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Abstract: The fluorine-containing organic polymer was synthesized from 3, 3, 4, 4’ -Bisphenyltetracarboxylic
(BPDA), and 2, 2-Bis (3-amino-4-hydroxyyphenyl) hexafluoropropane (6FHP). It is a first-step preparation of
a preimided hydroxy-containing polyimide, followed by the covalent bonding of an active chromophore,
dispersed red 19 (DR19), onto the backbone of the polyimide via the Mitsunobu reaction. The nonlinear optical
(NLO) containing polyimide was synthesized. The differential scanning calorimeter ( DSC) and thermal
gravimetric analysis (TGA) exhibited T, and the temperature 7, at which 5% mass losses occurring of polymer
were 248 and 309 C, respectively. A reflective electro-optic (EO) modulator using this polymer was fabricated.
The optical nonlinearities were determined to be dy, =5.209 x 10 esu (poling voltage of 3.6 kV,205 C) and
d,, =7.418 x 10 esu (poling voltage of 3. 8 kV,210 C) by the second harmonic generation method in in-situ
condition at a fundamental wavelength of 1 064 nm. The EO coefficients y,, of the polymer layer in the EO
modulator were determined to be 2. 182 pm/V (poling voltage of 3.6 kV, 205 C) and 3. 107 pm/V ( poling
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voltage of 3.8 kV,210 C) at 1064 nm by an attenuated-total-reflection (ATR) method.
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Polyimide polymer functionalized with nonlinear
optical (NLO) chromophores have received considera-
ble attention in the development of photonics and opto-
electronics-based technologies, due to its large electro-
optic (EO) coefficients, low dielectric contents desira-
ble for high-speed devices, and flexibility in fabrica-
tion'' ™. Polyimides are commonly synthesized by the
reaction of dianhydrides with diamines to provide poly
(amic acid) precursor polymers, followed by a high-
temperature imidization process to produce the desired
polyimides. However, this two-step approach makes it
difficult to obtain the quantitative transformation from
amic form to amide ring, and it limits the choice of
nonlinear optical chromophores because of the high
temperature reaction required. We present a one-step
preparation of a preimided hydroxy-containing polyim-
ide, followed by the covalent bonding of a chromo-
phore onto the backbone of the polyimide via the Mit-
sunobu reaction. By the introduction of the chromo-
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phore at the last stage through very mild Mitsunobu
condensation, the chromophore-containing diamine syn-
thesis and harsh imidization process of the poly (amic
acid) are avoided.

In this study, we synthesized the polyimide and
reported the detailed studies on the characterization of
the polymer. A reflective EO polymer light modulator
based on attenuated-total-reflection ( ATR) was fabri-
cated using the polyimide as EO material. And the in-
vestigation on the performance of this EO modulator
indicates that it successfully encoded electrical signals
onto reflected light without perceptible distortion or re-
tardation, which demonstrates the suitability of the
NLO polyimide for the application in actual EO de-
vices.

1 Experimental

1.1 Reagents

N-dimethylacetamide (DMAC) were stirred over
powered calcium hydride overnight and then distilled
under reduced pressure and stored over 0.4 nm molecu-
lar sieves. 3, 3’, 4, 4’ -Bisphenyltetracarboxylic ( BP-
DA) and 2, 2-Bis ( 3-amino-4-hydroxyyphenyl )
hexafluoropropane (6FHP) used in the polyimide syn-
thesis were obtained from TCI and used without further
purification. Dispersed red 19 was obtained from the
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Acros Organics. Tetrahydrofuran ( THF) was purified
by distillation and other reagents were obtained com-
mercially.
1.2 Polymer synthesis

The polymerization was conducted in a dry nitro-
gen flushed three-neck flask with a magnetic stirrer, a
reverse dean-stark trap, and reflux condenser filled with
dry xylene. A stoichimetric amount of 3,3’ , 4,4’ -Bis-
phenyltetracarboxylic (BPDA) (1.471 1 g, 5 mmol)
was added to a solution of 2, 2-Bis ( 3-amino-4-
hydroxyyphenyl) hexafluoropropane (6FHP) (1.731 3
g,5 mmol) in 30 mL DMAC at 0 ‘C. The solution was
then warmed to room temperature and magnetically
stirred overnight under nitrogen to form the poly (amic
acid) solution. Distilled xylene (30 mL) was added to
the flask, and the poly (amic acid) was thermally cy-
clized in an oil bath at 160 °C for 5 h under nitrogen at-
mosphere. The PPh,(1.3115 g,5 mmol) and dispersed
red 19 (3.303 3 g, 10 mmol) was dissolved in DMAC
(15 mL). Diethyl azodicarboxylate (DEAD) (0. 850 2
g,5 mmol) was added dropwise into the solution under
nitrogen atmosphere. The reaction mixture was stirred
for 2 d at room temperature, and then the resulting re-
action solution was added dropwise into an agitated so-
lution of methanol/water (1: 1,30 mL) and 2 mol/L
HCI (5 mL) in a high-speed blender. The collected sol-
id further precipitated in THF (10 mL) was reprecipi-
tated into the solution of methanol/water. The product
was filtered out and washed with methanol/water for
several times, and dried at 60 C under vacuum for 24
h. Yield: 4.55 g (70%). Anal. Calcd for C, H,,
FNO,:C,61.37%; H, 3.16%; N, 9. 14% . Found: C,
61.43% ;H,3.12% ; N, 9.32% . The molecular weight
can be measured by GPC and has an M, of 23 400, an
M, of 58 200 with a polydispersity of 2.49 ( polysty-
renes as standards). The synthetic process is shown in
Fig. 1.

BPDA + 6FHP R.T. | PAAin | Toluene
in DMAC N, , Stirring DMAC 160 C
DR19 in DMAC  Mitsunobu reaction Stirring Pl
PPh, Stiring ~ Imidization

Fig.1 Synthesis of the polyimide

1.3 Instrumentation

FT-IR spectra of the prepared hybrids were ob-
tained between 4 000 and 400 cm ™' on a KBr pellet
using a Nicolet AVATAR 360 FT-IR spectrometer. A
minimum of 32 scans was signal-averaged with a reso-
lution of 2 cm ™' in the 4 000 to 400 cm ' range. Ther-
mogravimetric analysis (TGA) and differential scan-

ning calorimetry (DSC) were performed on NETZSCH
STA449C. The programmed heating range was from
room temperature to 800 C, at a heating rate of
10 C/min under nitrogen atmosphere. The measure-
ment was taken using 6 to 10 mg samples. UV-vis spec-
trum was recorded on a Shimadzu UV-240 spectrome-
ter.

2 Results and Discussion

2.1 Characterization and physical properties of PI

Fig.2 illustrates the FT-IR spectra of the prepared
polyimide. The characteristic peaks of symmetric C =
O stretching and asymmetric C =O stretching of the
imides group were clearly visible at 1 719 and 1 772
cm’, respectively. The assignment of the stretching of
the imides ring was at 1 374 cm ™. Besides, the FT-IR
spectrum consisted of some peaks located at 1 513
em™ (p,,—N =N—), 1374 cm ' (p,,, —C—N—
C—)'*"7.'"HNMR (300 MHz, CD,COCD,, ppm):
8.38(d, ArH, 4H), 8.05(s, ArH, 4H), 7.34(d, ArH,
2H),7.12(d, ArH, 2H), 7.06 (s, ArH, 2H), 6. 54 (s,
ArH, 2H), 6.20(s, ArH, 4H), 4. 18(s, —CH,CH,0—,
4H), 3. 65(s,—CH,CH,0—, 4H), 10. 62(s, OH, 1H).
The PI was soluble in many organic solvents such as
NMP, THF, DMF, chloroform, acetone, bromobenzene
and so on. The differential scanning calorimeter ( DSC)
and thermal gravimetric analysis (TGA) exhibited high
T, and the temperature T, values at which 5% mass
losses occurring of polymer were 248 and 309 C, re-
spectively. This TGA showed that the initial decompo-
sition temperature of PI was much higher than 7, indi-
cating that high temperature electric poling was feasible
without damaging the chromophore. The UV-vis spec-
tra of the prepared polyimide, UV-vis (DMF) was A
=498 nm.
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Fig.2 FT-IR spectrum of polyimide

2.2 Polymer film preparation and poling charac-
terization

To obtain optical-quality films, N-Methyl-2-pyrro-

lidone (NMP) was selected as the optimal spin casting

solvent, as it is capable of leading to appropriate vis-
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cosity. The polymer solution was filtered through a
0.45 pm Teflon membrane filter to remove insoluble
particles and was then spin-coated at 1 000 r/min. The
film was then dried under vacuum at 110 C for 12 h to
remove the residual solvent. For the further alignment
of the dipole moment of the chromophore, the PI film
was electrically poled with a corona discharge poling
method at a temperature of 205 C with a poling volt-
age of 3.6 kV and 210 C with a poling voltage of 3. 8
kV, respectively. The distance between the sample sur-
face and the needle electrod was 1 cm. Then the PI film
was cooled to room temperature in the presence of the
electric field.
2.3 Device fabrication and electro-optic character-

ization

A reflective EO polymer light modulator was fab-
ricated using PI as the EO material. The test sample
consisted of a high-index prism, a thin silver film, a
poled material layer, a buffer layer, and a base gold
film. The silver film was thermally evaporated onto the
hypotenuse face of a high-index prism as the first elec-
trode. A polymer was spin-coated onto the silver sub-
strate to a thickness of 1 to 2 wm, which can support
four or five surface-plasmon modes with TE or TM po-
larization. A polymer buffer layer was then coated onto
the polyimide film to a thickness of 5. 68 pm. Finally, a
gold film was deposited onto the buffer layer as the
base electrode. The electro-optic characterization of the
PI layer in the EO modulator was conducted by an im-
proved ATR technique as shown in Fig. 3", The elec-
tro-optic coefficient vy,, of the EO polymer layer in the
EO modulator can be determined according to the fol-
lowing equation:

2n,cosf
Y =~ WA] (1)

where vy.; is the EO coefficient of the polymer; n, and
n, are the refractive indices of the prism and the poly-
mer film, respectively; E is the applied electric field;
Al is the modulated light intensity; @ is the light inci-
dent angle, which is defined as the modulator’ s work-
ing interior angle; and k is the slope value of the fall-
off the ATR resonance dip'®.
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Fig.3 Schematic diagram of an improved ATR apparatus

2.4 Electro-optic properties of PI

The EO characterization of the polyimide layer in
this modulator was conducted by an ATR technique.
The resulting reflected light intensity was recorded as a
function of the incident angle along with the rotation of
a 6/26 computer-controlled goniometer. Fig. 4 shows a
reflectivity scan obtained for TM-polarized light of A =
1 064 nm with this multilayer prototype device. Each of
the sharp dips corresponds to a TM waveguide mode,
and five waveguide modes can be identified within the
angular range of 52 to 56°. As the TM, guide mode is
of the narrowest resonance width, which means the lar-
gest k value in Eq. (1), and was most the refractive in-
dex change in the EO polymer layer induced by the ap-
plied electric field, the angle near the TM, resonance
dip was chosen as the modulator’ s working interior an-
gle 6. The values of EO coefficients of the PI at dif-
ferent temperatures and poling voltages determined ac-
cording to Eq. (1) are listed in Tab. 1. The polymer
can be regarded as a promising material for EO device
fabrication in virtue of its easy synthetic accessibility,
excellent film-forming properties, good and fast EO re-
sponse and high long-term stability of NLO properties
at elevated temperature. Moreover, the EO coefficient
can be further enhanced by modification of the NLO
chromophore, increase of the NLO chromophore con-
centration and/or optimization of the poling process to
achieve larger orientation degree of the chromophore

dipole moments.
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Fig.4 ATR spectra of the polyimide

Tab.1 Optical properties of polymer layer
in the EO modulator

Thickness/  Temper- Poling dyy/ ¥/
wm”* ature/C  voltage/kV (10 %esu) ** (pm-V ') **
5.68 205 3.6 5.209 2.182
5.68 210 3.8 7.418 3.107

Notes: # Thickness of polyimide polymer layer in the EO modula-
tor determined by the improved m-line method.
#x Optical nonlinearities of polyimide layer in the EO mod-
ulator determined by the ATR technique at 1 064 nm.
w0k Electro-optic coefficients of polyimide layer in the EO
modulator determined by the ATR technique at 1 064 nm.
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3 Conclusion

We synthesized a fluorine-containing organic
polyimide polymer via the Mitsunobu reaction. The
differential scanning calorimetry and thermogravimet-
ric analysis behavior indicated excellent thermal stabil-
ity. The optical nonlinearities d,; of this polymer were
determined to be 5.209 x 10 ’esu (3.6 kV,205 C),
7.418 x 10 esu (3. 8kV, 210 C) and the EO coeffi-
cients y,, were determined to be 2. 182 pm/V (3.6
kV,205 C),3. 107 pm/V (3.8 kV,210 C) at 1 064
nm by an ATR method.
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