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Abstract: Polyimides (PIs) exhibit excellent thermal stability, mechanical, dielectric, and chemical resistance
properties due to their heterocyclic imide rings and aromatic rings on the backbone. Due to these advantageous
properties, PIs have found diverse applications in industry. Most PIs are insoluble because of the nature of the high
chemical resistance. Thus, they are generally used as a soluble precursor polymer, which forms complexes with
solvent molecules, and then finally converts to the corresponding polyimides via imidization reaction. This com-
plexation with solvent has caused severe difficulty in the characterization of the precursor polymers. However,
significant progress has recently been made on the detailed characterization of PI precursors and their imidization
reaction. On the other hand, much research effort has been exerted to reduce the dielectric constant of PIs, as
demanded in the microelectronics industry, through chemical modifications, as well as to develop high performance,
light-emitting PIs and liquid crystal (LC) alignment layer PIs with both rubbing and rubbing-free processibility,
which are desired in the flat-panel display industry. This article reviews this recent research progresses in character-
izing PIs and their precursors and in developing low dielectric constant, light-emitting, and LC alignment layer PIs.

Keywords: polyimide, polyimide precursor, imidization, structure, properties, orientation, surface morphology,
interaction, applications.

Introduction

Poly(4,4'-oxydiphenylene pyromellitimide) (PMDA-ODA
PI) was first commercialized in early 1960s.1,2 Thereafter, a
number of polyimides (PIs) have been synthesized and
investigated extensively in aspects of structure and property
relationships and applications.3-52 In general, PIs are known
to be thermally stable due to its heterocyclic imide rings on

the backbone, and the thermal stability is further siginfi-
cantly improved by incorporating aromatic rings on the
backbone and/or side groups. In addition to such high ther-
mal stability, the nature of the chemical structure consisting
rigid imide and aromatic rings always provides excellent
mechanical and dielectric properties as well as high chemical
resistance. Beyond these advantageous properties, a variety
of functionalities (for examples, photoreactivity, molecular
recognition ability, nonlinear optical responsibility, light-
emit ability, and so on) can be added into the backbone and/
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or side groups of PIs, depending on their demands in appli-
cations.22-88 Due to these advantageous properties as well as
the functionalities, PIs have found diverse applications in
the microelectronics, flat panel display, aerospace, and
chemical and environmental industries as flexible circuitry
carriers, stress buffers, interdielectric layers, passivation
layers, liquid crystal alignment layers, varnishing resins,
fibers, matrix materials, and gas and chemical separation
membranes.22-88 This article explores recent research pro-
gresses in developing high performance PIs for applications
in the microelectronics and flat panel displays, as well as in
characterizing their structure, chain orientation and proper-
ties.

Processability

PIs are generally classified as soluble and nonsoluble
polymers depending on their solubilities.3-8,13-52,61-71,83-106 A
few soluble aliphatic and aromatic PIs have been reported
so far.63,74 Most aromatic polyimides cannot be processed
because they are insoluble and have a high glass transition
temperature.3-8,13-52,61-71,83-106 Thus, they are first synthesized
in a soluble precursor form and then processed in various
ways, before finally being converted to PIs.3-8,13-52,61-71,83-106

Poly(amic acid) (PAA) and poly(amic dialkyl ester) (PAE)
are representative soluble precursors, which are soluble in
N-methyl-2-pyrrolidone (NMP), dimethyl sulfoxide, and
N,N-dimethylacetamine. PAA and PAE are usually processed
first as a specific form depending on applications and then
imidized either thermally or chemically. The processabilities
of PIs can be further improved depending on their photore-
activities.48,63,64,74-82 Photoreactive PIs can be directly pat-
terned by conventional lithographic process,48,63,64,74-82 while
non-photoreactive PIs can be patterned by lithographic
process with the aid of photoresists.53-55 

Glass Transition Behaviors of PI Precursors

As mentioned above, PAAs have been widely used as a
representative processable precursor due to their good solu-
bilities in organic solvents.3-8,13-52,61-71,83-106 In spite of the wide
usages as well as the detailed characterizations of their imi-
dized products, the glass transitions in the PAA precursors
could not be measured yet. There are two main difficulties
in the measuring glass transition temperature Tg of a PAA
with solvent free. First, PAA precursor forms complexes with
dipolar aprotic solvents through strong interaction between
the orthoamic acid groups of the precursor polymers and the
basic solvent molecules, so that it is very difficult to remove
all solvent molecules from the cast PAA specimen. Each
orthoamic acid group of the PAA precursor in a dipolar
aprotic solvent, for example NMP, is known to complex with
the solvent molecules. For this complex formation, dried
PAA specimen still contains typically >20 wt% of NMP,

depending on the drying conditions. The residual solvent
significantly reduces Tg of the PAA and, furthermore, influ-
ences the imidization kinetics severely. Second, PAA pre-
cursor is expected to exhibit a relatively high Tg due to its
relatively high chain rigidity. Over the Tg range or below, it
undergoes imidization and converts to the corresponding PI.
PAA is known to start imidization reaction around 130 oC,
and the imidization reaction is accelerated with increasing
temperature.107-110 In general, the glass transition of PAA is
overlapped with or higher than the imidization temperature. 

Recently, it was attempted to measure glass transition
behaviors of some PAA specimens by using a new differen-
tial calorimetric technique, oscillating differential calorimetry
(ODSC): poly(4,4'-oxydiphenylene pyromellitamic acid)
(PMDA-ODA PAA), poly(p-phenylene oxydiphthalamic
acid) (ODPA-PDA PAA), and poly(p-phenylene benzophe-
nonetetracarboxamic acid) (BTDA-PDA PAA).111 In addition,
the amounts of residual solvents in the precursor polymer
specimens were measured by proton nuclear magnetic reso-
nance (1H-NMR) spectroscopy.111 For a given PAA precur-
sor, Tg was measured with varying the content of residual
solvent.111 The Tgs of the PAAs in solvent free were esti-
mated by best fitting of the measured Tgs with a modified
Gordon-Taylor equation.111 The estimated true Tgs were
interpreted with considering the chain rigidity and rotational
freedoms along the chemical bonds.111 In addition, a phase
diagram was constructed for the PMDA-ODA PAA/NMP
mixture system.111

Tiny pieces of a PMDA-ODA precursor sample softbaked
at 80 oC for 1 h were dissolved in dimethyl-d6 sulfoxide
(DMSO-d6) and characterized by 1H-NMR spectroscopy.
The amount of NMP solvent in weight fraction was esti-
mated from the peak integrations of the measured 1H-NMR
spectrum. The content of residual NMP in the dried film
was determined to be 47.0 wt%. Thus, the content of the
precursor polymer was 53.0 wt%. For precursor samples
dried at the other conditions, NMP and polymer contents
were determined in the same manner. This characterization
was extended to both ODPA-PDA and BTDA-PDA precur-
sor samples dried at various conditions.

For these highly dried precursor samples, all the residual
NMP molecules are assumed to participate in forming com-
plexes with the orthoamic acid groups of the precursors, so
that the number of NMP molecules bound to the repeat
units of the precursors can be estimated from the contents of
residual solvent measured by NMR spectroscopy. The num-
ber of NMP molecules bound per the chemical repeat unit
of precursor is calculated to be 1.7 for the PMDA-ODA, 1.4
for the ODPA-PDA, and 1.5 for the BTDA-ODA precursor. 

A BPDA-PDA PAA sample with a residual NMP of
28.5 wt% was characterized by conventional DSC and by
ODSC. As shown in Figure 1, the heat flow curve of glass
transition could not be recognizable on the conventional
DSC thermogram, because the endothermic heat flow due
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to the imidization is predominant over the temperature
range of 100-250 οC. Thus, only the imidization behavior of
the precursor sample can be observable from the conven-
tional DSC thermogram.

In contrast, Figure 2(a) shows the oscillating input tem-
perature signals as well as the ODSC output signals as a
function of time. The ODSC thermogram can be nicely sep-
arated into two parts, the specific heat flow and the kinetic
heat flow. The separated specific and kinetic heat flows are
plotted in Figure 2(b) as a function of temperature. The spe-
cific heat flow curve reveals clearly glass transition over
110-150 οC. From this thermogram, Tg was determined to be
119.5 οC for the dried precursor sample: Here, Tg is defined
as the onset temperature of glass transition in the specific
heat flow. On the other hand, the kinetic heat signal curve
shows a broad, big endothermic heat flow peak which
results from the imidization reaction and the removals of the
reaction byproduct (i.e., water) and residual solvent. The
onset temperature of imidization (Ti) in the dried film was
estimated to be 139.1 οC. The ODSC measurement was
extended to the other PMDA-ODA precursor samples dried
at various conditions. As the content of residual NMP in the
precursor sample reduced to 28.5 wt% from 47.0 wt%, Tg

increased to 119.5 οC from -6.0 οC and Ti also increased to
139.1 οC from 118.4 οC. Overall, the residual NMP in the
precursor sample caused significant reductions in both glass
transition and imidization temperatures. However, the effect
of residual NMP is relatively more significant in the Tg than
the Ti. The ODSC investigation was also carried out for the
PMDA-ODA PAA samples contained ＞50 wt% NMP,
including NMP itself as well as the precursor solution with
a concentration of 10.9 wt%. These samples exhibited melt-
ing transition or glass transition at the temperature region
much lower than the imidization temperature. For this fact,
measurements were carried out in the conventional mode.
The melting point (Tm) of the pure NMP was -23.6 οC: Here,

Tm is defined as the temperature of the peak maximum of
NMP melting in the conventional DSC signal. For these
NMP rich mixtures, Tm of the NMP component was
depressed, depending on the content of precursor polymer.
Tm was depressed to -27.9 οC for the precursor solution itself
with 10.9 wt% precursor, -32.1 οC for the sample with
21.8 wt% precursor, and -29.8 οC for the sample with
37.7 wt% precursor. 

In addition, from these Tg and Tm data with varying com-
positions, a phase diagram was constructed for the PMDA-
ODA PAA/NMP mixture. The result is illustrated in Figure
3. For the NMP rich mixture, the Tm of the NMP component
was almost linearly depressed with increasing the precursor
content, whereas for the precursor rich mixture the Tg of the
precursor component was convexly depressed with increas-
ing the solvent content. They are extrapolated to meet
together at the composition of 51.7 wt% NMP and 48.3 wt%
precursor. Here, in the NMP rich region, regime I, the dashed

Figure 2. (a) The input temperature signal and output ODSC sig-
nal of a PMDA-ODA PAA sample containing 28.5 wt% residual
NMP solvent; a heating rate of 10.0 οC/min was employed; the
temperature amplitude and frequency used in the oscillation were
10.0 οC and 0.02 Hz, respectively. (b) The signals of specific and
kinetic heat flow component separated from the ODSC thermo-
gram in (a). 

Figure 1. The conventional DSC thermogram of a PMDA-ODA
PAA sample containing 28.5 wt% residual NMP solvent. A heat-
ing rate of 10.0 οC/min was employed.
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line was generated from the linear fitting of the measured
Tms in the precursor rich region, regime II, the solid curve
was made by best fitting of the measured Tgs with a modi-
fied Gordon-Taylor equation.112,113 The phase behaviors in
the regime II is described further in the latter part.

Both ODPA-PDA and BTDA-PDA precursors in the dried
state were characterized by ODSC in the same manner as
the PMDA-ODA precursor samples were investigated. For
all the ODSC thermograms, the specific heat flow parts
were separated from the kinetic heat flow parts. Both Tgs
and Tis were estimated from the separated specific and
kinetic heat flow curves, respectively.

Here, it was attempted to estimate true Tgs of the PAA
precursors, namely, Tgs of the precursors in solvent free
from the Tgs measured for the precursor/NMP mixtures. For
all the PAA/NMP mixtures Tg variations with composition
are convex particularly in the precursor rich region, regime

II.
In fact, the type of Tg-composition profile in a miscible

mixture is known to depend strongly upon the interaction
nature between the components. Both the linear and concave
relationships indicate that the blend components interact
together via mainly van der Waals attraction, leading to the
miscible blends. The convex relationship is known to result
from strong intermolecular interactions, such as hydrogen
bonding, acid-base interaction, and charge complexation,
between the blend components. 

Therefore, in this study the modified Gordon-Taylor expre-
ssion was adapted in order to illustrate convex Tg variations
with composition observed for all the three PAAs contained
residual NMP solvent via strong acid-base complexation
between the orthoamic acid group of the polymers and the
secondary amino group of the NMP molecules and, further-

more, to estimate their true Tgs in solvent free.
For the PMDA-ODA PAA/NMP mixture in the regime II,

the measured Tgs were best fitted, resulting in Tg = 207.4 οC
for the PMDA-ODA precursor in solvent free. This analysis
was extended for the ODPA-PDA and BTDA-PDA precur-
sors in only the regime II regions. The estimated true Tg was
166.3 οC for the ODPA-PDA and 213.2 οC for the BTDA-
PDA precursor. In comparison, the true Tg increases in the
order ODPA-PDA＜PMDA-ODA＜BTDA-PDA precur-
sor. Overall, all the precursors exhibit Tgs higher than the
onset temperatures in their imidizations.

In general, Tg of a polymer is strongly dependent upon the
chain rigidity. Thus, chain rigidities of the PAA precursors
were attempted to be estimated here. Kuhn statistical seg-
ment length (LK)114 is known to be a measure of chain rigidity.
Although Kuhn statistical segment length does not provide
all about the chain rigidity, it can give some information
about the chain rigidity. For the reason, Kuhn statistical seg-
ment lengths of the precursor polymers were estimated in
accordance to a calculation procedure reported previously.115

The calculation was carried out with three assumptions in
the following. First, the amide linkage in the repeat unit of a
PAA possesses a planar trans-structure.115 Second, in the
PAAs all the backbone skeletal valence angles, such as ∠
Car-C-N, ∠C-N-Car, ∠Car-O-Car, and ∠Car-C-Car are equally
to be 120 ο.116 Finally, the precursors are alternatively linked
by their possible isomeric repeat units. For PMDA-ODA
PAA, the chemical repeat units have two diff-erent isomeric
structures: meta and para isomeric units. For both ODPA-
PDA PAA and BTDA-PDA PAA precursors, the chemical
repeat units have four different isomeric structures: meta-

para, meta-meta, para-para, and para-meta isomeric units. 
The calculated LK was 43.3 Å for the PMDA-ODA PAA

and 34.6 Å for both the ODPA-PDA PAA and the BTDA-
PDA PAA. That is, chain rigidity is in the decreasing order
PMDA-ODA PAA＞ODPA-PDA PAA≈BTDA-PDA PAA.
These chain rigidities may be directly related to the Tgs: In
general, higher chain rigidity produces higher Tg. Therefore,
from the estimated LK, Tg is expected to be in the decreasing
order PMDA-ODA PAA＞ODPA-PDA PAA≈BTDA-PDA
PAA. This expection is in good agreement with the experi-
mental results for PMDA-ODA PAA and ODPA-PDA PAA.
However, BTDA-PDA PAA exhibited higher Tg than that of
ODPA-PDA PAA although its LK was estimated to be same
with that of ODPA-PDA PAA. Furthermore, its Tg is higher
than that of PMDA-ODA PAA even though its LK is smaller
than that of PMDA-ODA PAA. This is evidence that the LK

in the BTDA-PDA PAA was underestimated. This may result
from two reasons as follows. First, for the BTDA-PDA PAA,
the rotational freedom along the Car-C-Car linkage seems to
be resticted by the oxygen atom of the carbonyl linkage
which makes π-conjugations with the linked aromatic car-
bons, forming a coplanar structure with the linked phenyl
rings. The limited rotational freedom in the BTDA-PDA

Figure 3. The variation of glass transition temperature Tg or melt-
ing point Tm of PMDA-ODA precursor/NMP solvent mixture as a
function of precursor weight fraction. The symbols denote the
measured phase transition temperatures. The solid curve is the
curve fitted by a modified Gorden-Taylor equation from the Tg

data measured in the regime II.
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PAA repeat unit causes a reduction in the overall chain flex-
ibility, consequently leading to an increase in its Tg. Second,
the conjugation with carbonyl may affect the proportions of
isomeric units, increasing the chain rigidity.

The ODSC analysis was extended for PAE precursors,
which have recently gained great attention from the industry
because of their high hydrolytic stability due to the absence
of monomer-precursor polymer equilibration, providing a
processability more adequate to the device fabrication:50,52,117

poly(4,4'-oxydiphenylene biphenyltetracarboxamic diethyl
ester) (BPDA-ODA PAE), poly(p-phenylene biphenyltetra-
carboxamic diethyl ester) (BPDA-PDA PAE), poly(p-phe-
nylene biphenyltetracarboxamic dimethyl ester) (BPDA-
PDA PAE), poly(4,4'-oxydiphenylene pyromellitamic diethyl
ester) (PMDA-ODA PAE), and poly(p-phenylene pyromel-
litamic diethyl ester) (PMDA-PDA PAE).117

For the precursors in powders, both BPDA-ODA PAE
and PMDA-ODA PAE revealed Tg but the others did not
show Tg.117 However, Tg was detectable for all the precursors
in films.117 This result might come from the morphological
differences caused by the sample preparation processes. The
glassy state might be highly disturbed in the powder samples,
resulting in a relatively very small heat capacity change
through the glass transition. In contrast, the glassy state
might be relatively developed well in the film samples, and
its heat capacity change through the glass transition is rea-
sonably large, allowing the detection of its Tg. The measured
Tgs are in the range of 179.2-235.4 οC, depending upon the
precursor backbone structure as well as the history of sam-
ple preparation. These Tgs are very close to their Tis, causing
difficulties in the Tg measurements: ∆T (= Ti - Tg) is in the
range of -1.7 οC to 24.3 οC, depending upon the precursor
backbone chemistry and the history of sample preparation.
The measured Tis are in the range of 198.1-225.2 οC for the
powder samples and of 213.7-235.4 οC for the film samples,
depending upon the sort of precursors. For the precursors
except PMDA-PDA PAE, higher chain rigidity reveals higher
Tg and higher Ti. The Tis are shown to be further influenced
by the morphological variation caused by sample prepara-
tion processes, whereas the Tis are observed to be further
affected by both the chemical nature of precursor and the
morphological variation caused by sample preparation pro-
cesses.

Imidization Behaviors of PI Precursors

PAA Precursor. For PIs prepared from PAA precursors,
the morphological structure and properties have been found
to strongly depend on the imidization history.3-63,64-88 How-
ever, structural analyses have been mostly limited to the mor-
phological structures of polyimides that have already been
prepared under particular conditions.3-5,22-56,119,120 Even study
of the imidization behavior of PAAs has been limited mostly
to polymer samples that had already been imidized. Various

thermal analysis techniques have been employed, such as
thermogravimetry (TGA), conventional DSC and ODSC,
and dynamic mechanical thermal analysis, to examine the
in-situ imidization behavior of PAA precursors.6,13,107-111,121

However, each chemical repeat unit in PAAs contains car-
boxylic acid and amide groups, which can form complexes
with solvent molecules via hydrogen bonding as described
in a previous section. Hence, PAAs always contain some
amount of residual solvent as described in the previous
section. Such residual solvent molecules are evaporated
together with the water byproduct generated by imidization.
This situation makes it difficult to use thermal analysis tech-
niques to quantitatively determine the imidization behavior
of PAA. In contrast, Fourier-transform infrared (FTIR)
spectroscopy avoids such difficulties, and has therefore been
widely used as a powerful tool for investigating the imidiza-
tion behavior of PAAs.10-12 In spite of the advantages of IR
spectroscopic analysis, it has been restricted to polyimides
that were already prepared from PAAs. Furthermore, previous
works on characterizing structural and imidization behavior
have focused mainly on only a few polyimide systems, such
as PMDA-4,4'-ODA PI and BPDA-PDA PI.6,10-13,107-111,121 

The time-resolved measurement of the structural evolu-
tion during the imidization of PAA precursor has yet to be
conducted. A study of this type is critical to determining the
mechanism of the structural formation of polyimide, and to
further understanding the relationship between structure and
properties. Imidization behavior has not been previously
studied on a time-resolved basis, which is essential to under-
standing polyimide formation and resultant structure and
properties.

Poly(3,4'-oxydiphenylene pyromellitamic acid) (PMDA-
3,4-ODA PAA) was chosen because it is another representa-
tive PAA precursor, and its thermal imidization behavior was
investigated in detail using TGA and time-resolved FTIR
spectroscopy.122,123

TGA was conducted on the dried PAA films of thickness
3.5 µm that contained 32.0 wt% NMP. A typical TGA ther-
mogram is illustrated in Figure 4, which gives the weight
loss and its first derivative measured while heating the PAA
film. The PAA displays a three-step weight loss behavior
below 380 oC. The first step appears below 123 oC and
involves a relatively small weight loss, which is probably due
to the decomplexation of NMP molecules bound via hydro-
gen-bonding to the amide linkages and carboxylic acid
groups of the PAA precursor chains. The second step occurs
over the temperature range 123-202 oC, and involves a large
and rapid weight loss. This significant weight loss might be
due to the removal of the decomplexed NMP solvent and
the water byproduct of the imide-ring closures of the PAA
polymer chains being imidized. In addition, the minimum in
the plot of d(Weight)/dT versus T appears at 142.5 oC, indi-
cating that the highest rate of weight loss occurs at that tem-
perature. The third step occurs over the range 202-380 oC,
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and shows a very small weight loss with a slow rate, which
might result from the dehydration of the partially imidized
precursor chains that are still undergoing imide-ring closure
with a slow imidization rate.

Beyond the three steps of weight loss described above,
another significant weight loss appears in the temperature
region higher than 516.4 oC, which is due to the decomposi-
tion of the imidized polymer chains.

From the results it is concluded that in the heating run the
PAA precursor simultaneously commences both decom-
plexation from NMP molecules and imidization at around
123 oC, and then undergoes the majority of imidization over
the range 123-202 oC, but the completion of imidization
requires thermal heating to ＞202 oC.

Time-resolved FTIR spectroscopic investigation was carried
out during the thermal imidization of the precursor film under
the same conditions as the TGA measurement described
above.

Figure 5(a) shows typical IR spectra taken at three differ-
ent temperatures during imidization. Some characteristic IR
peaks can be assigned in these spectra with the aid of previ-
ously reported results for PMDA-4,4'-ODA PAA and its PI
and model compounds,10,11 as well as and BPDA-PDA PAA
and its PI.110

In the spectrum of the PAA precursor measured at 80 oC,
the peak centered at 1722 cm-1 is assigned to the stretching
of the carbonyl (-CO-) in the carboxylic acid group, while
the peak centered at 1662 cm-1 is assigned to the vibrational
characteristics of amide-I (i.e. stretching of the carbonyl
(-CO-) in the amide linkage). The two peaks at 1545 cm-1

and 1536 cm-1 are assigned to the vibrational characteristics
of amide-II (-CNH- bend-stretch). In addition, the two peaks
at 1508 and 1489 cm-1 are assigned to the ring-breathing
modes of the para- and meta-substituted benzene rings in

the 3,4'-ODA unit, respectively. Lastly, the peak at 1597 cm-1

corresponds to the quadrant stretch of carbon-to-carbon
double bonds in the aromatic ring, which overlaps in part

Figure 5. IR spectra measured during thermal imidization of
PMDA-3,4'-ODA PAA at a rate of 2.0 oC/min. Part (a) shows the
IR spectra measured at the indicated temperatures on the heating
run. Part (b) displays typical IR spectra monitored during the imi-
dization as a function of temperature. Part (c) shows vibrational
characteristics of amide-II (-CNH- bend-stretch) and aromatic ring
(ring-breath) monitored over 30-230 oC as a function of temperature.

Figure 4. TGA thermogram and its first derivative for PMDA-
3,4′-ODA PAA. The measurement was conducted under nitrogen
atmosphere. The heating rate was 2.0 oC/min until 380 oC and
thereafter 5.0 οC/min.
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with the vibrational peaks of amide-I.
On the other hand, for the spectrum of the imidized poly-

mer at 380 oC, the two peaks at 1774 and 1725 cm-1 are
assigned to the in-phase and out-of-phase stretching vibra-
tions of the imide carbonyl (-CO-), respectively. The single
peak at 1363 cm-1 is assigned to the -CN- stretch in the
imide-ring, while another peak at 722 cm-1 is assigned to the
bending mode of the carbonyl in the imide-ring. In addition,
both the aromatic ring-breathing modes and the quadrant
stretch of -C=C-, which are observed in the PAA precursor,
are detected in the polyimide. The asymmetric stretch of
-COC- in the 3,4'-ODA unit is clearly detected at 1231 cm-1.

Figure 5(b) illustrates representative IR spectra measured
in situ during the imidization of the PAA precursor. In the
imidization run, the characteristic peaks of amic acid groups
(carboxylic acid, amide-I, and amide-II) vary slightly with
temperature even before the imidization reaction begins.
However, when the imidization reaction begins, these vibra-
tional peaks decrease drastically with increasing temperature,
while the characteristic peaks of the imide ring appear and
become stronger with increasing temperature. In order to
quantitatively investigate the imidization behavior of the
PAA precursor, the following characteristic peaks have been
separated from each IR spectrum and their peak areas plot-
ted as a function of temperature: amide-II and anhydride
carbonyls as well as imide carbonyl and -CN- linkage. The
estimated peak maxima and peak areas, normalized to their
respective maximum values, are plotted in Figure 6 as a
function of temperature. These plots are discussed in detail
in the following.

Figure 6(a) shows the temperature dependence of the
amide-II peak area. The drastic drop in area over 124-210 oC
is attributed to the consumption of amide linkages by imide-
ring formation. This indicates that the imidization reaction
takes place mainly in the temperature range 124-210 oC in the
heating run. The amide-II peak is still detected up to 310 oC,
although its intensity is very weak. This indicates that the
imidization reaction continues until 310 oC.

In addition, a small drop in the amide-II peak is observed in
the range 70-110 oC, where imidization is not yet involved.
The amide-II feature appears as two vibrational peaks rather
than a single peak (see Figure 5(c)). The two peaks vary with
temperature. For the dried precursor film, a main peak is
observed at 1545 cm-1 with a shoulder peak at 1536 cm-1.
However, on elevating the temperature to 100 oC, the high
frequency peak weakens whereas the low frequency peak
becomes more intense. The two peaks reach almost equiva-
lent intensity at 100 oC, and maintain that level up to 124 oC.
When the imidization reaction takes place above 124 oC, the
high frequency peak weakens further, becoming a shoulder,
and the low frequency peak strengthens, becoming the main
peak. The overall intensity of the two peaks decreases with
elevating temperature because of the conversion of amide
linkages to imide rings.

In fact, the amide linkage in PAA has been found to form
complexes with residual NMP solvent71 and other amic acid
groups both intra- and inter-molecularly111,124,125 via hydro-
gen-bonding. In the heating run, residual NMP molecules
are evaporated out continuously with increasing temperature.
Furthermore, such hydrogen-bonds weaken with elevating
temperature because they are in equilibrium with their con-
stituents. Thus, the two amide-II peaks, as well as their
intensity variations, originate from the complexation process
of amide linkages with residual NMP molecules and other
amic acid groups. The high frequency peak is due to amide
linkages complexed with NMP molecules and other amic
acid groups, whereas the low frequency peak results from
amide linkages that are for the most part free from NMP and
other amic acid groups. Conclusively, the intensity drop in
the range 70-100 oC is caused by the complexation-to-
decomplexation transition of amide linkages with NMP and
other amic acid groups, and subsequent NMP evaporation.
Furthermore, amide linkages undergo imidization through a
two-step process, decomplexation from NMP and other

Figure 6. Intensity and peak area variations of some characteristic
vibrational bands measured during thermal imidization of PMDA-
3,4'-ODA PAA at a rate of 2.0 oC/min. Part (a) shows the tempera-
ture dependence of the amide-II (-CNH- bend-stretch) peak area.
Part (b) displays variations of the vibrational peaks of the imide
ring as a function of temperature: −, νa(CO) (-CO- out-of-phase
stretch); □ , νs(CO) (-CO- in-phase stretch); △, δ (CO) (-CO-
bend); ○, ν(C-N)   (-C-N- stretch).
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amic acid groups followed by imide-ring closure. 
Figure 6(b) illustrates both the -CN- stretch and -CO- bend

of the imide-ring, which vary with temperature. These bands
first appear at 124 oC, after which their peak intensities
rapidly increase with increasing temperature up to 210 oC.
Thereafter, they slowly increase, reaching their maximum
values at 310 oC. Similarly, the -CO- in-phase stretching peak
of the imide ring first appears at 106 oC, after which its peak
intensity increases drastically with increasing temperature
up to 210 oC before slowly reaching its maximum at 310 oC.
In addition, the -CO- out-of-phase stretching peak of the
imide-ring shows similar behavior in the peak area versus
temperature plot to that observed for its in-phase stretching
peak. However, it is noteworthy how the analysis of the peak
was done. This peak in the imide-ring overlaps fully with the
stretching vibration of carbonyl in the carboxylic acid group
of the PAA precursor. Thus, the initial peak area measured
at 30 oC is subtracted from all the measured peak areas.

Above 310 oC the peaks of both the -CN- stretch and the
-CO- bend decrease slowly with increasing temperature,
while the -CO- in-phase stretching peak drops substantially
as the temperature is raised. In contrast, the -CO- out-of-
phase stretching peak increases with temperature. These
variations may be due to a temperature dependence in their
absorption coefficients, or to their orientations with respect
to the film plane. The orientation effect arises because the
samples were monitored in transmission mode in the IR
measurement in which the electric vector of the IR beam is
in the film plane. In addition, it is well known that rigid and
semi-rigid aromatic polyimides in thin films exhibit large
out-of-plane birefringence due to their high in-plane orien-
tations taken place through imidization process.6,10-12,121

Such in-plane chain orientation may occur favorably in the
thin film of the PMDA-3,4′-ODA PAA precursor which
undergoes imidization because of semi-rigid chain charac-
teristic of the resulting polyimide. Indeed both the -CN- and
the -CO- vibrations monitored in this study might be influ-
enced by in-plane orientation of the polymer chains
occurred in the thin film. The -CO- bond of the imide-ring
is a side group, whereas the -CN- bond is a part of the back-
bone, causing the -CO- stretching and bending peaks to be
sensitive to orientation of the imide-ring itself, compared to
the -CN- stretching peak. Here it, however, is noted that the
axes of -CN- bonds in the in-plane oriented polyimide chain
are not necessary to be parallel to the polymer chain axis,
because the polyimide having one ether linkage per chemi-
cal repeat unit on the backbone is a kink polymer chain
rather than a fully rodlike one. Taking into account these
aspects, the variations of the -CN- and -CO- vibrational peaks
observed above 310 oC reflect that the state of molecular
orientation gradually changes further above that tempera-
ture.

As described above, one may use all five vibrational peaks
from the amide-II and imide-ring to determine the degree of

imidization (see Figure 6). However, the -CNH- bend-
stretching peak of amide-II is sensitive to the content of
residual solvent, because it is affected by complexation with
the solvent. Furthermore, this peak is influenced by hydro-
gen-bonding with other amide and carboxylic acid groups.
Such complexation and hydrogen-bonding are influenced
by temperature, causing the stretching peak to be changed
further by variations in the temperature. These factors cause
some errors in the determination of the peak area, which is
critical for estimating the degree of imidization. On the other
hand, the imide carbonyl peak in the out-of-phase stretching
mode overlaps fully with the carbonyl stretching peak in the
carboxylic acid of the PAA precursor, as mentioned above.
In addition, both in-phase stretching and bending peaks in
the imide carbonyl overlap in part with those of the carbonyl
of the anhydride group that forms transiently during the
heating run. The formation of the anhydride group is dis-
cussed in detail below. These carbonyl peaks may change
further, depending on the in-plane orientation of the imide-
ring in the thin film. All of the factors mentioned above cause
errors in the estimation of the peak intensities and areas. 

In contrast, the stretching peak of -CN- in the imide-ring
is free from overlap with other peaks and is less sensitive to
in-plane orientation of the imide ring. Monitoring the imide
-CN- peak therefore proved to be the most valuable way of
determining the degree of imidization.

The degree of imidization (XImidization) was determined
from the plot of the imide -CN- peak versus temperature. As
illustrated Figure 7, the precursor film starts to imidize at
124 οC and has undergone 93.5% imidization by 210 οC,
finally reaching 100% imidization at 310 οC. If any small
amount of precursor chains or unimidized segments
remains, they should undergo imidization upon further heat-
ing to 380 οC and soaking at that temperature.

Figure 7. Degree of imidization and its derivative as estimated
from the variation of the imide -CN- stretching band measured
during thermal imidization of PMDA-3,4'-ODA PAA at a rate of
2.0 οC/min.



High Performance Polyimides for Applications in Microelectronics and Flat Panel Displays

Macromol. Res., Vol. 14, No. 1, 2006 9

Figure 7 presents a plot of d(XImidization)/dT versus T, which
shows a maximum at 148.4 οC. This indicates that the imi-
dization reaction takes place with a maximum rate at that
temperature. As mentioned above, the weight loss with tem-
perature in the TGA thermogram gives the maximum rate of
weight loss at 142.5 οC. These results suggest the followings.
First, the imidization process in the precursor is closely
related to its decomplexation from residual NMP molecules
and other amic acid groups. The decomplexed NMP mole-
cules evaporate from the film sample, apparently leading to
a maximum rate of weight loss at 142.5 οC. Second, the
decomplexation and evaporation of residual NMP mole-
cules immediately initiates and accelerates the imidization
of the precursor polymers, and the imidization proceeds with
a maximum rate at 148.4 οC. In addition, the evaporation of
water byproduct generated by the imidization contributes to
the weight loss. Finally, the decomplexed solvent molecules
may act as plasticizers in the polymer film until they evapo-
rate out. Such plasticization makes the precursor polymer
chains more mobile, facilitating their imidization. 

PAE Precursor. PAE precursor is representative of
another type of soluble PI precursors.16,50,52,126,-129 PAE has
better solubility than PAA, as well as higher hydrolytic sta-
bility due to the absence of the carboxylic acid groups that
cause monomer-polymer equilibration in solution.16,50,52,126,-129

Moreover, films of PAE can be produced that are free of
residual solvent, which means that there is no reduction in
thickness of the film that is associated with the removal of
residual solvent in the PI film formation process. For these
reasons, PAE has recently gained increased attention from
industry.16,50,52,126,-129 Despite this interest in PAE, its imidiza-
tion behavior and resulting properties, which are essential to
understanding PI formation and the structure and properties
of the polymer, have rarely been investigated in detail.

PAE films that are free of residual solvent can be used to
enhance our understanding of imidization, because the com-
plexities that result from the presence of solvent molecules
bound to the precursor, as observed for the PAA precursor,
are avoided. This property of PAE enables the detailed
investigation of its imidization behavior and imidization-
induced structure and property relationships.

Therefore, we chose PMDA-3,4'-ODA PAE as our model
PAE precursor, and then investigated its thermal imidization
behavior in microscale thin films using TGA and time-

resolved FTIR spectroscopy.130

A typical TGA thermogram is illustrated in Figure 8, which
gives the weight loss and its first derivative measured while
heating the PAE film. In the TGA run, the PAE power dis-
plays a three-step weight loss behavior below 390 oC. The
first step appears below 220.8 oC and involves 1.1% weight
loss, which is probably due to the H2O or trapped residual
NMP molecules in a small amount. The second step occurs
over the temperature range 220.8-300.6 oC, and involves a
large and rapid weight loss. This significant weight loss is

due to the removal of C2H5OH byproduct generated by the
imide-ring closure reaction of the PAE precursor. In addi-
tion, the minimum in the plot of d(Weight)/dT versus T

appears at 253.7 oC, indicating that the highest rate of weight
loss occurs at that temperature. The third step occurs over
the range 300.6-387.5 oC, and shows a small weight loss
with a slow rate, which might result from the removal of
C2H5OH of the partially imidized precursor chains that are
still undergoing imide-ring closure with a slow imidization
rate. Beyond the three steps of weight loss described above,
another significant weight loss appears in the temperature
region higher than 540.6 oC, which is due to the decomposi-
tion of the imidized polymer chains.

The time-resolved FTIR spectroscopic measurements were
carried out during the thermal treatment of the PAE precur-
sor film. Figure 9 shows the IR absorption spectra of a film
of the PAE precursor in-situ monitored over the range 1200-
1830 cm-1 during heating up to 400 oC at a rate of 2.0 oC/min.
In these spectra, some characteristic IR peaks can be assigned
with the aid of previously reported results for PAA precur-
sors, their PIs and model compounds.10-12,122-125

In the spectrum of the PAE precursor obtained at 30 oC,
the absorption peak centered at 1662 cm-1 is assigned to the
characteristic vibration of amide-I, namely carbonyl (-C=O-)
stretching in the amide linkage, and the double peaks at
1540 cm-1 are assigned to vibrations of amide-II, namely
-CNH- bend-stretch vibrations. The single peak at 1363 cm-1

is assigned to characteristic imide -CN- stretching in the
imide-ring. Taking these IR peak assignments into account,
the in-situ monitored IR spectra in Figure 9 show that during
the heating run the characteristic amide peaks vary little with
increasing temperature below 216 oC and then drastically
decrease in intensity with further increases in temperature,
before ultimately disappearing. These decreases in the inten-
sity of the amide peaks above 216 oC are attributed to the

Figure 8. TGA thermogram and its first derivative for PMDA-
3,4′-ODA PAE. The measurement was conducted under nitrogen
atmosphere. The heating rate was 2.0 oC/min until 400 oC and
thereafter 5.0 oC/min.
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consumption of the amide linkages by imide-ring formation.
Other the other hand, the imide peak appears for the first
time around 216 oC and then becomes stronger with further
increases in temperature, indicating the formation of imide-
rings above 216 oC. These results indicate that the imidization
reaction takes place mainly above 216 oC during the heating
run. Taking these results into account, the imide peak at
1363 cm-1 was chosen from the assigned IR peaks and used for
estimating the XImidization as a function of temperature. The
variation of the degree of imidization with temperature is
shown in Figure 10.

As can be seen in Figure 10, the PAE precursor film starts
to imidize at 216 oC and has undergone 99% imidization by

356 oC, finally reaching 100% imidization above that temper-
ature. This progression of thermal imidization is quite differ-
ent from those of PAA precursors in films.10-13,103,108-111,118,122-125

Figure 10 also presents a plot of d(XImidization)/dT versus T; the
maximum at 256 oC indicates that the imidization reaction
takes place with a maximum rate at that temperature. At
this temperature, the maximum imidization rate is much
higher than those observed for films of PAA precur-
sors.122,123 

PI Dielectrics

PIs are known to reveal relatively low dielectric constant
(low-k), which ranges 2.6-3.0, depending on the chemical
compositions.1-131 These k values are considerably lower than
those of today’s workhorse dielectrics silicon dioxide (k =
3.9-4.3) and silicon nitride (k = 6.0-7.0), but are still much
higher than that of air (k = 1.01) or vacuum (k = 1.00), which
is the lowest value attainable. Low-k dielectrics have received
significant attention from the microelectronics industry and
end users because their use in integrated circuits (ICs) with
multilayer structures can lower line-to-line noise in inter-
connects and alleviate power dissipation issues by reducing
the capacitance between the interconnect conductor lines.
Further, low-k dielectrics have advantages over low-resis-
tivity metal conductors such as copper and silver, because in
addition to providing device speed improvements they also
provide lower resistance-capacitance delay.1-7,15,16,131 Thus
low-k dielectric materials are in high demand in the micro-
electronics industry, which is rapidly developing advanced
ICs with multilayer structures that have improved function-
ality and speed in a smaller package and that consume less
power.1-7,15,16,131 Apart from having a low k value, dielectric
materials must meet the thermal stability requirements of
the metallization processing of ICs. The metallization pro-
cess is conducted at temperatures below 250 oC but are usu-
ally followed by thermal annealing in the range 400-450 oC
to ensure the production of void-free metal deposits. Thus,
dielectric materials must be able to withstand this temperature
for several hours. Further, dielectric materials have high
mechanical modulus and toughness, low thermal expansion
coefficient, and low interfacial stress. 

Linear, aromatic PI dielectrics generally reveal higher
molecular packing coefficient, providing higher mechanical
modulus as well as low thermal expansion coefficient and
low interfacial stress.8,89,90,132-134 Such high property perfor-
mances are achievable from fully rodlike poly(p-phenylene
pyromellitimide) (PMDA-PDA PI) and poly(4,4'-biphe-
nylene pyromellitimide) (PMDA-BZ PI), so that they are so
attractive to both industry and academia. However, they are
very brittle and further their dielectric constants are not low
enough, so that they are practically useless. Thus, there still
is a big challenge to improve their brittleness and dielectric
constant with retaining the high moduli.

Figure 10. Degree of imidization and its derivative as estimated
from the variation of the imide -CN- stretching band measured
during thermal imidization of PMDA-3,4'-ODA PAE at a rate of
2.0 °C/min.

Figure 9. FTIR spectra of a microscale film of PMDA-3,4'-ODA
PAE precursor measured over the range 1200-1830 cm-1 during
thermal imidization with a heating rate of 2.0 oC/min over the
range 30-400 oC.
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Attempts to improve such drawbacks with a little sacrifice
of the high modulus have been made in two different ways:
(i) incorporation of short side groups into the polymer
backbone89-99 and (ii) insertion of proper linkages into the
polymer backbone.6 

There are two options in incorporating short side groups
into the polymer rod. One is to incorporate side groups into
the diamine moiety while the other is to attach side groups
into the dianhydride moiety. Such side group incorporations
are possible through only modification of diamine and
dianhydride monomers with side group reactants before
synthesizing PI rods, because both PMDA-PDA PI and
PMDA-BZ PI are not soluble in most organic solvents and
further not moldable and tractable. 

So far, several p-phenylene diamine (PDA) derivatives
with short side groups have been developed: 2,5-diamino-
toluene (MEPDA), 2,5-diaminoanisole (MEOPDA), 2,5-
diaminobenzotrifluoride (CF3PDA), 2,5-diaminofluoroben-
zene (FPDA), 2,5-diaminotetrafluorobenzene (F4PDA), 1,4-
di(hydroxymethyl)-2,5-diaminobenzene (DHOMEPDA),
and 1,4-di(n-butoxymethyl)-2,5-diaminobenzene (DBME-
PDA).89,94-99 And, some benzidine (BZ) derivatives with short
side groups are also available: 2,2'-bis(methyl)benzidine
(MEBZ), 2,2'-bis(methoxy)benzidine (MEOBZ), 2,2'-bis
(fluoro) benzidine (FBZ), 2,2'-bis(trifluoromethyl)benzidine
(CF3BZ), 3,3'-hydroxy-4,4'-diaminobiphenyl (HAB), and
o-tolidine (TDI).90,92,95,135 

On the other hand, several research groups91,93,100-103 have
attempted to incorporate short side groups into pyromellitic
dianhydride (PMDA). As results of their efforts, some PMDA
derivatives are available from only those research groups:
3,6-dimethyloxypyromellitic dianhydride (DMEOPMDA),
1-trifluoromethyl-2,3,5,6-benzenetetracarboxylic dianhydride
(CF3DAN), and 1,4-bis(trifluoromethyl)-2,3,5,6-benzene-
tetracarboxylic dianhydride (DCF3DAN).91,93,100-103 

From these PMDA, PDA, and BZ derivatives, various PI
rods can be synthesized as follows. Fully aromatic PI rods
are inherently insoluble in common organic solvents, so that
their soluble PAA precursors are first made by conventional
synthetic process. That is, a purified dianhydride monomer
is slowly added to a purified diamine monomer of equivalent
mole in dry NMP and followed by stirring for 2 days to make
the polymerization mixture homogeneous completely. The
obtained PAA precursor solution is filtered and then cast as
thin films, finally converted to the corresponding PI films
by thermal imidization. 

In the same manner, two different series of PI rods were
synthesized: i) PMDA-PDA PI analogs - PMDA-PDA PI,
PMDA-MEPDA PI, PMDA-CF3PDA PI, PMDA-MEOPDA
PI, PMDA-F4PDA PI, PMDA-DHOMEPDA PI, PMDA-
DBMEPDA PI, CF3DAN-PDA PI, DCF3DAN-PDA PI,
and DMEOPMDA-PDA;91,93,100-103 ii) PMDA-BZ PI analogs
- PMDA-BZ PI, PMDA-MEOBZ PI, PMDA-MEBZ PI,
PMDA-FBZ, PMDA-CF3BZ PI, CF3DAN-BZ PI, CF3DAN-

CF3BZ PI, and DCF3DAN-CF3BZ PI.90-96,100-135 Here, all
thermal imidizations were conducted under nitrogen gas flow
by a three-step protocol: 150 oC/30 min, 230 oC/30 min, and
380 °C/60 min with a ramping rate of 2.0 oC/min per each
step.

The second approach, namely insertion of kink and bent
linkages, has some freedom in selecting chemical linkage to
incorporate into PI rod backbone. Adopting this approach,
PMDA, PDA and BZ monomers all can be modified. To
retain advantageous properties of PI rod, in practice there is,
however, big limitation for such selection. Thus, the modifi-
cation of either the dianhydride monomer or the diamine
monomers would be better than modifying both the dianhy-
dride and the diamines in order to minimize any degradation
in the advantageous properties of PI rod. Some dianhydrides
can be considered as a modified PMDA monomer, which
include biphenyltetracarboxylic dianhydride (BPDA), 4,4'-
oxydiphthalic anhydride (ODPA), 3,3',4,4'-benzophenone-
tetracarboxylic dianhydride (BTDA), and 4,4'-hexafluor-
oisopropylidenediphthalic anhydride (6F). These monomers
are available commercially.

From these dianhydrides a series of PAA precursors were
synthesized by polycondensations with PDA monomer in
the same manner as described in the previous section. Then,
PAA solutions were cast and dried, finally imidized under
nitrogen flow by a three-step protocol (i.e., 150 oC/30 min,
230 oC/30 min, 300 oC/30 min and 400 oC/1.5 h with a ram-
ping rate of 2.0 oC/min):6 PMDA-PDA PI, BPDA-PDA PI,
ODPA-PDA PI, BTDA-PDA PI, and 6F-PDA PI.

Mechanical properties of PMDA-PDA PI Derivatives in
films, which were measured at room temperature by stress-
strain analysis, are summarized in Table I.6,89,95 Young’s
modulus, which is the parameter of mechanical hardness, is
highest for PMDA-PDA PI exhibiting the largest coherence
length with irregular chain ordering. Such high modulus is
reduced by incorporating short side groups into the polymer
backbone: The modulus decreases in the order PMDA-PDA
PI＞PMDA-MEPDA PI＞PMDA-MEOPDA PI＞PMDA-
CF3PDA PI. These moduli are correlated directly to the
molecular packing coefficients. Overall, higher modulus is

Table I. Mechanical Properties of PMDA-PDA PIs Containing 

Short Side Groups

PI Filma
 Young’s 
Modulus
 (GPa)

Stress
at Break
 (MPa)

 Strain
at Break 

 (%)

PMDA-PDA  12.2  -  -

PMDA-MEPDA  11.4 (1.0)b  262 (26)  3.9 (0.8)

PMDA-MEOPDA  11.2 (0.3)  197 (12)  2.2 (0.6)

PMDA-CF3PDA  10.1 (1.5)  223 (10)  3.1 (0.4)
aFilm thickness: 10-11.5 µm.
bThe numbers in parentheses indicate 1 standard deviation.
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originated from higher packing of polymer chains.89,95,104,134

However, the reduction of modulus due to such side groups
is relatively small. This means that the high modulus nature,
which is the most advantageous property of PMDA-PDA PI
rod, can be retained without large sacrifice through the
incorporation of such short side groups. 

PMDA-PDA PI is very brittle. But the other PIs exhibit
197-292 MPa stress at break and 2.2-3.9% strain at break,
depending on the side groups. In particular, the measured
strains, which are an indicator of chain flexibility and tough-
ness, are lower than the expected values. In general, both
stress and strain at break are very sensitive to the quality of
specimens including length-to-width ratio and defect levels
in the specimen and its edges. In the measurement, PI films
were prepared in a limited size, so that the length-to-width
ratio of film strips was not large enough: only 25 mm length
and 2.5 mm width. And, the film strips might have lots of
crack-tips on their side edges. These might lead to the rela-
tively low strains at break. Conclusively, there is confirmed
indication that the brittleness of PMDA-PDA PI rod is
improved by incorporating short side groups even though
the strain at break was measured relatively small.

Table II is a summary of mechanical properties of
PMDA-BZ PI analogs.90,92 PMDA-BZ PI exhibits 11.1 GPa
modulus and 4% strain at break. The modulus is slightly
lower than that (ca. 12.2 GPa) of PMDA-PDA PI. However,
PMDA-BZ PI is relatively less brittle than PMDA-PDA PI.
Considering chemical backbone structures, PMDA-BZ PI
has one more phenylene moiety per the repeat unit than
PMDA-PDA PI. The additionally inserted phenylene moi-
ety may play a key role to promote the rotational freedom of
the polymer chain, consequently improving the overall
chain mobility that is critical to heal the mechanical brittle-
ness.

A similar stress-strain curve is observed for the PMDA-
FBZ PI. By the incorporation of fluoro side group into the
polymer backbone, the low strain at break is not improved
at all. In contrast, the other PIs with relatively bulky side
groups show stress-strain curves that resemble that of a kink

type of rigid BPDA-PDA PI that shows excellent mechani-
cal properties. That is, the relative brittleness of PMDA-BZ
PI is healed significantly by incorporating side groups bulk-
ier than the fluoro group. The strain at break is 11-21%,
depending upon the incorporated side groups. The effect of
side group on the improvement of strain at break increases
in the order H (hydrogen) ≈ F＜CH3 ≈ OCH3＜CF3.

However, the modulus is reduced by incorporating side
groups. The reduction of modulus is relatively large for the
PMDA-CF3BZ PI, intermediate for the PMDA-MEBZ PI
and PMDA-FBZ PI, and small for the PMDA-MEOBZ PI.
These moduli are also dependent directly upon the molecular
packing coefficients. Higher molecular packing coefficient
gives higher modulus: The modulus increases linearly with
the molecular packing coefficient. 

6F-PDA PI is relatively weak and soft (see Table III).6

The other three PDA-Based PI Derivatives show excellent
mechanical modulus, tensile strength and strain at break
(see Table III).6 However, BPDA-PDA and BTDA-PDA,
which exhibited high chain ordering, reveal lower modulus
than that of PMDA-PDA. ODPA-PDA exhibits slightly
higher modulus than that of BTDA-PDA in spite of its
slightly lower coherence length with irregular ch ain order-
ing. In comparison, the modulus, which is the parameter of
mechanical hardness, decreases in the order PMDA-PDA
PI＞BPDA-PDA PI＞ODPA-PDA PI＞BTDA-PDA PI＞
6F-PDA PI. Strain at break follows the decreasing order
BPDA-PDA PI＞BTDA-PDA PI ≈ ODPA-PDA PI＞6F-
PDA PI＞PMDA-PDA PI. From these results, it is suggested
that modulus, which is a mechanical charactersitic in the
film plane, might result from the chain rigidity and in-plane
orientation rather than the chain ordering. Higher chain
rigidity, which causes higher molecular in-plane orientation,
produces higher in-plane modulus. In contrast to the modulus
behavior, elongation at break is relatively large for biphenyl-
linked BPDA-PDA PI and carbonyl-linked BTDA-PDA PI
that exhibit high chain ordering. In addition, ether-linked
ODPA-PDA PI in irregular chain ordering reveals strain at
break comparable to that of BTDA-PDA PI. These results
indicate that both the high chain ordering and the limited
chain flexibility are reflected directly to the strain at break.

Table II. Mechanical Properties of PMDA-BZ PIs Containing 

Short Side Groups

PI Filma
 Young’s 
Modulus
 (GPa)

Stress
at Break
 (MPa)

 Strain
at Break 

 (%)

PMDA-BZ 11.1 (0.1)b  212 (13) 4 (1)

PMDA-MEOBZ 10.7 (0.1)  353 (28) 11 (1)

PMDA-MEBZ *9.9 (0.1)  345 (24) 12 (1)

PMDA-FBZ *9.2 (0.1)  200 (*9) 4 (1)

PMDA-CF3BZ *7.6 (0.1)  293 (11) 21 (1)
aFilm thickness: 9.3-14.3 µm.
bThe numbers in parentheses indicate 1 standard deviation.

Table III. Mechanical Properties of PDA-Based PIs with Vari-

ous Chain Rigidities

PI Filma
 Young’s
Modulus
 (GPa)

Stress
at Break
 (MPa)

 Strain
at Break 

 (%)

BPDA-PDA  10.2 (0.2)b  597 (80)  47 (10)

ODPA-PDA * 8.1 (0.2)  263 (20)  18 (11)

BTDA-PDA  *7.1 (0.2)  248 (13)  18 (*6)

6F-PDA * 3.8 (0.07)  108 (20)  6 (*3)
aFilm thickness: 10.0-11.5 µm.
bThe numbers in parentheses indicate 1 standard deviation.
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Overall, BPDA-PDA PI exhibits exceptionally superior
mechanical properties, except for its modulus lower than
that of PMDA-PDA PI.

In-plane and out-of-plane refractive indices (nxy and nz) of
PMDA-PDA PI derivatives, which were measured at
632.8 nm (474.08 THz in optical frequency), are listed in
Table IV.64,89,95,105 In comparison, nxy is in the increasing order
PMDA-CF3PDAPI＜PMDA-MEOPDAPI＜PMDA-
MEPDA PI＜PMDA-PDA PI, whereas nz is also in the
increasing order PMDA-CF3PDA PI＜PMDA-PDA PI＜
PMDA-MEOPDA PI＜PMDA-MEPDA PI. All PI films
show nxy larger than nz, regardless of the side groups. This
indicates two things as follows. First, these PIs are posi-
tively birefringent polymers. That is, the polarizability along
the chain axis is higher than that normal to the chain axis.
Birefringence (∆ = nxy - nz) in the thin film is in the increas-
ing order PMDA-CF3PDA PI＜PMDA-MEOPDA PI＜
PMDA-MEPDA PI＜PMDA-PDA PI. Second, all the PI
chains are preferentially aligned in the film plane. These are
consistent with the results observed in the X-ray diffraction
study as described above.

The average refractive index [nav = (2nxy + nz)/3] is in the
increasing order PMDA-CF3PDA PI＜PMDA-MEOPDA
PI＜PMDA-MEPDA PI＜PMDA-PDA PI. 

These refractive indices are attributed to the polarizabilities
of atoms consisting of polymer backbones and their chemical
bonds. In general, higher polarizability causes higher dipole
moment under electromagnetic field, providing higher
refractive index. The fluorine atom exhibits a relatively low
polarizability because of its high electronegativity and small
volume, whereas the carbon atom presents large polarizabil-
ity.103,136 Both oxygen and hydrogen have intermediate pola-
rizabilities.103,136 When these atoms involve in the formation
of chemical bonds, the polarizabilities of the chemical bonds
also contribute to the refractive index. Therefore, the incor-
poration of low polarizable atoms, as well as low polarizable
chemical bonds into the polymer chain can reduce the
refractive index. PMDA-CF3PDA PI shows the lowest
refractive index, which is contributed from the trifluorome-
thyl side group. In fact, for this polymer, the fluorine atoms
contribute positively to the reduction of refractive index and,
however, their chemical bonds to the carbon atom contribute

negatively because of the relatively high polarizabilities
caused by the large difference between the electronegativities
of fluorine and carbon atom. However, from the result it is
evident that in the reduction of refractive index the former
contribution is higher than the latter one. 

Therefore, the relatively low refractive indices of the
PMDA-PDA PIs containing side groups are overall attributed
to the incorporations of side groups containing fluorine,
oxygen and hydrogen atoms that have relatively lower
polarizabilities than that of carbon atom. In comparison, the
contribution in the reduction of refractive index is high for
the trifluoromethyl group, intermediate for the methoxy
group and low for the methyl group. In addition, the reduc-
tion of refractive index due to the incorporation of side
group is also contributed in part from an increase in the free
volume of the polymer caused by the steric bulkiness of side
group. That is, the side group with a steric bulkiness leads to
a less efficient packing of the polymer chains, resulting in
an increase of free volume in the polymer film.

Dielectric constants of the PIs can be estimated from the
measured refractive indices using Maxwell’s equation
(ε = n

2).137 The results are illustrated in Table III. Here, it is
noteworthy that the dielectric constants, which were obtained
at the optical frequency, are attributed mainly to electronic
polarization and in part to atomic polarization: The dipole
orientation polarization would not contribute to the dielectric
constants because of its limited slow process.138 PMDA-
PDA PI exhibits the highest in-plane and average dielectric
constant (εxy and εav), whereas PMDA-MEPDA PI shows
the highest out-of-plane dielectric constant (εz). In contrast,
PMDA-CF3PDA PI exhibits the lowest εxy, εz, and εav. In
addition, this PI shows the lowest anisotropy in the dielectric
constant. Large anisotropy in the dielectric constant often
causes near-coupled-noise due to crosstalks in the perfor-
mance of microelectronic devices.53,54 Therefore, PMDA-
CF3PDA PI may be suitable for the applications in micro-
electronic devices because of the low dielectric constant and
anisotropy. 

Table V presents nxys and nzs of PMDA-BZ PI analogs in
thin films.90,92 These PIs also exhibit nxy larger than nz as
observed in PMDA-PDA PI analogs. This indicates that all
the PIs are the positively birefringent polymers in which the

Table IV. Optical and Dielectric Properties of PMDA-PDA PIs Containing Short Side Groups

PI Filma
Optical Propertiesb Dielectric Propertiesc

 nxy nz  nav  ∆  εxy  εz  εav ∆ε

PMDA-PDA 1.823 1.582 1.743 0.241 3.323 2.503 3.038 0.820

PMDA-MEPDA 1.751 1.595 1.699 0.156 3.066 2.544 2.887 0.522

PMDA-MEOPDA 1.743 1.589 1.692 0.154 3.038 2.525 2.863 0.513

PMDA-CF3PDA 1.678 1.556 1.637 0.122 2.816 2.421 2.680 0.395
aFilm thickness: 10.0-11.5 µm. bMeasured at 632.8 nm (474.08 THz). cEstimated from refractive indices using Maxwell equation (ε = n2).
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polarization along the chain axis is higher than that normal
to the chain axis. In comparison, nxy is in the decreasing
order PMDA-BZ PI＞PMDA-FBZ PI＞PMDA-MEBZ
PI＞PMDA-MEOBZ PI＞PMDA-CF3BZ PI, whereas nz

is in the decreasing order PMDA-MEOBZ PI＞PMDA-BZ
PI＞PMDA-MEBZ PI＞PMDA-FBZ PI＞PMDA-CF3BZ
PI. nav decreases in the order PMDA-BZ PI＞PMDA-FBZ
PI＞PMDA-MEBZ PI＞PMDA-MEOBZ PI＞PMDA-
CF3BZ PI. ∆ is in the decreasing order PMDA-BZ PI＞
PMDA-FBZ PI＞PMDA-MEBZ PI＞PMDA-MEOBZ
PI＞PMDA-CF3BZ PI.

Overall, the incorporation of side groups on the polymer
backbone lowers nxy and nz of the PMDA-BZ PI film, result-
ing in the decreases in both the bulk refractive index nav and
the optical anisotropy ∆. The effect of side group to the opti-
cal properties is rated in the increasing order H (hydrogen)
＜F＜CH3＜OCH3＜CF3. This result can be understood
with considering chemical and structural characteristics of
the side groups as discussed in the previous section. In con-
clusion, the refractive index of PMDA-BZ PI is reduced by
the incorporation of side groups having relatively low polar-
izabilities and large bulkiness.

From the measured refractive indices, dielectric constants
and anisotropies are also estimated and summarized in Table
V. Considering dielectic constants and their anisotropy,
PMDA-CF3BZ PI is a good candidate material to fabricate
microelectronic devices. From the results, again it is sug-
gested that the incorporation of short side groups having
very low polarizability, such as CF3 and other perfluorinated
short alkyls, into a rodlike polymer backbone is one of the

most useful routes to make high preformance polyimides
which can exhibit isotropically low refractive index and
dielectric constant. 

As listed in Table VI, all the PDA-Based PI Derivative
films also show nxy larger than nz, resulting in an optical
anisotropy.6 ∆ is 0.2333 for BPDA-PDA PI, 0.1430 for
ODPA-PDA PI, 0.1309 for BTDA-PDA PI, and 0.0112 for
6F-PDA PI. PMDA-PDA PI with the highest chain rigidity
exhibits the largest optical anisotropy, whereas 6F-PDA PI,
which is structureless with the lowest rigidity, reveals the
lowest optical anisotropy. The others exhibit intermediate
optical anisotropies. These anisotropies result from the in-
plane orientation of polymer chains in which the principal
polarization is along the chain axis. This is directly correlated
to the molecular in-plane orientation detected on the X-ray
diffraction patterns. 

Dielectric constants, which are estimated from the refrac-
tive indices, are summarized in Table VI.6 Depending on the
backbone structures, εxy varies over 2.511-3.413 while εz

changes over 2.484-2.684. εav is in the range of 2.502 -
3.132. ∆ε is 0.822 for PMDA-PDA PI, 0.808 for BPDA-
PDA PI, 0.489 for ODPA-PDA PI, 0.446 for BTDA-PDA
PI, and 0.027 for 6F-PDA PI. 

In comparison, both nxy and εxy follow the decreasing
order BPDA-PDA PI＞PMDA-PDA PI＞ODPA-PDA
PI＞BTDA-PDA PI＞6F-PDA PI, respectively, whereas
the nz and εz are in the decreasing order BTDA-PDA
PI＞ODPA-PDA PI＞BPDA-PDA PI＞PMDA-PDA PI
＞6F-PDA PI, respectively. In addition, the nav and εav are
in the decreasing order BPDA-PDA PI＞PMDA-PDA

Table VI. Optical and Dielectric Properties of Films of PDA-Based PIs with Various Chain Rigidities

PI Filma
 Optical Properties b  Dielectric Properties c

nxy  nz  nav  ∆  εxy  εz  εav  ∆ε

BPDA-PDA 1.8474 1.6141 1.7696 0.2333 3.413 2.605 3.132 0.808

ODPA-PDA 1.7801 1.6371 1.7324 0.1430 3.169 2.680 3.001 0.489

BTDA-PDA 1.7692 1.6383 1.7256 0.1309 3.130 2.684 2.978 0.446

6F-PDA 1.5847 1.5762 1.5819 0.0112 2.511 2.484 2.502 0.027
aFilm thickness: 10.0-11.5 µm. bMeasured at 632.8 nm (i.e., 474.08 THz). cEstimated from refractive indices using Maxwell equation (ε = n2).

Table V. Optical and Dielectric Properties of PMDA-BZ PIs Containing Short Side Groups

PI Filma
 Optical Properties b  Dielectric Properties c

nxy  nz  nav  ∆  εxy  εz  εav  ∆ε

PMDA-BZ 1.851 1.591 1.764 0.260 3.426 2.531 3.113 0.895

PMDA-MEOBZ 1.745 1.598 1.693 0.156 3.045 2.555 2.867 0.490

PMDA-MEBZ 1.753 1.579 1.695 0.174 3.071 2.492 2.872 0.579

PMDA-FBZ 1.805 1.575 1.729 0.230 3.258 2.482 2.989 0.776

PMDA-CF3BZ 1.636 1.512 1.595 0.124 2.677 2.286 2.543 0.390
aFilm thickness: 9.3-14.3 µm. bMeasured at 632.8 nm (474.08 THz). cEstimated from refractive indices using Maxwell equation (ε = n2).
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PI＞ODPA-PDA PI＞BTDA-PDA PI＞6F-PDA PI,
respectively. 

Just counting dielectric properties, 6F-PDA PI is suitable
for the applications in the microelectronic devices, owing to
its relatively low refractive index and dielectric constant
with almost negligible anisotropy. 

As described above, the dielectric constant of a PI can be
reduced by incorporating atoms and/or groups having lower
polarizabilities and further reduced by increasing free mole-
cular voids due to the incorporation of side groups. How-
ever, these approaches have limits in reducing the dielectric
constants of PIs; the lower limit in the dielectric constants of
PIs is known to be around 2.7. The lowest dielectric con-
stant achievable from organic polymers is around 2.0, which
has been obtained from polytetrafluoroethylene (namely,
Teflon™). 

An alternative approach to significantly reduce the dielec-
tric constants of PIs is the incorporation of nanoscale pores
(namely, nanoscale voids) into the PIs; air (or vacuum) owns
the lowest dielectric constant, 1.0, thus incorporating larger
amount of air nanpores into PIs can deliver larger reduction
in the dielectric constant. So far two approaches on how to
incorporate nanopores in PIs have been introduced.131 One
approach is incorporating hollow silica spheres into a PI,91

while another approach is generating nanopores by preparing
block copolymers with the majority phase comprising poly-
imide and the minor phase consisting of a thermally labile
block where the two dissimilar blocks are phase-seprated in
nanoscale and the labile blocks are selectively removed via
thermal treatments, leaving pores.92,93 However, the major
drawback of the second approach is the collapse of the nano-
pores during thermal cycles in a post fabrication process
after the nanopores were generated in the first thermal treat-
ment; the nanoporous PIs with the collapsed pores exhibits
no longer low dielectric constant. Conclusively, the first
approach, incorporating thermally, dimensionally stable
hollow nanospheres is the most realistical approach to deliver
low and ultralow dielectric constant PI materials. 

Light-Emitting PIs

The development of organic and polymeric materials for
use in the fabrication of light-emitting devices (LEDs) has
been directed toward finding ways to improve light-emit-
ting performance and reliability, as well as to control the
wavelength and band width.139,140 However, one of the major
problems in the application of such materials to LEDs is their
degradation under continuous operation, which is caused by
Joule heating.141 The shortcomings of these materials may
be overcome by the incorporation of light-emitting moieties
into an aromatic polymer backbone, such as those of PIs. This
approach has been adopted by several research groups in
recent attempts to synthesize light-emitting polyetherimides
and polyimides.83-88,139-145 Mal'tsev et al.141,142 have synthesized

polyetherimides containing 9,10-bis(phenylthio)anthracene
units which emit blue-green light in the range 420-700 nm.
Kakimoto and coworkers143 have reported a series of poly-
imides synthesized from 2,5-bis(4-aminostyryl)pyrazine, a
light-emitting diamine monomer derived from 2,5-distyryl-
pyrazine. These polymers emit orange-red light with an
emission maximum at around 560 nm (=λmax). It was found
that the value of λmax is independent of the number of dian-
hydride units, but the emission intensity is strongly depen-
dent on the number of these units. Recently there have been
reported two new π-conjugated diamines, 5,5'-bis(4-amino-
phenyl)-2,2'-bifuryl (PFDA) and 2,2'-bis(furyl)benzidine
(FurylBZ), and their PIs, prepared from pyromellitic dian-
hydride (PMDA) (Figure 11).83-88,146-149 These monomers and
their polymers strongly emit blue light. 

The usages of the PDFA and FurylBZ emitters were
extended for the synthesis of PIs of other aromatic dianhy-
drides such as ODPA and 6F, yielding the polyimides
ODPA-PFDA PI, 6F-PFDA PI, ODPA-FurylBZ PI, and 6F-
FurylBZ PI (Figure 11).85 The UV-visible absorption and
light-emitting characteristics of the resulting PI films were
investigated, and the quantum efficiency in the light emis-
sion was determined.85 In addition, the structure, thermal
stability, refractive index and dieletric constant of the poly-
mer films were determined.85

Figure 12(a) shows the UV-visible absorption and PL spec-
tra of the ODPA-PFDA PI and 6F-PFDA PI films, which
are compared with the spectra of PFDA in dioxane and
PMDA-PFDA PI in film form. The PI films exhibit broad
featureless absorptions for wavelengths less than 520 nm. In
general, the chromophoric aromatic imide rings of conven-
tional aromatic polyimides cause them to absorb at wave-
lengths less than 470 nm. This absorption overlaps with that

Figure 11. Chemical structure of the synthesized light-emitting
polyimides.
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of the PFDA unit, causing the PI films to exhibit a broader
absorption spectrum than pure PFDA. The optical band gap
of PFDA, which corresponds to the π-π* transition of the
conjugated system, is estimated to be 2.96 eV by extrapola-
tion of the absorption spectrum to long wavelengths. This
band gap is larger than that of PPV (2.5-2.6 eV).150

The polyimides in the films emit the strongest PL spectra
when excited at 380 nm. Both ODPA-PFDA PI and 6F-
PFDA PI exhibit single emission peaks rather than multiple
peaks, in contrast to PMDA-PFDA PI which has a PL spec-
trum very similar to that of PFDA. The emission peak is
centered at 480 nm (blue-green light) for ODPA-PFDA PI

and at 460 nm (blue light) for 6F-PFDA PI. These emission
peaks are red-shifted compared to those of PFDA and
PMDA-PFDA PI. This shift may be due in part to the elec-
tron affinities of the ODPA and 6F units, which influence
the π-π* transition of PFDA units on the polymer backbone,
and also to the dilution of the light-emitting PFDA unit by
ODPA and 6F units. In addition, the full-width at half maxi-
mum (FWHM) of the emission peaks of ODPA-PFDA PI
and 6F-PFDA PI are estimated to be 26 and 23 nm, respec-
tively. These emission peaks are much narrower than those
of PFDA and PMDA-PFDA PI (56 and 63 nm FWHM,

respectively). It is noteworthy that ODPA-PFDA PI and 6F-

Figure 12. (a) UV-visible absorption (Abs) and photoluminescence (PL) spectra of PFDA (1.5× 10-5 g/mL in 1,4-dioxane) and of polyim-
ides in thin films; PFDA was excited at 340 nm, whereas the polyimides were excited at 380 nm. (b) UV-visible absorption (Abs) and photo-
luminescence (PL) spectra of FurylBZ (1.5 × 10-5 g/mL in 1,4-dioxane) and of polyimides in thin films; FurylBZ was excited at 340 nm,
whereas the polyimides were excited at 380 nm. 
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PFDA PI exhibit narrower PL spectra than any other light-
emitting polymer studied to date.

Figure 12(b) shows the UV-visible absorption and PL
spectra of the films of ODPA-FurylBZ PI and 6F-FurylBZ
PI, which are compared to those of FurylBZ in dioxane and
PMDA-FyrylBZ PI in film form. The PI films show broad
absorptions at wavelengths less than 400 nm in comparison
to the absorption of FurylBZ monomer. FurylBZ has an
optical band gap of 3.42 eV, which corresponds to the π-π*
transition of the conjugated system. This value is much larger
than the band gaps of its structural isomer PFDA and PPV.
The following two factors are possible causes of the large
band gap of FurylBZ. First, it is possible that the π-con-
jugation forms only along the kinked structure composed of
the benzidine main unit and the two furyl side groups. This
kinked π-conjugated structure would have a relatively large
band in the π-π* transition. Second, in order to minimize
steric hinderance the ring components of FurylBZ are not
copolanar. In comparison to the absorption of FurylBZ
monomer, its PI films show broad absorptions at wave-
length less than 400 nm. Here, the band gaps of the PIs
would not be estimated because the measured band gaps are
not those of the pure FurylBZ, but also contain contributions
due to the chromophoric aromatic imide rings, as mentioned
above for the case of PFDA-based PIs.

The FurylBZ-based PIs in films also emit the strongest PL
spectra when excited at 380 nm. For both ODPA-FurylBZ
PI and 6F-FurylBZ PI, the PL spectra exhibit single emission
peaks rather than multiple peaks, which is similar to the
behavior of FurylBZ but different from that of PMDA-
FurylBZ PI. ODPA-FurylBZ PI gives an emission peak cen-
tered at 530 nm (green light) and 6F-FurylBZ PI gives a
peak centered at 525 nm (green light). The emission peaks
of these PIs are highly red-shifted compared to those of the
FurylBZ and PMDA-FurylBZ PI. This shift may be due in
part to the electron affinities of the ODPA and 6F units,
which influence the π-π* transition of the FurylBZ units on
the polymer backbone, and to the dilution of the light-emit-
ting FurylBZ unit by ODPA and 6F units, as mentioned
above in relation to the photoluminescent characteristics of
the PFDA-based PIs. In the emission spectra, ODPA-
FurylBZ PI has a peak width of 121 nm FWHM, whereas
6F-FurylBZ PI has a width of 74 nm FWHM. These emission
peaks are broader than those of FurylBZ and PMDA-
FurylBZ PI (73 and 64 nm FWHM, respectively), and is also
broader than those of the PFDA-based PIs. Although the PL
spectra of the FurylBZ-based PIs are broader than those of
the PFDA-based PIs, they are still narrower than those of all
other light-emitting polymers reported in the literature.

In addition, PL quantum yield Φf measurements were
conducted for all PIs in films. The OPDA-PFDA PI and 6F-
PFDA PI films have high quantum yields (Φf = 7.3% and
14.9%, respectively) compared to the quantum yield of the
PMDA-PFDA PI film (Φf =1.2%). In particular, the Φf  value

of 6F-PFDA PI is larger than that of poly(2-methoxy-5-(2'-
ethyl)hexyloxy-p-phenylenevinylene) (Φf = 8.5-11.5%),151

which emits orange light. On the other hand, the OPDA-
FurylBZ PI and 6F-FurylBZ PI films have yields of Φf =
7.6% and 8.3%, respectively. These values are slightly higher
than the value for the PMDA-FurylBZ PI film (Φf = 7.4%).

In comparison to the quantum yields of PFDA (Φf =92.0%)
and FurylBZ in 1,4-dioxane (Φf = 52.0%), the PI films show
relatively low quantum yields. This might be due to the
morphological structures formed in the PI films. X-ray dif-
fraction analyses were performed to elucidate the morpho-
logical structures in the films, and the X-ray diffraction
patterns obtained are compared in Figure 13. For the PMDA-
PFDA PI film, well-resolved multiple (00l) peaks, as well
as some (hkl) peaks, are detected in the transmission pat-
tern, whereas only (hkl) peaks are observed in the reflection
pattern. These patterns indicate that parts of the PI film are
structurally ordered, and that the polymer chains are highly
aligned in the film plane. One can obtain some structural
information from these X-ray patterns, although the full
crystal structure is not yet determined. The diffraction peak
at 4.11 o (2θ) (21.5 Å d-spacing), which corresponds to the
(001) diffraction, is estimated from the Scherrer relation to
have a very high coherence length of 168 Å.6 The (hkl) dif-
fractions in the reflection pattern have a coherence length of
about 42 Å (36-48 Å). It is therefore concluded that this PI
film contains structurally ordered phases with a dimension
of approximately 168×42×42 Å. The overall crystallinity
is estimated to be 26% from the reflection pattern, and 36%
from the transmission pattern. Structural ordering is also
observed in the ODPA-PFDA PI film. However, a low
coherence length of less than 52 Å is obtained for all of the
diffraction peaks, and the overall crystallinity in the film is
estimated to be only 13-15% from the reflection and trans-
mission patterns.

In contrast, the 6F-PFDA PI film is almost amorphous.
Only a weak diffraction indicating short-range ordering is
detected at 5.58 o. The coherence length of this diffraction is
only 37 Å, which is slightly larger than the length of just one
repeat unit in the backbone. The mean interchain distance is
estimated to be 5.8-5.9 Å, which is larger than the interchain
distances of the other two PIs (4.2-4.5 Å). Similar featureless
X-ray patterns are observed for all of the FurylBZ-based PI
films (see Figure 13).

In conclusion, it is found that a higher degree of structural
ordering gives a lower quantum yield. This behavior may be
linked to charge transfer between the dianhydride unit and
diamine unit in the PIs, which in general are electronically
deficient and rich, respectively. Both intra- and inter-mole-
cular charge-transfer (CT) interactions between dianhydride
and diamine units are known to be favorable when the poly-
mer undergoes structural ordering.106,152-154 Thus, the low
quantum yield in the highly ordered PMDA-PFDA PI might
be due to a large amount of energy transfer from the excited



M. Ree

18  Macromol. Res., Vol. 14, No. 1, 2006

PFDA units in the polymer backbone to the CT sites, which
give a weak emission. In contrast, this CT interaction is rela-
tively weak in the ODPA-PFDA PI and 6F-PFDA PI films,
as well as the FurylBZ-based PI films, which are less
ordered. In addition, the relatively large size of the ODPA,
6F, and FurylBZ units in the polymer backbone dilute the
light-emitting units in the film specimen. These morpholog-
ical features may contribute positively to the emission of the
PFDA and FurylBZ units in the backbone, enhancing the
quantum yield.

In addition, tests on the thermal stability of the PIs
showed them to be stable up to 370-396 oC, depending on
polymer type. The stability of these polymers is due to the
stable phenyl, imide and furyl constituents in the polymer
backbone. 

PIs for Liquid Crystal Alignment

Nonphotoreactive PIs. One of the most recently devel-
oped and important applications of PIs is their use in liquid
crystal (LC) alignment layers for LC flat-panel display
devices.155-159 PIs are widely used as LC alignment layers

because of their advantageous properties, such as excellent
optical transparency, adhesion, heat resistance, dimensional
stability and insulation.65-73,95,124,125,155,156,160-167 Such PI film
surfaces need to be treated if they are to produce a uniform
alignment of LC molecules with a defined range of pretilt
angle values.37-42,55,83,84,108-122 At present, a rubbing process
using a velvet fabric is the only technique adopted in the LC
display industry to treat PI film surfaces for the mass-pro-
duction of flat-panel LC display devices. This process has
become the method of choice because of its simplicity and
the controllability with this method of both the LC anchor-
ing energy and the pretilt angle.65-73,95,124,125,155-171 Much effort
has been exerted to understand the mechanism behind the
alignment of LC molecules on the rubbed polymer surface.
A variety of factors have been proposed to explain the sur-
face anchoring and alignment mechanism of the LC mole-
cules: (i) microgrooves in connection with anisotropic LC
orientational elasticity via steric interaction,172-178 (ii) polymer
molecules from the velvet fabric deposited and oriented on
the alignment layer surface during the rubbing process,179,180

(iii) surface electric fields,181 (iv) anisotropically oriented
polymer chains,65-73,95,124,125,155-171 (v) a near-surface order

Figure 13. Wide angle X-ray diffraction patterns of PFDA- and FurylBZ-based PIs in thin films: Refl, reflection pattern; Trans, transmis-
sion pattern. A CuKα radiation source was employed. 
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parameter different from the bulk LC molecules,182,183 and
(vi) coupling of a bending mode of the LC director to the
surface electric fields (i.e., flexoelectricity).184 Of these sug-
gestions, the two models for the alignment process that have
received the most attention are the microgroove mecha-
nism123-129 and the anisotropic polymer chain orientation
mechanism,65-73,95,124,125,155-171 although the exact mechanism
of LC alignment is still a subject of debate.

In addition to the uniform, unidirectional alignment of LC
molecules, their pretilt angle (i.e., their out-of-plane tilt angle)
plays the most important role155,156 in determining the optical
and electrical performance of the industrial LC display
devices that currently use nematic LC molecules. Much effort
has also been expended to achieve the desired LC pretilt
angle and to understand the mechanism behind LC pretilt
phenomena. Some investigators have proposed that the out-
of-plane LC tilt angle is governed by van der Waals interac-
tions between the LC molecules and the alkyl side chains of
the polyimide.65-73,95,124,125,155-171,185 In contrast, other investiga-
tors have suggested that LC pretilt is determined by the
polymer backbone structure but is independent of the length
of the side chains.186-189 The exact mechanism controlling the
LC pretilt angle on rubbed surfaces has not yet been unam-
biguously elucidated.

For the study of LC alignment mechanism, it was chosen
a series of poly{p-phenylene 3,6-bis[4-(n-alkyloxy)phenyl-
oxy] pyromellitimide} (Cn-PMDA-PDA PI) from various
PMDA-based PIs because of its easily controlled structural
features; it is a well-defined brush polymer composed of
aromatic-aliphatic bristles set into a fully rod-like polymer
backbone (two bristles per chemical repeat unit of the poly-
mer backbone) (Figure 14).65-68,190,191 To better understand
the mechanism of LC alignment by the Cn-PMDA-PDA PI
surfaces, there were measured the surface orientational
distributions of both the main chains and of the bristles (i.e.,
side groups) of the PI film before and after rubbing, using
optical phase retardation analysis and linearly polarized
FTIR spectroscopy.65-68,190,191

To obtain information about the orientation of polymer
chains produced by the rubbing process, PI films were rubbed
and their optical phase retardation measured. Figure 15 dis-
plays polar diagrams of the optical phase retardation with
respect to the angle of rotation of PI films rubbed with a
rubbing density of 120. As seen in Figure 15, all rubbed PI
films exhibit a maximum retardation along the direction
180° ↔ 0°, which is parallel to the rubbing direction, but a
minimum retardation along the direction 90° ↔ 270°, which
is perpendicular to the rubbing direction. All PI chains were
determined to be positively birefringent along the rubbing
direction by spectroscopic ellipsometry. Taking this fact into
account, the polar diagram results confirm that for all rubbed
films, the main director of the PI chains after orientation by
rubbing is parallel to the rubbing direction. In contrast, the
polar diagram of the optical phase retardation of an unrubbed

PI film (data not shown) is isotropic with respect to the angle
of rotation of the film, confirming that the polymer chains
of unrubbed films lie randomly in the film plane.

Figure 15. Polar diagrams of the variation of the retardation with
the angle of rotation of the film in optical phase retardation mea-
surements of Cn-PMDA-PDA PI films rubbed with a rubbing den-
sity of 120: (a) C4-PMDA-PDA PI; (b) C6-PMDA-PDA PI; (c)
C7-PMDA-PDA PI; (d) C8-PMDA-PDA PI. 

Figure 14. Chemical structures of fully rodlike poly(p-phenylene
pyromellitimide)s with 4-(n-alkyloxy)phenyloxy bristles (Cn-
PMDA-PDA PIs). 
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Figure 16 shows the variation of the in-plane birefrin-
gence ∆xy with rubbing density for the PI films, which is
produced by the rubbing process. For all PI films, the ∆xy

rapidly increases with rubbing density up to a rubbing den-
sity of 50 (for C4-PMDA-PDA, C6-PMDA-PDA, C7-
PMDA-PDA PI) or 100 (for C8-PMDA-PDA PI) and then
more slowly increases with further increases in the rubbing
density, finally leveling off above a rubbing density of 300.
These results confirm that the polymer chains in the sur-
faces of the PI films are oriented along the rubbing direction
by the rubbing process, and that preferential orientation can
be achieved by rubbing at a rubbing density greater than 50
(for C4-PMDA-PDA, C6-PMDA-PDA, C7-PMDA-PDA
PI) or 100 (for C8-PMDA-PDA PI).

Figure 17 presents two representative IR spectra of a C6-
PMDA-PDA PI film rubbed at a rubbing density of 120,
one measured with the IR light polarized parallel to the
rubbing direction, the other measured with the IR light
polarized perpendicular to the rubbing direction. In both
these FTIR spectroscopic measurements, only modes with
in-plane components are detected because only normal
incidence spectra were measured. The vibrational modes
were assigned with the aid of results previously reported for
other PIs.10-12,107-110,122-125,169 The bands at 1780, 1733, 1515,
and 1364 cm–1 are due to the symmetric and asymmetric
C=O stretching vibrations of the imide ring, the C=C
stretching vibration of the PDA unit, and the C-N stretching
vibration of the imide bond respectively, all of which are
associated with the polymer main chain structure. The band
at 1505 cm-1 is due to the C=C stretching vibration of the
phenyloxy unit in the side chain. Further, the asymmetric and
symmetric CH2 stretching vibrational modes are detected at
2923 and 2852 cm-1 respectively. The IR spectra of the
rubbed film differ depending on whether the IR light is
polarized parallel or perpendicular to the rubbing direction,
indicating that the rubbed PI film is anisotropic in the film

plane. Similar dichroic IR spectra were observed for the
rubbed films of the other PIs (spectra not shown). In con-
trast, the unrubbed PI film reveals no IR dichroism depen-
dence (spectra not shown).

IR spectroscopic measurements using a linearly polarized
IR light source were further carried out on the rubbed PI
film as a function of the angle of rotation of the film. The
variations of the peak intensities of selected IR bands with
the angle of rotation of the film are plotted in Figure 18 as
polar diagrams. As shown in Figure 18(a) and (b), the imide
C-N band at 1364 cm-1 and the C=C band of the PDA unit
at 1515 cm-1 are more intense when the incident beam is
polarized parallel to the rubbing direction. Both the imide
C-N bond and the PDA unit are parts of the polymer back-
bone, and lie along the polymer main chain axis. The aniso-
tropic polar diagrams of the IR bands corresponding to
these moieties indicate that rubbing causes these moieties,
and therefore the main axes of the polymer chains, to be
oriented along the rubbing direction.

In contrast, as shown in Figure 18(c) the intensity of the
asymmetric C=O vibration of the imide ring at 1733 cm-1 is
enhanced when the polarization of the IR beam lies along
the direction 250° ↔ 70°, which is at an angle of 70 ο with
respect to the rubbing direction, indicating that the imide
C=O bond is oriented by rubbing in this direction. This con-
clusion is consistent with the chemical structure shown in
Figure 14 and with the orientation of the imide C-N bond
noted above. The polar diagram for the aromatic C=C
vibration of the phenyloxy unit at 1505 cm-1 shows that the
intensity of this mode is enhanced when the beam polariza-
tion is perpendicular to the rubbing direction (see Figure
18(d)). This suggests that the long axis of the phenyloxy
unit in the bristle becomes aligned by the rubbing process in
a direction perpendicular to the polymer main chain axis.

Figure 17. FTIR dichroic spectrum of a C6-PMDA-PDA PI film
rubbed with a rubbing density of 120. The solid and dashed lines
are the FTIR spectra with the IR light polarized parallel to the rub-
bing direction and with the IR light polarized parallel perpendicu-
lar to the rubbing direction respectively.

Figure 16. Variations of the in-plane birefringence with rubbing
density of rubbed Cn-PMDA-PDA PI films.
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Figure 18(e) and (f) show the polar diagrams for the CH2

asymmetric and symmetric stretching vibrations, which pro-
duce peaks at 2923 and 2852 cm-1 respectively. The intensi-
ties of both these modes are enhanced when the beam
polarization is perpendicular to the rubbing direction. Given
that the CH2 asymmetric and symmetric stretching vibrations
possess dipole moment vectors perpendicular to the alkyl
chain axis, it is concluded that the n-hexyl end group of the
bristle is oriented parallel to the rubbing direction by the
rubbing process.

IR spectroscopic measurements using linearly polarized
IR light as a function of the angle of rotation of the film
were also carried out for rubbed films of the other PIs,
yielding results similar to those described above for the
rubbed C6-PMDA-PDA film. 

The IR results collectively indicate that, for all of the PI
films studied, rubbing the film surface causes orientation of
the polymers into an arrangement in which the polymer
main chains and the n-alkyl bristle end groups are oriented
parallel to the rubbing direction and the phenyloxy bristle
units are oriented perpendicular to the rubbing direction. 

In the light of the above findings on the polymer segmental
orientations, it is worth devoting further attention to the ∆xy

variations of the PI films with rubbing density shown in
Figure 16. As seen in the figure, the ∆xy value at a given rub-
bing density over the rubbing density range of 0-300 always
increases in the order C4-PMDA-PDA PI＜C6-PMDA-
PDA PI＜C7-PMDA-PDA PI＜C8-PMDA-PDA PI. Sev-
eral factors could potentially contribute to this trend. First,
consider the contribution to the ∆xy value of the polymer
segmental orientations in the rubbed PI films. All the PIs
have the same basic chemical structure (a PMDA-PDA
backbone, a phenyloxy bristle unit, and an n-alkyl bristle
end group), but with different lengths of the n-alkyl bristle
end group (see Figure 14). Moreover, as described above,
the main director of each polymer segment oriented by the
rubbing process is the same for all the PIs. These facts sug-
gest that the contribution of the parallel oriented polymer
backbone and of the perpendicular oriented phenyloxy bristle
unit to the ∆xy value should be the same for all PI films
rubbed at a given rubbing density. However, the contribution
of the parallel oriented n-alkyl end group in the bristle to the
∆xy value will depend on its length, with longer n-alkyl end
groups contributing more positively to the ∆xy value. Second,
consider the degree of overall polymer chain orientation in
the PI films rubbed at a given rubbing density. The deforma-
tion response characteristics of PI films to the shear force
caused by contact with the fibers during the rubbing process
are related to the film ductility, which is in turn associated
with the length of the n-alkyl end group of the bristle. As a
result, the degree of overall polymer orientation in PI films
rubbed at the same rubbing densities will vary across the
series of PIs tested in the present study. Therefore, the dif-
ferent ∆xy values in the PI films rubbed at a given rubbing
density are attributed to differences in the contributions of
the n-alkyl end group orientations as well as to differences
in the degree of overall polymer chain orientation in the
rubbed films.

As described above, at the surfaces of all of the rubbed
Cn-PMDA-PDA PI films, the polymer main chains and the
n-alkyl bristle end groups were oriented along the rubbing
direction, whereas the phenyloxy bristle units were oriented
perpendicular to the rubbing direction. The rubbed film sur-
faces of C4-, C6-, and C7-PMDA-PDA PI were found to
induce LC alignment perpendicular to the rubbing direction.
The anchoring energies of these perpendicular LC alignments
were very large, with values comparable to those observed
for conventional PI alignment layers, which induce LC
alignment parallel to the rubbing direction. The unusual ten-
dency of LC molecules with large anchoring energies to
align perpendicular to the rubbing direction is driven by the
favorable anisotropic interactions of LC molecules with the
perpendicularly oriented phenyloxy bristle units, which over-
ride the interactions of the LC molecules with the polymer
main chains, the n-alkyl bristle end groups, and the grooves
in the film surface. However, rubbed surfaces of the C8-
PMDA-PDA PI film induced LC alignment parallel to the

Figure 18. Polar diagrams of the intensities of some specific vibra-
tional peaks of a C6-PMDA-PDA PI film rubbed with a rubbing
density of 120, measured with linearly polarized IR spectroscopy
as a function of the angle of rotation of the film: (a) v (N-C) at
1364 cm-1; (b) v(C=CPDA) at 1515 cm-1; (c) vas(C=O) at 1733 cm-1;
(d) v(C=CPhenyloxy) at 1505 cm-1; (e) vas(CH2) at 2923 cm-1; (f)
vs(CH2) at 2852 cm-1.
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rubbing direction, even though this PI has only one to four
more carbons in the n-alkyl bristle end group in comparison
to the other PIs. 

Taken together, the LC alignment, surface morphology,
and polymer segmental orientation results indicate that the
n-alkyl bristle end groups play an important role in LC
alignment on rubbed Cn-PMDA-PDA PI films, and that this
role is dependent on the length of the n-alkyl chain; specifi-
cally, the n-alkyl bristle end groups oriented parallel to the
rubbing direction hinder perpendicular LC alignment because
of their van der Waals interactions with the aliphatic tails of
the LC molecules. The critical length of the n-alkyl bristle
end group at which the LC alignment at the rubbed PI films
changes from perpendicular to parallel is eight carbons (i.e.,
the n-octyl end group). In conclusion, LC alignment on the
surfaces of rubbed PI films is determined by a play-off
between the directionally anisotropic interactions of LC
molecules with (i) the oriented segments of the polymer
main chains, (ii) the oriented segments of the bristles, and
(iii) the microgrooves. 

Photoreactive PIs. As discussed in the above section, PI
films are widely used as LC alignment layers in LC flat-panel
display devices because of their advantageous properties
such as excellent optical transparency, adhesion, heat resis-
tance, dimensional stability, and insulation. Such PI film
surfaces need to be treated if they are to produce a uniform
alignment of LC molecules with suitable pretilt angles. At
present, a rubbing process using velvet fabrics is the only
technique adopted in the LC display industry for the treat-
ment of PI film surfaces in the mass-production of flat-panel
LC display devices. This process has become the method of
choice because it is simple and enables the control of LC
alignment. However, the process has some shortcomings,
such as dust generation, electrostatic problems, and poor
control of rubbing strength and uniformity. The search for
new methods that do not suffer from the shortcomings of
the rubbing process has led to the development of several
approaches to polymer alignment layer surface treatment
based on irradiation of the polymer with linearly polarized
ultraviolet light (LPUVL).41,48,49,74-82,192-210 These techniques
have attracted considerable attention in academia and
industry because they offer the possibility of rubbing-free
production of LC aligning films. 

A representative photoalignment material is poly(vinyl
cinnamate) (PVCi).197-199 In fact, this polymer was introduced
in 1959 as a negative photoresist.211 The cinnamate side
groups in the polymer are known to undergo [2+2] photo-
dimerzation by UV light exposure.211 The photodimerization
generates cross-links in the polymer via cyclobutane ring
formation, leading to the insolubilization of the polymer.211

The PVCi and its derivatives in thin films were reported to
have an ability to align LC molecules in the direction per-
pendicular to the polarization axis of the linearly polarized
UV light when they were exposed to the linearly polarized

UV light.197-210 For this phenomenon, controversial debates
have been made so far as follows. Schadt and coworkers197-199

have proposed a photoalignment mechanism that the polymer
chains are oriented by the photodimerization of cinnamate
side groups in the polymer film, and the oriented polymer
chains induce LC molecules to align along the axis of the
oriented polymer chains at the surface. Instead, Ichimura
and coworkers202 have suggested a different photoalignment
mechanism. That is, the cinnamate groups in the polymer
film undergo simultaneously photodimerization and photoi-
somerization in part. The photoisomerized cinnamate
groups induce the alignment of LC molecules while the
photodimerized polymers enhance the thermal stability of
the LC alignment. Conclusively, the photoalignment mech-
anisms of these polymers have not yet been understood fully.
Moreover, these polymers have low Tg, so even though the
polymer chains in the film are oriented preferentially by
exposure to LPUVL, they remain mobile after treatment and
their chain orientation is not stable with respect to environ-
mental influences such as temperature change. In addition,
these polymer films are known to have a weak anchoring
energy for LCs, resulting in severe reliability problems for
LC devices fabricated from these polymers.205-210 Thus there
remain significant obstacles to the delivery without the use
of a rubbing step of high performance LC-aligning materials.

Thus, a new photosensitive polyimide (PSPI) with cin-
namate side groups has been synthesized to have a high Tg

and is thus stable both thermally and dimensionally (Figure
19).74 The PSPI was prepared by two step reactions; in the
first step, a preimidized 6F-HAB PI was obtained from the
isoquinoline-catalyzed polycondensation of 6F and 3,3'-
hydroxy-4,4'-diaminobiphenyl (HAB) and subsequent imi-
dization in dry NMP; in the second step the 6F-HAB-CI
PSPI was synthesized from the reaction of the 6F-HAB PI
and cinnamoyl chloride. Its photoreactivity in nanoscaled
films was investigated by ultraviolet-visible (UV-Vis), infra-
red (IR), Raman, and nuclear magnetic resonance (NMR)
spectroscopies.74 The LPUVL-induced alignment characteri-
stics of the PSPI film were determined by optical retardation
as well as by polarized UV-Vis and IR spectroscopies.74

For the PSPI films irradiated with LPUVL, the dichroic ratio

Figure 19. Synthetic scheme for the photoreactive polyimide,
6FDA-HAB-CI PSPI.
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[= (A⊥-A//)/(A⊥ + A//)] was calculated from the absorbance A⊥

at the maximum absorption wavelength (λmax), as measured
with UV-Visible light linearly polarized perpendicular to the
polarization direction of the LPUVL, and A//, as measured
with UV-Visible light linearly polarized parallel to the
polarization direction of the LPUVL. The calculated dichroic
ratios are displayed in Figure 20. As shown in the figure, these
values are all positive for exposure energies ≤ 3.0 J/cm2.
The dichroic ratio increases rapidly with increasing exposure
energy up to 0.5 J/cm2 and then very slowly increases with
further increases in the exposure energy. These results indi-
cate that the CI chromophores located parallel to the polar-
ization direction of the incident LPUVL are consumed more
rapidly than those positioned perpendicular to the polariza-
tion direction of the LPUVL. Thus the directionally selective
photoreaction of CI chromophores in the PSPI films due to
LPUVL exposure induces a preferential orientation of the
unreacted CI chromophores along the direction perpendicu-
lar to the polarization of the LPUVL. This preferential ori-
entation is easily obtained with a LPUVL exposure energy
of only 0.5 J/cm2.

The molecular orientations in LPUVL-irradiated PSPI
films were further investigated by using transmission FTIR
spectroscopy with a linearly polarized IR light source and
measuring the absorbance as a function of the angle of rota-
tion of the films. This procedure enables to deduce the
extents of the orientations of the unreacted CI chromophores
and of the polymer chain backbones. The vinylene C=C
stretching band at 1633 cm-1 was found to be less intense
when the polarization of the incident IR beam is at angles in
the ranges 340-30 and 160-210 ο with respect to the polar-
ization direction of the LPUVL used in the exposure. This
result indicates that the CI chromophores with vinylene
units positioned parallel to and in the vicinity of the polar-
ization direction of the LPUVL are consumed more rapidly
by photoreaction than those positioned at other orientations

in the film. Moreover, this result suggests that the LPUVL
exposure induces a directionally selective photoreaction of
the vinylene units in the CI side groups, although the direc-
tional photoreaction selectivity of the LPUVL is not high.
Thus this selective photoreaction induces a preferentially
molecular orientation of the vinylene C=C bonds of unre-
acted CI chromophores in directions defined by the angle
ranges 50-140 and 230-325 o with respect to the polarization
direction (0 ο ↔ 180 ο) of the LPUVL. 

The imide N-C stretching band at 1377 cm-1 is more intense
when the polarization of the incident beam is perpendicular
to the polarization of the LPUVL. This result indicates that
the imide N-C bonds are oriented by the LPUVL exposure
to an alignment perpendicular to the polarization of the
LPUVL. The imide N-C bonds are part of the PSPI main
chain, so this result provides information on the orientation
of the PSPI chains induced by LPUVL exposure.

Figure 21(a) displays a polar diagram of the transmitted

Figure 21. (a) Polar diagram of the transmitted light intensity [=
(in-plane birefringence)× (phase)] as a function of the angle of
rotation of the film observed in the optical phase retardation mea-
surements of a 6F-HAB-CI PSPI film irradiated with linearly
polarized UV light (LPUVL) (260-380 nm) at 0.5 J/cm2. (b) Varia-
tion of the optical retardation [= (in-plane birefringence)× (film
thickness)] of a 6F-HAB-CI film irradiated with LPUVL (260-
380 nm) with varying exposure energy.

Figure 20. UV dichroic ratios determined for 6F-HAB-CI PSPI
films exposed to LPUVL (260-380 nm) with varying exposure
energy.
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light intensity [= (in-plane birefringence)× (phase)] as a
function of the angle of rotation of the film, obtained from
optical phase retardation measurements of a PSPI film irra-
diated with LPUVL at an exposure energy of 0.5 J/cm2.
This polar diagram shows that the irradiated film exhibits a
maximum in transmitted light intensity along the direction
287 ↔ 107 o, which is at an angle of 107 ο with respect to the
polarization direction (0 ↔ 180 ο) of the LPUVL used in the
UV-exposure, but exhibits a minimum transmitted light
intensity value along the direction 197 ↔ 17 ο, which is at an
angle of 17 ο with respect to the polarization direction of the
LPUVL. On the other hand, the PSPI films that were not
irradiated exhibited isotropic polar diagrams of the transmit-
ted light intensity in the optical retardation measurements. 

In general, polymer chains in thin films have a strong ten-
dency to orient in the film plane rather than randomly; this
tendency toward in-plane orientation of polymer chains
increases not only as the film becomes thinner but also as
the polymer chain rigidity becomes greater.6,119,120 The 6F-
HAB-CI polymer is somewhat rigid, so that in films around
100-200 nm thick the polymer chains will tend to align in the
film plane. In-plane orientations of the PSPI polymers were
confirmed even for 5.0 µm thick films by prism coupling
measurements as described earlier; the in-plane refractive
index is always slightly larger than the out-of-plane refractive
index. This refractive index anisotropy indicates that the
PSPI is a positively birefringent polymer whose polarization
is larger along the polymer chain axis than along the direction
normal to the polymer chain axis. 

Given that the PSPI chain is positively birefringent, the
anisotropic form of the polar diagram indicates that the
PSPI polymer chains are oriented preferentially along the
direction at an angle of 107 o to the polarization direction of
the LPUVL used in the exposure. This preferential orienta-
tion direction is somewhat different to that of the imide N-C
bonds as well as to that of the vinylene C=C bonds, both
described above. These differences in orientation direction
are attributed to the geometrical structure of the PSPI poly-
mer. As shown in Figure 19, the polymer chain has a kink at
every 6F moiety, and hence its long chain axis is not parallel
to the N-C bond axis. The CI side groups are attached at an
angle of around 60 o or around 120 o, rather than 0 o or 90 o

with respect to the polymer main chain. Therefore the long
axis of CI group and the vinylene bond axis are not parallel
to that of the polymer chain. Because of this geometrical
arrangement of the CI side groups and the polymer main
chain, the selective photoreactions of the CI side groups by
LPUVL might explain the orientation direction of the poly-
mer chains shown in Figure 21(a).

In Figure 21(a), the optical retardation was determined
from the maximum transmitted light intensity values along
the direction 287 o ↔107 o. The above determination of opti-
cal retardation for the PSPI films irradiated with LPUVL
was extended to various exposure energies. The resulting

retardation values are plotted in Figure 21(b) as a function of
exposure energy. As shown in Figure 21(b), the retardation
rapidly increases with exposure energy up to around 0.5 J/cm2

and then slowly increases with further increases in the expo-
sure energy. This result suggests that a preferential orientation
of the PSPI polymer chains in films is induced by LPUVL
exposure only at 0.5 J/cm2, which is consistent with our
conclusion from the dichroic UV-Vis spectroscopy mea-
surements described above.

The LPUVL-irradiated films were found to homoge-
neously align LC molecules along a direction at an angle of
107 o with respect to the polarization of the LPUVL. This
LC alignment result, along with the conclusions in regard to
the orientation of polymer chains in irradiated films, shows
that the oriented polymer chains in the irradiated films inter-
act anisotropically with LC molecules and align the LC
molecules along the orientation direction of the polymer
chains. This LC alignment process is principally governed in
the irradiated PSPI films by the orientations of the polymer
main chains and of the unreacted CI side groups, whose
directionally anisotropic interactions contribute to the align-
ment of the LC molecules. This LC alignment was found to
be thermally stable up to 200 oC, approximately 20 oC higher
than the Tg of the film. 

In summary, this study has revealed the homogeneous,
uniaxial LC-aligning ability of 6F-HAB-CI PSPI. The prop-
erties of this PSPI make it a promising candidate material
for use as an LC alignment layer in advanced LC display
devices, in particular in devices with an in-plane switching
mode that require as low as possible LC pretilt angles.

Surface Morphologies. The surface of a C4-PMDA-PDA
PI film without rubbing is apparently covered with submi-
crometer-scaled spikes (see atomic force microscopy (AFM)
imiages in Figure 22).65-68,190,191 When the film is examined
at the nanoscale, the surface shows an orange-peel like mor-
phology with a periodicity of around 600 nm. The root-mean-
square (rms) roughness is 0.5 nm over the area of 5× 5 µm2.
The surface morphology and roughness of the PI film derive
mainly from the characteristics of the polymer chains that
govern the aggregation and molecular ordering that occur
during the drying and thermal imidization processes after
spin-casting. Similar smooth surfaces were observed for the
other Cn-PMDA-PDA PI films without rubbing.

However, quite different surface morphologies were ob-
served when those films were rubbed. Figure 23(a) presents
AFM images of the surface of a rubbed C4-PMDA-PDA PI
film.65-68,190,191 As seen in Figure 23(a), microgroove lines,
which are produced by the rubbing process, are aligned par-
allel to the rubbing direction.65-68,190,191 This AFM image is
compared with those of the other rubbed Cn-PMDA-PDA
PI films (Figure 23(b)-(d)).65-68,190,191 The surface roughness
values along the rubbing direction of the area marked in
Figure 2 for the rubbed C4-, C6- C7-, and C8-PMDA-PDA
films were 2.2, 1.6, 4.0, and 3.4 nm respectively, whereas
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the surface roughness values across the rubbing direction
for the same region of the film surfaces were 3.4, 4.2, 7.2,
and 3.7 nm.65-68,190,191 Overall, the microgrooves developed
along the rubbing direction are much larger in size than the
LC molecules, which have dimensions of ca. 2 nm (length)
and 0.3 nm (diameter). The characteristics of the micro-
grooves on the rubbed film surfaces (i.e., microgroove
shape, size, and size distribution, and periodicity of micro-
groove lines), vary depending on the length of the n-alkyl
bristle end group in the PI.65-68,190,191

PMDA-PDA PI, which corresponds to the backbone of all
the PIs tested in this study, is very hard and brittle.6,119,120 In
contrast, all of the PIs prepared in this study were relatively
ductile, and the ductility increased with increasing length of
the n-alkyl end group in the bristle. Based on these properties,
the surface morphologies described above might correlate
with the deformation response characteristics of the PI films
to the shear force caused by contact with the fibers during
the rubbing process, which depend on the length of the n-
alkyl end group of the bristle. 

In the case of photoreactive 6F-HAB-CI PI film, the sur-
face morphology resembles that of Cn-PMDA-PDA PI films
without rubbing.74 However, the surface of 6F-HAB-CI film
was found to become smoother when the film was exposed
to LPUVL.74 

Interactions of PIs with Liquid Crystal Probes.

Nonphotoreactive PIs: Figure 24 shows polar diagrams
of the variation of the optical phase retardation with the
angle of rotation of PI films rubbed at a rubbing density of
120 and coated with a Merck nematic LC.190.191 As is clear
from Figure 24(a)-(c), the nematic LC (5CB: 4-n-pentyl-4'-

Figure 23. AFM images and surface profiles of Cn-PMDA-PDA PI films rubbed with a rubbing density of 120: (a) C4-PMDA-PDA PI; (b)
C6-PMDA-PDA PI; (c) C7-PMDA-PDA PI; (d) C8-PMDA-PDA PI. The arrow in each AFM image denotes the rubbing direction.

Figure 22. AFM images and surface profiles of C4-PMDA-PDA
PI films without rubbing.
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cyanobiphenyl) coated films of C4-PMDA-PDA, C6-
PMDA-PDA and C7-PMDA-PDA PIs exhibit a maximum
retardation along the direction 90 o ↔ 270 o, which lies per-
pendicular to the rubbing direction.190,191 These results indi-
cate that the LC molecules in contact with the rubbed film
surfaces are induced homogeneously to align perpendicular
to the rubbing direction. These LC alignments are quite dif-
ferent from those for conventional PI alignment layer mate-
rials.212,213 

In combination with the surface morphology results
described above, these data show that the LC molecules are
induced to align perpendicular to the grooves created along
the rubbing direction, indicating that the alignment of LCs
is not directly induced by the grooves but by other effects.
This LC alignment is also perpendicular to the alignments
of both the polymer main chains and the n-alkyl bristle end
groups (i.e., n-butyl, n-hexyl and n-heptyl), which are ori-
ented preferentially along the rubbing direction, but is parallel
to the alignment of the phenyloxy bristle units, which are
oriented perpendicular to the rubbing direction. The observed
perpendicular alignments of the LC molecules therefore
imply that the LC molecules are anchored to the rubbed film
surface by their strong anisotropic molecular interactions
with the oriented phenyloxy bristle units, which override the
interactions with the polymer main chains and the n-alkyl
bristle end groups (i.e., n-butyl, n-hexyl, and n-heptyl) as well
as with the microgrooves that are created along the rubbing

direction, and align the LC molecules along the oriented
phenyloxy bristle units.

As seen in Figure 24(d), the LC coated film of C8-PMDA-
PDA PI, on contrary, exhibits a maximum retardation along
the direction 180 o ↔ 0 o, which lies parallel to the rubbing
direction.190,191 This result indicates that the LC molecules in
contact with the rubbed film surfaces are induced homoge-
neously to align parallel to the rubbing direction. 

The C8-PMDA-PDA PI has the same backbone and phe-
nyloxy bristle units as the other Cn-PMDA-PDA PIs (i.e.,
C4-PMDA-PDA, C6-PMDA-PDA, and C7-PMDA-PDA
PIs), but has one to four more carbons in its n-alkyl bristle
end groups.190,191 Thus the length of the n-alkyl bristle end
group seems to play an important role in the alignment of
LC molecules in contact with the rubbed surface; apparently
the roles played by the polymer main chain and the pheny-
loxy bristle unit in LC alignment are redundant for these
PIs. These results indicate that the critical length of the n-
alkyl bristle end group that governs a transition from per-
pendicular to parallel LC alignment on rubbed PI films is 8
carbons (i.e. as in the n-octyl end group). 

In general, an LC molecule is composed of an aromatic
mesogen and an aliphatic tail. The aromatic mesogens might
favorably interact with the phenyl ring components of the
PIs via π-π interactions, while the aliphatic tails might
undergo van der Waals type interactions with the n-alkyl
bristle end groups of the PIs. This van der Waals interaction
might become more favorable as the n-alkyl bristle end group
becomes longer. Thus the van der Waals interactions with the
n-alkyl bristle end groups oriented parallel to the rubbing
direction might hinder the perpendicular LC alignment that
is driven by the perpendicularly oriented phenyloxy bristle
units; these interactions are also in competition with the
contributions of the parallel oriented polymer main chains
and the grooves created along the rubbing direction to the
anisotropic molecular interactions with LC molecules. The
negative contributions of the oriented n-alkyl bristle end
groups in ≤ 7 carbons are not large enough to alter the
observed perpendicular LC alignments to a parallel LC
alignment. However, the presence of oriented n-octyl bristle
end groups does result in parallel LC alignment. 

Taking the observed LC alignment into account, the
crystal-rotation technique was used to determine the pretilt
angle of the LCs along the direction perpendicular to the
rubbing direction.190,191 The LCs in the cells fabricated with
rubbed films of C6-PMDA-PDA and C7-PMDA-PDA PIs
did not exhibit any pretilt angle outside the range 25 to 55 o,
as observed in LC cells fabricated with rubbed films of C4-
PMDA-PDA PI. Outside this range, the LC pretilt angle
could not be measured because of the limits of the measure-
ment technique. It is suspected that the pretilt angles of LCs
in contact with the rubbed films of these PIs along a direction
perpendicular to the rubbing direction lie in the range 25-
55 o, depending upon the rubbing density. For comparison,

Figure 24. Polar diagrams of the variation of retardation with the
angle of rotation of the LC coated film in optical phase retardation
measurements of rubbed C6-PMDA-PDA PI films coated with
LC: (a) C4-PMDA-PDA PI; (b) C6-PMDA-PDA PI; (c) C7-
PMDA-PDA PI; (d) C8-PMDA-PDA PI. The films were rubbed
with a rubbing density of 120.
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the LC in the cells fabricated with rubbed films of C8-
PMDA-PDA PI exhibits a pretilt angle of 75 o; namely, the
rubbed C8-PMDA-PDA PI film induces a homeotropic LC
alignment with a pretilt angle of 75 o in which the main
director projected to the film plane is parallel to the rubbing
direction.

With the observed LC alignment in mind, twist nematic
(TN) cells were prepared and used in measurements of the
twist angle of the LC molecules with a UV-Vis spectroscopic
technique.190,191 All the TN cells exhibited a twist angle of
90 o, regardless of rubbing density. From this measured twist
angle, the anchoring energies of the LC molecules on the
rubbed films of all the PIs are estimated to be much greater
than 1× 10-3 J/cm2.190,191 This anchoring energy is compara-
ble to those found for the rubbing type PIs currently used in
the LC display industry. These therefore indicate that both the
perpendicular alignments of LC molecules on the rubbed
films of C4-PMDA-PDA, C6-PMDA-PDA, and C7-PMDA-
PDA PIs and the parallel alignment of LC molecules on the
rubbed C8-PMDA-PDA PI film are very stable.

Photoreactive PIs: All the parallel LC (5CB) cells fabri-
cated with 6F-HAB-CI PSPI films irradiated with LPUVL
at various exposure energies were found by optical micros-
copy to be homogeneous throughout.74 Figure 25 displays a
representative polar diagram, which was constructed for an
LC cell fabricated with a PSPI film irradiated with LPUVL
at 0.5 J/cm2.74 As shown in the figure, the main director of
the LC molecules lies along the direction 287 ↔ 107 o,
which is at an angle of 107 o to the polarization direction
(0 ↔ 180 o) of the LPUVL used in the UV-exposure. This
result indicates that the LC molecules in contact with the
film surface are induced to homogeneously align in a direc-
tion at an angle of 107 o to the polarization of the LPUVL.
The director of the LC alignment was same for the other
PSPI films irradiated at various exposure energies in the
range 0.1-5.0 J/cm2.

Here it is considered that the interactions between the LC
molecules and the PSPI polymer chains might affect the
alignment of the LC molecules. 

Firstly, the 5CB molecule has a length of approximately
1.8 nm and a diameter of approximately 0.25 nm, which are
smaller than the dimensions of the chemical repeat unit of
the main chain backbone but slightly larger than those of the
CI side group. Therefore, both the polymer main chains and
the CI side groups in the PSPI film may influence the LC
alignment on the film surface. 

Secondly, it has been previously suggested that for con-
ventional rubbing-type polyimide alignment layer materials
the major intermolecular interaction between polyimide and
LC molecules is the π-π interaction between the phenyl rings
of the polymer and those of the LC molecule. Taking this
into account, the main chain backbone, which has four phe-
nyl rings per chemical repeat unit, should have stronger
intermolecular interactions with the biphenyl ring of the LC
molecule than do the two side groups, which have only two
phenyl rings per chemical repeat unit (see Figure 19). More-
over, the main chain backbone has a biphenyl unit, as does
the mesogen unit of the LC molecule. Thus the biphenyl units
in the polymer main chain may be significantly involved in
interactions with the LC molecules. 

Thirdly, one can consider the unreacted CI side groups left
by LPUVL exposure and their contribution to the intermo-
lecular interactions of the polymer chains with the LC mole-
cules. The vinylene C=C bonds of the unreacted CI chromo-
phores in the film were found to orient into the orientations
defined by the angles 50-140 o and 230-325 o to the polar-
ization direction (0 ↔ 180 o) of the LPUVL, as described
earlier. As shown in Figure 19, the axis of the vinylene C=C
bond is at some angle, rather than 0 o or 90 o, to the long axis
of the CI chromophores. Thus the direction of the oriented
CI chromophores might lie along a direction at some angle,
rather than 0 o or 90 o, to that of the oriented vinylene C=C
bonds. In addition, the dichroic UV spectroscopy results
suggest that the unreacted CI chromophores lie preferentially
along a direction perpendicular to the polarization of the
LPUVL. Collectively, the IR and UV results suggest that the
unreacted CI chromophores are oriented in a direction that
is not parallel to the polarization of the LPUVL. Such pref-
erentially oriented CI chromophores might contribute posi-
tively to the observed LC alignment. 

Finally, the preferential orientation of the polymer main
chains and their contribution to the intermolecular interac-
tions of the polymer chains with the LC molecules are con-
sidered. In the PSPI films irradiated with LPUVL, the
polymer chains are preferentially oriented along the direc-
tion at an angle of 107 o with respect to the polarization of the
LPUVL, as determined in the optical retardation measure-
ments above. The preferential orientation of the polymer
chains leads to anisotropic interactions with adjoining LCs,
which in turn leads to LC alignment along the orientation

Figure 25. Polar diagram of absorbances measured from a parallel
LC cell assembled with a 6F-HAB-CI PSPI film irradiated with
LPUVL (260-380 nm) at 0.5 J/cm2, as a function of the angle of
rotation of the LC cell.
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direction (i.e., at an angle of 107 o with respect to the polar-
ization of the LPUVL). As shown in Figure 21, the main
director of the preferentially oriented polymer chains exactly
coincides with the main director of the LC alignment. This is
a good sign that the PSPI polymer chains oriented anisotro-
pically by LPUVL exposure play a major role in alignment
of the LC molecules in contact with the irradiated film. 

Taking the orientations of molecular groups and their pos-
sible interactions with the LC molecules into account, it is
concluded that the anisotropically oriented polymer main
chains and the unreacted CI side groups work together to
induce a homogeneously uniaxial alignment of LC mole-
cules, although the oriented polymer main chains make the
dominant contribution to the LC alignment. 

This LC alignment at the irradiated 6F-HAB-CI PSPI
films, which is induced mainly by anisotropic interactions
with the oriented polymer main chains, is a significant
departure from the LC alignment observed for PVCi and its
derivatives reported so far,197-202 for which LC alignment is
always induced mainly by anisotropic interactions with the
unreacted CI chromophores. 

For the LC cells, the pretilt angle of the LCs was deter-
mined along the director of the LC alignment in the cell by
using the crystal-rotation technique. The LC pretilt angle
was measured to be zero degree for the LC cells fabricated
with the PSPI films irradiated at the position perpendicular
to the incident LPUVL direction. Instead, the LC cells, which
were prepared with the PSPI films irradiated at the position
with a tilt angle of 45 o with respect to the propagation plane
of LPUVL, show a LC pretilt angle ranged from 0.05 to
0.15 o, depending on the exposure energy; the films irradiated
at higher exposure energy gave larger LC pretilt angle. 

The thermal stabilities of the anisotropically oriented
polymer chains and their LC alignment ability were also exa-
mined. For these studies, a series of LC cells were prepared
with PSPI films irradiated with LPUVL at 1.5 J/cm2 and
followed by thermal annealing from 100 to 200 oC via the
following steps: 100 oC/10 min, 120 oC/10 min, 140°C /10
min, 160 oC/10 min, 180 oC/10 min, and 200 oC/10 min. The
directors of the alignments of LCs on these annealed PSPI
films were found to be same as that for the unannealed PSPI
film, regardless of the annealing history. In particular, for
the films annealed above the Tg (181 oC), the LC alignment
directors were the same as that of the unannealed film. Only
very small changes in the LC pretilt angle α were observed.
Collectively, these results indicate that the oriented polymer
chains and CI side groups that induce LC alignment are
thermally stable up to 200 oC, which is approximately 20 oC
higher than the Tg of the film. 

In summary, the LC alignment characteristics of the ther-
mally stable 6F-HAB-CI PSPI make it a promising candidate
material for use as an LC alignment layer in advanced LC
display devices, in particular devices with an in-plane switch-
ing mode that require as low as possible LC pretilt angles.

Closing Remarks

As reviewed above, there were good research progresses
in the characterizations of PI precursors and their imidization
reactions and in the developments of dielectric, light-emit-
ting, and LC-alignment-layer PIs. 

The ODSC technique combined with NMR spectroscopy
demonstrates its great power to quantitatively characterize
the thermal properties and phase transitions of PI precursors.
Further this technique can constract phase diagrams of PI
precutrsors in solvents. On the other hand, the details of PIs’
imidizaton reaction were successfully investigated by using
time-resolved FTIR spectroscopy.

A variety of chemical modifications based on the incorpo-
ration of fluorine atoms have been attempted to reduce the
dielectric constant of PIs with retaining all advantageous
properties such as excellent mechanical properties, low ther-
mal expansivity, low interfacial stress, and high chemical
resistance. However, there is a limititation in the reduction
of PI’ dielectric constant via the chemical modification
approach. Indeed, there is still a big challenge to develop PIs
of a dielectric constant of less than 2.6. One possible alter-
native approach is incorporating nanoscale pores into PIs,
producing nonporous PI dielectrics. Most PIs become mobile
above their Tg. In addition, the nanopores in the PIs may
experience high capillary pressure because of their nanoscale
dimension. Due to both the molecular mobility of the PIs
induced by thermal processing and the high capillary pre-
ssure, the pores in the PI dielectrics may collapse during
post thermal processing of the PIs, including thermal cycles.
Thus, pores in the PIs must be stable thermally and
dimensionally.91,131,214-229 Taking this requirement, the creation
of thermally, dimensionally stable nanopores in PI dielectric
matrices remains a significant challenge.91,131,214-229

The development of light-emitting PIs has been tried to
fully utilize all advantageous properties of PI. However, a
few light-emitting PIs were reported so far. Thus, there is
still a big challenge in developing high performance light-
emitting PIs.

The most recently developed application of PIs is LC-
alignment layer for LC flat-panel display devices. Several
LC-alignment lalyer PIs were commercialized in 1990s and
used in the LC display industry, which require rubbing pro-
cess for the mass production of LC dislay devices. Up to
date, the development of new PIs with high performance for
LC-alignment has been continued. Most PI films found to
induce LC alignment along the rubbing direction. In con-
trast, specifically designed PIs demonstrated an unusual
ability to induce LC alignment perpendicular to the rubbing
direction. On the other hand, much research effort has been
exerted to understand the mechanism of LC alignment on
the rubbed PI films. As a result, all factors including film
surface texture and polymer segmental orientation were
found to involve in the LC alignment in the contact with the
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PI film. In general, the molecular interactions of LCs with
the polymer segments oriented by the rubbing process are
much stronger than that of LCs with the film surface tex-
ture. This is clearly evident in the LC alignment induced by
the PSPI films exposed to linearly polarized UV light. 

However, the rubbing process of PI films has some short-
comings, such as dust generation, electrostatic problems,
and poor control of rubbing strength and uniformity. More-
over this process has a serious limitation in the fabrication
of very large area of PI films which are required in the mass
production of large size of LC television. Thus, at the present
PIs which can offer the possibility of rubbing-free production
of LC aligning films are highly demanded in the LC display
industry. As reviewed, one alternative of rubbing type of PIs
is PSPI, which can retain all advantageous properties of rub-
bing type of PIs but be processible with polarized UV light.
Some PSPI candidates were reported so far. Further devel-
opment of high performance PSPIs is still demanded, which
can meet all requirements in the mass production of LC dis-
play devices. 
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