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Introduction. One of the important technological
uses of polyimide (PIl) materials is as surface alignment
layers for the preparation of flat panel liquid crystal
(LC) displays.! This application typically involves buff-
ing of the Pl substrate as a measure to induce LC
alignment. The reason why this works has been a
longstanding issue? and is generally accepted as involv-
ing realignment of the polymer chains.® New light has
been shed on this issue with recent grazing incidence
X-ray diffraction (GIXRD)* and near-edge X-ray absorp-
tion fine structure (NEXAFS)®> measurements which
show definitively for the case of poly(biphenyl dianhy-
dride—p-phenylenediamine) (BPDA—PDA; structure
given in Figure 1) films that chain alignment occurs
along the buffing direction within the top ~5—10 nm of
the surface. However, while these experiments provide
a significant advance, critical issues remain with regard
to the actual molecular-level structural changes. Since
the buffing is done at ambient temperature, whereas
the bulk Tg of the rigid BPDA—PDA polymer is >400
°C,% it follows that chains should not move individually
but rather only collectively in well-ordered domains
which rotate under the linear shear. Since the ordered
domains in the initial film are randomly oriented,*% it
is clear that independent rotations of contiguously
placed domains in the same stacking plane are required.
Simple examination of models of the crystalline packed
BPDA—PDA chains”®8 suggests that the strong in-plane
forces which would arise during such rotation should
lead to strong steric interactions between the rings on
adjacent chains in the stacking planes. Given the
constraint of parallel aligned chain axes,*® such interac-
tions could only be relieved by localized conformational
and bonding distortions of the rings. This point is very
important since the mechanism of LC alignment must
depend upon subtle types of surface molecular interac-
tions, e.g., dipole—dipole forces, and any types of mo-
lecular surface reconstruction that might accompany
chain reorientation could likely be critical features in
subsequent LC alignment. A second point is that
surface localization of the buffing response implies that
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domains in adjacent stacking planes have some freedom
to slip relative to one another. This point begs the
question as to whether the surface realignment layer
acquires some permanent structural integrity once
twisted out of registry with the underlying polymer and
even whether some material could actually shear off the
surface, analogous to structurally similar graphite
stacks.®

Through the use of the molecular structure sensitive
technique of polarized infrared vibrational spectroscopy
(IR),32=d coupled with quantitative spectral simulation
analysis,’® we have addressed these issues and now
report significant new molecular-level details of the
buffing process for BPDA—PDA films. As expected, our
data accurately confirm the surface alignment layer
picture of GIXRD* and NEXAFS.5 However, and most
importantly, we also show that molecular-level recon-
struction of the chain stacking planes occurs, particu-
larly involving localized imide ring bonding perturba-
tions and ring twisting, and that the degree of this
surface reconstruction increases with an increasing
degree of structural organization in the initial, unrubbed
sample. Further the data show that the surface layer
can consist of as few as ~3 chain stacking planes and
yields the surprising result that, once formed, the
surface layer can be reversibly realigned, thus indicating
the permanent formation of a surface region mechani-
cally decoupled from the bulk.

Results and Discussion. In order to allow a direct
comparison with previous GIXRD and NEXAFS data,
the BPDA—PDA films were prepared and buffed exactly
according to the published procedures.*51! Polarized
transmission IR spectra were obtained using previous
methods.® The elementary spectral quantities for nor-
mal incidence are I(l)y, I(O)u, 1()s, and I(0)g, where |
is the intensity at each frequency, B and U refer to
buffed and unbuffed samples, Il and O refer to the
incident electric field oriented parallel and perpendicu-
lar to the selected buffing direction, respectively, and |
= —log(T/T,) where T and T, are the transmitted
emission power spectra through the sample and the
reference, respectively. T, spectra were obtained for
both bare Si and unbuffed BPDA—PDA samples and a
constant spot was always measured on each sample in
order to avoid spectral artifacts.® The overall buffing
response, the difference between the responses in the Il
and Odirections, is defined as A = {[I(I)g — 1(0)s] - [1(INu
— I(O)u]}. The separate directional responses are given
by All = I(I)g — I(I)y and AO = 1(O)g — (D).

The IR active vibrational modes used as diagnostics
for the chain structure are listed in Table 1 along with
their polarization directions relative to the chain axis
and stacking plane (see Figure 1). Details can be found
elsewhere.%12 Note the v*(C=0) modes. Their pres-
ence in the unbuffed films has been demonstrated in a
companion study® and shown to be associated with
perturbed imide ring structures which involve both out-

© 1998 American Chemical Society

Published on Web 04/24/1998



Macromolecules, Vol. 31, No. 10, 1998

Communications to the Editor 3375

Table 1. Diagnostic Vibrational Modes for BPDA—PDA Structure Analysis?

mode 7, cmt polarization

v5(C=0); sym C=0 str [imide 1] 1774 X
vas(C=0); antisym, C=0 str [imide 1] z

Vasiipy UNperturbed, planar imide ring in ordered domain 1714 y
vx(C=0); antisym C=O0 str of perturbed imide ring [imide 1*]

Visipy 1N-plane component of v%(C=0) ~1728 y

Vasop) OUt-0f-plane component of v3(C=0) ~1723 z
vppa; C=C tangential str of the PDA ring, 1516 X
vene; C—N—C axial str, [imide 11] 1360 X

a The polarization directions are defined relative to the repeat unit with x, y, and z indicating directions parallel to the long repeat unit
axis, perpendicular to the long axis and in the repeat unit plane and perpendicular to the repeat unit plane, respectively (see Figure 1).

The chain axis is rotated from x by 7.3° in a perfect planar structure.

Figure 1. Chemical structure of the BPDA—PDA repeat unit.
The x,y coordinates are defined to be parallel and perpen-
dicular, respectively, to the C,, rotation axis of the imide
group. The chain axis, which is rotated 7.3° from X, is
designated by c.

of-plane (surface plane) rotation and conformational or
O=C—N—C=0 bond distortions. Indeed, the data
show® that even in structures characterized as well-
ordered by GIXRD a significant fraction of the imide
rings actually exhibit these localized perturbations.

Unidirectional rubbing causes obvious changes in the
spectra. Figure 2 shows the overall difference spectra
(A) between the buffed and unbuffed spectra taken |l and
O to the buffing direction for 7.6 and 171 nm films.
Since these are normal incidence spectra, only modes
with in-plane (X, y polarization) components are ob-
served. Note that any chains which do not respond to
buffing will not contribute to these spectra.

The x-polarized modes show positive peaks while the
y-polarized v,(C=0) mode shows a negative peak.
Since these are [Il — O] spectra, the data are consistent
with the previously established buffing mechanism* in
which chain axes (x direction) align parallel to the
rubbing direction. Note that the intensities are within
a factor of ~1.5 for the two films. In fact, we have
examined a number of different thicknesses and all
intensities fall within this variation. From these data
we conclude that similar amounts of film material are
involved in the buffing response even when the film
thicknesses vary by a factor of ~50. This conclusion
suggests that a surface layer of fairly consistent thick-
ness has become mechanically decoupled in some way
from the underlying bulk polymer. The fact that the
decoupling is only partial, with no shearing off of
material, is shown by the invariance (+1 A) of the film
thickness (from ellipsometry and X-ray reflectivity data)
with rubbing.

Next we analyze the separate directional components
of the observed chain restructuring, shown in Figure 3
as All = [I(Ihs — 1(I)u] and AO = [I(O)s — K(O)u ]. We
note at the outset that the average of the I(ll)g and 1(0)s
spectra for any given thin film is qualitatively quite
close to the I(ll)y spectra, viz, neglecting the band
shifts, the unbuffed mode intensities are essentially
recovered in the buffed films by looking in both direc-
tions. Examination of the relatively unperturbed vppa
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Figure 2. A spectra for BPDA—PDA films of 7.6 and 171 nm
thicknesses. The dotted lines are simulated spectra which
correspond to a reorientation layer which possesses the same
imide antisymmetric C=0 stretching mode lineshape as the
initial unbuffed thin film. The thicknesses of these reorienta-
tion layers, as determined from the simulations, are 2.8 and
1.8 nm for the 7.6 and 171.0 nm films, respectively. The inset
shows the results for a 40 nm film which has been buffed in
one direction (0°) and then buffed again in the perpendicular
direction (90°; cross buffed). The middle spectrum is the sum
of the two spectra and the null value indicates that a constant
amount of material is involved in the rubbing and cross-
rubbing processes.

mode shows that these changes are less than a few
percent of the total initial Iy intensities. This result
confirms that no loss of polyimide material occurs with
buffing.

For each of the vene and vppa modes, both Alland AO
show a mixture of + and —responses. The major
response, however, is All > 0 and A0 < 0, consistent
with the fact that these x-polarized modes are Il to the
chain axis and thus Il to the buff direction. The only
way to get a mixed response is for some fraction of the
associated molecular units (C—N—C bond and PDA
ring) to undergo changes upon buffing which give rise
to mode frequency shifts. Given the sizeable magni-
tudes of the shifts, viz, +, — peak separations (dashed
lines, Figure 3) of ~16 and ~8 cm~1 for the vcne and
vppa Modes, respectively, we conclude that buffing
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Figure 3. Alland A spectra for 7.6 and 171 nm thick BPDA—
PDA buffed films.

causes significant changes in the local environments of
the realigned chains.

The strongest support for disruptions of the chain
environments comes from the C=0 stretching mode
spectra, previously established as sensitive to structural
perturbations.® In particular, we have shown that v,s-
(C=0) consists of components vy, Vasip and v
associated, respectively, with unperturbed, planarimicfe
rings aligned parallel to the surface and with perturbed
imide rings with variable in- and out-of-plane orienta-
tional character.® In the unbuffed films the v* features
likely arise from the inability of the chains to completely
order during curing leaving some imide rings with
strained configurations and in disordered environ-
ments.® First we consider viy;,.peaked near 1708
cm~1in Figure 3. Since this mode is polarized along y
(perpendicular to the chain axis) after buffing it should
align perpendicular to the buff direction so that one
would expect All < 0 and AO >0. However, both are
negative. Since the chain axes align parallel to the
buffing direction, it follows that the only basis for ACJ<0
is that the total number of v5; oscillators decrease
upon buffing. Since imide rings are not lost during
buffing, this requires that realignment of chains per-
turbs the mode force constants, thus creating a new,
shifted IR band. This in turn requires a perturbation
of the [0=C—N—C=0] bonding.13

We now establish a connection between the degree of
perfection in the initial unrubbed films and the degree
of rubbing-induced structural perturbations. A good
measure of the initial extent of structural imperfections
normalized for thickness, is the integrated v}, to

Vasip) PEaK ratio.b These values are ~0.56 and 0. 90 for
the )76 and 171 nm films, respectively, and indicates
that the latter film is intrinsically less organized. In
comparison, the total response to buffing, as measured
by the sizes of the vene and vppa A peak intensities in
Figure 2, is ~1.5 times greater for the 7.6 nm film. Thus
more structurally perfect film shows a greater response

Macromolecules, Vol. 31, No. 10, 1998

to buffing. We have examined a number of films and
find that we can control the structural perfection by
controlling the polyamic acid film curing. Using these
films we have the general observation that the more
well-structured and planar the initial film, the greater
the extent of imide ring perturbation imparted in the
buffing-induced reorientation layer.

This connection goes deeper. Observe that for the
Vasipy Modes (Figure 3) All ~ 0. Recall that, given a
simple process of chain axis alignment to the buffing
direction (x), each of the y-polarized v,5(C=0) modes
must always lose All intensity. Now consider two
possible scenarios for the imide rings. First, an initially
unperturbed imide ring, characterized by the vy,
mode, is converted via buffing to a perturbed structure,
characterized by v3,. Since the v, mode did not
exist initially and after arising in the buffed state shows
only a O signal, then All ~ 0, consistent with experiment.
In contrast, for an intially perturbed imide ring, the
final buffed state also will be perturbed!* so a negative
All intensity results, in contradiction to the observed
result. The conclusion from this analysis is that initially
perturbed imide rings are not involved in the realign-
ment process. Further, since the in-plane rotations of
the polymer chains are strongly correlated within
structural domains, the exclusion of initially perturbed
imide rings from the chain realignment process means
that the buffing response is restricted to well-ordered
domains of chains containing predominantly unper-
turbed, planar imide rings.

We now return to the question of the formation of a
well-defined surface layer. The inset of Figure 2 shows
the results of rebuffing a sample at 90° to the first buff.
First note that a nearly identical amount of material
responds in each buff. Second, note that the rebuff
nearly quantitatively switches the sign of A, viz, switches
the signs of All and AL, for all modes. This operation is
equivalent to rotating the molecular units by 90° to the
original buff direction. In fact, we observe the surpris-
ing result that the chains continue to realign on ad-
ditional cross-buffs. This striking reversibility of the
chain orientation suggests that once formed, the align-
ment layer is quite mobile, with no apparent tendency
to rigidify along the rubbing direction, and consists of a
near constant quantity of material.

In order to quantitate this amount of material, simu-
lations of the A spectra were performed using previously
developed methods applicable to rigrous analysis of
biaxial symmetry films1%15 in conjunction with the
intrinsic optical function spectrum determined for a ~1

um BPDA—PDA free-standing film.1® The results are

shown in Figure 2 where the best fits to the the vene
and vppa Mode intensities were obtained by varying only
the equivalent thickness of the realignment layer, dgurr.
The results correspond to dgyrr ~ 2.8 and 1.8 nm for
the 7.6 and 171.0 nm films, respectively, well within
the range suggested by previous X-ray measurements.*>
Examination of a number of samples shows that dgurr
falls within the range 1.2—3.0 nm with the higher
values associated with unbuffed films having the higest
degree of perfection, judged by low v*(C=0) intensi-
ties (see earlier). Given the 0.35 nm interplanar spacing
in crystalline BPDA—PDA,? if all the aligned chains
were concentrated at the surface, the layer thickness
would correspond to ~3—9 stacks with the high end
approached with increasing order of the initial film.
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Note that while the simultaneous fits of the vcne and
vppa Peaks are quite good, those of the v,5(C=0) peaks
are relatively poor. Since the film optical function was
never varied during the fitting procedure,!® the poor fits
support our conclusions that realignment induces imide
ring structural perturbations. However, note also that
once the alignment layer forms, further buffing intro-
duces no additional reconstruction (refer to inset of
Figure 2).

Finally, since our previous work shows that one of
the characteristics of perturbed imide rings in unbuffed
BPDA—PDA films is substantial out-of-plane twisting
of the imide rings, experiments involving off-normal
p-polarized spectra also were done (data not shown) on
the buffed films to look for the introduction of this
structural defect. The spectra definitely reveal its
presence, and simulations made using the above dgurr
values show twists as much as ~30—40° away from the
chain stacking planes. These data reveal that buffing
induces the stacking plane surfaces to roughen at the
molecular scale via ring twisting.

Summary and Conclusions. Polarized IR data
show that unidirectional buffing of BPDA—PDA thin
films not only aligns the polymer chains along the
buffing direction but also produces perturbations of the
backbone ring structures, in particular for the imide
rings which undergo changes in the [O=C—N—C=0]
bonding and out-of-plane ring twisting. Since GIXRD
data establishes that the chains remain ordered,* these
perturbations can be considered as secondary, i.e., they
do not involve degradation of the zigzag chain axis
structure but rather are highly localized. While even
well-ordered, unbuffed BPDA—PDA films exhibit a
somewhat variable population of these types of localized
imide ring defects,® the present data further indicate
that the perturbed and unperturbed rings exist pre-
dominantly in separate domains and that the unper-
turbed domains are selectively responsive to the rubbing
force.1718 It is likely that the resistance of the intrinsi-
cally perturbed domains arises from interplanar cross-
links caused by Kinetically trapped defects during
curing.’® Our data lead us to propose that the buffing-
induced perturbations are caused by components of in-
plane, compressive forces normal to the chain axes in a
reorienting domain. The strong steric interactions
which would arise between rings on adjacent chains
would then lead to structural distortions of the rings
including significant out-of-plane twisting, with average
values ~30—45° possible as given by our data. The out-
of-plane twisting imparts an interesting character of
“molecular roughening” to the surface. The GIXRD
results of Toney et al.* support this secondary disrup-
tion. Their data show that while the buffed surface
layer maintains the 3.1 nm repeat unit spacing along
the chain axis [sharp (004) peak], the ordering of the
chain—chain spacing (~0.6 nm) is degraded as indicated
by the broad peak when the scattering vector is per-
pendicular to the chain axis.

The surface selective GIXRD* and NEXAFS® probes
have established the buffing to be restricted to an ~5—
10 nm thick surface region. While IR is not surface
selective it is able to quantitate the amount of respon-
sive material as equivalent to an ~1.8—3.0 nm thick
layer. However, these are minimum values since not
all domains respond to buffing (see above).

Finally, we point out molecular reconstruction of the
polymer surface could play a role in in buffing-induced
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liquid crystal alignment.! In particular, the localized
disordering of the imide rings, especially out-of-plane
twisting, alters the C=0 group geometries at the surface
plane with the consequence that the dipolar electrical
character of the surface will be perturbed. Since these
perturbations will be arranged along the aligned chain
axes, their interaction with LC molecules could be
critical,’” and experiments to explore this possiblity are
underway in our laboratory.
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