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The Relationship between the Conformation
of Polyimide Films and the Magnitude of the
Pretilt Angle

BERNT O. MYRVOLD*, KATSUMI KONDO and SHUICHI OH-HARA

Hitachi Research Laboratory, Hitachi Ltd 1-1, Oh-mika-cho, 7-chome Hitachi-shi Ibaraki-ken,
319-12 Japan

{ Received October 27, 1993; in final form February 8, 1995 )

Seven alkylene aromatic polyimides have been synthesised. FT-IR spectra for the polyimides show small
regular changes. This shows that the bulk structure of these polyimides changes in a regular fashion, while
SEM pictures do not reveal any difference in the surface topology.

The dispersive and polar parts of the surface tension have been calculated. Although the total surface
tension shows only small variations, there is a large odd-even effect in the dispersive and polar parts of the
surface tension. This shows that there is a regular change in the structure close to the surface for this series of
polyimides.

We also found a clear odd-even effect in the pretilt angles with ZLI-1132, and other nematic liquid crystals.
We find that there is a decrease in the angle between the surface and the first molecule with increasing
alkylene chain length, while the in-plane order shows a weak odd-even effect.

Keywords: Polyimide, conformation, pretilt, in-plane-order

1. INTRODUCTION

The control of the alignment of liquid crystals on rubbed polymer surfaces is a problem
of great practical importance. Unfortunately very little is known about the mechanisms
and forces involved in this process. For practical applications of displays the control
over the angle between the long axis of the molecules and their projection onto the
surface with no electric field applied, the so called pretilt, is required.

That changes in the shapes of molecules in the alignment layer can change the
alignment of liquid crystals has been dramatically demonstrated by using the photo-
sensitive azobenzenes.! This group has recently proposed that not only changes in the
configuration, but also the more subtle changes in conformation will influence the
pretilt.?

The basis for this assumption is that for a series of polyimides based on biphenyltet-
racarboxylic acid and aliphatic alkylene diamines there is a clear odd-even effect in the
pretilt angle as.the number of methylene groups in the alkyl chain varies.? Calculation

* Present address: Department of Chemistry, University of Oslo, P. O. Box 1033 Blindern, N-0314 Oslo,
Norway
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of the most stable conformer also shows that there is a regular change in the
conformation of the polymer chain as the number of methylene groups varies. It thus
seemed reasonable to explain the varying pretilt angles by nearest neighbour interac-
tions with polymer chains of different shape.

Polyimides with a benzophenone tetra carboxylic acid unit and alkylene chains give
good bistable alignment of ferroelectric smectic C* liquid crystals for alkyl chains with
both an odd and even number of methylene units in the chain.® As crystalline alignment
layers are a requisite for bistable operations of the ferroelectric liquid crystalline
devices*> this shows that all the members of this series of polyimides are crystalline (at
least for alkylene chain lengths between two and ten carbon atoms). In crystals there is
normally only one conformation present. As the alkylene chain length increases in this
series of polyimides we would thus expect there to be a regular change in the
conformations.

We have already in a preliminary investigation found a regular change in the pretilt
angles for this series of polyimides.® Although there is a quantitative difference between
the odd-even effect found for the BTDA-series of poly(alkanimides)® and the s-
BPDA-series of poly(alkanimides). In the latter case there is an order of magnitude
difference between the pretilt for the even members (around 5°) and the odd members
{around 0.5°) .For the BTDA-series, on the other hand, there is only a factor 2-3
between the highest and lowest pretilt found.

2. EXPERIMENTAL

The polyamic acids were synthesized as described earlier.® The polyamic acid solutions
were spin-coated onto cleaned indium tin oxide coated glasses, and the polyamic acids
were imidized at 300°C for 2 hours. The polyimide surface was buffed with a rotating
speed of S00 rpm and a translational speed of 16.7 mm/sec. The penetration depth of the
rubbing cloth (d,, ) was 0.4pum. 120um Mylar spacers were used to separate the two
glass plates with an antiparallel rubbing direction. The cells were assembled using
Loktite 352 UV curing glue. All the cells were vacuum filled with the nematic mixture
ZLI-1132 from E. Merck.

The surface pretilt angle was determined by the crystal rotation method.® in an
automated experimental set up. Contact angles were determined witha Face Q1 con-
tact angle meter (Kyowa Kaimen Kagaku Co., Ltd.). Water, glycerol, diiodomethane
and 1,1,2,2,-tetrachloroethane were used as the probing fluids allowing us to deter-
mine the dispersive, polar and hydrogen bonding parts of the surface tension. Contact
angles are a sensitive measure of the changes of the structure of the top 5A of the
surface.” By measuring the contact angles we should thus be able to probe any changes
in the structure of the surface.

FT-IR spectra were recorded on a Nicolet 170 SX Fourier transform infrared
spectrometer. Infrared spectroscopy is a technique that is sensitive to changes in the
conformation of the molecules probed. But with transmission spectroscopy we measure
changes not only in the surface layer, but also throughout the bulk of the sample.

SEM photographs were obtained by a Hitachi S-650 scanning electron microscope.
This technique gives us direct access to changes in surface topology.
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3. RESULTS AND DISCUSSION

3.1 Contact Angles and Pretilt Angles

When the contact angles were measured there was a small difference between the
contact angles for a drop advancing parallel to the rubbing direction and for drops
advancing perpendicular to the rubbing direction. This difference was most marked for
water which has the highest surface tension. The differences were also largest for the
surfaces with an even number of methylene units in the alkylene chain. The contact
angles for all four fluids used are shown in Figure 1.

From the data in Figure 1 we have extracted the dispersive and polar part of the
surface tension, both parallel and perpendicular to the rubbing direction. We have
defined the anisotropy of the surface tension as surface tension perpendicular to the
rubbing minus the surface tension parallel to the rubbing. In Figure 2 we have plotted
the anisotropy of the surface tension as a function of the alkylene chain length. The
polyimides with an even number of methylene groups show a strong anisotropy in the
surface tension, while those with an odd number are nearly isotropic.

There was also a clear odd-even effect in the pretilt angles in the alkylene aromatic
polyimides based on BTDA, as can be seen from Figure 3. The polyimides with an even
number of methylene units gave the highest pretilt. The regular change in the pretilt
clearly corresponds to a regular change in the surface.

The surface tension data clearly shows that there is a regular change in the surface
across this series of polyimides, with all the polyimides with an even number of
methylene units giving very similar surface tensions and all those with an odd number
of methylene units clustering around another set of values. This clearly shows that there

80
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FIGURE 1 Contact angles with water (circles), glycerol (triangles), diiodmethane (squares) and tetra-
chloromethane (diamonds), filled symbols parallel to the rubbing, open symbols perpendicular to the
rubbing direction.
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FIGURE 2 Anisotropy in dispersive (filled circles) and polar (open circles) part of the surface tension. Error
bars omitted for clarity.
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FIGURE 3 Surface pretilt with ZLI-1132 as a function of the alkylene chain length.

is a difference in the structure of the top few Angstroms between the different members
of the series. The differences could be due to either a different packing of the chains in
the polyimides or different conformations of the polymer chains. In any case, we also
clearly see that these subtle differences in the conformations of the polyimides give clear
differences in the pretilts found when these polyimides are used as alignment layers for
nematic liquid crystals. On the other hand no such difference has been found when they
were used as alignment layers for ferroelectric smectic C* liquid crystals.’
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3.2 Infra-Red Spectra

Infrared (and Raman) spectroscopy is sensitive to the vibrational frequencies of
chemical bonds. In the first approximation this can be treated as a harmonic vibration.
The vibrational frequency is a function of the mass of the atoms (or groups) vibrating
relative to each other, and the force constant (strength of the bond connecting them).
The vibrational frequencies are sensitive to the environment and thus tell us about the
conformation of the molecules involved. Different conformations will have slightly
different vibrational frequencies. On the other hand, many chemical groups will have
a characteristic frequency which changes only weakly with the environment. This is
called a group frequency and can be used to aid identification of unknown compounds,
or parts of an unknown compound.

The IR spectrum of BTDA-5 is given in Figure 4. The spectra for all the other
polyimides are nearly identical to this. As Table 1 shows there are only small shifts in
the position of some of the bands. We will thus discuss the assignation of all seven
spectra at once.

Bands 1 and 3 are typical group frequencies for the imide-group. Band 1 is for the
symmetrical C—O stretching while band 3 is for the unsymmetrical stretching. Band
1 is normally found around 1770-1780cm ™! and band 3 at 1720 to 1730cm ™", the
intensity of the former is 10-80% of the latter.? Collectively these two bands are known
as Imide L.

Band 4 is an interesting band. The frequency varies between 1670 and 1684cm ™!,
and shows a clear odd-even effect. This band is due to the C=O stretching of the
benzophenone carbonyl group. This band is found at 1681 cm ~ ! for benzophenone in
the gas phase, and at slightly lower frequencies in the liquid or solid phases.'® For
several polyimides and model compounds based on BTDA the band has been found at
1660—-1670 cm ™! together with a band near 1620cm ™! (Ref. 11). The second band is

Absorbance a.u

T v T 4 T Y T T
2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber v cm-1

FIGURE 4 [IR-spectrum BTDA-S5.
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TABLE 1

The vibrational frequencies for BTDA-5 together with our assignation.

Band no. Wavenumber® cm ™! Assignation
1 1774m Imide I
2 1740sh
3 1711s Imide I
4 1678 m C=0 benzophenone
5 1670sh
6 1658 sh
7 1617w C=0 benzophenone
8 1575w
9 1558 w
10 1456 m
11 1440m
12 1390s Imide II
13 1370m Imide IT
14 1360 m Imide I
15 1340w trans-alkylene
16 1296s
17 1248s
18 1180m
19 1158 m Imide III
20 1098 m Imide III
21 1085sh
22 1059 m
23 750sh
24 727s Imide IV

*#s = strong, m = medium, w = weak, sh = shoulder

our band 7 at 1613-1618cm ™. This band is weaker and does not show any clear
odd-even effect.

Bands 8-10 at 1575, 1558 and 1456 cm ™! respectively can all be attributed to the
aromatic rings.'® The symmetric scissoring of the alkylene chain will also give a band in
the region of 1463—1473 cm. In the amorphous phase there will be one band, while this
will split into two for the crystalline phase.'? Unfortunately we can not separate this
band from the aromatic bands and are not able to tell whether this polymer is crystal-
line or not from this transition.

Bands 12, 13 and 14 at 1390, 1370 and 1360cm ™! are due to imide 11, the axial
stretching of the N-C(carbonyl) bonds.®

Trans.alkyl chains'? have bands at 1470 and 1340cm ~ 1. The band at 1470cm ™! is
close to the strong aromatic ring bands and can not be seen clearly. The weak bands at
1339-1341 cm ™! (band 15) could be due to the trans conformation of the alkyl chains.

Imide I is due to the transverse vibration of the N atom relative to the two carbonyl
groups. These bands are found at 1120-1140 and 1100-1120cm™? for aromatic
polyimides.® For the more flexible alkanimides we find these two vibrations at 1156—60
and 1096-1099 cm ~ ! respectively (bands 19 and 20)

Band 22 shows a regular increase in wavenumber from 1060 to 1053cm ™! as the
alkylene chain length increases. The band is thus probably related to the alkylene chain,
but we have not found any typical group frequencies for the alkyl or alkylene chains in
this region.
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Band 24 islargely due to imide I'V, or the out-of-plane vibration of the nitrogen atom.
The alkyl chain with three or more methylene groups will also have vibrations in the
area of 722-725 (Ref. 14), or 720-731cm ™! (Ref. 12) due to the methylene group
rocking. For the ethylene group this vibration is in the region of 734--743 cm ~ ! (Ref. 14)
These vibrations will split into two bands in the crystalline phase, while there will be
only one band in the amorphous phase. Due to the proximity to the imide I'V band we
are unable to judge the crystallinity from this band, either.

So far we have focused on the similarity between the spectra of the different
polyimides. There are, however, also subtle differences in the band positions. Data for
the four easily identified bands with the largest differences are shown in Figure 5.

Band 4 is due to the vibration of the C—=0O group in the benzophenone moiety. These
vibrations show a weak but clear odd-even effect. In a planar conformation this group
will be conjugated with both neighbouring phenyl groups. For conformations with
twisting around the bond joining the aromatic group and the carbonyl group the
conjugation will be less efficient. This means that the electron density of the carbonyl
group will change, and thus aiso the force constant. The odd-even effect in the
vibrational frequency for the carbonyl group can thus be interpreted as a regular
change in the amount of conjugation—in other words a regular change in the twisting
around the phenyl-carbonyl bond.

Band 3, the imide I band and band 19, the imide 111 band both show a small odd-even
effect. As the imide group is connected both to the aromatic ring and the alkyl chain, the
odd-even effect here could be a result of different conjugation between the imide groups
and the carbonyl group through the phenyl group, or a more direct effect from the
different shape and flexibility of the alkyl chain.

A band at 1297 cm ~ ! has been attributed to NMP.? This is close to our band 16 at
1297cm ™ 1. But we do not believe this band is due to NMP left in the samples. This
band is one of the strongest in the sample which would require a very large amount of
NMP to be retained. In PMDA- based polyimides this band is absent, even in films that
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FIGURE 5 Shift in band positions for C=0 (circles), imide I (filled squares), the unidentified band 16
(filled circles), and imide [11 {(squares).
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have been cured at a temperature of 100°C iower than our BTDA-films. We thus firmly
believe that this band is a band intrisic to the alkylene-BTDA polyimides. This band
also shows an odd-even effect. The most notable feature with the odd-eveneffect for this
band is the frequency shift in the opposite direction from the other three bands, thus
excluding possible off-set in the zero point as the source of the odd-even effect.

Figure 5 summarizes the regular shifts in band positions we have found. We have
chosen to discuss primarily the bands that can be regarded as group frequencies. The
advantages of choosing group frequencies is that these bands are normally strong and
well defined. Their assignation is also usually straightforward, and the bands will
normally be connected with only one vibrational transition. It is thus clear which part
of the molecules the changes seen in the spectra are connected. The disadvantage is that
these bands are designed group frequencies for precisely the reason that they are not
very sensitive to changes in the molecular structure. These bands can thus also be used
to identify functional groups in molecules of unknown structure.

3.3 Scanning Electron Microscopy

Three sets of polyimide films were investigated by scanning electron microscopy
(SEM}. (1) Thin films as used for alignment, and FT-IR spectra, (2) thick films, (3} films
that were rubbed and annealed.

The thin films are uniform and featureless, except for BTDA-5, BTDA-6 and BTDA-
7 which show some structure indicating crystallinity. Thicker samples were virtually
indistinguishable from the thinner ones when studied by SEM.

A few samples were investigated after rubbing. They were still featureless except for
the polyimides with the two shortest alkylene chains (BTDA-2 and BTDA-3), which
showed some stripes in the polyimide films 15-20 micron apart and 3-5 micron wide.
Along these stripes there are irregular structures strongly reminiscent of the structures
found in crystalline polyimides. After annealing at 120°C the stripes are still there, but
the irregular areas found were larger.

After rubbing and annealing at 120°C for 1| hour all the polyimides showed
clearly developed patterns (Fig. 6). These irregular structures are typical for crystalline
polyimides.? In this case the rubbing mechanically forces the polyimide chains to be
parallel, which promotes the crystallinization. A short heating is thus all that is
required for the crystals to form and the visual patterns to develop.

As we can see only minor differences in their behaviour we conclude that all these
polyimides are crystalline. This is also what we expected as they all give identical results
when used as alignment layers for ferroelectric smectic C* materials. The SEM micro-
graphs do not reveal any systematic differences in structure that can explain the odd-
even effect in the pretilt angles. BTDA-5, BTDA-6 and BTDA-7 seem to have a higher
degree of crystallinity, as evidenced by them showing patterns even before annealing.

3.4 The Population Distribution Model

We have proposed a population distribution model for the observed pretilt angles in
nematic liquid crystal cells.’® For thick cells (> 20pm) the pretilt can be expressed by

Bobs = a1 (B — )
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where i, _ is the observed pretilt of the sample, a, is the in-plane order, f, is the angle
between the surface and the optical axis of the mesogens in the first monolayer, and « is
the angle between the optical and mechanical axes of the mesogens. The relationship
between the in-plane order and the pretilt was first discussed by Barmentlo and

BTDA-8

FIGURE 6 SEM micrographs of samples that have been rubbed and then heated at 120°C for 1 hour.
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co-workers.'® a, measures the preference of the mesogens in the surface layer to be
parallel (as opposed to anti-parallel) to the rubbing direction.

By choosing liquid crystals with known shapes («), and similar groups interacting
with the surface (thus giving the same f,), we were able to obtain values for §, and a,
for the surfaces investigated here. The details will be published elsewhere.!” As the
in-plane distribution a, also depends on the mesogens used, all values refer to
4’-pentyl-cyanobiphenyl (SCB).

Figure 7 shows the ‘variations in the in-plane order. There seem to be two effects.
There is a weak odd-even effect with those polyimides with an even number of
methylene groups giving a slightly higher in-plane order. There is also a strong peak
with the polyimides with five to seven methylene groups giving a high in-plane order.
As we saw in 3.3 the same three polyimides also showed evidence of crystallinity before
annealing. It thus seems that the in-plane order is strongly related to the crystallinity of
the samples.

The variation in the angle between the optical axis of the molecules and the surface is
shown in Figure 8. There is a decrease in this angle with increasing alkylene chain
length, possibly with slightly higher angles for BTDA-5, -6 and -7.

For the BTDA-series the odd-even effect in the pretilt angle is consistent with the
variation in the in-plane order. As all polyimides in this series are crystalline there are
comparatively small variations in both the in-plane order and pretilt angles.

For comparison we also looked at two of the members of the s-BPDA-series where
a much more dramatic odd-even effect in the pretilt angle has been reported.? For
s-BPDA-5 and s-BPDA-6 we found the same §, of 16° in both cases. There is, however,
a large difference in the in-plane order between the amorphous s-BPDA-5(a, = 0.045)
and the crystalline s-BPDA-6 (a, = 0.29). For the s-BPDA-series it is probably most
correct to say that the odd-even effect arises from the differences in crystallinity and not
from the different conformations per se.

The relationship between the in-plane order and the pretilt angle has also been found
for the series of alkylene-pyromellitimides.!7-1#

0.5

in-plane order

0.0 —"mm———p——m————— 1
0 2 4 ] 8 10
Alkyl chain length

FIGURE 7 The in-plane order a, as a function of alkylene chain length for SCB on the polyimides in the
BTDA-series.
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FIGURE 8 The angle between optical axis of the mesogens and the surface as a function of the alkylene
chain length for polyimides in the BTDA-series.

To obtain uniform displays with good switching characteristics a uniform pretilt is
required. As the performance of the displays rises the allowed non-uniformity of the
pretilt becomes less. As the pretilt is sensitive to extremely small variations in the
surface this might imply a need to control the conformational distribution of the
polymer chains on the surface.

4. CONCLUSION

We find small systematic variations in the conformation in the bulk of the different
unrubbed samples indicating an odd-even effect in the polyimide conformation. There
are corresponding variations in the dispersive and polar parts of the surface tension,
but we can not see any differences in topology.

The pretilt. angles of nematic liquid crystals oriented on these alkyl-aromatic
polyimides show a clear odd-even, and is sensitive to small changes in the surface, as
determined by changes in the surface tension.

The changes in the in-plane order is most important in determining the odd-even
effect in the observed pretilt angle. While the angle between the optical axis of the
molecules and the surface only shows small variations.
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