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Polyimide (PI) films are widely used in the liquid crystal display (LCD) industry to align liquid crys tal (LC)
molecules in a specific orientation with a pretilt angle hp on the PI alignment films. It was observed that 
physical dispersion of polyhedral oligomeric silsesquioxane (POSS) nanoparticles in commercial homog- 
enous PIs decreases the surface energy of the PI alignment films and generates a controllable hp in the 
range 0� < hp < 90 �, which is not easily achieved by complicate PI synthesis. Characteristics of POSS–PI
nanocompo sites were studied to investigate the influence of POSS nanoparticles on PIs. Increased absorp- 
tion in the infrared spectra and decreased decompo sition temperature and glass transition temperature 
with POSS doped concentration in PI were observed due to the increase in free volume of POSS–PI nano- 
comp osites. Such nanoscale hybridization suggests a novel approach to tune the properties of PIs through 
modification of molecular interaction. A fast response no-bias optically-compe nsated bend (OCB) LCD 
with a pretilt angle of 68 � was also demonstrated in this work. 

� 2013 Elsevier B.V. All rights reserved. 
1. Introduction 

An aromatic polyimid e (PI) is a type of high-perfor mance 
polymeric material characterized by its outstanding mechanical, 
thermal and electro-optical properties at elevated temperatures, 
leading to its being widely applied in the electroni cs and photonics 
industries. One of the major applications of PIs in the photonics 
industry is as alignment films for liquid crystal displays (LCDs) to 
align LC molecules in a certain orientation with a specific pretilt 
angle hp, which is the angle between the LC director and the align- 
ment films. The pretilt angle is very important and required for LC 
devices to obtain defect-free alignment and also to improve their 
electro-optical performance, such as driving voltage, response 
time, color performance and viewing angle. The synthesis of PIs 
used to produce the homogeneous (hp � 0�) and homeotropi c
(hp � 90�) surface alignments in the LCD industry is a mature 
technology [1–4]. However , only a small tuning range of pretilt an- 
gle is feasible in these commercial PI materials resulting in limited 
application to LCDs requiring different pretilt angles, such as near 
zero degrees for in-plane switching LCDs, few degrees for twist- 
nematic (TN) LCDs, more than 5� for the supertwist-nem atic 
(STN) LCDs, 45–60� for no-bias optically -compensated bend 
(OCB) LCDs and the bistable bend-splay LCDs and near 90 � for
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the vertically -aligned LCDs. The OCB LCD has been known as a fast 
LCD mode [5]. It is operated between the bend state and the near 
homeotrop ic state at a high voltage. However, the traditional 
OCB cell with low pretilt angle is actually stable in the splay state. 
Due to the energy barrier between the splay and bend state of a
traditional low pretilt OCB LCD, a holding bias voltage is needed 
to maintain the OCB LCD in the bend state [6,7]. The no-bias OCB 
LCD is made possible by using alignment films with sufficiently
high pretilt angles to produce an initially stable bend state. Many 
methods have been developed to control the pretilt angle of LC 
by using conventional PIs, such as mixing homogenous and 
homeotrop ic PIs [8] and stacked PI alignment layers [9].

We have found that the pretilt angle of PIs can be well con- 
trolled by adding polyhedral oligomeric silsesquioxane (POSS)
nanoparti cles to homogenous PIs [10,11]. The addition of the 
different concentratio ns of POSS in homogenous PIs generate s a
variable pretilt angle which can be tuned continuously over the 
range 0� < hp < 90�. However, the characterist ics of POSS–PI
nanocom posite films for LC alignment have not been studied in 
depth to understand the influence of POSS nanoparticl es in PIs. It 
is interesting to note that several types of nanoparticl es have been 
dispersed in polymer to enhance the thermal, mechanical, 
electrical and optical properties of polymeric systems through 
modification of molecula r interaction [12–14].

In this work, the Fourier transform infrared (FT-IR) spectra, the 
decompo sition temperature and the glass transition temperat ure, 
of POSS–PI nanocompo site films were measured to study the 
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influence of POSS nanoparticles in PIs. The dependence of pretilt 
angle on surface energy of POSS–PI nanocompo site films was 
determined. Finally, a fast response no-bias OCB LCD with a pretilt 
angle �68� was demonstrated, with a fast response time �3.4 ms, 
one order of magnitude faster than conventional TN LCDs. 
Fig. 2. UV–vis spectra of POSS–PI nanocomposite films with different POSS 
concentration doped in PAA (film thickness �550 nm).

Fig. 3. FT-IR spectra of POSS–PI nanocomposite films with different POSS concen- 
tration doped in PAA (film thickness �550 nm).
2. Experimental 

Several commercial homogeneous polyamic acids (PAAs) mate- 
rials from Chimei, Daily Polymer and Nissan Chemical have been 
tried and worked well for the proposed method. A new fabricatio n
process and a new PAA material were applied in this work for 
obtaining more repeatable results than previous experiments 
[10,11]. The PAA (AL-58) purchased from Daily Polymer was used 
in this work. The solid content of the PAA is �6 wt%. The POSS 
nanoparticl e, PSS-(3-(2-aminoethyl)amino)propyl-heptais obutyl 
substituted POSS (Sigma–Aldrich) as shown in Fig. 1 [15], was pur- 
chased and used in the experime nt without further treatment and 
purification. A powerful ultrasonic processor (Misonix S4000) was 
applied for obtaining a good dispersion of 0.2 wt% POSS doped in 
PAA. The mixture was then filtered through a 200 nm syringe filter,
and then it was diluted with pure PAA in order to generate concen- 
trations of POSS in PAA varying between 0.01% and 0.07% by 
weight. The POSS–PAA mixture was cast onto indium tin oxide 
(ITO) conducting glass substrates to obtain a POSS–PI alignmen t
film of �100 nm in thickness determined by an ellipseomet er. 
The alignment film was first prebaked at 100 �C for 10 min fol- 
lowed by hard baking at 180 �C for 4 h in a vacuum oven to allow 
imidization of the POSS–PI nanocom posite films.

The spectromete r (Acton SP2150) was used to record the UV–
vis spectra of the POSS–PI nanocompo site films. FT-IR spectra of 
POSS–PI nanocomposite films were recorded by a FT-IR spectrom- 
eter (Nicolet Nexus 470) operated at the attenuated total reflec-
tance mode under the protection of nitrogen. The thermal 
stability of the POSS–PI nanocomposite films was characterized 
by thermogravi metric analysis (TGA) with a thermogravim etric 
analyzer (TA Instrument 2050) at a heating rate of 2 �C/min under 
the protectio n of nitrogen. The 5% and 10% weight losses tempera- 
tures (Td5%,Td10%) and the weight percentage remaining at 600 �C
(WR600) were calculated to determine the characteristics of the 
thermal stability of POSS–PI nanocompo site films. The glass-transi- 
tion temperature s (Tgs) of the POSS–PI nanocomposite films were 
determined by differential scanning calorimetry (DSC, TechMax 
DSC6200) under the protectio n of nitrogen. The scan rate was 
10 �C/min for the Tg measure ments. The surface energy of POSS–
PI nanocomposite films was calculated using the Owen–Wendt
method from the contact angle measureme nts of water and 
diiodomethane on the films measured by a contact angle analyzer 
Fig. 1. The structure of polyhedral oligomeric silsesquioxanes (POSS) nanoparticles 
used in this work [15].
(Creating Nano Technologies CAM-100) [16]. The surface of the 
POSS–PI nanocompo site films was mechanical ly buffed once in 
each direction with a nylon cloth for assembling the antiparall el 
LC cells and no-bias OCB LC cells with a cell gap of �4.8 lm. The 
LC (E7, De = 14.1, e\ = 5.) was then injected into the empty LC cells 
using capillary action. The pretilt angle of the antiparall el LC cells 
was measured by the heterodyne interferometry, which can deter- 
mine any pretilt angle [17,18]. The voltage-dep endent optical 
transmis sion of the LC cell, placed between crossed polarizer s, 
was measured using a 637 nm diode laser, and the applied voltage 
was a 1-kHz square wave. 
3. Results and discussion 

The UV–vis absorption spectra of POSS–PI nanocomposite films
doped with different POSS concentratio ns are shown in Fig. 2. It 
can be seen that the addition of POSS in PIs does not change the 
absorption propertie s of POSS–PI nanocomposite films. All POSS–
PI nanocompo site films can approach �90% transmission at wave 
lengths greater than 400 nm. This lack of color is extremely 



Table 1
Imidization of POSS–PI nanocomp osite films with different POSS concentration doped in PAA. 

POSS concentration in PAA 0 wt% 0.02 wt% 0.04 wt% 0.05 wt% 0.07 wt% 

Imidization (%) 89.53 89.68 90.58 92.79 100 

Table 2
Thermal properties of POSS–PI nanocomposite films with different POSS concentra -
tion doped in PAA. 

Td5% (�C)a Td10% (�C)b WR600 (wt%)c Tg (�C)d

POSS 224 237 35.9 
0 wt% POSS in PAA 299 390 43.4 222 
0.02 wt% POSS in PAA 263 322 40.4 221 
0.04 wt% POSS in PAA 262 318 37.9 218 
0.05 wt% POSS in PAA 261 315 37.2 215 
0.07 wt% POSS in PAA 257 300 31.1 213 

a Thermal decomposition temperature at 5% weight loss. 
b Thermal decomposition temperature at 10% weight loss. 
c Weight percentage remaining at 600 �C.
d Glass transition temperature. 

Fig. 4. Total surface energy, polar surface energy and dispersion surface energy as 
functions of POSS concentration doped in PAA. 
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important for the application of PIs in photonics devices such as 
LCDs.

The FT-IR spectra of POSS–PI nanocompo site films prepared at 
different POSS concentratio n doped in PAA are shown in Fig. 3.
The main peaks are the imide carbonyl C@O stretching vibration 
at �1704 cm �1, aromatic ring stretchin g vibration at 
�1511 cm �1, imide ring CAN stretching vibration at �1386 cm �1,
and aromatic ether CAO stretching vibration at �1180 cm �1. The 
peak from Si AOASi of POSS at �1110 cm �1 is also visible for PAA 
doped with 0.07 wt% POSS. It can be observed that the absorption 
intensities of the characteristic peaks gradually increase with POSS 
concentratio n doped in PAA. IR absorption bands are commonly 
used to determine the amount of imidization of PI [19]. The 
POSS–PI nanocom posite films were thermally cured at 180 �C for 
4 h for PAA converting to PI in this work. The adsorption band at 
1386 cm �1 (polyimide: CAN stretching vibration) was monitore d
as an indicator of imidization . The adsorption band at 1511 cm �1

is selected as an internal standard. The imidization of PAA to PI 
for different POSS–PI nanocomposites normalized by 0.07 wt% 
POSS–PI nanocompo sites is determined by the following equation 
[19]:

Imidizat ion ð%Þ ¼ ðD1386 cm �1=D1511 cm �1 Þ=ðD1386 cm �1=D1511 cm �1 Þ0:07 wt%

� 100

where D is the optical density .
The imidization of POSS–PI nanocomposite films increases with 

POSS concentr ation doped in PAA as shown in Table 1. The in- 
creased absorption in the IR spectra and the increase in imidization 
with POSS concentration doped in PAA are believed due to the in- 
crease in free volume of POSS–PI nanocomposite [12–14], which 
phenomeno n is also observed in the later experime nts and will 
be discussed later. 

The thermal decomposition temperature at 5% and 10% weight 
losses, Td5% and Td10%, respectively , and the weight percentage 
remaining at 600 �C (WR600) are listed in Table 2. The decomposi- 
tion temperature Td5% and Td10% of POSS–PI nanocomposite films
decreases with POSS concentration doped in PAAs due to reduced 
degradation temperature of POSS (Td5% � 224 �C, Td10% � 237 �C).
The lower thermal stability of POSS also leads to decreased 
WR600 as the concentration of POSS doped in PAAs is increased. 

The Tgs of the POSS–PI nanocompo site films are also summa- 
rized in Table 2. The Tgs of the POSS–PI nanocomposites are in 
the range of 213–221 �C, which are slightly lower than pure PI 
(�222 �C). The Tgs of POSS–PI nanocomposites decrease with the 
concentr ation of POSS doped in PAA. The reduction in the dielectric 
constant , modulus and Tg of PI doped with POSS was observed in 
previous literatures and it has been interpreted in terms of produc- 
ing porous silsesquioxane cores of the POSS and the increase of free 
volume by the presence of POSS structure resulting in a loose PI 
network [13.14]. The existence of the intermolecular interaction 
of polyimid e segments and tethered POSS could result in a loose 
PI structure, which induces a stronger absorption in the IR spectra 
and the increase in imidization as shown in Fig. 3 and Table 1. Due 
to the increase of free volume, our results of density measureme nts 
showed that the density of POSS–PI nanocompo site decrease d
from 1.55 g/cm 3 to 1.25 g/cm 3 for PAA doped with 0.1 wt% POSS. 

The surface energy, including polar and dispersive, of POSS–PI
nanocom posite films determined by contact angle measure ment 
is shown in Fig. 4. The addition of POSS in PI decrease s the surface 
energy with POSS concentration doped in PAA. Fig. 5 shows the 
pretilt angle of POSS–PI nanocompo site films as a function of con- 
centration of POSS doped in PAA. A wide range of pretilt angle from 
�0� to �90� can be generate d by varying the POSS concentration 
from 0 wt% to 0.07 wt%. The concentratio n of POSS used here 
was lower than our previous work due to the differenc e in PAA 
material and dispersion processes [10]. The reduction of POSS 
nanoparti cles doped in PI can reduce the scattering of POSS–PI
alignmen t films from aggregat ion of POSS nanoparticles. The LC 
alignmen t on POSS–PI nanocom posite films can be explained by 
the empirical Friedel–Creagh–Kmetz (FCK) rule [20]. The FCK rule 
indicates that the pretilt angle depends on the surface energy of 
the alignment film. An alignment film with a higher surface energy 
favors a lower pretilt angle and vice versa. The pretilt angle of the 
LC on a PI alignment surface is determined by several factors, such 
as anchoring, steric effect, electroni c interaction, and surface en- 
ergy [21]. The influence of surface polarity of alignment films on 
pretilt angle has been investigated [21–23]. The results showed 
that an alignment film with larger polar surfaces provides a lower 
pretilt angle due to the increased attractive interaction between LC 
and the alignment surface. 

One fast response no-bias OCB LCD was demonstrated using 
POSS–PI nanocomposites as the alignmen t films in this work. 
One traditional OCB LCD without POSS doped in PAA (hp � 2�)
and one proposed no-bias OCB LCD with 0.05 wt% POSS doped in 



Fig. 5. Dependence of pretilt angle on POSS concentration doped in PAA. 

Fig. 6. Voltage dependent transmission curves of the traditional and no-bias OCB 
LCDs by applying forward (0–10 V) and backward (10–0 V) voltages. 

Fig. 7. The response times for switching between gray levels for the no-bias OCB 
LCD. 
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PAA (hp � 68�) were fabricated for comparison. Voltage depende nt 
transmission properties are shown in Fig. 6, obtained by applying 
forward voltage (0–10 V) and backward voltage (10–0 V) and 
recording data for one second at the first second after the voltage 
was applied. Here, the curves are normalized to the maximum 
transmission. The pretilt angle of the no-bias OCB LCD with 
0.05 wt% POSS doped in PAA is 68 � larger than the critical angle 
of �48� [6,7]. Therefore, the proposed no-bias OCB LCD could over- 
come the energy barrier and maintain an initially stable bend state. 
As shown in Fig. 6, the two curves of no-bias OCB LCD obtained by 
applying forward and backward voltages overlap very well because 
no transient time is required to transform between the two states 
as in a traditional low pretilt OCB LCD. The response times, rise 
time tr and fall time tf, for switching between various gray levels 
for the no-bias OCB LCD are shown in Fig. 7. The eight gray levels 
are defined as evenly spaced transmission states with one 
representi ng the dark state and eight representing the maximum 
transmis sion. We found that the switching time between most 
gray levels is less than 3 ms, and the average total response time, 
tr + tf, is around �3.4 ms, one order of magnitude faster than the 
conventi onal TN LCDs. 

4. Conclusion s

This work has applied POSS nanoparticl es doped in commercial 
homogen eous PI. The physical dispersion of POSS in PIs lowers Td

and Tg, and enhances the imidizaion of POSS–PI nanocom posite 
films due to the increase of the free volume with the POSS concen- 
tration doped in PIs. The proposed POSS–PI nanocomposite films
can be applied in LCDs for generating controllable pretilt angle 
from 0� < hp < 90 � by modification of the surface energy of PIs 
through the addition of POSS. A fast-resp onse no-bias OCB LCD 
was demonstrat ed using POSS–PI nanocomposites alignmen t films.
The proposed method is fully compatible with current manufac -
ture processes of LCD industry. 
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