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Anon-linear-optical (NLO) chromophore molecule and polyimide (PI) were 
synthesized. The chemical structures were characterized by 1H NMR and 
elemental analysis. Then, a polyimide/silica NLO hybrid material with covalent

links between the inorganic and the organic networks was synthesized using polyimide,
3-aminopropyltriethoxysilane (APTES) as a coupling agent between the organic and
inorganic phases, and the hydrolyzate of tetraethyl ortho-silicate (TEOS) by the sol-gel
process. FTIR and 29Si nuclear magnetic resonance spectroscopy were used to 
characterize the structure of the hybrid. The results revealed that Q3, Q4 and T3 were
the major microstructural elements in forming a three-dimensional network structure.
The particle size and crystallinity were investigated using transmission electron
microscopy (TEM) and X-ray diffraction (XRD). The differential scanning calorimeter
(DSC) and thermal gravimetric analysis (TGA) exhibited the glass transition 
temperature (Tg) and the decomposition temperature (Td) of 5% mass loss in polyimide
and hybrid material at 244°C and 344°C, 352°C and 447°C, respectively. A reflective
electro-optic (EO) modulator using this polyimide or hybrid was fabricated. The 
electro-optic (EO) coefficients  33 of the polyimide and hybrid in the EO modulator were
determined to be 28 and 22 pm/V (poling voltage of 3.8 kV, 205°C) at 832 nm by an
attenuated-total-reflectance (ATR) method and the values retained >94% for more than
100 h at 205°C. The results show that polyimide and hybrid may be useful as EO 
modulator.

INTRODUCTION

Intense research works have been
carried out on non-linear optical
(NLO) materials because of their
potential application in optical
devices such as electro-optic 
modulators, high-speed optical
switches and frequency doublers
during the last decade [1-3]. NLO
materials include inorganic and
organic crystals, polymers, organic-
inorganic hybrids, and Langmuir-
Blodgett compounds. Among the

materials, the organic polymers are
considered to be promising 
materials, mainly because they
offer many advantages such as
large and stable NLO response,
light weight, high optical quality,
chemical resistance and good
processability to form optical
devices [4-6].

More recently, polyimides are
widely adopted in aviation, 
aerospace, chemical and electric
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industries owing to their high thermal stability, 
excellent mechanical and electrical properties, as well
as good chemical resistance [7-9]. Polyimide based
dyes typically contain aromatic rings linked by 
unsaturated moieties. The influence on electron donor
effects of the polyimide ring has been extensively
examined and the use of this heterocycle in 
compounds for non-linear optics has gained 
increasing consideration. Polyimide compounds
exhibiting diazo-polyimide groups have been 
extensively investigated in general as dispersed 
pigments. Polymers with conjugated chains have
attracted much attention because they are materials of
academic interest and also they are investigated 
as the materials of electronics, opto-electronics and
photonics [10]. Polyimide not only behaves as one of
the most effective heterocyclic rings in enhancing
NLO properties of typical push-pull chromophores
even in relatively short conjugated systems, but also
prompts the desirable targets of high solubility of the
dyes and easy processability of materials.

Chang et al. [11] synthesized two series of the
polyimide-silica hybrid optical thin films, pyromel-
litic dianhydride-oxydianiline (PMDA-ODA/SiO2)
and 4,4′-(hexafluoroisopropylidene) diphthalic anhy-
dride-oxydianiline (6FDA-ODA/SiO2) using sol-gel
reaction. The refractive indices of the prepared hybrid
thin films were investigated and not the electro-optic
coefficients of the materials. Chao et al. [12] reported
the preparation of azo chromophore molecule, poly-
imide and polyimide/MMT materials. Electro-optic
(EO) coefficients of the polyimide and polyimide/
inorganic materials are in the range of 4.6 and 
8.0 pm/V. Kim et al. [13] prepared azo chromophore
functionalized with cyanosulphonyl group and poly-
imide (PI-SOT). The electro-optic coefficient, r33 =
28 pmV-1, of PI-SOT at 633 nm wavelength was
obtained. Tambe et al. [14] successfully prepared the
push-pull non-linear optical chromophores contain-
ing thiazole and benzothiazole acceptors, and poly-
imides based on different anhydrides such as 6FDA,
PMDA and 3,3′4,4′-benzophenone tetracarboxylic
dianhydride (BTDA). The d33 values of these poly-
imides were measured and ranged between 35.15 and
45.20 pm/V at 532 nm. However, most of the poly-
meric materials have either low Tg or exhibit poor
reproducibility of optical quality including high 

optical loss which limits their applications as optical
devices. To overcome these problems, an alternative
approach can be found in the use of hybrid organic-
inorganic sol-gel materials [15,16]. The sol-gel
methodology allows low-temperature fabrication of
networks facilitating the introduction of organic 
chromophore, and the resulting hybrids possess high
Tg, low beam propagation loss and are more stable
because of the greater rigidity and higher thermal 
stability of silica than organic polymers. Polyimide
films containing a homogeneous dispersion of nano-
sized SiO2 particles have been achieved by means of
a sol-gel process. The inorganic sol-gel material 
provides an inert environment for the polyimide and
it theoretically prevents its thermal decomposition.
The inorganic networks are densely and uniformly
packed throughout the organic chain segments by the
sol-gel process [17]. The hybrid materials offer the 
possibility of combining the advantages and 
overcoming the disadvantages of the two different
materials. In other words, non-linear optical polymers
and silica waveguides can be combined to provide a
hybrid platform with unique advantages. The non-
linear polymer can provide a flexible source of large
optical non-linearities.

In this paper, we synthesized the NLO 
chromophore molecule containing the benzothiazole
and azo groups, and the polyimide. Then, using 
the coupling agent, 3-aminopropyltriethoxysilane
(APTES), a combination of two different components
namely amino (organic) and silicon alkoxy 
(inorganic) groups, reacted with polyimide to form
precursors containing alkoxysilane. Therefore, this
compound had the ability to form simultaneously an
organic network through ring-opening polyaddition
of polyimide and an inorganic SiO2 network through
hydrolysis and subsequent condensation reaction of
alkoxy groups. At last, the hybrid was prepared with
tetraethoxysilane (TEOS) by sol-gel method. SiO2
had remarkably high thermal stability and its 
introduction improved the thermal stability. No study
has been reported on EO property of the polyimide or
hybrid material up to the present time. Moreover, the
EO coefficients γ33 of the polyimide and hybrid
retained >94% for more than 100 h at 205°C. These
findings have shown that polyimide or hybrid could
be used as EO modulator.
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EXPERIMENTAL

Materials
3,3′,4,4′-Bisphenyltetracarboxylic dianhydride
(BPDA) was obtained from TCI and used without 
further purification. 3-Aminopropyltriethoxysilane
(APTES) was purchased from Nanjing Shuguang
Chemical Plant. Tetrahydrofuran (THF) was provided
by Shanghai Gaoqiao Petrochemical Company and
stirred over powdered calcium hydride overnight and
then distilled under reduced pressure and stored over
4 A molecular sieves. Other reagents and solvents
were commercial products and used as received.

Characterization
FTIR Spectra of the prepared polyimide and hybrid
were recorded on a Nicolet Avatar 360 in the region of
4000-400 cm-1 using KBr pellets. A minimum of 
32 scans was signal-averaged with a resolution of 
2 cm-1. UV-Vis spectra were obtained on a Shimadzu
UV-240 Spectrometer. Elemental analysis of the 
chromophore molecule or polyimide was carried out
on the Foss Heraeus CHN-O-Rapid Element Analysis
Spectrometer. 1H NMR of the chromophore molecule
or polyimide was obtained with a DXT-300 MHz
Bruker Spectrometer. Molecular weight of polyimide
was determined by gel permeation chromatography
(GPC) with a polystyrene standard using a WATERS
SEC-244 system at 25°C in THF. 29Si NMR was 
performed using a Bruker DPX-400WB, Germany.
The sample was treated at 150°C for 3 h and then
ground into fine powder. Transmission electron
microscopy (TEM) micrograph was obtained using a
Hitachi H-600 operated at 80 kV with a 35-micron
objective. Micrograph was recorded at a magni-
fication of 125000 using Kodak SO163 film that was
developed in D19 for 5 min. Specimen for sectioning
was embedded in LR white resin and cured prior to
sectioning 70 nm thick sample. Sectioning sample
was picked up on carbon coated copper grid. X-Ray
diffraction (XRD) pattern of hybrid was obtained with
a CuKα X-ray source and a step of 0.02 (2θ) and run
from 2θ = 6~80° at room temperature. Thermogravi-
metric analysis (TGA) and differential scanning
calorimetry were performed on a Netzsch STA449C
DSC. The programmed heating range of TGA
measurement started from room temperature to

800°C, at a heating rate of 10°C/min under a nitrogen 
atmosphere. The measurement was taken using 
6-10 mg samples and the TGA curves were recorded. 

Preparation of a Non-linear-optical Chromophore
A solution of sodium nitrite (1.0 mol) in de-ionized
water was slowly added to the solution of 2-amino-6-
nitrobenzothiazole (1.0 mol) in hydrochloric acid 
(6.0 mol.L-1, 10 mL) through a dropping funnel over
a 40 min period. The solution was kept at 0°C for 2 h
with vigorous mechanical agitation. The obtained 
diazonium salt solution with reddish-brown colour
was then slowly added to the solution of phenylamine
(1.0 mol) at 0°C and kept there for 2 h under stirring
and (6-nitrobenzothiazole-2-diazenyl) aniline was
obtained. Then, a diazonium salt solution of (6-
nitrobenzothiazole-2-diazenyl) aniline (1.0 mol) was
made and added dropwise into the m-phenylene-
diamine (1.0 mol) solution during stirring. The 
mixture reacted for 1 h. The resulting suspension was
acidified and filtered. The solid precipitate was
washed with ammonia water and de-ionized water
until the pH of the filtrate reached 7. The NLO 
chromophore molecule 4-diamino-4′-[(6-nitrobenzo-
thiazole-2-yl)diazenyl] azobenzene (DMNBADA)
was purified on a silica gel column with 
acetone eluate and yield was 88.0%. 1H NMR (300
MHz, CD3COCD3, ppm): 3.36 (ArNH2, 4H), 6.10
(ArH, 1H), 6.52 (ArH, 1H), 6.70 (ArH, 1H), 7.37
(ArH, 2H), 7.45 (ArH, 2H), 7.97 (ArH, 1H), 8.05
(ArH, 1H), 8.10 (ArH, 1H). Anal. Calcd for
C19H14N8O2S: C, 54.54%; H, 3.35%; N, 26.79%.
Found: C, 54.62%; H, 3.37%; N, 26.84%. The 
synthetic route is shown in Scheme I.

Preparation of Polyimide
The NLO chromophore DMNBADA (0.2 mol) was
dissolved in DMF at room temperature, followed by
the addition of 3,3′,4,4′-bisphenyltetracarboxylic
dianhydride (BPDA, 0.4 mol) at once. The solution
was stirred at room temperature for 8 h under 
nitrogen. The mixture of acetic anhydride and 
pyridine (8 mL/4 mL, 2:1) was added to the solution
at room temperature and this mixture was stirred for 6
h, and then heated to 90°C under nitrogen for another
3 h. The polymer was precipitated into methanol and
further purified by dissolving in THF and reprecipitat-
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ed into methanol. The resulting polyimide (PI) was
collected and washed with methanol in a Soxhlet
extractor for 20 h and dried at 60°C under vacuum for
24 h. Due to the good solubility of the polyimide in
THF, the molecular weight was measured by GPC.
The weight-average molecular weight (Mw) was
52700 with a polydispersity of 2.15 (polystyrenes as 
standards). 1H NMR (300 MHz, CD3COCD3, ppm):
3.36 (ArNH2, 4H), 6.10 (ArH, 1H), 6.52 (ArH, 1H),
7.10 (ArH, 1H), 7.28 (ArH, 1H), 7.48 (ArH, 1H),
7.78 (ArH, 2H), 7.90 (ArH, 2H), 7.98 (ArH, 2H),
8.02 (ArH, 2H), 8.10 (ArH, 1H), 8.18 (ArH, 1H),
8.22 (ArH, 1H), 8.25 (ArH, 2H). Anal. Calcd. for
C35H16N8O6S: C, 62.13%; H, 2.37%; N, 16.57%.
Found: C, 62.52%; H, 2.41%; N, 16.76%.

Preparation of Polyimide/Silica Hybrid  
Hybrid material was synthesized via a sol-gel
process. The polyimide (0.1 mol) was dissolved in
DMF and stirred at room temperature for 3 h under
nitrogen. Then, APTES (0.2 mol), a coupling agent
that provided the functional groups between the 
inorganic domains and the polymer matrix, was
added and stirred for 4 h. Meanwhile, homogeneous
hydrolyzate of tetraethyl ortho-silicate (TEOS, 
0.05 mol) was also prepared using de-ionized water
(2.10 mL), hydrochloric acid (0.65 mL), THF 
(30 mL) in a conical flask and was stirred for 1 h.

Then, the hydrolyzate of TEOS was added and 
reacted for 12 h. The sol-gel process was carried out
at room temperature for 4 h. The homogeneous 
transparent sol was obtained and transferred to a 
conical flask and was sealed by plastic film. After
drying for 5 days and opening by several small holes,
the solvent evaporated slowly. The homogeneous
transparent gel was formed. Then the sample was
heated at 110°C under vacuum for 2 h to remove
residual solvent and by-products. The hybrid 
material was obtained. The synthetic route is shown
in Scheme II.

In this experiment, the two different components
namely amino (organic) and silicon alkoxy 
(inorganic) groups reacted with polyimide to form
precursors containing alkoxysilane. Therefore, this
compound had the ability to form simultaneously an
organic network through ring-opening polyaddition
of polyimide and an inorganic SiO2 network through
the hydrolysis and subsequent condensation reaction
of alkoxy groups.

RESULTS AND DISCUSSION 

Structure Characterization  
The FTIR spectra of the prepared polyimide and
hybrid material are presented in Figure 1. The other
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characteristic absorption bands of the stretch 
vibration of C-N bond were at around 1375 cm-1. The
absorption bands around 1717 cm-1 and 1784 cm-1 are
assigned to the asymmetric and symmetric stretching 

Figure 1. FTIR Spectra of polyimide and its silica hybrid.

vibrations of carbonyl groups of imide rings, respec-
tively. The absorption band located at 1517 cm-1 is the
symmetric stretching vibration of -N=N- bond.

Figure 2. Solid-state 29Si NMR spectrum of polyimide/silica
hybrid.
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Figure 3. The structure of various mono-, di-, tri- and 
tetra-substituted siloxane bonds (Qs).

29Si MAS NMR spectrum often is used for assigning 
the chemical environment around the Si atoms in
organic-inorganic hybrid silica-based materials.
Figure 2 displays the solid-state 29Si NMR spectrum
of the hybrid. The condensed siloxane species 
originating from TEOS, the silicon atoms through
mono-, di-, tri- and tetra-substituted siloxane bonds
are designated as Q1, Q2, Q3 and Q4, respectively. 
The various Qs are defined in Figure 3. 
3-Aminopropyltriethoxysilane (APTES), similarly
with mono-, di- and tri-siloxane bonds are designated
as T1, T2 and T3, respectively. The various Ts are
defined in Figure 4.

From Figure 2, the three peaks are located at -94, 
-105 and -111 ppm, respectively. These resonances 

Figure 4. The structure of various mono-, di-, tri- and 
tetra-substituted siloxane bonds (Ts).

were assigned to Si atoms of Q2, Q3 and Q4. The other 
two peaks are located at -55 and -61 ppm, respective-
ly. These resonances were assigned to Si atoms of T2

and T3. The presence of Q2 and T2 Si atoms were
indicative of incomplete condensation of the TEOS
precursor; unreacted silanol groups were still present.
But relative intensities were very small. The peaks of
Q3, Q4 and T3 were assigned to Q3 [-SiO2(OH)], 
Q4 or T3 (-SiO3) Si atoms and had much larger 
relative intensities. Therefore, these results revealed
that Q3, Q4 and T3 were the major microstructures in
the hybrid and formed three-dimensional network 
structure.

Microstructural Analysis  
The morphology and distribution of silica nano-
particles in the hybrid were also investigated using
transmission electron microscopy (TEM) photograph
shown in Figure 5. It is found that some silica
nanoparticles are loosely distributed within the 
polymers but some ramified aggregated clusters of
varying size can also be found. The average sizes of
silica nanoparticles estimated from TEM seemed to
be 40~55 nm. The powder X-ray diffraction pattern
for synthesized hybrid material is shown in Figure 6.
From Figure 6, the diffraction pattern of hybrid is 
featureless, showing only broad amorphous halo at 2θ
= 22.27°, deriving from the homogeneous silica
matrix. It is indicated that the complete and 

Figure 5. TEM Photograph of polyimide/silica hybrid.
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Figure 6. XRD Pattern of polyimide/silica hybrid.

homogeneous mixing of the polyimide and the 
inorganic phase are caused by hydrogen bonding
interactions and covalent bonding (Si-O-Si) between
the organic and inorganic components, which
enhanced miscibility and were homogeneous. The
hybrid is quite homogeneous, appearing as a very fine 
dispersion of silica particles and as a fine 
interpenetrating phase, because TEOS has higher
reactivity and quickly undergoes hydrolysis and
cross-links in solution before phase separation can
take place. This gives rise to a highly interpenetrating
network of polyimide and silica structures. Therefore, 
the SiO2 is dispersed in polyimide matrix homoge-
neously. 

Thermal Property 
The thermal behaviours of the polyimide and 
inorganic-organic hybrid material in this study were
investigated by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) to
determine the glass transition temperature and 
thermal degradation temperature. The programmed
heating range was from room temperature to 800°C,
at a heating rate of 10°C/min under a nitrogen 
atmosphere. The DSC and TGA curves of pure poly-
imide and hybrid are shown in Figures 7 and 8,
respectively. From Figure 7, the glass transition 
temperatures of the polyimide and hybrid are 
244°C and 344°C, respectively. The glass transition 

Figure 7. DSC Curves of polyimide and its silica hybrid.

temperature of the polyimide is higher than the poly-
imide reported before [9,16]. This is mainly because
the chromophore of ref. [9] was used as side-chain,
and the chromophore of ref. [16] contained benzene
group. The chromophore of the paper contained the 
benzothiazole group. The hybrid material has higher
glass transition temperature (Tg) than pure polyimide.
From Figure 8, the decomposition temperatures at 5%
mass loss were 352°C and 447°C, respectively. 
The hybrid material has higher decomposition 
temperature (Td) than pure polyimide. The enhanced
thermal stability of the hybrid material is due to the 

Figure 8. TGA Curves of polyimide and its silica hybrid.
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formation of network of polyimide and the inorganic
moieties, which results from the restriction of poly-
mer chain mobility and becomes more intertwined
with the rigid silica network. Based on the above, the
compatibility of the hybrid can be enhanced via 
incorporating polymer matrix with inorganic silica
covalently. The chemical bonding not only restricts
the migration of inorganic silicates but also hinders
the aggregation of silanol. 

The Order Parameters of Polyimide and Its Silica
Hybrid  
Figure 9 shows the UV-vis absorption spectra of the
polyimide before and after electric poling film (the
same method for hybrid). After electric poling, the
dipole moments of the NLO chromophores were
aligned and UV-vis spectrum of polyimide exhibited a
decrease in absorption due to the alignment of the
chromophores along the poling field. From the
absorbance change, the order parameter of the poled
film could be estimated, which is related to the poling
efficiency. The order parameter is defined by [18]:

where A′ and A0 are the absorbances of the polyimide
film after and before poling, respectively. From 

Figure 9. UV-Vis spectra of the polyimide film before and
after poling.

Figure 9, the values of A′ and A0 of the polyimide film
are 0.646 and 0.978, respectively. The same method
for hybrid was measured. The values for polyimide
and hybrid are 0.34 and 0.26, respectively. All these
data suggest that polyimide and hybrid are 
efficiently poled and as a result, the chromophores 
are effectively aligned since the order parameter
describes the chromophore alignment.

Polymer Film Preparation and Electro-optic
Property   
A reflective EO polymer light modulator was 
fabricated using polyimide or hybrid as the EO 
material. The polyimide or hybrid solution was 
filtered through a 0.45 μm Teflon membrane filter and
then it was spin-coated at 1000 rpm. The film was
finally dried under vacuum at 110°C for 12 h to
remove the residual solvent. 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
electrode. Polyimide or hybrid was spin-coated onto
the silver substrate to a thickness of 1-2 μm, which
can support four or five surface-plasmon modes with
transverse magnetic (TM) polarization. A polymer
buffer layer was then coated onto the polyimide film
or hybrid to a thickness of 5.48~5.65 μm.

Finally, a gold film was deposited onto the buffer
layer as the base electrode. For the further alignment
of the dipole moment of the chromophore, the 
polyimide film or hybrid was electrically poled with a
corona discharge poling method at a temperature of
205°C with a poling voltage of 3.8 kV. The distance
between the sample surface and the needle electrode
was 1 cm. The electro-optic coefficients of non-linear
optical polyimide and hybrid were obtained at a
wavelength of 832 nm with a similar measurement
described in ref. [19]. The highest γ33 values of 
polyimide and hybrid were 28 and 22 pm/V, 
respectively. The thermal stability of hybrid was 
higher than the pure polyimide but the γ33 coefficients
of hybrids were smaller than corresponding 
polyimide. This was due to the content of 
chromophore that was smaller than the pure poly-
imide. The long-term stability EO coefficient values
of the polyimide and hybrid were retained >96% and
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>94%, respectively, after 100 h. These results show
that the polyimide and hybrid might be useful in 
photonic device applications. 

CONCLUSION 

We synthesized a chromophore and polyimide. A
polyimide-silica hybrid was prepared by the sol-gel
method. FTIR, 1H NMR, elemental analysis and 
29Si NMR were used to characterize the synthesized
materials. The results show that Q3, Q4 and T3 are the
major microstructures in the hybrid and form a three-
dimensional network structure. The silica particles
were uniformly dispersed in the nanoscale.
Furthermore, covalent bonding (Si-O-Si) between the
organic and inorganic components enhanced 
miscibility between the silica and the polyimide. The
resulting NLO polyimide and hybrid exhibited a 
relatively high Tg > 244°C and thermal stability up to
352°C. EO Coefficient values at the wavelength of
832 nm were achieved and the values remained stable.
The result indicates that the hybrid film is suitable for
the fabrication of an electro-optic device.
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