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Morphology and Crystal Structure of Wholly 
Aromatic A I I-Pa ra Po I y a m id e- H y d razid e Po I y mers 

V. F. H O L U D *  

Chernstrand Research Center, Znc. 
A Subsidiary of Monsanr;~ Company 
Durkam, Eu’orth Carolina 27702 

A B S T R A C T  

The morpholoa of some a ide -hydra t ide  polymers of the 
type useful for high-modulus X-500 class fibers has been 
characterized by transmission electron microscopy of thin 
films crystallized from dilute solution. Selected a rea  elec- 
tron diffraction u-as used to characterize the crystallinity 
and crystal structure of the thin films and precipitated 
polymer, The films were cast  from concentrated solutions 
and crystallized by heating the films. The results of these 
studies revealed several unique features relative to the 
c r p t a l  structure of the all-para polymers. Thin films of 
the crystallized polymer showed a distinctive crystalline 
texture-the molecular chains were found to be preferen- 
tially oriented parallel to the film plane and randomly 
oriented about an axis normzl to the film plane. Electron 
diffraction measurements showed equatorial reflection 

*This paper was read at the Symposium on behalf of the author 
by W, Bruce Black. 
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maxima at tilt angles of =30, ~ 4 8 ,  and =39 when the films 
were tilted on an axis parallel to the film plane. From 
these results a tentative crystal unit cell apd theoretical 
crystal density were determined: a = 8.3 A, b = 4.9 
c (chain axis) = 29.6 
a/'b = 1.735, which is very near 3u2, implies essentially 
hexagonal packrng of the chains. Crystallization from 
dilute solution revealed lamellar structures resembliig 
"single crystals" in the electron microscope similar to 
those observed in other crystalline polymers. However, 
in contrast to these other polymers, these "crystals" are 
not likely to contain folded chains because of be  very 
rigid nature of the &-par3 polyamide-hydradde. 

3 (density) = 1.31 g c c .  The value 

It has been pointed out by W. B. Black [ 11 that fibers made from 
wholly aromatic, all-para polyamide-hydrazide polymers of Monsanto's 
X-500 class of polymers show extremely high e-xperimental moduli 
relative to the theoretically predicted moduli for this polymer type 
(up to 65% of fheoreticd). This fact implies a highly ordered 
arrangement of the molecular chains. 

From structural considerations, the all-para polymers are 
likely composed of very rigid, inile-xible molecules. In support 
of this "extended-chain" nature, U e r  [ 21, using x-ray diffrac- 
tion techniques, reported a "collagen-like" appearance of the fiioer 
pattern, i.e., many sharp peaks on the meridian and only rather 
diffuse scattering on the equator. In order to characterize the 
morphology and crystal structure of some of these aromatic, all- 
para polyamide- hpdrazide polymers, transmission electron micro- 
scope and electron diffraction techniques were used. Two methods 
of sample preparation were used: 

(a) Casting of thin films from concentrated "dopes." 
(b) Precipitation of crystalline structures from dilute solution. 

In method (a), thin films vere prepared by smearing a drop of 
the concentrated polymer solution on a glass slide and allowing the 
solvent to evaporate. The films were then subjected to various 
treatments, such as heating in the presence of nitrogen (up to 
350'C) and stretchmg. The Eilms were cut into small pieces and 
e.ramined in the transmission electron microscope. In some 
instances the films were heated in the electron microscope itself 
by using a special heating stage. 
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h:ORPHOLOGY OF POLY-LXiIDE- hTDFAZIDE POLYMERS 175 

In method ib), crystallinization fro= dilute solution was accom- 
plished by heating a 1% solution of the polymer (usmg either dimethyl 
acetamide or dimethyl sulfoxide as solvent) to 60'C for a few minutes, 
then cooliig to room temperahre.  A drop of the suspension was 
placed on a carbon-coated grid. After the solvent was evaporated, 
the samples were shadowed with platinum and examined in the 
transmission electron microscope. The metal evaporation step 
was omitted for electron diffraction experiments. A Philips EM 200 
electron microscope was  x e d  in thus study. 

R E S U L T S  

T h i n  F i l m s  

Figure 1 shows the electron diffraction pattern of an "as-cast" 
film. Only two diffuse rings-one at  about 4 A and the other at 2 A- 
are visible in the pattern. -4fter heating the films at  about 350°C 
for a few minutes the pattern shown in Fig. 2 was obtained. Many 
more reflections than a r e  shown here can be measured from the 
negative. Fi,g.re 3 is a drawing which depicts a typical diffraction 
pattern showing nine discrete reflections from an annealed film. 

On draTing an annealed film, a pattern such as shown in Fig. 4 
is obtained. Note the position of the three strong reflections a t  
7.4, 4.3, a?d 2.1 k .Us0 note the similarity b e b e e n  this pattern 
and the one shown in Fig. 5, which results from tilting an annealed, 
unoriented film through an angle of 30". (The untilted film has a 
ring pattern similar to that shown in Fig. 2.) 

From these resdts, i t  is reasonable to deduce the following: 

!a) The 7.4 and 2.1 A reflections arise from crystalline planes 

(b) The 4.3 X reflection, being normal to the 7.4 and 2.1 8, 
which are  norm+ to the molecular chains, i.e., (001) reflections. 

reflection orientation, arises from planes which a re  parallel to 
the molecular chains, i.e., (NO) reflections. 

(c) In an unoriented film, the crystallites a r e  arranged such 
that the molecular chains lie in the film plane, randomly oriented 
about an axis normal to the film plane. 

C r y s U t e s  in a thin film frequently exhibit a texture or a 
preferred arrangement due partly to the space constrictions 
placed upon the crystalUtes and partly to the morphology of the 
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FIG. 1. Electron diffraction pattern of "as-cast" polyamide- 
hydrazide film. 

crystallizing units. The texture can be detected if, when a film is 
tilted about an axis in the film plane, certain reflections show their 
maxima a t  discrete tilt angles. If there were  no texture present, 
the diffraction pattern would not change as a result of tiltins, i.e., 
one would obtain random, ring patterns at all tilt angles. In the 
present case a distinct texture was evident in the diffraction 
patterns of the thin films. In fact, by identifying the reflection 
maxima as a function of tilt angle, i t  is possible to ascribe a 
tentative unit cell to the crystal. Three reflections, 4.3, 3.2, 
and 2.5 
a film at angles of 30, 48, and 39', respectively. When these 
results are  plotted, using the reciprocal of the spac9gs as the 
vectors at the appropriate angle, a cell with a = 8.3 A and 
b = 4.9 A is derived (Fig. 6). 

had their mzxima on the equatorial position on tilling 
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MORPHOLOGY OF POLPA.LfIDE-EFDFLAZIDE POLYMERS 177 

FIG. 2. Electron diffraction pattern of polyamide-hydrazide 
film heated to 350'C. 

The c axis repeat (along chain axes) is related to the 7.4 and 
2.1 2, spacings previously noted. From x-ray results of R. L. 
Xiller, OA drawn fibers [ 21, several other reflections have been 
idenbfied as arising from a repeat along the molecular chain. 
These are at 5.0, 3.7, 3.0, and 2.5 All of these reflections 
caii be accounted for by assuming an essentially extended chain 
with a repeat of -29.6 A for each moJecular unit of the polymer 
[ 2] . ,  Thus, according to Miller, 7.4 4 is the (004) reflection, 
5.0 A is (0061, 3.7 A is (008), 3.0 .k is ( O O l O ) ,  2.5 A is (0012), 
and 2.1 A is (0014). 

The complete tentative unit cell is therefore given by the 
parameters a = 8.5 & b = 4.9 
is 1.735, which is very near 3u2, implying a unit cell close to 
hexagonal symmetry (possibly orthorhombic or monoclinic). 

and c = 29.6 A. The ratio a/b 
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FIG. 3. Drawing Wsen from electron diffraction pattern of heated 
poIyamide-hydrazide film showing 9 reflections. 

FIG. 4. Electron diffraction pattern of drawn, heated (350'C) 
film of polyamide-hydrazide polymer. 
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FIG. 3. Electron diffraction pattern of Undra%, heated (350'C) 
film of polyamide-hydrazide polymer. Film Elted 30". 

FIG. 6. Tentative unit cell cdculation based on (hk0) reflection 
maxima at  three tilt angles. 
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180 HOLLXW 

FIG. 7. Electron micrograph of irregular crystal lanellae pre- 
cipitated from polyamide-hydrazide dilute solution (47,OOOX on original). 

Lf we assume two molecules per  unit cell, a theoretical density of 
1.51 g/cc is obtained. The highest experimental density of this 
particular polymer is somewhat Iess than 1.31 3, cc. 

P r e c i p i t a t i o n  f r o m  D i l u t e  S o l u t i o n  

Precipitation of an aromatic all- para amide- hydrazide polymer 
from dilute solution resulted in the stmctures shown in Figs. 7 
and 8. Lamellar-like crystals were obtained resembling those 
observed in ocher crystalline polymers-in particular, poly- 
acrylonitrile ( 31. The lamellae are in the range of 100- 150 A 
in thickness. Electron diffraction of these crystals (Fig. 9) showed 
only two reflections, at 4.3 and 3.2 
(110) [ and (210) planes, respectively. None of the reflections asso- 
ciated with a repeat along the chain axis were  found, which implies 

corresponding to the { ( Z O O ) ,  
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FIG. 8. Electron micrograph of large lamella precipitated from 
polyamide-hydrazide dilute solution (32, OOOX on original). 

that f ie  molecular chains do not lie in tbe plane of the lamellae. 
The chains are therefore most likely normal (or nearly normal) 
Lo the lamellae surfaces. For long-chain polymers of reasonably 
high molecular weight. this type of chain orientation usually means 
:hat the chains must fold in order to be accommodated w i t h i n  the 
%5n lanellae. However, in the present case, it is believed that 
the molecular chains of thus aromatic polymer a re  too to 
fold (at least to fold as sharply as polyethylene chains). In support 
of this proposal, no evidence for  the presence of microfibrils 
between fracture faces was found when the lameIIae were frac- 
tured in tension. Such microfibrils a r e  usually observed in the 
fracture of crystalline lamellae grown from solutions of high 
molecular weight, flexible polymers. Therefore, i t  is proposed 
that these lamellar structures result from the crys+dlization of 
a paraffin-Like, low molecular weight fraction in the polymer 
solution. 
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FIG. 9. Electron diffraction pattern from several lamellae 
precipitated from polyamide-hydrazide dilute solution. 
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