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ABSTRACT The molecular conformation and crystal structure of an aromatic polyimide, poly[(4,4'- 
dipheny1ene)pyromellitimidel (PMB), was analyzed by means of X-ray *action and a linked-atom least- 
squares method. X-ray fraction intensity data were recorded on an imaging plate and measured by 
the newly developed intensity measuring system. The unit cell was orthorhombic and its dimensions 
were a = 8.57, b = 5.51, and c (fiber axis) = 16.78 A. The space group symmetry was Pbam. There were 
two parallel 111 helical chains in a unit cell, one at  the corner and the other at  the center. The corner 
and the center one were related by the glide symmetry parallel to the a- and b-axis. Two benzene rings 
in the biphenyl moiety had a coplanar conformation. The extended polymer chains were aligned along 
the c-axis in which the pyromellitimide plane and the biphenyl plane were inclined +57" and -58" to the 
(010) plane, respectively. Because of the glide symmetry, two adjacent pyromellitimide groups were 
aligned side by side with the same height along the c-axis. The molecular conformations were stabilized 
only by van der Waals interactions. 

Introduction 
The polyimide is an excellent thermostable and a 

low thermal expansive aromatic polymer. It has good 
mechanical properties and a low dielectric constant. Due 
to  its superior physical properties, such as insulation 
resistance and mechanical strength at high tempera- 
ture, polyimide has been widely used as industrial 
materials such as parts of aircraft, machines, and 
electronic appliances. In order to understand its physi- 
cal properties, it is important to get the precise struc- 
tural information. Since polyimides synthesized so far 
have had poor crystallinity, X-ray diffraction data were 
not sufficient to give the precise structure. Therefore, 
only a few structures have been analyzed.lv2 It was 
found that the typical texture of polyimide was meso- 
morphic or amorphous. To obtain the oriented crystal- 
line texture was very difficult as well.3 However, the 
rigid-rod type polyimide may crystallize easily during 
the thermal imidization and have a high crystallinity. 
Since all rotating bonds are aligned in the same direc- 
tion and the repeating unit distance of each orientation 
is the same, the number of parameters to define the 
packing structure is small. The structure analysis was 
not too difficult to  be analyzed by the X-ray diffraction 
technique. 

In this paper, the molecular and crystal structures 
of a rigid-rod type polyimide; i.e., poly[(4,4'-diphen- 
ylene)pyromellitimide] (PMB), were analyzed by using 
a linked-atom least-squares method together with X-ray 
diffraction data. X-ray diffraction intensities were 
collected by the new system of intensity measurement4 
combined with an imaging plate instead of the conven- 
tional X-ray film method. 

* Corresponding author. 
@ Abstract published in Advance ACS Abstracts, January 15, 

1995. 

(b) 
Figure 1. (a) Chemical structure of a repeating unit of PMB 
and dihedral angles varied in the refinement. (b) Bond lengths 
(A) and angles (deg) used in the molecular model building. 

Materials and Methods 
Preparation of Specimens. The material used for poly- 

imide could be prepared through poly(amic acid) transition. 
Poly(amic acid) was synthesized from pyromellitic dianhydride 
and aromatic diamines in a n-methyl-2-pyrrolidone (NMP) 
solution. After these poly(amic acid)s were cooled under ice 
water, the mixture of acetic anhydride and pyridine in NMP 
solution to become the polyimide (PMB) was added dropwise 
so as to imidize the poly(amic acid). The webspun fibers of 
PMB were obtained by extruding the polymer solution from a 
capillary spinneret into the coagulation bath containing the 
mixture of NMP and water. This fiber was drawn up to 1.5 
times of the original length in water at  room temperature. And 
then the fiber was heated in an oven at  575 "C. The density 
of the specimen was measured by a flotation method using a 
mixture of n-heptane and carbon tetrachloride. The measure- 
ment was carried out at  25 "C. Details of the specimen 
preparation are given e l s e ~ h e r e . ~  
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Table 1. Final Parameters of Four Molecular Models of 

model A model A' model B model B' 
PMB 

space p u p  P21212 P21212 P21212 Pbam 
dihedral angleddeg 

el 20.7 159.2 0.4 (0.0) 
92 -75.9 76.0 -65.6 -65.0 
93a (55.2) (124.9) (65.2) (65.0) 
u 56.4 56.4 56.5 56.6 

238 
@) 

Figure 2. (a) X-ray diffraction diagram of PMB taken by an 
imaging plate. This pattern is a hard copy h m  the display. 
(b) Its schematic illustration with measured spacings in 
angstroms. 

X-ray Diffraction Measurement. The X-ray difi?a&ion 
diagram was recorded by a camera system6 connected with 
an imaging plate (DIP-lOOS, MAC Science Co. Ltd.). The 
system used graphite monochromatized Cu Ka radiation 
(1.5418 8,) from an X-ray generator (Rotaflex RU-200, Rigaku 
Co. Ltd.) with a rotating anode. The DIP-100s was driven 
directly by a VME (Versa Module Europe) crate controlled by 
a Motorola 68000 processor. This processor was connected to 
a graphics workstation (SPARCstation 2, Sun Microsystems 
Computer Co. Ltd.). The imaging plate covered with a 
photostimulable phosphor (BaFBr:Eu2+, 0.15 mm in thick- 
n e 4  was used to record X-ray diffraction diagrams. The size 
of the imaging plate is 20 em diameter. Since the pixel size 
was designed to be 0.125 x 0.125 mmz, a total of 1600 x 1600 
pixels were sufficient to cover a whole area of the imaging 
plate. The diffraction pattern was then read by measuring 

u, 
seale factor 
BiadA' 
R 
R, 
R(excl unobs) 

0.296 
4.71 
6.90 
0.230 
0.196 
0.149 

0.296 
4.71 
6.90 
0.231 
0.196 
0.149 

~~ ~ 

0.301 
4.75 
6.60 
0.204 
0.183 
0.141 

~~ ~ 

(0.298) 
4.75 
6.60 
0.202 
0.184 
0.143 

Rdexcl unobs) 0.147 0.147 0.141 0.143 
., OS = 360n - (0, + Rz) (n = 0 or 1). 

the fluorescence intensity stimulated by a focused He-Ne laser 
beam (633 nm) scanning on the surface of the imaging plate. 
The intensity of each pixel was expressed in 2 byte. To store 
pixel data in each frame of the imaging plate, 5.12 MB was 
required. The Bragg spacing was obtained by averaging the 
distances between the center of the diffraction diagram and 
positions of two or four equivalent reflections. The unit cell 
dimensions were determined by the least-squares method with 
the given initial cell dimensions. The removal of background 
intensity was carried out at each diffraction spot. The 
background intensity was estimated from the volume under 
the surface defined by the average value of the five lowest 
intensities in the four subareas around the diffraction spot. 
We assumed the shape of the diffraction spot to  be an ellipse, 
which was defined by the width along the radial direction and 
the azimuthal angle from the center of the diffraction diagram. 
The intensity (I.) was determined by integrating the intensity 
of each pixel within this ellipse. Overlapped reflections were 
resolved using a Gaussian approximation.' 

The measured intensities (I,) were corrected for the Lorentz 
and polarization factors (L,) by using the following e q ~ a t i o n . ~ . ~  
The absorption effect was not corrected in this study. 

1 MI + K )  sin 0Jcos2 0 - cos2 u 

LP 1 + K cos2 28 

-m K =  1+cos228m and o=tan - 
(5 )  

in which, F, is the observed structure factor, I .  is the observed 
intensity, R is the Bragg angle of the reflection, 8, is 13.29" 
for the (002) reflection plane of the carbon graphite monochro- 
mator, and (5, 5) are the cylindrical polar coordinates in 
reciprocal space. 

Since the number of independently observed diffraction 
spots was only 24, the reflections helow the observed threshold 
were also included in the data for the refinement calculations. 
The reflection with spacings longer than those of the observed 
ones were assumed to have half the intensity for the ohser- 
vational threshold. These unobserved reflection data were 
used only when the magnitude of the calculated structure 
amplitude became larger than those of the estimated structure 
amplitude (IF,I > IF,I) during the refinement calculations. 

Molecular Model Building. The molecular model which 
has the 111 helical symmetry and the observed fiber repeating 
period of 16.78 8, was generated with a linked-atom description 
and all constant bond lengths and angles. The atomic num- 
berings and the values of bond lengths and angles are shown 
in Figure 1. All hydrogen atoms were linked to the cor- 
responding carbon atoms with a bond length of 1.08 8, and a 
bond angle of 120". There are three conformational angles E1 

C3) in a chemical repeating unit (a). Since they were the 
(Cz-C1-Czo-Cd 02 (Cla-C17-N~-Cd. and 03 (CT-NI-C~- 
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Figure 3. Stereoscopic view of PMB (ORTEP drawing12). The a-axis is horizontal, the c-axis is vertical, and the b-axis points 
out of the paper. 

Figure 4. Packing structure of PMB viewed along the c(fiber)- 
axis. Some short contacts between neighboring molecules are 
shown. 

angles between two para-linked phenyl moieties and between 
the phenyl and para-linked pyromellitimide moiety, a sum- 
mation of these three angles equals 0" (61 + & + 0 3  = 0"). As 
a starting molecular conformation, the angles 81, 132, and 63 
were systematically changed by 22.5" intervals starting from 
0 to 157.5". This generated a total of 64 (=g2) molecular 
conformation models. 

Packing Models and "heir Refinement. To obtain 
appropriate packing models, the coordinates of the original 
atom (u, u,  w) along the a-, b-, and c-axes and the rotational 
angle @) defined by the angle between a pyromellitimide plane 
and the (010) plane have to be determined. Since the (110) 
reflection had a very strong intensity, two chains were located 
at  the corner u = 0, u = 0 and at  the center u = l12, u = '12 of 
the rectangular cell projected along the c-axis. The chain 
translational parameter (w) was the fractional coordinate 
along the c-axis of the origin (N2 atom of the corner). As shown 
in the following section, we performed the structure analysis 
for P21212. In this space group, two chains must be arranged 
in the antiparallel fashion, since these chains must be related 

by the 21 symmetry perpendicular to the c-axis. For each 
model, the rotational angle @) of the polymer chain and the 
translational parameter (w) were systematically changed by 
20" intervals from 0 to 160" and by 0.05 from 0 to 0.45, 
respectively. A total of 5760 (=64 x 9 x 10) packing models 
were generated. Intermolecular short contacts between non- 
bonded atoms and the structure amplitudes were calculated 
for each model. The calculated latter factors were compared 
to the observed ones. 

At each stage of the modeling and refinement, the quantity 
!2 was minimized in the following least-squares fashion.1° 

The first term ensures the optimum agreement between the 
observed (F,) and the calculated (FJ X-ray structure ampli- 
tudes. The weight of the reflection, w was fixed to 1.0 in this 
study. The second ensures the optimization of noncovalent 
interatomic interactions. The third imposes, by the method 
of Lagrange undetermined multipliers, the exact constraints 
we have chosen. The agreement between observed and 
calculated strucure amplitudes was evaluated by R and R,, 
which were defined by 

Atomic scattering factors for calculating structure factors were 
obtained using the method and values given in ref 11. 
Computations were done on the ACOS 3700/8 computer at the 
General Information Processing Center, Tokyo University of 
Agriculture and Technology. 

Result and Discussion 
Crystal Data. Figure 2 shows an X-ray diffraction 

diagram (a) of the oriented PMB specimen and its 
schematic illustration (b). A total of 32 (including 8 
meridional reflections) observed diffraction spots was 
indexed by the rectangular unit cell with dimensions 
of a = 8.57, b = 5.51, and c (fiber axis) = 16.78 A. The 
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Table 2. Fractional Atomic Coordinates of PMB 
atom X Y 2 

Cl 0.000 0.000 0.044 
c2 -0.074 0.186 0.086 
c3 -0.074 0.186 0.169 
c4 0.000 0.000 0.210 
c5 0.074 -0.186 0.086 
CS 0.074 -0.186 0.169 
CI 0.075 0.176 0.345 
CS 0.044 0.103 0.428 
c9 0.088 0.208 0.500 
ClZ -0.075 -0.176 0.345 
c13 -0.044 -0.103 0.428 
c 14 -0.088 -0.208 0.500 
Ni 0.000 0.000 0.298 
0 1  0.147 0.346 0.319 
0 3  -0.147 -0.346 0.319 
H2 -0.131 0.331 0.054 
H3 -0.131 0.331 0.201 
H5 0.131 -0.331 0.054 
Hs 0.131 -0.331 0.201 
Hg 0.158 0.372 0.500 
H14 -0.158 -0.372 0.500 

unit cell was found to contain two chemical repeating 
units. The calculated density 1.54 g/cm3 was in con- 
siderable agreement with the observed values (1.45 
g/cm3). 

Although the number of observed reflections was not 
enough to determine the space group, reflections of (hOO) 
with h odd and those of (Okl) with k odd were not 
observed. Since the diffraction diagram contained not 
so many reflections, we examined orthorhombic space 
groups at first. In this case, molecular symmetries, such 
as an inversion and a mirror symmetry, must be 
coincided with the crystallographic symmetry. Since the 

(110) reflection had a very strong intensity, two chains 
were located at the center and the corner. The suitable 
space groups satisfied with the above requirements were 
P222, Pmm2, Pmmm, P2212, P2122, P2lam, Pb21m, 
Pba2, Pbam, and P21212. In cases of the former five 
space groups, molecules have a 2-fold axis along the a- 
or b-axis or a mirror plane coincided with the ac-plane 
or bc-plane. Therefore the pyromellitimide and two 
benzene ring planes had to be at least parallel to either 
the a- or b-axis. M e r  refinement against equatorial 
reflections, however, these five space groups were 
excluded because of the poor agreement between ob- 
served and calculated structure amplitudes. On the 
other hand, the latter five space groups correspond to 
the special case of P21212 in this study where the 
polymer chain at the special position has the 2-fold and 
the inversion symmetry. Therefore, we performed the 
structure analysis for P21212 in the following sections. 

Molecular and Crystal Structure. In order to get 
appropriate packing parameters, the discrepancy factors 
(R and R,) and the shortest contact between nonbonded 
atoms were calculated for every 5760 packing models. 
A total of 10 models having R values less than 0.4 and 
the shortest contact larger than 1.7 8, were selected and 
refined further against the variable parameters of 81, 
82, 83, p, w, a scale factor, and an overall isotropic 
thermal parameter (&). As a result, three models with 
R values less than 0.25 and the shortest contact larger 
than 1.8 8, were obtained. Final parameters of these 
three models for P21212 space group are summarized 
in Table 1. The values of conformational angles, 
rotational angle (4, and translational parameter (w) for 
the two of them were 81 = 20.7", 82  = -75.9", 83 = 55.2", 

Table 3. Observed (F.) and calculated (Fc) structure amplitudes of PMB" 
refl no. h k 1 Fc FO refl no. h k 1 Fc F O  

1 1 1 0 153.3 151.5 
2 2 0 0 141.8 139.8 
3 2 1 0 40.7 45.4 
4 0 2 0 30.4 (8.9) 
5 1 2 0 30.0 (9.1) 
6 3 1 0 106.2 116.1 
7 2 2 0 18.6 27.8 
8 4 0 0 13.7 (10.4) 
9 4 1 0 15.7 (10.8) 
10 3 2 0 1.4 (10.9) 
11 1 1 1 1.7 (6.7) 
12 2 0 1 3.5 (6.9) 
13 2 1 1 118.2 117.3 
14 0 2 1 3.1 (8.9) 
15 1 2 1 10.0 (9.1) 
16 3 1 1 10.4 (9.3) 
17 2 2 1 1.1 (9.8) 
18 4 0 1 9.6 (10.4) 
19 4 1 1 

3 2 1 62.4 70.6 
20 1 1 2 9.2 (6.7) 
21 2 0 2 6.7 (6.9) 
22 2 1 2 12.9 (7.9) 
23 0 2 2 4.1 (8.9) 
24 1 2 2 26.6 24.5 
25 3 1 2 21.9 (9.4) 
26 2 2 2 14.3 (9.9) 
27 4 0 2 6.7 (10.4) 
28 4 1 2 18.0 (10.8) 
29 3 2 2 15.9 (10.9) 
30 1 1 3 9.1 22.5 
31 2 0 3 9.9 (6.9) 
32 2 1 3 78.1 83.6 
33 0 2 3 10.4 (8.9) 
34 1 2 3 

3 1 3 35.9 38.8 
a Reflections with F, values in parentheses are unobserved ones. 

35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

49 
50 
51 

52 
53 
54 

55 
56 

57 
58 
59 
60 
61 
62 

2 2 
4 0 
4 1 
3 2 
1 1 
2 0 
2 1 
0 2 
1 2 
3 1 
2 2 
4 0 
4 1 
1 1 
2 0 
2 1 
0 2 
1 2 
3 1 
2 2 

2 
2 
0 
1 
2 

0 
1 
0 
1 
2 
2 
1 
1 
0 
1 
2 
1 
0 

3 22.0 
3 8.7 
3 11.9 
3 10.9 
4 1.1 
4 7.2 
4 11.1 
4 27.2 
4 8.4 
4 9.9 
4 25.4 
4 13.0 
4 11.4 
5 
5 19.2 
5 37.9 
5 22.0 
5 
5 30.1 
5 6.6 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
8 
8 

22.3 

19.5 
49.3 
24.8 

19.9 
2.7 
3.8 
3.9 
18.4 

35.5 

20.6 
(10.4) 
(10.9) 
(10.9) 
(6.7) 
(6.9) 
(7.9) 
20.2 
(9.2) 
(9.4) 
40.8 
(10.4) 
(10.9) 

31.7 
47.5 
33.7 

25.9 
(9.9) 
(10.4) 

29.3 
52.6 
29.3 

24.4 
(5.8) 
(6.2) 
(7.5) 
22.6 

9.1 

These values were obtained from half of the observational threshold. 
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p = 56.4", and w = 0.296 (model A), 81 = 159.2", 8 2  = 
76.0", 83 = 124.9", p = 56.4", and w = 0.296 (model A'). 
Their discrepancy factors were R = 0.230 and R, = 
0.196 (model A) and R = 0.231 and R, = 0.196 (model 
A'). Since the sum of the corresponding dihedral angles 
in both models was equal to 0 or 360", one of two models 
was the enantiomorph of the other, which means that 
these two models are essentially the same. In the case 
of model B, these values were 81 = -0.4", 82 = -65.6", 
83 = 65.2", p = 56.5", and w = 0.301. The discrepancy 
factors R and R, were 0.204 and 0.183, respectively. 

The main difference in the molecular conformation 
between models A and B was the dihedral angle (81) of 
the biphenyl moiety. This was 20.7" in the model A and 
0.4" in the model B. There were no significant differ- 
ences in the packing parameters. The rotational angle 
01) showed almost the same values 01 = 56.4" in model 
A, and p = 56.5" in model B). Adjacent pyromellitimide 
groups were aligned side by side at the same level along 
the c-axis. Because of the coplanar conformation of a 
biphenyl group in model B, the structure had a 
pseudomirror symmetry perpendicular to the c-axis. 
This suggested the possibility of the space group Pbam, 
as a special case of P21212. Therefore, the structure 
analysis was also examined for Pham. To ensure this 
space group symmetry, the constraining conditions of 
82 + 83 = O", 81 = 0", and w = 0.2982 were applied and 
the structure was further refined against variable 
parameters of 82, 83, p, Bho, and a scale factor. The 
obtained model (model B') showed fairly good values of 
discrepancy factors (R = 0.202 and R, = 0.184) and the 
conformational angles, 82 = -65.0" and 83 = 65.0" (Table 
1). Compared with model B, model B is definitely 
better, because the number of variable parameters of 
the latter model is less than that of the former model 
by 2, in spite of the almost identical R values. 

In the next step, two models (A and B) must be 
compared. The difference of these models was the 
conformation of the biphenyl moiety. The dihedral 
angle 81 between the phenyl rings of the biphenyl moiety 
in model A was 20.7". On the other hand, the biphenyl 
moiety took a coplanar conformation in model B'. The 
pyromellitimide plane in both models was inclined 56.5" 
(j~0.1") to the (010) plane. In general, the dihedral angle 
81 between the phenyl rings was about 42" in the gas 
phase.13 On the other hand, in the solid state a t  room 
temperature, two cases were reported. One is 0" and 
the other is around 40". For example, the dihedral 
angles in the modifications of 4-hydroxybiphenyl,14 4,4'- 
bi~(4-fluorobenzoyl)biphenyl,~~ and biphenyl itaeP were 
almost 0". However, these were 28.7, 35.7, and 32.2" 
in the structure of 4-biphenylcarboxylic acid,17 31.0" in 
3-chlorobiphenyl-4-carbonitrile,le and 46" in 4-biphen- 
ylyl thioketone.lg In the former cases, biphenyl planes 
stacked regularly and made a well-ordered arrangement 
in the crystal structures. In these letter cases, the 
intermolecular interaction in a well-ordered structure 
seems to stabilize the planar biphenyl conformation (81 
= 0") with the high intramolecular energy. The crystal 
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structure of model B' showed the same type of well- 
ordered packing arrangement. On the other hand, the 
dihedral angle (81 = 21") between the phenyl rings of 
model A deviated from both values for the coplanar type 
(81 = 0") and the nonplanar type (81 - 40"). Further- 
more, the molecular simulation techniques showed that 
the biphenyl moiety in this specimen was coplanar.20 
Besides the slightly better R values of model B ,  the 
above facts prompted us to take model B' as the most 
plausible model for this specimen. Packing structures 
of model B are shown in Figures 3 and 4. The fractional 
atomic coordinates and the observed and calculated 
structure amplitudes were listed in Tables 2 and 3, 
respectively. 

The crystal lattice of PMB contained two molecules 
located at the corners and the center. The molecular 
chain has a mirror plane perpendicular to the c-axis and 
glide symmetry along the a- and b-axis. The extended 
polymer chains were aligned side by side along the 
c-axis in which the pyromellitimide plane was inclined 
56.6" to the (010) plane. This alignment was also found 
for the case of the structure of poly[(4-phenylene)- 
pyr~mellitimide].~ 
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