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ABSTRACT: New highly fluorinated poly(arylene ether sulfone)s (FPAES), poly(arylene ether ketone)s
(FPAEK), and poly(arylene ether)s with several types of NLO chromophores as pendant groups were
obtained by a polycondensation reaction using very mild conditions. The different polymer structures were
designedwith the objective to investigate the influence of both the polarity of the chromophore and the nature
of the tether between the NLO chromophore and the chain. The resulting copolymers have glass transition
temperatures (Tg’s) varying between 160 and 215 �C, and they are stable up to 280 �C under nitrogen.
Although these copolymers are soluble in common organic solvents, cyclohexanone gave the best film quality
and was used for the film preparation. After optimization of the poling conditions, the in situ second
harmonic generation (SHG) measurements gave nonresonant values of the second-order susceptibilities d33
ranging from 2 to 8 pm/V, and the SHG signals of the poled polymer films were found to be thermally stable
below 130 �C. Although being comparable with the values obtained for similar polymers and chromophores
in the literature, d33 are smaller than those obtained for more conventional NLO polymers like
PMMA-Disperse Red One (PMMA-DR1), which was taken as a reference. An unusual drop of the SHG
signal during cooling was found in the thermally assisted orientation process. This drop occurred at a
characteristic temperature below Tg. In this relaxation process which has never been observed, intra- and
interchain dipolar interactions are shown to play an important role, which is amplified in the case of
chromophores which have their donor group embedded in the main chain, connected by two rigid tethers.

Introduction

During the past two decades, organic nonlinear optical (NLO)
polymers have received a considerable interest because of their
potential applications in optical telecommunication devices.1,2

Compared to inorganic crystals generally used for the manufac-
ture of these devices, organic polymers present several advantages
such as a large nonresonant optical nonlinearity of pure electro-
nic origin, a very high bandwidth associated with a low dielectric
constant, and easy processing methods for the manufacture of
integrated optical devices. Furthermore, molecular engineering
enables to vary the polymeric structures in order to fulfill a large
variety of requirements necessary for device fabrication and
practical use in terms of efficiency and long-term stability.

One of the major problems with second-order NLO polymers,
for which the main target application is the manufacture of
electro-opticmodulators, is the long-term relaxation of the dipole
orientation generally induced by a thermally assisted electric field
poling and necessary to induce the non-centrosymmetry required
for second-order NLO properties.3 Different approaches have
been used: first, cross-linking polymers during or after poling has
been extensively investigated in recent years and has been shown
to lead to an increased thermal stability.4-7As cross-linking often
leads to increased optical losses, new 3-dimensional NLO poly-
meric or dendrimeric systems have been recently proposed.8

Second, the use of polymers with a rigid polymer backbone
exhibiting a high glass transition temperature (Tg) also leads to a
much better thermal stability of the NLO response and has

impulsed the development of new families of thermostable
NLO polymers like polyimides,9-19 polyurethanes,20-27 polycar-
bonates,28 polyquinolines,29 and polyquinoxalines.30

Another important issue is the control of dipolar interactions.
Because highly efficient NLO polymers bear highly dipolar
chromophores with a large dipole moment, it is difficult to
achieve efficient electro-optic activity due to the strong dipole-
dipole interaction between the chromophores. Different strate-
gies are being explored for improving the poling efficiency,
including the use of dendronized NLO chromophores and poly-
mers31 and the intercalation of bulky spacers alternating with
NLO chromophores along the polymer chain.32

As most of the NLO devices will work at the telecommunica-
tion optical bands at 1.31 and 1.55 μm, optical transparency in
this wavelength range is also a critical issue. Hydrocarbon-based
polymers have overtone absorptions associated with the C-H
vibrations around 1500 nm, which can be responsible for sig-
nificant optical loss.33-37 In order to reduce these losses, a wide
range of fluorinated polymers have been proposed, as replac-
ing C-H bonds by C-F bonds largely reduce the overtone
absorption. First developed for the manufacture of passive
optical waveguides, these polymers include polyesters,38-42 poly-
ethers,43-47 and polyimides.48 Second- and third-order NLO-
active fluorinated polymers have also been synthesized and
characterized; they have exhibited good efficiency and thermal
stability.49-52

In this paper, we describe the synthesis and characterization
of 10 new highly fluorinated poly(arylene ether)s functionali-
zed with different NLO chromophores (see Scheme 1). Some
of us have already developed a range of highly fluorinated*To whom correspondence should be addressed.
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poly(arylene ether sulfone)s (FPAES) and poly(arylene ether
ketone)s (FPAEK) for optical waveguide applications.53-58 A
new efficient synthetic method has been developed for their
preparation with high molecular weight and linear structures53

and the incorporation of cross-linkable groups inducing a re-
duced birefringence.55 FPAES and FPAEK represent a series of
promising materials that enable the balance of properties such as
birefringence, glass-transition temperature, and adhesion by
adjusting the structure and fluorine content. In order to make
these polymers active inNLO, different chromophores with large
first hyperpolarizability coefficients have been incorporated into
or on the polymer backbone. These newNLOcopolymers should
fulfill several requirements, like high Tg and low optical losses
around 1.5 μm. In order to investigate the effect of the backbone
flexibility and the linkage structure on the performance of non-
linear optical polymers, TCVT chromophore containing tricyano-
vinylthiophene acceptor and aminophenyl donor has been intro-
duced into FPAES and FPAEK as a pendent side group through

three different manners as illustrated in Scheme 1, i.e., DEMC
(chromophore with donor embedded in the main chain) type with
phenylene linkages, DEMC type with ethylene linkages, and
FTC (flexible tethered chromophores) type. On the other hand,
another type of chromophore, Disperse Red (DR19 and DR1),
was also introduced into the polymers to compare the effect of the
chromophore polarity.

The second-orderNLOcoefficients of these polymers and their
thermal stability have been determined by in situ second harmo-
nic generation (SHG). Theyhavebeen comparedanddiscussed in
comparison with a standard NLO polymer, PMMA-DR1. One
preliminary report concerning four of these polymers has already
been published.59

Experimental Section

Materials. The solvents used for polymerization and for
sample processing including anhydrous N,N-dimethylaceta-
mide and cyclohexanone are analytical reagent and used as

Scheme 1. Chemical Structures of the Copolymers Prepared for This Paper
a

aThe monomer structure of B units was displayed for easy understanding the polymer synthesis. They were incorporated into the polymers through
the OH groups.
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received. A referenceNLOpolymer, PMMA-DR1, is a gift from
Alain Rousseau (Ecole Nationale Sup�erieure de Chimie de
Montpellier) containing 24 mol % chromophore, and the
characterization data can be found in the literature.60 The
following chromophore precursors were synthesized following
the cited literature procedures: (E)-4,40-(4-(2-(thiophen-2-
yl)vinyl)phenylazanediyl)diphenol (ThV),20 (E)-2,20-(4-(2-(thio-
phen-2-yl)vinyl)phenylazanediyl)diethanol (di-ThV),20 and (E)-
2-(ethyl(4-(2-(thiophen-2-yl)vinyl) phenyl) amino)ethanol (mono-
ThV).20 Fluorinated poly(arylene ether sulfone), FPAES, and
poly(arylene ether ketone), FPAEK, have been prepared using a
similar process as reported previously,55c and their characterization
data are summarized in Table 1.

Synthesis of theModel Compound TCVT (See Scheme 2).ThV
(0.77 g, 2.0 mmol) and tetracyanoethylene, TCNE (1.04 g, 8.0
mmol) were added into a 15 mL vial; the system was evacuated
and filled with argon. 8.0 mL of N,N-dimethylformamide
(DMF) (freshly distilled over CaH2) was added into the vial
under stirring, and the mixture was stirred at 40 �C under the
protection of argon for 36 h. The solution was dropped into 100
mL of water to precipitate the product as a dark blue powder. It
was dried and further purified by column chromatography using
chloroform as eluent to give TCVT (0.53 g, 54% yield). 1H
NMR (400 MHz, acetone-d6) δ (ppm): 8.42 (s, ∼1H), 8.09 (d,
J= 4.2 Hz, 1H), 7.53 (d, J= 8.8 Hz, 2H), 7.52 (d, J= 4.2 Hz,
1H), 7.52 (d, J= 16.4 Hz, 1H), 7.43 (d, J= 16.4 Hz, 1H), 7.07
(d, J=8.8Hz, 4H), 6.87 (d, J=8.8Hz, 4H), 6.77 (d, J=8.8Hz,
2H).

General Procedure for the Preparation of DEMC-Type ThV or

DR19 Copolymers Listed in Scheme 3. One of the decafluorodi-
phenyl compounds (1.01 equiv of decafluorodiphenylsulfone,
DFPSO, decafluorobenzophenone, DFBP, or decafluorobiphe-
nyl, DFP), hexafluorobisphenol-A (6F-BPA) or bisphenol A
(BPA) ((1- x) equiv), chromophore diol or bisphenol (x equiv),
and cesium fluoride (CsF, 3.0 equiv)were introduced into a flask
with a stir bar. The flask was closed, evacuated, and filled with
argon. Anhydrous DMAc was added to form a solution at a
solid concentration of 5-10%. The reactionmixture was stirred
at room temperature for 6-12 h and then centrifuged. The
supernatant was precipitated into methanol, and the resulting
fiber-like powder was collected by filtration and washed twice
with methanol and dried under vacuum for 12 h to yield the
desired polymer.

FPAES-DR19-3. Prepared from DFPSO (0.8004 g, 2.01
mmol), 6F-BPA (0.5043 g, 1.50 mmol), and DR19 (0.1651 g,
0.50 mmol) to yield 1.25 g of red fiber-like powder (yield: 90%).
1HNMR (400MHz, THF-d8): δ (ppm) 8.32 (d, J=8.4Hz, 2H),
7.94 (d, J=8.2Hz, 2H), 7.88 (d, J=8.2Hz, 2H), 7.41 (m, 12H),
7.14 (m, 12H), 7.00 (m, 2H), 4.76 (m, 4H), 4.14 (m, 4H). 19F
NMR (376 MHz, DMSO-d6): δ (ppm) -63.8 (18F, CF3),
-136.5, -136.9, -138.1, -138.5 (d, J = 15.8 Hz, ortho-F, 16F
in total with ratio = 9:3:3:1), -151.1, -151.3, -155.3, -155.5
(meta-F, 16F in totalwith ratio=9:3:3:1).Mn: 50.6 kDa;Mw/Mn:
4.6; Tg: 178 �C; Td

1%: 285 �C.
FPAES-DR19-5. Prepared from DFPSO (0.8004 g, 2.01

mmol), 6F-BPA (0.3362 g, 1.00 mmol), and DR19 (0.3303 g,
1.00 mmol) to yield 1.22 g of deep red fiber-like powder (yield:
88%). 1H NMR (400 MHz, THF-d8): δ (ppm) 8.30 (d, J = 8.4
Hz, 2H), 7.92 (d, J=8.4Hz, 2H), 7.85 (d, J=8.4Hz, 2H), 7.40
(m, 4H), 7.18 (m, 4H), 6.99 (m, 2H), 4.73 (m, 4H), 4.12 (m, 4H).
19F NMR (376 MHz, DMSO-d6): δ (ppm) -63.8 (6F, CF3),
-136.9,-137.3,-138.5,-138.8 (d, J=15.8Hz, ortho-F, 8F in
total with ratio = 2:2:2:2)-151.6 (m, 4F),-155.8 (m, 2F).Mn:
38.0 kDa; Mw/Mn: 2.5; Tg: 171 �C; Td

1%: 264 �C.
FPAES-ThV-1. Prepared fromDFPSO (0.565 g, 1.42 mmol),

6F-BPA (0.403 g, 1.20 mmol), and ThV (0.077 g, 0.20 mmol) to
yield pale yellow fiber-like powder. 1H NMR (400 MHz,
acetone-d6): δ (ppm) 7.51-7.42 (m, 26H), 7.37-7.27 (m, 26H),
7.18 (d, J = 8.2 Hz, 4H) 7.14-7.09 (m, 5H), 7.01 (dd, J = 2.8
Hz, 1H), 6.98 (d, J = 8.4 Hz, 2H), 6.93 (d, J = 16.4 Hz, 1H).
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19F NMR (376 MHz, acetone-d6): δ (ppm) -63.8 (36F, CF3),
-137.25 (24F ortho-F adjacent to BPA), -137.66 (4F, ortho-F
adjacent to ThV), -151.92 (24F, meta-F adjacent to BPA),
-152.50 (4F, meta-F adjacent to ThV).Mn :36.4 kDa,Mw/Mn:
2.8; Tg: 171 �C; Td

1%: 447 �C.
FPAES-ThV-3. Prepared fromDFPSO (0.602 g, 1.52 mmol),

6F-BPA (0.336 g, 1.00 mmol), and ThV (0.193 g, 0.50 mmol) to
yield pale yellow fiber-like powder. 1H NMR (400 MHz,
DMSO-d6): δ (ppm) 7.44 (d, J = 8.0 Hz, 2H), 7.34 (m, 17H),
7.26 (d, J=16.4Hz, 1H), 7.18 (d, J=8.4Hz, 4H), 7.13 (m, 1H),
7.06 (d, J=8.2 Hz, 4H), 7.01 (m, 1H), 6.89 (d, J=8.4 Hz, 2H),
6.86 (d, J = 16.4 Hz, 1H).19F NMR (376 MHz, DMF-d6): δ
-63.8 (6F, CF3), -137.45 (4F, ortho-F adjacent to BPA),
-137.86 (2F, ortho-F adjacent to ThV), -152.05 (4F, meta-F
adjacent to BPA), -152.52 (6F, meta-F adjacent to ThV).

IR (cm-1): 2974 w, 2873 w, 1638 m, 1605 m, 1492 vs, 1388 m,
1320 w, 1177 vs, 1097 s, 996 s, 827 w, 600 m. Mn: 25.9 kDa,
Mw/Mn: 3.4, Tg: 195 �C; Td

1%: 422 �C.
FPAEK-ThV-1. Prepared from DFBP (0.514 g, 1.42 mmol),

6F-BPA (0.403 g, 1.20 mmol), and ThV (0.077 g, 0.20 mmol) to
yield pale yellow fiber-like powder. 1H NMR (400 MHz,
acetone-d6): δ (ppm) 7.52-7.42 (m, 26H), 7.37-7.26 (m, 26H),
7.22-7.06 (m, 8H), 7.04-6.94. (m, 4H), 6.92 (d, J = 16.4 Hz,
1H). 19F NMR (376 MHz, acetone-d6): δ (ppm) -63.8 (36F,
CF3), -142.3, -142.4, -142.6, -142.7 (ortho-F, 28F in total,
ratio = 36:6:6:1), -153.2 (24F, meta-F adjacent to BPA),
-152.6 (4F, meta-F adjacent to ThV). Mn: 30.9 kDa, Mw/Mn:
5.1; Tg: 154 �C; Td

1%: 448 �C.
FPAEK-ThV-3. Prepared from DFBP (0.550 g, 1.52 mmol),

6F-BPA (0.336 g, 1.00 mmol), and ThV (0.193 g, 0.50 mmol) to
yield pale yellow fiber-like powder. 1H NMR (400 MHz,
acetone-d6): δ (ppm) 7.52-7.41 (m, 10H), 7.37-7.25 (m, 10H),
7.21-7.07 (m, 8H), 7.04-6.93. (m, 4H), 6.92 (d, J = 16.4 Hz,
1H). 19F NMR (376 MHz, acetone-d6): δ (ppm) -63.8 (12F,
CF3), -142.3, -142.4 -142.6, -142.7 (ortho-F, 12F in total,
ratio = 4:2:2:1), 2F), -153.2 (8F, meta-F adjacent to BPA),
-152.6 (4F, meta-F adjacent to ThV). Mn: 28.5 kDa, Mw/Mn:
5.9, Tg: 159 �C; Td

1%: 406 �C.
PBA-ThV-2. Prepared from DFP (0.5350 g, 1.601 mmol),

BPA (0.2603 g, 1.140mmol), and ThV (0.1745 g, 0.453mmol) to
yield 0.75 g of pale yellow fiber-like powder (yield: 83%). 1H
NMR (400MHz, acetone-d6): δ (ppm) 7.36 (m 1H), 7.26 (d, J=
8.4Hz, 14H), 7.19 (d, J=8.4Hz, 4H), 7.07 (d, J=8.4Hz, 17H),
7.05-6.96. (m, 2H), 6.92 (d, J = 16.4 Hz, 1H), 1.64 (m, 20H)

Scheme 2. Reaction Scheme for the Preparation of TCVT

Scheme 3. Reaction Routes for the Preparation of the DEMC-Type ThV and DR19 Copolymers
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(∼23%dye).19FNMR(376MHz, acetone-d6): δ (ppm)-140.42
(4F, ortho-F), -155.80 (4F, meta-F). Tg: 175 �C.

FPAES-di-ThV-3. Prepared from DFPSO (0.6022 g, 1.52
mmol), 6F-BPA (0.3362 g, 1.00 mmol), and di-ThV (0.1447 g,
0.50mmol) to yield 0.95 g of pale yellow fiber-like powder (yield:
93%). 1H NMR (400 MHz, DMSO-d6, 50 �C): δ (ppm)
7.22-7.40 (m, 19H), 6.90-7.16 (m, 3H), 6.68-6.83 (m, 3H),
4.628 (m, 4H), 3.872 (m, 4H). 19F NMR (376 MHz, DMSO-d6,
50 �C): δ (ppm) -63.80 (9F, CF3), -137.52, -137.89, -139.26,
-139.73 (ortho-F, 12F in total, ratio = 4:2:2:1) -152.25 (8F,
meta-F adjacent to BPA unit),-156.05 (4F, meta-F adjacent to
di-ThV unit). IR (cm-1): 2973 w, 2872 w, 1637 m, 1604 m, 1587
m, 1493 vs, 1383m, 1223 s, 1176 vs, 1125m, 1094 s, 995 s, 827m,
599 s, 573 m, 557 m. Mn: 20.8 kDa, Mw/Mn: 8.7; Tg: 164 �C;
Td

1%: 266 �C.
General Procedure for the Preparation of the TCVT Copoly-

mers from the ThV Copolymers (See Scheme 4). ThV copolymer
(1.0 equiv of thiophene group) and TCNE (6.0 equiv) were
added into a vial, which was then evacuated and refilled with
argon. Fresh distilled (over CaH2) DMFwas added into the vial
to form a solution at ∼10% polymer concentration. The solu-
tion was then placed into a 50 �C oil bath with stirring for 24 h,
prior to be dropped into methanol to precipitate the product.
The resulting deep blue polymer was washed with methanol for
three times and then dried under vacuum for 12 h.

FPAES-TCVT-1. Prepared from FPAES-ThV-1 (0.49 g, 0.10
mmol of thiophene group) and TCNE (0.077 g, 0.6 mmol) to
yield blue product. 1H NMR (400 MHz, DMSO-d6): δ (ppm)
8.03 (1H), 7.59 (1H), 7.43 (1H), 7.35 (48H), 7.23 (d, J=8.4 Hz,
4H), 7.20-7.12 (3H), 7.06 (d, J=8.4 Hz, 4H), 6.92-6.80 (2H).
19F NMR (376 MHz, DMSO-d6): δ (ppm) -63.8 (36F, CF3),
-137.43 (24F, ortho-F adjacent to ThV),-137.78 (4F, ortho-F
adjacent to BPA), -151.95 (24F, meta-F adjacent to ThV),
-152.43 (4F, ortho-F adjacent to BPA).Mn: 19.3 kDa,Mw/Mn:
6.9; Tg: 196 �C; Td

1%: 352 �C.
FPAES-TCVT-3. Prepared from FPAES-ThV-3 (0.4266 g,

0.20 mmol of thiophene group) and TCNE (0.154 g, 1.2 mmol)
to yield deep blue product. 1H NMR (400 MHz, DMSO-d6): δ
(ppm) 8.03 (1H), 7.57 (m, 3H), 7.46 (m, 1H) 7.34 (m, 17H), 7.23
(d, J=8.2Hz, 4H), 7.14 (d, J=8.2Hz, 4H), 6.86 (d, J=8.2Hz,
2H). 19FNMR(376MHz,DMSO-d6):δ (ppm)-63.8 (6F,CF3),
-137.70 (4F, ortho-F adjacent to ThV), -138.11 (2F, ortho-F
adjacent to BPA), -152.34 (4F, meta-F adjacent to ThV),
-152.75 (2F, ortho-F adjacent to BPA). IR (cm-1): 2968 w,
2871w, 2219w, 1637m, 1604m, 1587m, 1492 vs, 1421 s, 1388m,
1321w, 1177 vs, 1097 s, 996 s, 829 w, 600 m. Mn: 19.7 kDa,
Mw/Mn: 7.5; Tg: 213 �C; Td

1%: 380 �C.
FPAEK-TCVT-1. Prepared from FPAEK-ThV-1 (0.47 g, 0.1

mmol of thiophene group) and TCNE (0.077 g, 0.6 mmol) to

yield deep blue product. 1H NMR (400 MHz, acetone-d6): δ
(ppm) 8.07 (1H), 7.64 (2H), 7.54 (1H), 7.49 (d, J=8.4Hz, 24H),
7.35 (d, J=8.4Hz, 24H), 7.23. (m, 4H), 7.22-7.10 (2H), 6.97 (d,
J=8.4Hz, 2H), 6.92 (d, J=16.4Hz, 1H). 19FNMR(376MHz,
acetone-d6):δ (ppm)-63.8 (36F,CF3),-142.4,-142.5,-142.7,
-142.8, (ortho-F, 28F in total, ratio = 36:6:6:1), -153.7 (24F,
meta-F adjacent to ThV), -154.1 (4F, ortho-F adjacent to
BPA). Mn: 20.7 kDa, Mw/Mn: 9.9; Tg: 168 �C; Td

1%: 364 �C.
FPAEK-TCVT-3. Prepared from FPAES-ThV-3 (0.40 g, 0.2

mmol of thiophene group) and TCNE (0.154 g, 1.2 mmol) to
yield deep blue product. 1H NMR (400 MHz, acetone-d6): δ
(ppm) 8.06 (1H) 7.62 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz,
9H), 7.34 (d, J=8.4Hz, 8H), 7.23 (m, 4H), 7.22-7.10 (2H), 6.97
(d, J = 8.4 Hz, 2H), 6.92 (d, J = 16.4 Hz, 1H). 19F NMR (376
MHz, acetone-d6): δ (ppm)-63.8 (12F, CF3),-142.59,-142.71
-142.86, -142.96 (ortho-F, 12F in total, ratio = 4:2:2:1),
-153.52 (4F, meta-F adjacent to BPA), -153.91 (4F, meta-F
adjacent to ThV).Mn: 46.7 kDa,Mw/Mn: 9.1; Tg: 187 �C; Td

1%:
359 �C.

PBA-TCVT-2.Prepared fromPBA-ThV-3 (0.50 g, 0.25mmol
of thiophene group) and TCNE (0.192 g, 1.5 mmol) to yield 0.49
g of deep blue product (yield: 93%). 1H NMR (400 MHz,
acetone-d6): δ (ppm) 8.03 (m, 1H), 7.59 (m, 2H), 7.58-7.44
(4H), 7.26 (d, J = 8.4 Hz, 13H), 7.20 (m, 8H), 7.07 (d, J = 8.4
Hz, 13H), 6.95 (m, 4H), 1.64 (m, 20H) (∼23% dye).19F NMR
(376 MHz, acetone-d6): δ (ppm) -140.26 (4F, ortho-F),
-155.61 (4F, meta-F). Mn: 28.1 kDa, Mw/Mn: 9.5; Tg: 182 �C;
Td

1%: 415 �C.
FPAES-di-TCVT-3. Prepared from FPAES-di-ThV-3 (0.305

g, 0.15 mmol of thiophene group) and TCNE (0.154 g, 1.2
mmol) to yield 0.29 g of deep blue product (yield: 90%). 1H
NMR (400MHz, DMSO-d6, 50 �C): δ (ppm) 7.98 (m, 1H), 7.51
(m, 3H), 7.34 (m, 19H), 6.89 (m, 2H), 4.66 (m, 4H), 3.95 (m, 4H)
19F NMR (376 MHz, DMSO-d6, 50 �C): δ (ppm) -63.8 (9F,
CF3), -137.42, -137.95, -139.26, -139.81 (ortho-F, 12F in
total, ratio = 4:2:2:1) -151.95 (8F, meta-F adjacent to BPA
unit),-155.47 (4F, meta-F adjacent to di-ThV unit). IR (cm-1):
2976 w, 2869 w, 2217 w, 1637 m, 1603 m, 1589 m, 1498 vs, 1423
m, 1390m, 1359m, 1223 s, 1175 vs, 1124m, 1094 s, 995 s, 827m,
814 w, 599 s, 573 m, 559 m. Mn: 13.9 kDa, Mw/Mn: 8.8; Tg:
185 �C; Td

1%: 271 �C.
Synthesis of FPAES-mono-TCVT-3 (FTC-Type Copolymer)

(Scheme 5). FPAES (0.347 g, 0.5 mmol of repeat unit), mono-
ThV (0.046 g, 0.17 mmol), and CsF (0.091 g, 0.6 mmol, dried
under vacuum at 150 �C for 30 min) were added into a 10 mL
vial. The vial was sealed and evacuated and filled with argon.
3 mL of anhydrous DMAc was injected into the vial. The
reaction mixture was stirred at room temperature for 6 h and
thenwas centrifuged. The supernatantwas dropped into 100mL

Scheme 4. Chemical Reaction between ThV Polymers with TCNE in DMF at 50 �Ca

aReal structures of B units were displayed, while their monomer structures are in Scheme 1.
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of methanol to precipitate the polymer. The resulting pale
yellow powder was washed twice withmethanol and dried under
vacuum for 12 h to give FPAES-mono-ThV-3 with the ThV
loading density of 30%. 1H NMR (400 MHz, DMSO-d6): δ
(ppm) 7.20-7.40 (m, 28H), 6.90-7.14 (m, 4H), 6.60-6.82 (m,
3H), 4.28-4.65 (m, 2H), 3.62-3.80 (m, 2H), 3.26-3.48 (m, 2H),
0.95-1.15 (m, 3H). 19F NMR (376 MHz, DMSO-d6): δ (ppm)
-63.8 (18F, CF3),-137.41 (8F, a),-137.90 (2F, a0), 139.36 (1F,
a0 0) -144.56 (1F, b0), -151.941 (10F, b), -153.47 (1F, b0 0).
IR (cm-1): 2978 w, 2871 w, 1637 m, 1605 m, 1491 vs, 1392 m,
1375 m, 1223 s, 1176 vs, 1097 s, 996 s, 968 m, 929 m, 830 m,
734 m, 601 s, 559 m. Mn: 38 000 Da. Mw/Mn: 11.3, Tg: 171 �C;
Td

1%: 262 �C.
FPAES-mono-ThV-3 (0.234 g, 0,100 mmol) along with

TCNE (0.077 g, 0.60 mmol) was then added into a 10 mL vial;
the systemwas evacuated and filled with argon. 3.0 mL of DMF
(freshly distilled over CaH2) was added into the vial under
stirring and themixturewas stirred at 50 �Cunder the protection
of argon for 20 h. The solution was dropped into 100 mL of
methanol to precipitate the polymer. The resulting blue powder
was washed with methanol three times and dried under vacuum
at room temperature for 12 h to give designed polymer. 1H
NMR (400 MHz, DMSO-d6): δ (ppm) 7.90-8.04 (m, 1H),
7.42-7.58 (m, 2H), 7.16-7.42 (m, 28H), 6.90-7.14 (m, 1H),
6.60-6.82 (m, 2H), 4.25-4.68 (m, 2H), 3.62-3.86 (m, 2H),
3.32-3.56 (m, 2H), 0.94-1.18 (m, 3H). 19F NMR (376 MHz,
acetone-d6): δ (ppm) -63.8 (18F, CF3), -137.38 (8F, a, see
Scheme 5 for assignment), -137.87 (2F, a0), -139.15 (1F, a00),
-144.47 (1F, b0),-151.91 (10F, b),-153.12 (1F, b0 0). IR (cm-1):
2978 w, 2871 w, 2218 w, 1637m, 1605m, 1587m, 1504 s 1490 vs,
1420 m, 1397 m, 1223 s, 1177 vs, 1096 s, 996 s, 968m, 929m, 830
m, 734 m, 601 s, 559 m.Mn: 36.6 kDa,Mw/Mn: 10.1; Tg: 195 �C;
Td

1%: 277 �C.
Synthesis of the Copolymer FPAES-DR1-6 (FTC-Type

Copolymer). It was prepared by using a similar procedure for
the preparation of FPAES-mono-ThV-3, by reacting FPAES
(0.692 g, 1.00 mmol of DFPSO unit), with DR1 (0.3362 g, 1.00
mmol) in 5 mL of anhydrous DMAc in the presence of CsF
(0.304 g, 2.00 mmol) (see Scheme 1). The reaction resulted in
0.79 g of deep red powder with theDR-1 loading density of 64%
(yield: 92%). 1HNMR (400MHz, acetone-d6): δ (ppm) 8.30 (m,
2H) 7.93 (m, 2H), 7.82 (m, 2H), 7.42 (d, J=8.4Hz, 6H), 7.29 (d,
J= 8.4 Hz, 6H), 6.95 (m, 2H), 4.53 (m, 2H), 3.97 (m, 2H), 3.58
(m, 2H), 1.19 (m, 3H) . 19F NMR (376 MHz, acetone-d6): δ
(ppm) -63.8 (18F, CF3), -137.31 (5F), -137.89 (4F), -138.80
(2F),-144.41 (2F),-151.96 (10F),-152.82 (2F).Mn: 40.8 kDa,
Mw/Mn: 17.5; Tg: 174 �C; Td

1%: 286 �C.

Characterization Methods. Size exclusion chromatography
(SEC) spectra were collected using a Viscotek SEC system,
which consists of a Viscotek VE1122 HPLC pump coupled with
aViscotekTDA triple detector and aViscotek 2501UVdetector
operated at 260 nm. A set of ViscoGEL columns (G300H,
G4000H, and G5000H) was used and calibrated by a set of
polystyrene standards in THF.The flow ratewas 1mL/min. The
columns and the detectors were operated at 35 �C.NMR spectra
were recorded using a Varian Unity Inova spectrometer (400
MHz). Thermal stability and thermodynamic transitions (glass
transition) of the polymers were measured on a TA Instrument
DSC 2920 and a TGA 2950 at a heating rate of 10 �C/min under
nitrogen.

Thin Film Preparation and Electric Field Poling. Solutions of
the fluorinated copolymers (6% w/w) in cyclohexanone were
first filtered through 0.45 μm Teflon membrane filters and then
spin-coated at a speed of 500 rpm onto clean glass slides. The
resulting films were then vacuum-dried at 70 �C for 2 h and at
150 �C for 1 h. They were then stored in a closed box, in the dark
prior to electric poling. Surface roughness of the films was
examined by AFM (AFM Explorer microscope model 4400-
11 fromVeeco). A corona poling stage using a corona discharge
with a tip to plane distance of 1 cm and a voltage of 5 kV was
used to pole the films at different temperatures. This stage was
fixed in an oven positioned over a rotating plate with optical
windows allowing to perform second harmonic generation
(SHG) measurements during and after the poling (in situ
poling).

Linear and Nonlinear Optical Experimental Methods. The
UV-vis absorption spectra of different copolymer films were
performed on a Varian Cary 500E spectrophotometer. The
spectra of refractive indices were performed by ellipsometric
spectroscopy with a rotating polarizer (model SOPRA GESP5)
on films deposited on silicon wafers. First hyperpolarizabilities
β were obtained from EFISHG measurements which were
performed on a Q-switch Nd:YAG laser emitting 6 ns pulses
at 1064 nm (repetition rate: 10 Hz; typical energy per pulse: 100
mJ) andRaman shifted to 1907 nmwith a high-pressure (50 bar)
hydrogen cell. The EFISHG method has been described pre-
viously.61

SHG measurements on thin films were carried out using the
same Nd:YAG laser at 1907 nm. The experimental setup has
been described elsewhere.62 In order to monitor the dynamics
of SHG generation, SHG measurements have been made at
a fixed incident angle (30�) during the poling cycle. The second-
order susceptibilities d33 of the copolymer films have been
determined at 1907 nm by the Maker fringe method. For

Scheme 5. Chemical Reaction for the Preparation of FPAES-mono-TCVT
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absolute determination of second-order susceptibilities d33, a
reference SHG signal was generated by using a Y-cut quartz
crystal (3 mm thick, d11 = 0.5 pm/V at 1907 nm).

Temporal stability of dipole alignment was determined by
monitoring the decay of the SHG signal as a function of
temperature. For that purpose, the poled polymer film was
mounted again on the stage used for in situ poling measure-
ments. An incident angle of 30�was chosen for the fundamental
beam at 1907 nm.

Results and Discussion

Material Preparation. The polymerizations for the pre-
paration of the ThV and DR19 copolymers were conducted
inN,N-dimethylacetamide (DMAc) in the presence ofCsF at
22 �Cwith reaction times varying between 6 and 12 h. In this
reaction, the feed ratio of the decafluorodiphenyl compound
over the sum of the bisphenol and diol was kept at 2.01/2.00
to ensure a linear polymer main chain with high molecular
weight. The molar ratio of the chromophore containing
bisphenol or diol over 6F-BPA in the feed was controlled
in order to obtain a polymer with desired chromophore
content. CsF has been shown to efficiently activate bisphe-
nols as well as the alkylene diols for the reaction with the
decafluorodiphenyl compound. The polymerizations of
DFPSO with 6F-BPA alone or with a mixture of 6F-BPA
and ThV or di-ThV dye displayed similar reaction rates and
were completed in 6-12 h to produce copolymers with high
molecular weights.

The ThV copolymers were then converted to the TCVT
polymers by reacting with tetracyanoethylene (TCNE) in
DMF.A 100% conversion can be easily obtained for all the
ThV polymers when the reaction was conducted at 50 �C in
the presence of excess of TCNE.63 Two side reactions have
been found to accompany with this reaction: one is the 2þ
2 cyclic addition of the TCNE to the CdC in the ThV, and
the other is the hydrolysis of TCNE when trace of water
present in the solvent.63 The former is a completely rever-
sible reaction, and the cycloaddition product reverted
completely to double bond at 50 �C. But this reaction
reduced TCNE concentration in the reaction solution.
Therefore, excess TCNE is necessary to maintain a high
reaction speed and a high conversion rate. The latter is
caused by trace water in the solvent to consume extra
TCNE. Therefore, a carefully dried DMF is required for
this reaction.

The chemical structures and compositions of the copoly-
mers were verified by 1H and 19F NMR studies. The spectra
of the copolymers before and after the reaction with TCNE
were compared with a typical example shown in Figure 1 for
the preparation of FPAES-TCVT-3. The spectra were re-
corded in DMSO-d6. The peaks in the 1H NMR spectra
(Figure 1a) can be clearly assigned with the structure dis-
played in the figure. It showed that the reaction of the
thiophene group in the polymer with TCNE led to a sig-
nificant shift of the proton peaks of the thiophene group to
high frequencies due to the very strong electron-withdrawing
effect of the attached tricyanovinyl group.

The 19FNMRspectra of theThVpolymer before and after
the reaction with TCNE displayed a similar feature
(Figure 1b). All the fluorine peaks had about 0.3 ppm shift
to lower frequencies after the reaction, indicating the triphe-
nylamine unit has lower electron density in TCVT. This is an
evidence for the formation of intramolecular charge transfer
(ICT) structure in the formed TCVT structure. On the other
hand, the intensity of the peak of the fluorines adjacent to
6F-BPA and those adjacent to ThV kept the ratio of 2/1,
indicating that the composition of the polymer is consistent

with the feed ratio in the initial reaction mixture. This result
also confirmed the completion of the postpolymerization
reaction with TCNE.

The molecular weight and the molecular weight distribu-
tion of the polymers at different steps of the synthesis are
summarized in Table 1. The homopolymers, ThV polymers,
and DR19 polymers were prepared from the polycondensa-
tion of DFPSO with 6F-BPA and/or the chromophoric diol
or bisphenol in the presence of CsF in DMAc at room
temperature. They exhibited a high molecular weight and a
wide molecular weight distribution (PDI). The wide PDI is
related to the heterogeneous reaction conditions as explained
in our previous paper.57 The conversion of ThV polymer to
TCVT polymer by reacting with TCNE in DMF at 50 �C
only caused a slightly molecular weight reduction and had a

Figure 1. (a) Aromatic region of 1H NMR spectra (in DMSO-d6) of
FPAES-ThV-3 and its product of the reaction with TCNE in DMF at
50 �C for 24 h. (b) Aromatic region of 19F NMR spectra (in DMSO-d6)
ofFPAES-ThV-3 and its product of the reactionwithTCNE inDMFat
50 �C for 24 h.
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negligible effect on the molecular weight distribution as
demonstrated in Table 1 by comparing the Mn and PDI
values of the ThV polymers with their corresponding TCVT
polymers.

The preparation of FPAES-mono-TCVT-3 was started
from a condensation reaction to attach the mono-ThV
chromophore to homo-FPAES as a side group and then a
reaction with TCNE to convert ThV to TCVT (see
Scheme 5). The reaction to attach the mono-ThV chromo-
phore onto the FPAES chain is conducted in the same
reaction conditions as the polymerization leading to FPAES.
It is designed to react the hydroxyl group of mono-ThV with
the ortho-fluorines of the DFPSO unit to form an ether
linkagewith the ThVgroup pendulously attached.Usually, a
conventional condensation reaction for the formation of
ether bond is an equilibrium reaction. The addition of extra
hydroxyl group into the polymer solution at the polymeri-
zation condition will lead to cleavage of the main chain ether
bond. In this case, the mono-ThV possibly not only reacts
with the ortho-fluorines on the DFPSO units but also
potentially reacts with the ether group in the main chain.
This side reaction will degrade the polymer and lead to a
tremendous molecular weight decrease.54 Fortunately, un-
der the present reaction conditions, Figure 2 shows only a
little change on the SEC curve after the reaction, while NMR
study proved the successful attachment of mono-ThV to the
polymer backbone. This result indicated that the ether
cleaving side reaction is minor in this reaction, probably
due to the extremely low reaction temperature. This is an
encouraging result and is also an essential condition to use
this reaction for the preparation of the FTC-type copolymers
in this approach. Figure 2 also shows that the subsequent
reaction of the obtained ThV polymer with TCNE did not
result in an apparent molecular weight reduction, indicating
the polymer is safe for the substitution with TCNE.

It is worth to note that the 19FNMR spectrum of FPAES-
DR19-3 displayed two sets of peaks in the regions between
-136 and -139 ppm and between -151 and -156 ppm,
corresponding to the fluorines on the DFPSO unit at the
position ortho and meta to sulfone linkage. Each set
contained four peaks with an intensity ratio of 9/3/3/1. They
are attributed to the four triads with different combina-
tions of the two adjacent units of DFPSO, DR19, and
6F-BPA. Using A to represent DR19 unit and B for 6F-
BPA, the four combinations will be BB, BA, AB, and AA.
Because the ratio of B/A is 3/1, the ratio of BB/BA/AB/AA

will be (3 � 3)/(3 � 1)/(1 � 3)/(1 � 1) = 9/3/3/1. This result
reflected that the polymer structure is perfectly consistent
with the design. This phenomenon was also found in the 19F
NMR spectra of all the ketone polymers, DR19 polymers,
FPAES-di-ThV, and FPAES-di-TCVT (see Experimental
Section). A similar phenomenonwas also reported for highly
fluorinated aromatic-aliphatic copolyethers in one of our
previous papers.56

Characterizations. The thermal properties of the polymers
have been characterized by DSC and TGA with the results
summarized in Table 1. It can be seen from the DSC
measurements that all the polymers are amorphous materi-
als, with no first-order transition found in the tested tem-
perature range from -50 to 250 �C. The glass transition
temperatures of all these polymers are high in the range
between 150 and 215 �C. It is shown that the sulfone
polymers have higher Tg than ketone polymers, and the Tg

of the final TCVT polymers is higher than that of ThV
polymers, attributed to the higher polarity of the TCVT unit
than ThV. When the rigid phenyl tethers were replaced by
flexible ethylene tethers, the Tg value was reduced. For
example, the Tg of FPAES-ThV-3 polymer with phenyl
tethers was 195 �C. This value was reduced to 164 �C in
FPAES-di-ThV-3 polymer. Attaching the tricyanovinyl
group to the end of the ThV unit increased the polarity of
the polymers and therefore significantly increased the Tg

values to 213 �C for FPAES-TCVT-3 and to 185 �C for
FPAES-di-TCVT-3 (see Supporting Information).

The rigid FPAES and FPAEK homopolymers consist of
symmetrical aromatic ethers. These polymers have higher
thermal stability with a Td

5% value higher than 450 �C (see
Table 1). Introduction of ThV chromophore into the poly-
mers did not apparently affect this value, indicating a very
high thermal stability of the ThV chromophore unit in the
polymers. After the ThV chromophore was converted to the
TCVT, the Td

5% value of the formed polymers only had a
slight decrease of about 20 �C. But the TGA curve of these
polymers displayed a much lower onset of the degradation
with the Td

1% value about 80 �C lower than ThV polymer.
This result suggests that the TCVT polymers have a much
lower thermal stability and start to degrade at about 350 �C,
though the weight loss process is very slow. On the other
hand, the polymers with asymmetrical ether linkage such as
FPAES-di-TCVT and FPAES-di-ThV displayed a very fast
degradation atmuch lower temperature, with theTd

5% value
of around 280 �C, which is about 170 �C lower than the
polymers with symmetrical ether linkage. This value is
extraordinarily low. Though a lower Td

5% with ∼50 �C
decrease was also found for the analogous asymmetric
fluorinated aromatic-aliphatic polyethers compared with
the symmetric fluorinated aromatic polyethers,56 it is only
about 1/3 of the reduction found for the present polymers.
Therefore, the much lower thermal stability of the asym-
metric copolymers in this work must be attributed to a
synergistic effect by both asymmetric ether structure and
the chromophore structures. It can be confirmed by a further
investigation of the TGA curve of these polymers with an
example shown in Figure 3 which revealed two decomposi-
tion steps. The weight loss of the first step corresponds to the
loss of the chromophore units; the second step displayed a
similar behavior as the homopolymers.

The synthesized copolymers were soluble in common
solvents such as acetone, THF, chloroform, DMF, DMSO,
and cyclohexanone. Among them, we found that cyclohexa-
none gave films with the best optical quality. The spin-
casting of solutions of the highly fluorinated copolymers
(6% w/w) in cyclohexanone at a speed of 500 rpm on clean

Figure 2. SECcurves of the polymers at different reaction stages for the
preparation of FPAES-mono-TCVT-3.
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glass slides resulted in films with thicknesses around 500 nm.
In all cases, the spin-coated polymer films were smooth on
the surface and homogeneous in the film. The maximum
absorption wavelengths of the copolymers which contained
DR1 and DR19 chromophores were between 450 and 480
nm, while those for the other copolymers with the TCVT
group were around 620 nm (see Figure 4). These data clearly
indicate that the observed absorptions were due to the NLO
chromophores since the backbone polymers (homo-FPAEK
and homo-FPAES) films were almost transparent in the
visible region. Moreover, the tricyanovinyl group, which is
the strongest electron-withdrawing group, consequently in-
ducing a larger charge transfer in the chromophore, gives
copolymers with the largest bathochromic shift and with an
absorption maximum near 620 nm. The absorption maxima
of the films are nearby the absorption maxima of polymers
dissolved in cyclohexanone (see Table1); the slight differ-
ences observed can be explained by a solvatochromic effect.
Moreover, increasing the chromophore loading never led to
a significant change in maximum. So we concluded that no
aggregation occurred in the copolymer films under study.

The refractive indices of the copolymers were measured at
954 and 1907 nm with the values listed in Table 1. These
values are necessary for the determination of the second-
order susceptibilities of the poled films. They are slightly
higher than those of the corresponding homopolymers (1.50
for homo-FPAEK and 1.51 for homo-FPAES at 1550 nm).
This increase is due to the contribution of the NLO chro-
mophores.

EFISHGMeasurements of Chromophores.The μβ value of
the model chromophore, TCVT, in chloroform solutions
was obtained by the EFISHG technique, with the funda-
mental laser wavelength fixed at 1907 nm. Both this wave-
length and the second harmonicswavelength (953 nm) are far
off the resonance peak of the first electronic transition of the
chromophores used in this paper. TCVT has a large μβ value
(μβ1907 = 3750 � 10-48 esu). Taking into account the
absorption spectrum of TCVT in chloroform and applying
the two-level model64 allow estimating the zero-frequency
μβ0 value, which is equal to 1960 � 10-48 esu. This value is
comparable with that of 1-(40-diethylaminophenylthienyl)-
1,2,2- tricyanoethylene (μβ=6200� 10-48 esu measured at
1907 nm, which leads to μβ0 = 3023� 10-48 esu).65 Assum-
ing that the values of the ground-state dipole moments are
similar for these two molecules, we conclude that substitution

of two ethyl groups by two phenol groups in TCVT leads to a
decrease of 30% of the hyperpolarisability. The dipole
moment of TCVT has been determined by the Guggenheim
method and found equal to 8.9 D, which leads to β0= 220�
10-30 esu. For sake of comparison, the β0 value of DR1 was
50 � 10-30 esu.66

Second-Order Susceptibilities of the Copolymers. Inspec-
tion of the film surfaces by atomic force microscopy (AFM)
showed that the roughness of the prepared films varied
between 0.5 and 2 nm. After poling by the corona discharge,
the AFM images as shown in Figure 5 display a dramatic
change of the surface structurewith small spikes appearing at
a maximum height of 9 nm, indicating an increased surface
roughness. Such a change of the surface morphology of the
film after corona poling has been already observed, with
almost the same peak heights.25 The measurements of sec-
ond-order susceptibilities have been performed after the
optimization of the poling conditions. The maximum tem-
perature used during the poling cycle which gives the best in
situ SHG signal was around (Tg - 20) �C for all the studied
copolymers.

The d33 values,measured for all the studied polymers 1 day
after poling, increased in the same order as the β values of the
chromophores and also increased with the molar ratio of the
chromophores in the copolymers (Table 2). For comparison,
a copolymer of methyl methacrylate with pendant DR1
groups (PMMA-DR1) was also studied under the same
poling conditions. The films prepared from the copolymers
PBA-TCVT-2 and FPAEK-TCVT-3 showed a better value
of second-order susceptibility at 1907 nm compared to the
copolymer of PMMA-DR1. However, the nonresonant
value d33(0) is better for PMMA-DR1, in spite of a lower
hyperpolarizability for DR1 compared to TCVT (4 times
less). The origin of these values lower than expected will be
discussed below after in situ monitoring of the SHG signal
during poling.

The values of d33(0) obtained for the different highly
fluorinated copolymers can only be compared with similar
copolymers bearing similar chromophores linked in the same
way to the main polymer chain. For example, in the domain
of fluorinated polyarylene ethers, FPAES-DR1-6 (d33(0) =
5.6 pm/V) can be compared with polymer P1 of ref 51 (d33-
(0)=10 pm/V) or polymer 6FBA-DR1of ref 50 (d33(0)=12
pm/V). Themole fraction of the dye content is higher in these
two examples. The same copolymer can also be compared
with a non-fluorinated poly(arylene ether sulfone) (P1) of ref
67 with a chromophore similar to DR1 at a similar molar
fraction (d33(0) = 6.6 pm/V). There are few examples in the
literature of copolymers with TCVT chromophore. For a
polyurethane bearing TCVT chromophore linked to the

Figure 4. Absorption spectra of thin films of the following copolymers:
PBA-TCVT-2 (dash-dot), FPAES-TCVT-3 (solid), FPAEK-TCVT-3
(dot), and FPAES-DR19-3 (dash).

Figure 3. TGA curves of FPAES, FPAES-mono-ThV-3, and FPAES-
mono-TCVT-3.
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main chain via two flexible links as FPAES-di-TCVT-3
(d33(0) = 3.8 pm/V), a value of d33 of 51 pm/V at 1064 nm
was obtained.20b This fundamental wavelength needs to
rectify the determination of d33 for absorption and reso-
nance, which unfortunately makes the comparison difficult.

During in situ monitoring of the SHG signal, we observed
an unusual decay of the SHG signal of the FPAES-TCVT
and FPAEK-TCVT copolymer films at the temperature
below 130 �C during the cooling cycle, while the electric field
was still applied. A SHG signal loss up to 70% (Figure 6,
upper left curve) was observed. For the sake of comparison,
we did the same in situ SHG measurements during poling
PMMA-DR1 (Figure 6, upper right). Its SHG signal in-
creased slightly at the beginning of the cooling period, and no
decay was observed later, as far as the corona field was on.
This increase can be explained by a competition between
Brownian motion which decreases as temperature is lowered
(and tends to make dipole orientation easier at low
temperatures) and viscosity which decreases with tempera-
ture (and tends to impede poling at low temperatures). The
drop in SHG during cooling observed for the fluorinated
polymers seems typical of this kind of polymer and has never
been described before. In order to be sure that it is due to
disorientation of the dipoles, and not to some degradation of
the polymer film, we perform in situ absorption measure-
ments during poling (see Supporting Information), where we
observed an usual decrease of absorbance during cooling,
whereas followed by an increase when the temperature was
lowered below 130 �C. This increase is due to a randomiza-
tion of the previously oriented dipoles, which occurs in
spite of the applied potential. This effect should be due to
strong intrachain and/or interchain interactions implying the

numerous dipoles of the chromophores and of the chains
(carbonyl and sulfonyl groups, CF3 groups, ether linkages).
The interaction of the dipoles along one chain can be
visualized by performing DFT simulation using Gaussian
03,68 with a B3LYP/6-31G orbital basis.69 One unit of the
copolymer FPAEK-TCVT has been simulated to check the
spatial orientation of the different dipoles in the space. This
simulation shows that, in the lowest energy configuration,
there are interactions between the different dipoles which
orient themselves head to tail along the polymer chain
(Figure 7). This orientation of the dipoles, facilitated by
the dipole-dipole interaction, in addition to the rigidity of
the linkage between the chromophore and the main chain in
FPAES-TCVT and FPAEK-TCVT prevents an easy align-
ment of the chromophores under an applied external electric
field.

When temperature cycles were applied to the film, the
change of SHG signal was shown to be reversible and
approximately occurred at the same temperature for differ-
ent cycles (Figure 8). Surprisingly, the SHG signal increased
much faster in the second and succeeding cycles than in the
first one, indicating the orientation is much easier and faster
for the sample which was previously poled. This phenomen-
on might imply that though a large fraction of the chromo-
phores randomized during the cooling, owing to the strong
dipolar interaction between the chromophores, the free
volume created during the previous poling can bemaintained
a long period of time, which facilitates the poling in the
second and succeeding temperature cycles.

Since the dipolar interactions as well as the tether between
the chromophore and the main chain seem to play an
important role in this relaxation process, we considered the

Figure 5. AFM images of the surface of the FPAEK-TCVT-1 film: (a) before corona poling; (b) after corona poling.

Table 2. Order Parameters and Second-Order Susceptibilities of the Different Fluorinated Copolymers Studied in This Work

copolymers chromophore loading (%) Tg (�C) Tpoling ( 5 (�C) order parameter Φ (%)a d33(1907) (pm/V) d33(0) (pm/V)

FPAES-DR19-3 25 178 160 17.1( 1.8 3 2
FPAES-DR19-5 50 171 155 13.1( 1.5 5 4
FPAES-TCVT-1 14 196 160 19.8( 2.4 6 3
FPAES-TCVT-3 33 213 180 20.1( 3.2 4 2
FPAEK-TCVT-1 14 168 160 32.3( 3.3 9 5
FPAEK-TCVT-3 33 187 170 22.2( 1.8 15 8
PBA-TCVT-2 23 182 170 38.4 15 8
FPAES-di-TCVT-3 33 185 170 8 4
FPAES-mono-TCVT-3 30 195 175 12 6
FPAES-DR1-6 64 174 160 15.2 8 6
PMMA-DR1 30 125 120 16.3 18 12

aΦ = 1 - A/A0, where A0 and A are the maximum absorbance before and after poling.
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influence of the polymer structures by varying, as shown in
Scheme 1, the nature of the polar groups in the main chain,
the nature of the chromophores, and also the type of tether
between the chromophore and the main chain. The results
are presented in Table 3 (see also Supporting Information).
The conclusions of this extensive study are the following: (i)
Replacement of the keto group by the sulfo group (and
keeping the same chromophore TCVT) had no effect on
the drop; furthermore, the elimination of these two polar
groups in the polymers such as PBA-TCVT did not suppress
thedrop. (ii) Themore rigid the tetherbetween the chromophore

and the chain, the larger the drop of SHG. In FPAES-di-
TCVT, the chromophore is linked via two flexible alkyl
chains, and the drop is lowered to 50%. This drop decreased
to 30% for FPAES-mono-TCVT, where the chromophore
was linked to main chain by only a single flexible tether. (iii)
The larger the polarity of the chromophore, the larger the
drop: DR19 and DR1 chromophores led to a lower drop
than TCVT. Finally, there is almost no drop observed for
FPAES-DR1-6 (see Figure 6). This copolymer behaved al-
most in the same manner as the reference polymer PMMA-
DR1. Clearly, besides the nature of the chromophores,

Figure 6. In situ SHG (measured at 1907 nm) of different highly fluorinated copolymer films compared with in situ SHG of PMMA-DR1 copolymer.
The SHG intensities are given in arbitrary units.

Figure 7. Optimized geometry of copolymer FPAEK-TCVT. The arrows show the dipole orientations.
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which determines the strength of the dipolar interaction, the
dominant factor seems to be the nature of the tether; a rigid
tether seems to induce a transition to reduce polar order.
Secondary glass transitions have been invoked to explain
relaxation phenomena at temperatures lower than Tg: we
already put evidence into this relaxation phenomenon in
polyimides.70 However, DSC measurements did not point
out such a transition as there is no discontinuity in the DSC
curves around 120 �C (see Supporting Information). More
sensitive methods like dielectric measurements, which are
able to put into evidence R, β, and δ transitions in

copolymers,71-73 are therefore in progress to put into evi-
dence secondary glass transitions in these newmaterials. The
tether between the NLO chromophore and the chain and the
chromophore-chromophore interactions have been shown
to play an important role in this relaxation. This considera-
tion allowed to theoretically predict an optimal chromo-
phore concentration.74 But the influence of the mobility of
the tether between the chromophore and the main chain
together with the polarity of the main chain is still to be
considered.

In order to evaluate the high-temperature stability of these
poled copolymers, we studied the temporal stability of the
SHG signal measured 1 day after poling. Figure 9 shows the
SHG signal evolution with temperature for three different
poled polymer films.

For all these copolymers, the SHG signal is quite stable up
to 130 �C (at which the SHG signal decayed 10%of its initial
value) and starts to decay at temperatures above 130 �C.This
temperature is about 40 �C below the Tg of each copolymer
and close to the temperature where a drop in the SHG signal
intensitywas observed previously during cooling (see above).
But PBA-TCVT copolymer shows better stability until
150 �C. So, the decay onset of the SHG signal is lower than
Tg for all these copolymers, as already observed for fluori-
nated poly(arylene ether)s.50,51 The same conclusion also
holds for several NLO polyimides,12,13,49 with some counter-
examples where the onset is nearbyTg

15 or much higher than
Tg.

17 These experiments of thermal stability also point to a
secondary glass transition which occurs in the temperature
range between 100 and 130 �C and which is responsible for
the loss of the dipole alignment during heating of the poled
films above this temperature.

Conclusion

A new family of NLO-active highly fluorinated poly(arylene
ether sulfone)s, poly(arylene ether ketone)s, and poly(arylene
ether)s bearing chromophore derivatives of Disperse Red 1 or
TCVT have been synthesized under mild conditions, fully char-
acterized for both their physicochemical and optical properties.
The glass transition temperatures are higher than 170 �C for all
the copolymers studied. SHG measurements indicated nonreso-
nant d33 values ranging from 2 to 8 pm/V, depending on both the
nature andmolar fraction of the chromophore. The SHG signals
are thermally stable below 130 �C.The in situmonitoring of SHG
signals during poling points out an important loss of the second-
order activity during the cooling step under corona discharge.
The extent of this loss has been correlated with the polymer
structure and has put into evidence the predominant role of the
tether between the chromophore and the main polymer chain, a
flexible linkage leading to a much lower loss. This loss has been

Figure 9. Thermal relaxation of the SHG signal of poled films of (9)
FPAES-DR19-5 copolymer (Tg = 171 �C), (b) FPAEK-TCVT-1
copolymer (Tg = 168 �C), and (2) PBA-TCVT-2 copolymer (Tg =
182 �C) with a heating rate of 5 �C/min from 30 to 190 �C.

Figure 8. Several orientation cycles on a film of FPAES-TCVT-3
(Tg = 213 �C).

Table 3. Relation between the Amplitude of the Drop of SHG Signal and the Structure of the Copolymers

main structural parameters

polymer Tg
a (�C) Tdrop

b (�C)
SHG drop

amplitude (%)
tether between chromophore

and main chain main chain

FPAES-TCVT-1 196 130( 10 70 DEMC (two rigid tethers) dipoles in main chain
FPAES-TCVT-3 213 130( 10 75 DEMC (two rigid tethers) dipoles in main chain
FPAEK-TCVT-1 168 130( 10 70 DEMC (two rigid tethers) dipoles in main chain
FPAEK-TCVT-3 187 130( 10 70 DEMC (two rigid tethers) dipoles in main chain
FPAES-DR19-3 178 110( 10 20 DEMC (two flexible tethers) dipoles in main chain
FPAES-DR19-5 171 100( 10 30 DEMC (two flexible tethers) dipoles in main chain
FPAES-di-TCVT-3 185 110( 10 50 DEMC (two flexible tethers) dipoles in main chain
PBA-TCVT-2 182 120( 20 70 DEMC (two rigid tethers) less dipoles in main chain
FPAES-DR1-6 174 <5 FTC (one flexible tether) dipoles in main chain
FPAES-mono-TCVT-3 195 100( 20 30c FTC (one flexible tether) dipoles in main chain

a Tg: glass transition temperature. b Tdrop: temperaturewhere the SHGsignal starts decreasing. cFor this polymer, the relaxation rate is slower than for
the others.



Article Macromolecules, Vol. 42, No. 23, 2009 9287

attributed to a relaxation process involving interchain dipolar
interaction between NLO chromophores. Further experiments
involving dielectric measurements are in progress to put into
evidence that this process is attributed to a secondary glass
transition.
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