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Molecular Order in Condensed States of Semiflexible Poly(amic 
acid) and Polyimide 
Nobuyuki Takahashi,’ Do Y. Yoon,* and William Parrish 
ZBM Research Laboratory, San Jose, California 95193. Receiued April 10, 1984 

ABSTRACT The molecular order in condensed states of the aromatic poly(amic acid) (PAA) poly(4,4’- 
oxydiphenylenepyromellitamic acid) and the resulting polyimide (PI) poly(4,4’-oxydiphenylenepyromellitimide) 
obtained by heating PAA films was determined from wide-angle X-ray diffraction studies. PAA chains in 
films containing solvents of N 30% by weight exhibit parallel alignment and correlated (smectic-like) lateral 
packing of highly extended chain segments, as shown by the appearance of a diffraction peak due to the 
intramolecular periodicity of -14 A. Upon imidization and removal of solvents by heating at 200 “C, this 
molecular order is preserved and slightly improved in the resulting PI films. Further improvement in order 
occurs upon annealing PI films at temperatures above ca. 300 O C ,  with the details of changes depending strongly 
on the initial orientation. In all PI samples, however, the high-angle diffraction patterns in the region of the 
scattering vector s (=(2 sin B ) / X )  > 0.35 A-’ are matched very closely by the theoretical curve calculated for 
a single repeat unit, thereby indicating the absence of any appreciable long-range crystalline order in the thermally 
imidized PI f b .  The ramifications of such molecular order in condensed states of PAA (which cannot crystallize 
due to the meta-para isomers in the pyromellitamic acid unit) and PI are discussed in light of recent theoretical 
developments in the statistical thermodynamics of semiflexible polymers as well as some unique characteristics 
exhibited by this polyimide. 

Introduction 
The polymers comprising planar rigid groups intercon- 

nected to each other with fixed bond angles (i.e., aromatic 
polyimides, polysulfones, polycarbonates, etc.) normally 
exhibit a combination of high softening temperatures, 
thermal stability, and tough mechanical properties and 
thus are highly desirable for various demanding techno- 
logical applications. On the molecular level, inclusion of 
such long rigid groups in the polymer backbone reduces 
the chain “flexibility”, as demonstrated by detailed in- 
vestigations1v2 of their unperturbed chain configurations 
in dilute solutions devoid of excluded volume effect. For 
polymers with sufficient flexibility, the unperturbed ran- 
dom coil configuration is directly applicable t~ the chains 
in concentrated solutions and in the bulk.3 However, this 
relationship cannot hold for polymers with limited flexi- 
bility as shown by theoretical considerations of semiflexible 
polymers in condensed states.”’ These considerations lead 
to the prediction that, for polymers with insufficient 
flexibility, an ordered state exhibiting both orientational 
and conformational order can be more stable than the 
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isotropic state of random chains. Furthermore, the degree 
of order in conformation and orientation in the ordered 
state depends strongly on the chain model. Hence, the 
decreased chain flexibility due to  the presence of planar 
cyclic groups of considerable length in the chain backbone 
poses a rather important question concerning the chain 
configurations, or molecular order, of these polymers in 
condensed states. 

In this paper, we examine the molecular order of the 
aromatic poly(amic acid) (PAA) poly(4,4/-oxydi- 
phenylenepyromellitamic acid) and the corresponding 
polyimide (PI) poly(4,4~-oxydiphenylenepyromellitimide) 
obtained by thermal imidization of PAA films: shown 
schematically in Figure 1. The PAA chain comprises rigid 
groups of ca. 18 and 9 A in length for the para and meta 
linkages of the pyromellitamic unit,2, respectively, dis- 
tributed randomly along the chain9 and due to this 
structural irregularity cannot crystallize. The PI chain 
comprises rigid groups of ca. 18 A in length2 and is known 
to exhibit crystallinity upon heating the highly drawn 
fibers or The structure of PA4 films has received 
very little attention. While the structure in PI films or 
fibers has been the subject of a rather large number of 
studies,’*’4 most of the attention has been focused on the 
issues of crystallinity, crystal structure, and crystalline 
aggregates, etc. The structures or molecular order in 
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Figure 1. Schematic diagram of the repeat unit of poly(4,4'- 
oxydiphenylenepyromellitamic acid) (PAA) and poly(4,4'-oxy- 
diphenylenepyromellitimide) (PI). 

noncrystalline states of PAA and PI have not been in- 
vestigated, despite their ramifications concerning the 
statistical thermodynamics of semiflexible polymers as well 
as the technological importance of this class of polymers,8 
which includes applications in microelectronic devices.15 

Experimental Section 
Materials. PAA of M, - 28000 was obtained from Du Pont 

Corp. in concentrated solutions of -18% by weight in N- 
methylpyrrolidone and xylene (4:l). PAA films, -100 pm in 
thickness, were prepared by coating the solutions on glass sub- 
strates by doctor blading, followed by drying at 100 "C for 30 min. 
The solid films, which contain solvents of -30% by weight! were 
then taken off the suhtrates. The oriented PI films were prepared 
by spin-coating PAA solutions on glass substrates a t  - 300-rpm 
spin speed, drying at 100 "C for 30 min, and heating a t  200 "C 
for 1 h in a nitrogen atmosphere before removing from the sub- 
strate. The curing condition was adopted in view of previous 
studies which showed that  PAA in condensed states undergoes 
a rather rapid imidization above -150 "C8 and imidization is 
nearly completed by heating PAA films at -200 OC for - 1 h.*6J7 
The average thickness of oriented P I  films was ca. 7 pm. Uno- 
riented PI films were obtained by removing PAA films from the 
substrates and heating at 200 "C for 3 h in a nitrogen atmosphere. 
Annealed P I  films, both oriented and unoriented, were prepared 
by heating the PI films described above a t  a preset temperature 
for 2 h in a free-standing form in a nitrogen atmosphere; four 
different temperatures of 250,300,350, and 400 "C were employed 
in this study. 

A single flat layer of film, mounted on aluminum rings, was 
used for X-ray measurements of PAA and unoriented PI samples, 
while a stack of 10 films was used for oriented PI samples. The 
area exposed to  the X-ray beam was not supported to avoid 
extraneous background. 

X-ray Measurements. The experimental runs were auto- 
mated with an IBM Series/l minicomputer.@ The following X-ray 
parameters were used with vertical plane focusing diffrachme- 
ters:19 long fine-focus Cu target X-ray tube operated a t  50 kV 
and 20 mA with a 12" take-off angle, goniometer radius R = 185 
mm, various angular apertures determined by the divergence slit 
widths (see below), incident beam parallel foil collimator aperture 
4.5' (none in diffracted beam), receiving slit 0.11" (0.35 mm), 
vacuum specimen chamber and X-ray path to eliminate air scatter, 
and NaI-T1 scintillation counter with single-channel pulse am- 
plitude discrimination. M a t  of the runs were made with reflection 
geometry and curved pyrolytic graphite monochromator set for 
Cu K a  radiation in the diffracted beam. 

The transmission runs used an asymmetric cut 10.1 quartz 
crystal monochromator bent to a section of a logarithmic ~pi ra l . '~  
In both reflection and transmission geometries, the specimen was 
continually rotated (77 rpm) around an axis normal to the surface 
of the specimen. Careful alignment of the beam and antiscatter 
slits was required to avoid false scattering at the small diffraction 
angles. 
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Table I 
Typical Experimental Parametersn 

20 range, A28, DS, highest count rate, 
den den t ,  s den counts s-l 
3-10 0.2 50 0.25 764 
9-24 0.2 30 0.50 1002 

20-43 0.5 30 1.00 794 
39-80 1.0 50 2.00 129 
76-110 1.0 50 4.00 29 

110-160 2.0 50 4.00 17 

"These are the set of parameters used to obtain the results of 
Figure 2. 
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Figure 2. Computer displays of experimental data showing six 
segments of a typical run taken for the unoriented PI annealed 
at  350 "C using the parameters listed in Table I. 

A large number of preliminary runs were made to determine 
the optimum experimental conditions. A typical experimental 
run took about 4 h. Each run was programed in six angular range 
segments to use the best experimental conditions in each segment 
as shown in Table I. The maximum divergence slit aperture DS 
was selected to correspond to the minimum 28 angle in each 
segment in order to obtain the highest intensity and to prevent 
the X-ray beam from exceeding the 25-mm specimen diameter. 
Each range overlapped a few degrees to  determine the scaling 
factors. The angular increments in the step scanning, A20, were 
selected as large as possible to be consistent with the required 
resolution and minimum experimental time. The 30- or 50-s count 
time t per step was determined from the approximate "average" 
intensity in that segment. The intensities in the high-angle regions 
were very low and would have required nearly an hour per step 
to accumulate the same number of counts in the forward reflection 
segments and t = 50 s was selected as a practical value. The last 
column lists the highest intensity in counts per second in each 
segment normalized for t and DS. Figure 2 shows the computer 
displays of a typical run using the complete set of experimental 
parameters listed in Table I, taken for unoriented P I  films an- 
nealed a t  350 "C.  

In the forward reflection region, the coherent Cu K a  scattering 
and the incoherent scattering (Compton modified) are overlapped 
and the experimental data include both. They become increas- 
ingly separated as the diffraction angle 28 increases, and the 
intensity of the incoherent scattering increases and becomes larger 
than the coherent radiation a t  large 28. The diffracted beam 
monochromator reflects only the Cu K a  radiation and an in- 
creasing portion of the incoherent scattering is not recorded with 
increasing 28, causing a systematic error in the experimental 
intensities. Because some assumptions must be made in calcu- 
lating the error, a separate set of experiments was made to ac- 
curately account for the coherent and incoherent scattering at  
high 28. These measurements were made with an energy-dis- 
persive diffractometer using a Si(Li) detector and multichannel 
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Figure 3. X-ray diffraction patterns obtained from the reflection 
(solid line) and transmission (dashed line) diffractometry for (a) 
PAA, (b) oriented PI, and (c) unoriented PI. The lattice spacings 
corresponding to the scattering vectors where unoriented PI ex- 
hibits diffraction maxima are indicated along the horizontal ab- 
scissa. 
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Figure 4. X-ray diffraction patterns in transmission obtained 
for oriented PI films annealed at the temperatures denoted by 
T,. The profiie of the initial oriented PI is also shown (solid line) 
for comparison. 

analyzer without monochromator.P Even at 160° 28, the coherent 
scattering and incoherent scattering were not completely resolved. 
These runs were also computer automated and required 15-20 
h each because of the low intensities. 

Results 
After the measured X-ray intensities were corrected for 

absorption and polarization, the scale of intensities was 
adjusted for different samples by matching the intensity 
at 5 2 O  (28) for the transmission profiles and by matching 
the integrated intensity over the interval 52-160° (28) for 
the reflection profiles, respectively. These results were 
then converted to plots of intensity (counts) vs. the scat- 
tering vector s (= (2 sin 8) / A), equal to the reciprocal of the 
d spacing, and are shown in Figures 3-6. 

PAA. The X-ray diffraction patterns of PAA films are 
shown in Figure 3a The differences between the reflection 
and the transmission patterns indicate the preferred ori- 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

S(=Z sin B / A ) ,  K1 
Figure 5. X-ray diffraction patterns in reflection obtained for 
unoriented PI films annealed at the temperatures denoted by T,. 
The profile of the initial unoriented PI is also shown (solid line) 
for comparison. 
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Figure 6. Comparison of the X-ray diffraction patterns of 
unoriented PI with the structure factor of the PI repeat unit. The 
experimental profile (solid line) in the region of s < 0.35 A-' 
denotes the data of unoriented PI annealed at 400 O C ,  obtained 
by the diffracted beam monochromator system. In the region 
of s > 0.35 the experimental profie (identical for all unoriented 
PI samples regardless of annealing temperatures) was obtained 
with an energy-dispersive solid-state detector system to account 
for both the coherent and the incoherent scattering. The theo- 
retical curve (dotted line) also includes both the coherent and 
the incoherent scattering and is matched to the experimental 
pattern at s = 0.35 A-1; see text. 

entation of PAA chains along the film plane." The first 
peak has a d spacing of 13.9 A in transmission and 13.2 
A in reflection. This periodicity of 13-14 A arises from 
the repeat distances along the molecular chain, since its 
intensity is stronger in the transmission geometry in which 
the scattering vector coincides with the direction of the 
preferred orientation of PAA chains. 

This peak is 2 . 4 O  (28) wide a t  half peak height above 
background. Using the Schemer equation and the in- 
strument broadening function of 0.14O (28) a t  this 28 angle 
gives a coherence length of 37 A. One-dimensional or 
planar order in the molecular packing is unlikely because 
there is no appreciable asymmetry in the profile of this 
diffraction peak. At higher angles, only broad halos typical 
of amorphous polymers occurred. 
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This result indicates that PAA chains in condensed 
states assume a highly ordered structure. Since the PAA 
chain contains the para- and meta-isomeric linkages in the 
pyromellitamic acid unit (see Figure 11, probably with 
equal ~ h a n c e , ~  the possibility of crystallinity as the source 
of this ordered structure can be eliminated. The absence 
of any periodicity perpendicular to the chain axis further 
confirms this conclusion. 

The observed repeat distance of 13-14 8, is close to the 
projected length of the monomer unit along the axis of the 
fully extended chain which is estimated to be 15.9 for 
both the para- and meta-pyromellitamic linkagesa2 Hence, 
our results suggest that PAA chains in condensed states 
assume nearly fully extended local conformations. Fur- 
thermore, neighboring chains pack with one another in 
such a manner that the positions of monomer units of a 
given chain along the extended chain axis are in register 
with those of the neighboring chains, its coherence per- 
sisting over the span of ca. 37 A. Along the lateral di- 
rections, however, no periodicity is assumed. In essence, 
this order may be likened to that of smectic liquid crystals. 

Oriented PI. The diffraction patterns of PI  films 
prepared by thermal imidization of PAA on substrates are 
shown in Figure 3b. They have much more pronounced 
chain orientation than the PAA films, but other than this 
orientation effect, the overall diffraction patterns are very 
similar to those of PAA. The lowest angle peak has a 
spacing of 14.5 A, somewhat larger than that of PAA. Also, 
this reflection is somewhat sharper than that of PAA; the 
coherence len th  determined from its half-width is in- 

repeat periodicity along the PI chain axis, as demonstrated 
by previous X-ray studies on highly stretched PI fibers and 
films."13 The periodicity of 14.5 A is close to the value 
of 15.4 A, the repeat unit spacing along the axis of the fully 
extended chain2 The three higher angle halos are also very 
similar to those of PAA and, hence, indicate the absence 
of crystallinity. 

The molecular order in oriented PI  films therefore ap- 
pears to be very close to that of PAA films, with PI chains 
assuming fully extended local conformations. The some- 
what improved order as shown by the sharper low-angle 
peak may be due to the regularity in the chemical bonding 
of the PI chain (i.e., absence of meta-para isomers) as well 
as the removal of residual solvents. The integrated in- 
tensity of the low-angle peak averaged over the reflection 
and transmission experiments is -20% lower than that 
of PAA; however, considering the uncertainty involved in 
accounting for the orientation effect, this difference is 
within the experimental errors. Hence, the molecular order 
in PAA films seems mostly preserved in oriented PI films 
prepared by thermal imidization on substrates. 

Unoriented PI. The diffraction patterns from the PI  
films prepared by thermal imidization of PAA films in a 
free-standing form are shown in Figure 3c. The trans- 
mission and the reflection patterns match very closely, 
indicating a significant reduction in chain orientation 
during thermal imidization of (oriented) PAA films in a 
free-standing ~0ndi t ion. l~ The low-angle peak has a 
spacing of 15.0 8, and the coherence length is ca. 64 A. The 
first halo (over s = 0.13-0.35 Awl) exhibits more fine 
structure than that of the oriented PI, whereas the second 
halo (over s = 0.35-0.65 A-l) is virtually identical with that 
of the transmission profile of oriented PI. The PI  chains 
in unoriented films therefore seem to have a slightly better 
order along the chain axis as well as along the lateral di- 
rection, compared to those of oriented PI  and PAA. 
However, the integrated intensity of the low-angle re- 

creased to 55 R . This diffraction peak is again due to the 

Table I1 
Change in the Low-Angle Peak of Unoriented PI with 

Annealing 
anneal d coherence I(Deak) - rI(Deak) - 
temp, spacing, length, flbkgd) i(Gkgd)]/ 

"C A A au I ( b k d )  
init sample 15.0 64 335 1.1 
250 15.2 71 415 1.4 
300 14.8 65 385 1.3 
350 15.5 74 522 2.1 
400 15.6 74 659 3.4 

flection of unoriented PI  is almost identical with that of 
PA4 and, hence, the overall molecular order in unoriented 
PI films does not seem to differ significantly from that of 
the "smectic-like" order in PAA films and in oriented PI  
films. 

Structural Changes by Annealing. The transmission 
patterns of the annealed oriented PI films prepared by 
heating the initial oriented PI  films at  the temperatures 
of 250, 300, 350, and 400 "C, respectively, are shown in 
Figure 4. No appreciable changes are observed over the 
entire range of scattering vectors up to 300 "C. The initial 
change occurs at 350 "C, which causes increased intensity 
of the low-angle peak. A further intensity increase of this 
peak is observed at  400 "C; the total integrated intensity 
under this peak is increased by -30% and its width is 
decreased by -2O%, compared with that of the initial 
oriented PI. At higher scattering vectors, however, no 
change is observed at  all annealing temperatures. 
Therefore, it seems that although the initial molecular 
order in oriented PI  films can be improved somewhat by 
annealing at temperatures higher than -350 "C, no major 
departures from the initial order in PAA films occur re- 
gardless of annealing temperatures. 

Unoriented PI films, imidized initially in a free-standing 
form, exhibit more significant structural changes upon 
annealing, as shown by the reflection patterns in Figure 
5. The low-angle reflection undergoes a major increase in 
its intensity a t  350 "C and becomes more intense at 400 
"C, similar to the situation of oriented PI films (see Figure 
4). As the detailed analyses listed in Table I1 show, the 
d spacing also increases significantly at 350 "C. These 
results also indicate a decrease in order at 300 "C from that 
at 250 "C, as shown by the changes in d spacing, coherence 
length, and peak intensity. The broad peaks at 4.6- and 
3.3-A spacings (see Figure 2c) also become broader by 
annealing at  300 "C, indicating decreased order in the 
lateral chain packing. The 3.3-A peak starts to sharpen 
at  350 "C and gets sharper at 400 "C. Annealing at 400 
"C also produces five bumps around the initial 4.6-A peak 
as shown in more detail in Figure 6; three of these five 
bumps correspond to the (equatorial) reflections observed 
by Conte et al.12 in the direction normal to the chain axis 
for the highly stretched PI  films, and the remaining two 
correspond to the second- and the third-order reflections 
of the low-angle peak. This indicates that the molecular 
packing in unoriented PI films improves and begin to 
exhibit some crystalline features at 400 "C. The scattering 
vectors s > 0.35 kl, however, show no appreciable changes 
at all annealing temperatures. Furthermore, the diffraction 
profiles in this range are very close to those of oriented PI 
in the transmission geometry. Actually, the diffraction 
profiles in this range of scattering vectors are changed only 
by the initial imidization of PAA to PI, suggesting that 
they may represent the structure factor of the PI  repeat 
unit itself. 

Scattering Function of the PI Repeat Unit. To 
determine whether the diffraction patterns in the range 
of scattering vectors s > 0.35 A-' are due entirely to the 
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sistent with this observation. 
The results on annealing effects are relevant to the 

discussions concerning the glass transition temperature, 
or softening point, of this polyimide. Both the oriented 
PI  and the unoriented PI show that a significant increase 
in molecular odering along the chain axis begins to occur 
between 300 and 350 "C. This is consistent with the 
conclusions of Barton and Critchley,z2 who showed that 
the initial glass transition temperature of this PI is ca. 325 
"C from the extrapolation of the DSC results of co- 
polymers. It is further corroborated by our dielectric re- 
laxation and thermal expansion measurementsz3 on the 
unconstrained% films of this polyimide. However, as the 
molecular order undergoes changes above this temperature, 
attaining better order with increasing temperature, the 
softening point will keep changing when the PI  samples 
are exposed to higher temperatures, and hence this initial 
softening temperature is observed only during the first 
heating process.z3 

The observation that PAA chains assume a high mo- 
lecular order in condensed states needs to be related to the 
configurational characteristics of PAA. Following the 
procedure described by Birshtein,z but employing the 
phenylene-oxygen-phenylene angle of 1 1 8 O Z 1  instead of 
120°, the ratio of the mean-square end-to-end chain vector 
to the fully extended chain length, (r2)/L, is estimated to 
be ca. 59 A for the para linkage of the pyromellitamic group 
and ca. 31A for the meta linkage at all temperatures. This 
ratio corresponds to the Kuhn length LK in the equivalent 
freely jointed chain m0de1.2~ The mean diameter D of the 
PAA chain estimated from D2L = M/pNA (where A4 is the 
molecular weight, p is the density, and NA is Avogadro's 
number) is approximately 5.7 A, taking the density to be 
~ 1 . 4 . ' ~  Hence, the mean axial ratio L K / D  of the Kuhn 
length for the equivalent freely jointed chain becomes 
-7.9. This exceeds the critical value of LKID - 6.4, 
beyond which the ordered state is predicted to be stable 
a t  all temperatures for the freely jointed chains in the 
bulk.5 Alternatively, in terms of the wormlike chain model 
with limiting curvature (WCLC) developed recently,27 the 
ratio of (r2) / L  at infinite temperature corresponds to the 
cutoff wavelength L,, representative of the maximum al- 
lowed curvature at all temperatures. The critical axial ratio 
of the cutoff wavelength L, required for the absolute sta- 
bility of an ordered state in the bulk is predicted to be ca. 
4.45 in the limit of high molecular weights.6 The value of 
L,JD - 7.9 estimated for the PAA chain is thus well above 
this critical value. Therefore, the occurrence of an ordered 
state in condensed states of PAA is consistent with the 
predictions of the theories based on the freely jointed chain 
model or the WCLC model, even though neither of these 
models can be considered satisfactory in representing the 
detailed configurational characteristics of PAA. 

Finally, it is of interest to note that the corresponding 
value of LK/D or L,/D for the polycarbonate of di- 
phenylol-2,2'-propane is estimated to be -4.3, from the 
recent investigations of its geometry and unperturbed 
chain configurationsz8 and its density of l.ZZ9 The fact 
that this polycarbonate chain assumes random coil con- 
figurations in the amorphous state28~30s31 is also consistent 
with the theoretical predictions discussed above. This 
consideration suggests further investigations on the mol- 
cular order vs. chemical structure for other polymers 
comprising planar cyclic groups interconnected with fixed 
bond angles, in order to better define the boundary of 
disorder-order transition of this type of semiflexible 
polymers. 
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Figure 7. Schematic diagram of the PI repeat unit denoting 
various atoms designated in Table 111. 

Table 111 
Bond Geometry of PI Repeat Unitn 

bond angle, deg bond length, A 
c1-c2-c3 117.0 cZ-c3 1.396 
c4-c3-c5 108.5 c344 1.394 
C3-CE-N 105.9 c3-c5 1.480 
CS-N-Ce 111.2 cs-o* 1.203 
N-CS-O* 124.3 C5-N 1.414 
c,&-c~ 120.0 N-C7 1.428 

c7-cs 1.395 
Go-0 1.390 
Cm-H 1.08 

a All geometrical parameters are taken as the averages of equiv- 
alent geometries in the crystal structure of 4,4'-bis(phtha1imide) 
diphenyl ether obtained in ref 21. 

structure factor of the repeat unit of the PI chain, the 
scattering function of the repeat unit was computed from 
the known geometrical parameters. Both the coherent and 
the incoherent scattering contributions are included in the 
theoretical scattering function, calculated by employing 
the bond lengths and the bond angles denoted in Figure 
7 and Table 111. The torsional angle w between the plane 
of pyromellitimide and that of the oxyphenylene was taken 
to be 60" from the crystal structure of 4,4'-bis(phthalimide) 
diphenyl ether.21 This theoretical profile, shown by the 
dotted line in Figure 6, matches closely the experimental 
curve obtained with an energy-dispersive solid-state de- 
tector to include both the coherent and the incoherent 
scattering intensities in the region s 1 0.35 A-l; the ex- 
perimental curve for s < 0.35 A-1 was obtained by using 
the diffracted beam monochromator system and the in- 
tensities by the two methods as well as the theoretical 
curve were matched at  s = 0.35 A-1. The close agreement 
in the region s > 0.35 A-1 between the experimental pattern 
and the theoretical curve calculated for a single repeat unit 
shows that the diffraction profile in this region indeed 
reflects mainly the chemical structure of PI  and thus 
confirms the absence of any significant crystalline order 
in all PI films investigated in this study. 
Discussion 

The results presented above show that PAA chains in 
condensed states exhibit a high molecular order resembling 
that of a smectic liquid crystalline state and, furthermore, 
this order is virtually preserved and somewhat improved 
upon thermal imidization to form PI  films. The molecular 
chains assume nearly fully extended local conformations 
in both PAA and PI films. While a significant improve- 
ment in chain packing can be obtained by annealing 
unoriented PI  films at high temperatures close to 400 "C, 
no indication of any appreciable crystalline order is found 
in the thermally imidized PI films. 

The fact that PAA chains in the normally prepared films 
exhibit an ordered state of extended chains seems to 
provide a logical explanation for the observation that the 
imidization reaction, often called curing, is virtually com- 
pleted at  200 OC,16 which is substantially below the glass 
transition temperature of this PI chain believed to be 
above 300 0C.8 This implies that imidization can occur 
without requiring a substantial rearrangement of spatial 
configurations of the PAA chains. Our results are con- 
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ABSTRACT The profiles described by eluting gymnosperm kraft lignins from dextran gels with 0.10 M aqueous 
NaOH represent effective molecular weight distributions that  approach those for the discrete components. 
Under aqueous conditions between pH 13 and 14, dissociation of kraft lignin complexes occurs in dilute solution 
(-0.5 g L-l), while a marked tendency for kraft lignin components to associate prevails a t  higher concentrations 
(-20-150 g L-l). These processes are, furthermore, reversible. The apparent molecular weight distributions 
of kraft lignins are affected by the presence of counterions and zwitterions in alkaline solution and are remarkably 
sensitive to the method employed for their isolation. The relative ratios of kraft lignin components with molecular 
weights below 3500 do not, however, vary with the degree of association for the sample as a whole. The 
relationship between the overall weight-average and number-average molecular weights indicates that the 
ensemble average product of the molecular weights of interacting species remains constant during association 
in aqueous alkaline solution. This implies that the associative processes occurring within kraft lignin samples 
are stoichiometrically constrained: each of the associated complexes possesses a locus which is respectively 
complementary to  only one type of component. 

Introduction 
The f i i t  exploratory investigation revealing that lignin 

components tend to associate with one another was pub- 
lished 20 years ago.’ However, the appearance three years 

‘All experimental work was conducted at the University of 
Washington. The analysis of the results was developed by S.S. after 
transferring to his present position at  the University of Minnesota, 
where the paper was also mainly written. 
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later of a second article2 demonstrating the existence of 
such phenomena prompted no further studies of the effect 
for more than a decade. Thus the field of lignin chemistry 
was beset by a conceptual deficiency at a relatively fun- 
damental level: reliable methods for determining the 
molecular weight distributions of lignin samples were only 
recognized quite re~ent ly .~  

In solutions without dissolved electrolytes, the apparent 
molecular weight distributions of gymnosperm kraft lignins 
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