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ABSTRACT: Single crystals of the poly(imide PMDA-ODA were grown from a 1.4% by weight solution of 
the precursor poly(amic acid) in 1-methyl-2-pyrrolidinone (NMP) solvent. The morphology of the crystals 
was examined by high resolution electron (HREM) and atomic force microscopies (AFM). The crystals 
formed spherulitic bundles of well-defined lamellae similar to that typically observed in semicrystalline 
polymers. The crystallographic growth direction was found to be [OlOI in all cases. The nucleation and 
growth patterns of these crystals permitted imaging of the lateral ((100) 0.6-nm and (010) 0.4-nm) packing 
directions as well as that along the chain axis. High contrast 1.6-nm (002) lattice fringes seen within the 
polymer lamellae provided direct evidence of the crystalline perfection and for screw dislocation mediated 
crystal growth and lamellar branching. The lamellar crystal thickness was found to be 10.2 f 0.5 nm, 
corresponding to six PMDA-ODA repeat units along the (c) chain axis. Evidence from [0011 zone HREM 
images and electron diffraction patterns indicated that the crystallographic angle (y) fluctuated locally from 
81 to 99O. This was consistent with molecular simulations indicating that the crystal energy of PMDA-ODA 
was relatively insensitive to fluctuations over a similar range of angles. The theoretical simulations also 
indicate that fluctuations in y should be accompanied by simultaneous variations in the molecular setting 
angle 8. 

I. Introduction and Background 
Pyromellitic dianhydrideoxydianiline (PMD A-ODA) 

poly(imide) has been used in a wide variety of applications 
because of its mechanical properties, low dielectric con- 
stant, and thermal stability. PMDA-ODA poly(amic acid) 
(PAA), the tractable precursor polymer to PMDA-ODA 
poly(imide) (PI), is prepared by a condensation reaction 
from the dianhydride (PMDA) and the diamine (ODA). 
The conversion of PMDA-ODA PAA to PI (Figure 1) 
involves local conformational rearrangements along the 
precursor PAA chain. Since the imide is insoluable in 
most solvents the precursor polymer solution is usually 
cast or spin-coated onto substrates. 

Information about the microstructural organization of 
PMDA-ODA is important for interpreting ita macroscopic 
properties. X-ray scattering studies of PMDA-ODA fibers 
and films have revealed a morphology which is a strong 
function of the specific processing route employed.1-7 Wide 
angle X-ray scattering (WAXS) studiessI6 have shown that 
the PMDA-ODA molecules obtain a high degree of 
molecular organization when orientation is induced by 
the presence of a substrate or by mechanical deformation. 
Grazing incidence X-ray scattering (GIXS) studies5 on 
PMDA-ODA films cured on silicon substrates have 
revealed highly crystalline ordering near the free surface 
while the bulk of the film is more disordered.'% 

This investigation was undertaken to discern the 
structural organization in PMDA-ODA lamellar single 
crystals grown from dilute solution. We anticipated that, 
by studying PMDA-ODA lamellar single crystals, infor- 
mation about the nature and perfection of local molecular 
order in PMDA-ODA could be obtained. This information 
provides new insight about the organization of crystalline 
PMDA-ODA and makes it possible to compare this 
morphology with that found in commercially available 
films and films cured near surfaces. 

* To whom corresDondence should be addressed. 
+ Current address:-Film Technology Center, 3 M  Center Building 
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Figure 1. Synthesis of PMDA-ODA involving a condensation 
reaction between pyromellitic dianhydride (PMDA) and oxy- 
dianiline (ODA) to make a poly(amic acid). The poly(amic acid) 
liberates two molecules of water per repeat unit to make the final 
PMDA-ODA poly(imide). 

PMDA-ODA lamellar single crystals have been studied 
previously by transmission electron microscopy (TEM) 
and electron diffraction (ED) by Lebedev.8 As is typical 
for crystalline polymers, the molecular chain direction was 
found to be oriented perpendicular to the lamellar surface. 
The lamellae were determined to be 5-6 nm thick. The 
apparent folding of the PMDA-ODA chain was attributed 
to unconverted PAA segments, with the argument made 
that three of every four chemical repeats would be a ring 
closed PI structure with the fourth segment being a more 
flexible PAA repeat unit. However, the presumption that 

0024-9297/93/2226-6557$04.00/0 0 1993 American Chemical Society 



6558 Ojeda and Martin 

an amic acid unit is periodically spaced at every fourth 
chemical repeat seems unlikely when considering that 
imidization of PAA chains should proceed randomly along 
the chain backbone. The  limited selected-area electron 
diffraction (SAED) data presented and the lack of HREM 
images within the lamellar domains left unanswered 
questions about molecular organization and the predom- 
inant defects that  form in crystalline PMDA-ODA. 

Detailed studies of dislocation defects in lamellar 
polymer crystals have been limited by the resolution of 
characterization techniques typically employed. The  
growth of terraces a crystal edges are usually associated 
with the presence of screw  dislocation^.^ Polyethylene 
crystals have been found to  have screw dislocations with 
the Burgers vectors approximately equal to the lamellar 
thickness.10 Scanning tunneling microscopy (STM) images 
of poly(ethy1ene) single cryxtalsn have shownmorphologies 
consistent with growth around screw dislocations followed 
by chain slip during deposition onto the substrate. Since 
semiflexible PMDA-ODA moleculesform lamellar crystals 
from dilute solution, similar screw dislocation mediated 
growth might be expected. 

By using low electron doses, we found that HREM 
imaging of the molecular structure of these crystals could 
be achieved without significant damage to the polymer. 
This technique allowed local characterization of defects 
in the crystalline packing of the PMDA-ODA molecules. 
We also examined the morphology of the PMDA-ODA 
crystalswith atomic force microscopy (AFM).'* The  AFM 
provided high resolution information about surface struc- 
ture which proved to  compliment the information obtained 
by conventional TEM methods. 

The unit cell for PMDA-ODA is monoclinic (pseu- 
doorthorh0mbic)5,~ (P2/c) with unit cell dimensions of a 
= 0.631, b = 0.402, and c (chain axis) = 3.258 nm. Fiber 
diffraction patterns indicate that (I = B = 90". However, 
i t  has been argued that the crystallographic angle y may 
vary as much as 10' from 9Oo.l3 Before this study 
conclusive information about fluctuations in y had not 
yet been obtained. 

11. Experimental Section 
PMDA-ODA poly(amic acid) of 1.23 dL/g intrinsic viscosity 

was provided by the DuPont Co., Wilmington, DE, in a 
concentrated solution of 15% by weight in 1-methyl-2-pyrroli- 
dinone (NMP). The weight average molecular weight (M.,) was 
estimated to be 31 000 from the Mark-Houwink relation ([TI = 
0.058M,0.7') reported by Cotts." 

A 1.4% by weight solution of the PMDA-ODA PAA was 
prepared by dilution in NMP. used as received. After heating 
tbesolution to 160 "C ina purenitrogenatmosphere tbesolution 
became turbid due to crystallization after approximately 1 h.* 
The sample was held at 160 O C  for a total of 130 min. After 
cooling to room temperature, droplets of the crystalline sus- 
pension were transferred onto holey-carbon coated copper TEM 
support grids from a glass capillary tube. 

The extent of imidization in the samples was examined by 
Fouriertransform infraredspectroscopy (FTIR) usinga Mattson 
instruments Galaxy Series 3000 FTIR operating in the diffuse 
reflectancemode and a SpectraTech FTIRmicroscopeoperating 
in tranmission mode. The integrated areas of the 125-cm-' imide 
band and 1225-em-ldiphenyl ether stretch handswere compared 
to standard samples of fully imidized films provided by DuPont 
and prepared in our laboratory. This analysis indicated that the 
extent of reaction of the lamellar crystals was greater than 95%. 
AFM samples were prepared by atomization of the crystalline 
suspension onto (100) silicon substrates. Silicon wafers were 
sectioned into 2- X 2-em squares by diamond scribing followed 
by thoroughly wiping the substrates clean with acetone and 
laboratory tissue. A 5-mL charge of the lamellar crystal solution 
was placed in a nebulizer (Ted Pella, Inc.) and sprayed onto the 
silicon substrates. Five to ten sprays provided a high density of 
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FigureZ. Brightfield micrographufPM1)A~Oi)A single crystals 
on a holey carbon substrate. 

droplets with a significant concentration of crystals. The 
dynamiaofthe atomization process promoted individual crystals 
to adhere to the substrate independently without associated 
liquid. This allowed force imaging without artifacts or pertur- 
bationsresultingfromcontactof the tip withexcessunconverted 
PAA solution or residual solvent covering and surrounding the 
crystals 

Thesamples wereexamined withaJEOL4000EX transmission 
electron microscope at an accelerating voltage of 400 kV using 
a minimum dose system (MDS) and beam blanking device. Low 
dose HREM was used to image the strong 1.6-nm (002) planar 
spacings corresponding to the PMDA-ODA chemical repeat unit.l 
Also, lattice fringes of the lateral ((100) and (010)) 0.4- and 0.6 
nm packing directions were obtained using this method. Mag- 
nifications ranging from 80- to 150kX were chosen for high 
resolution work. 

Specific experimental procedure sf or low dose HREM imaging 
have been discussed elsewhere.16J6 In particular, it has been 
s h ~ w n ~ ~ . ' ~  that maximizing the phase contrast of crystalline 
spacingsofsized can beobtained byusinganunderfoeuscondition 
determined by d2/2A. This gives an optimum underfoeus of 800 
nm for obtaining the 1.6-nm (002) fringes at 400 kV (A = 1.64 
pm). 

The total end point dose (TEPD) for disappearance of the 
crystallinereflections inselected areadiffraction (SAED) patterns 
fromthelameUarcrystalswasdeterminedtohe0.22~0.07C/cm2. 
This value is consistent with the trend relating beam damage in 
polymers to thermal stability.19 During HREM imaging the 
samples were exposed to less than one-third of this dose to avoid 
damaging the crystal structure. 

Lattice fringespacing sand SAED patternswerecalibrated by 
evaporatinggoldontothesample. HREM imageawerecalibrated 
using a HeNe laser optical bench with images of turhostratic 
graphite (0.34 nm). Negatives or high contrast prints were 
digitized with a CCD camera and Scion image video 1030 broad. 
The images were analyzed with the FFT Image (Version 1.35)" 
software. 

Morphological and topographical featurea of the PMDA-ODA 
lamellar crystals were obtained used a Digital Instruments 
NanoscopeIIIAFMwiththeA,D,andJforce heads. Thecrystals 
were examined in air on silicon substrates using silicon nitride 
and single crystal silicon tips. Software features allow quanti- 
tative estimates of height variations from the sample to the 
substrate. 

HREM images were generated from the MacTempas simu- 
lations software, available from the National HREM Facility at 
Lawrence Berkeley Laboratory. Molecular simulations of the 
PMDA-ODA crystal structure, energy, diffraction patterns, and 
high resolution imageswere generated with Ceriusand PolyCraf, 
both commercially available from Molecular Simulations, Inc. 
Two-chain unit cells were used to explore the influence of local 
variations in molecular packing on crystal energy by doubling 
the length of the unit cell in either the a o r b  axis direction and 
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Figure 3. (a, Top) Atomic force microscope imagr <if an isolated spherulite of PMDA-ODA grown from solution. (b, Bottom) Detail 
of crystal edge revealing steps and terraces of approximately 10 nm in height consistent with the morphology seen in the TEM. 

redefining the unit cell parameters accordingly. Copies of our 
structural model computer files are availahle upon request. 

111. Results and Discussion 
A. General Observations. TEM studies of the 

PMDA-ODA single crystals revealed lamellar crystals 
ranging in size from 0.5 to 5 pm. Figure 2 shows a typical 
distribution of sizes and morphologies of the PMDA-ODA 
lamellar crystals. Figure 3a is an AFM scan showing a 
4-pm-long lamellar crystal. Many of the PMDA-ODA 
crystals grown from solution had this distinctive bow tie 
morphology consistent with a spherulite nucleus. Close 
examination of this particular crystal showed that it 
consisted of independent bundles of lamellae. These 
bundles had an average width of about 250 nm. The fact 
that the maximum height and lateral splay of the lamellar 
crystal occurred at the two ends of the structure provided 
evidence that the crystal growth direction was parallel to 
the bow tie axis with the thickness increasing as growth 
occurs away from the center. Height calculations revealed 

a maximum thickness located a t  the center of the splayed 
regions and dependent on the overall size of the crystal. 
Generally, the thickness a t  theouter perimeter of PMDA- 
ODA lamellar crystals ranged from 5 to 15 nm. Figure 3b 
is an AFM micrograph of the lamellar crystal viewed down 
the growth direction. Close examination a t  the end of the 
crystal revealed steps or terraces or 10 nm in height, 
familiar features of chain folded polymer lamellar crys- 
ta~s.12.21.22 

The [OlOI direction was the primary growth habit of 
the PMDA-ODA lamellar crytals. A common feature in 
TEM were collections of two or more crystals with a 
"crossed" texture. Figure 4 shows such a PMDA-ODA 
bicrystal morphology with each crystal oriented roughly 
normal to the other. The crystal running from top to 
bottom of the micrograph is oriented with the [lo01 
direction parallel to the electron beam. The 1.6-nm (002) 
fringes are visible in the region near the crystal's edge. 
SAED diffraction of the horizontal crystal revealed that 
the [o011 (chain) direction was normal to the substrate. 
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Figure 4. Center of a PMDA-ODA 'crossed" crystal texture 
indicating two crystals oriented nominally perpendicular to one 
another to make a bicrystal. Both crystals have the [OlO] 
direction as the fast growth axis. 

S U M *  
Figure 5. Schematic diagram of the "crossed" bicrystal texture 
inFigure4. Theelectronbeam (e-) isparalleltothe [Ool] (chain) 
direction for a crystal a and the [lOo] direction for crystal h. 

A schematic representation of the bicrystal morphology 
is given in Figure 5. 

Intercrossing growth in polymer crystals has been shown 
to occur in other semicrystalline polymers such as poly- 
ethylene and polypropylene.22-n KhouryZ2 has shown 
independent growth incident resulting in nucleation of 
another lamellar structure from the parent of lamellar 
polypropylene crystals. Growth of the new segment was 
found to be transverse to the parent crystal direction and 
established epitaxy between crystals. This mechanism of 
branching via epitaxial overgrowth formation was termed 
"quadriWsincethenewcrystalgrowsnormal to theparent 
forming a bicrystal. 

B. Observations from the Side ([loo] Zone). From 
HREM images of the 1.6-nmspacings down the [lo01 zone 
individual lamellae of consistent thickness could be 
distinguished. Typically, the lamellea were on the order 
of 10 nm, as is shown in Figures 6 and 7. The PMDA- 
ODA molecules are oriented perpendicular t o  the fringe 
direction. The lamellar thickness corresponds to six 1.6- 
nm (002) repeat units along the chain backbone. The high 
contrastandextended lateralsizeofthe (002) fringeswithin 
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Figure 6. HREM image of PMDA-ODA crystal lamellae. The 
predominant spacing in this image is 1.6 nm (002) which is 
perpendicular to the chain direction. The inset shows the digital 
FFT of the image from which both the (002) spacing and average 
lamellar repeat distance can he determined. 

J 

I 

,! 
Figure 7. Higher magnification view showing high resolution 
detail within individual PMDA-ODA lamellae. Evidence for 
screw dislocations can be identified (arrows). 
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Figure 8. (a, Left) projected electron potential of crystalline PMDA-ODA in the [OlO] direction showing the zigzag conformation 
ofthe molecule. (b, Middle) simulated HREM image of PMDA-ODA at Scherzer defocus (C. = 0.7 mm, E, = 400 kV. defocus spread 
= 8 nm. beam divergence = 0.5 mrad, crystal thickness = 10 nm). (c, Right) simulated HREM image of PMDA-ODA at an underfocus 
of -800 nm showing the strong 1.6-nm (002) spacings, as seen experimentally (Figures 6 and 7). In the theoretical simulations the 
white fringe of the image corresponds to the location of the diphenol ether link between alternating units of the PMDA-ODA molecule. 

Figure 9. Schematic of a screw dislocation in PMDA-ODA 
consistent with the HREM image contrast observed in Figure I 
and molecular simulations which suggest that slip should occur 
primarily on the (010) crystal faces due to the 'zig" and 'zag" of 
the molecules on (100). 

the lamellae are remarkable and provide for unambiguous 
evidence of the regularity of axial registry between 
neighboring molecules in crystalline PMDA-ODA. The 
1.6-nm (002) fringes of Figures 6 and 7 were found 
experimentally using the d2/2h defocus condition for 
maximum phase contrast of these lattice spacings. This 
result was confirmed with the MacTempas HREM image 
simulation software. The atomic coordinates and crystal 
symmetry were obtained by minimizing a PMDA-ODA 
moiety using triply periodic boundary conditions and the 
Dreiding I1 force field in PolyCraf. The minimization 
was carried out using orthorhombic symmetry and the 
unit cell dimensions provided by Kazarayan et al.5 The 
microscope parameters used correspond to those of the 
JEOL 4000 E X  C. = 0.7 mm, E, = 400 kV, defocus spread 
= 8.0 nm, divergence angle = 0.5 mrad. In the simulation, 
as in the experiment, we used no mechanical aperture. 
This has the disadvantage of reducing contrast somewhat 
but the significant advantage of limiting resolution only 
by the damping nature of the transfer function. It also 
makes it easier to adjust to the objective lens astigmatism, 
since this setting is sensitive to the precise position of the 
aperture. 

Figure 8a shows the projected electron potential of the 
stable PMDA-ODA crystal lattice from the minimization; 

S 

L 

4 c 

tan O = S / L = N b / L  
Figure 10. Experimental HREM image and schematic diagram 
of the lateral splay induced by screw dislocations in PMDA- 
ODA crystals. The increase of width (S) over a given length (I,) 
is related to the number of dislocations (M times their Burger's 
vector (b) .  Hence, the tangent of the divergence angle ( 0 )  is Nbl 
L. 

Figure8b shows simulated image a t  theoptimum Schener 
defocus condition of -33.7 nm, and Figure 8c the maximum 
contrast defocus (-800 nm) for the (002) repeat spacing. 
Both of these images were calculated for a crystal thickness 
of 10 nm. The latter image (8c) shows that at the focus 
used in our experiment and for a 10-nm-thick sample the 
bright regions in the HREM image should be associated 
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with the ether linkage of the ODA unit. 
Lebedevs suggested that the consistent lamellar thick- 

ness of PMDA-ODA could be the result of folding a t  an 
unconverted amic acid linkage at every fourth repeat. 
Chain ends may also be contributing to the density drop- 
off at the fold surface where vacancies result from 
termination.2s An alternative scenario which we favor 
simply involves local bendingofthePMDA-ODA molecule 
at either the diphenol ether bond or the imide nitrogen. 
Lovinger et  aLZ9 and Hudson et  aL3" observed similar 
lamellar crystals in crystallized poly(ary1-ether-ether- 
ketone) (PEEK). This semicrystalline polymer also has 
diphenol-ether bonds along its backbonewhich apparently 
act as sites for chain folding. 

While experimental evidence consistent with large 
deformation of covalent bonds a t  room temperature is 
interesting, scrutiny of the literature reveals that it is not 
without precedent. Local HREM observations of the 
deformation within kink bands of oriented rigid-rod 
polymer fibers a t  molecular resolution has also provided 
support for covalent bond bending a t  ambient tempera- 
t ~ r e . ~ ~  The factthat moleculessuchascyclopropane even 
exist provides further support for the resiliency of the 
covalent bond to large angle deformations. The ability to 
induce dramatic changes in the conformation and energetic 
state of the molecule by appropriate processing conditions 
(such as crystallization or mechanical deformation) may 
provide an interesting new research focus for solid-state 
polymer physics. Since such events might occur only 
occasionally throughout the material, the analysis of these 
phenomena via local high resolution structural charac- 
terization techniques is an important development. 

Distinctivedefects WithaBurgersvectorof 1.6nm [W21 
(extra fringe) can be identified in Figure 7. Here the 
contrast is consistent with a screw dislocation that has a 
Burger vector which is only half of the true (3.2 nm) repeat 
of the molecule (Figure 9). This differs significantly from 
other polymer lamellar crystals (i.e., polyethylene) where 
the Burgers vector of the screw dislocation is on the order 
of the 10-nm lamellar thickness." Also, note that there 
is evidence for a screw dislocation relatively often; in fact 
evidence for such a defect is seen about once every 10 nm 
along the growth direction. 

The lateral growth of the PMDA-ODA crystals can be 
directly associated with these screw dislocations. We 
estimated the number of defects required to produce the 
splay experimentally observed in PMDA-ODA lamellar 
single crystals. This analysis accounted for the total 
number of defects with a 1.6-nm Burgers vector leading 
to the increased lateral displacement as growth occurs 
along the lamellar direction away from the nucleation site 
(Figure 10). The geometric dislocation density is calcu- 
lated using the relationship3* tan 8 = Nb/L .  The dislo- 
cation density per length ( L )  of the lamellar crystal was 
found by calculation of the tangent of the angle formed 
between the splay length (S) (lateral gradient) and L. 
Figure 10 shows a spherulite with splay deformation 
consistent with a b = 1.6 nm screw dislocation located 
every 9 nm along the lamellar crystals. This result 
corresponds with the IO-nm value estimated from the 
direct imaging of the defects by HREM (Figure 7). 

To reveal more insight about our proposed dislocation 
model, we examined the theoretical crystal energy of 
PMDA-ODA as a function of anticipated distortions 
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Figure 12. HREM image showing domains in which the crystallographic angle y is locally constant. The local fluctuations in y from 
domain to domain are shown on  the  figure. 

within the unit cell. Using Cerius31 the theoretical crystal 
energy of PMDA-ODA in a two-chain orthorhombic unit 
cell was determined as a function of the translation of one 
molecule relative to another along the chain axis. Relative 
translations in the [OOl] direction across the (100) planes 
were examined by expanding the unit cell once in the a 
direction and across the (010) by expanding the unit cell 
in the b direction. The distortion was introduced by 
moving the second chain along [OOl] with respect to the 
first. The predicted variations in energy on the (010) face 
are 680 kcal/mol, with 10 local minima evident. However, 
performing the same calculation with the (100) faces as 
the contact surface shows that translation of the molecule 
along [GO11 wouldlead tounrealisticallyhighenergyspikes 
due to improper superposition of the 'zig" and "zag" of 
the 2-fold PMDA-ODA helix. We therefore anticipate 
that such axial misregistry across the (100) face is unlikely 
without a significant expansion of the distance between 
PMDA-ODA chain backbones. 

Digitizing the images from the HREM micrographs in 
Figures 6 and 7 and calculating the digital transform using 
FFT Image20 makes it possible to estimate the lamellar 
thickness and (002) lattice spacings. The dimensions so 
determined were 1.53 f 0.1 and 10.2 i 0.5 nm for the (002) 
lattice spacing and the lamellar thickness, respectively. 
Thevalueofthe (002) latticespacing calculated fromlaser 
optical diffractograms was found to be 1.55 i 0.05 nm. 
The fact that these (002) spacings are less than the 1.62 
nm estimated from fiber WAXS is consistent with the 
results of Factor et al.' who found that the molecules in 
the hulk of PMDA-ODA films had reduced (002) spacings 
along thechaindirection. Theseresultssuggest thatthere 
may be out of plane rotation of the molecule at the 
diphenol-ether bond or bending at the imide nitrogen, 
reducing the projection of the repeat unit along the chain 
axis. 

C. Observations from the Top ([OOl] Zone). En- 
larged0.6and0.4 latticefringescorrespondingto the (100) 
and (010) planes are shown in Figure 11. The parameters 
oftheorthorhombiccell wereestimatedfrom digitalFFTs 
to be a = 0.65 f 0.05 nm and b = 0.41 i 0.05 nm. The 
lateral size of these crystalline domains were quite large 
(5&100 nm). The domains were also quite perfect, with 
little or no evidence for dislocations with Burgers vectors 
in the (hkO) directions. 

Occasionally, both the (100) and (101) spots could be 
identifiedindigitalFFTsoftheHREM images. The (101) 
spot is particularly intense in PMDA-ODA fiber and 
powder X-ray patterns due to the slight inclination of the 
poly(imide) chains to the fiber axis (Figure 8). Because 
of the large d spacing in the chain direction (3.2 nm), the 
angle between the (100) and (101) planes is only 10'. 
Our HREM experiments revealed apparent fluctuations 

in the crystallographic angle (y) between the 0.6- (100) 
and 0.4-nm (010) planes. Figure 12 shows an enlarged 
region of a crystal with the electron beam oriented parallel 
to the [OOl]  chain axis. The micrograph shows several 
regions where the angle (y) between these fringes is not 
the 90' expected for an orthorhombic unit ceL5 Instead, 
the fringes indicate that y fluctuates from 81 to 99' in 
different regions of the crystal. A frequency plot of the 
angulardistortion190-ylisgiveninFigure 13. Thisgraph 
was constructed from measuring the angles of lateral 
packing cross fringes from several high contrast glossy 
HREM prints. The typical fluctuations are f5' although 
occasional observations up to go are also found. 

Once the crystallographic angle y fluctuates away from 
90°, it is also possible to consider variations in the angle 
8 between the plane of the PMDA-ODA molecule and the 
a axis. Figure 15 shows a plot of the theoretical crystal 
energy as a function of y and 8. The contours are drawn 
a t  intervals of 2 kcal/mol. Note the valley indicating that 
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Figure 13. Frequency plot of the distortions of the crystallo- 
graphic angle y as observed in the [Ool] HREM lattice images. 

V<), - ,' 7=>!7+Wm*-,. ~ .. I 
Figure 14. Experimental SAED showing a difference in the 
relative intensity of the (110) and (1. -1, 0) spacings. The 
measured difference in relative intensity corresponds to a 
fluctuation of 2' in the angle 7. 

there is a considerable region of conformational space 
available to PMDA-ODA. The plot suggests that  any 
fluctuations in y should be accompanied by a correspond- 
ing variation in 8 to minimize the energy. 

If the monoclinic angle y (and 8) deviate from 90° (Oo 
for 8 )  then there should be a corresponding change in the 
relative intensity and position of the (110) and (1, -1,O) 
reflections. The intensityof atypicalPMDA-ODA (video 
digitized) SAED pattern down the [lo01 zone of these 
lamellar crystals is shown in Figure 14. The differences 
inthe relative intensityofthe (110) and (l,-l,O) reflections 
are consistent with fluctuations in either y or 8, while the 
lack of higher order reflections can only be explained by 
fluctuations in y. By measuring the relative intensity of 
the (110) and (1, -1, 0)  reflections the deviation in y 
consistent with these datacan be estimated. The intensity 
of the (110) reflection was found to be 3 times as intense 
as the (1, -1.0) reflection in Figure 14. Calculations using 
Cerius predictthis change in relative intensity should occur 
when y is shifted by 2 O .  

Theobservation that thecrystallographicangleislocally 
constant indicates that PMDA-ODA crystals are com- 
posed of domains separated from one another by lateral 

Theb (degrees) 
Figure 15. Contour plot of the theoretical crystal energy 88 a 
function of the crystallographic angle y and the molecular setting 
angle 8.  The contom are drawn at energy incrementa of 2 kcall 
mol. There is a valley in the energy surface indicating that 
simultaneousvariationsofupto5°inyandB havelittleinfluence 
on the crystal energy, as suggested by experiment. 

chain invariant (LCI) grain boundaries.= The chains on 
either side of the boundary are oriented in the same 
direction, but there are local fluctuations in the value of 
y. Future work will be required to reveal the detailed 
structure of and possible influence of these boundaries on 
macroscopic properties. 

Our results unambiguously confirm that  PMDA-ODA 
can exhibitwell-defined crystalline domains. Highdegreea 
of order have also been found for PMDA-ODA during 
imidization under elevated pressure." These observations 
point out the need to carefully examine the specific 
processing route used to prepare poly(imides) in order to 
understand and predict microstructure. For example, the 
relationship between the conversion to imide, loss of 
solvent, and extent of crystallinity has been described in 
terms of aternary phase-stabilitydiagram." Thisscheme 
makes it possible to track the structural evolution during 
the simultaneous loss of solvent and imidization during 
processing. 

IV. Conclusions 

Solution grown lamellar single crystals permit an 
analysis of the local order and defect structure in PMDA- 
ODA. The lamellar crystals consistently displayed a 
uniform 10-nm thickness when imaged from an edge-on 
orientation, suggesting that this PI  has the ability to chain 
fold. HREM images of the 1.6-nm (OOZ), 0.6-nm (100). 
and0.4-nm (010) crystalline planes have all been obtained. 
Evidence for screw dislocations with a Burgers vector of 
[o011 andmagnitudeofc/2(1.6nm) havebeenfound.The 
lateral splay of the PMDA-ODA lamellae is associated 
with these defects. Local fluctuations in the packing 
geometry (*go in the crystallographic angle y) have also 
been observed. 
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