanced nonlinearity and thermal ability demonstrated that by
introducing suitable isolation groups, the ‘‘nonlinearity–stability
trade off’’ may be alleviated.
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