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Abstract : Electron diffraction patterns from solution polymerized single crystal whiskers ([100] and
[010]) and confined thin film melt polymerized single crystal lamellae ([001]), in conjunction with mo-
deling using Cerius [2], are used to determine the crystal structure of Phase I of poly(2,6-oxynaph-
thoate). The unit cell is triclinic (pseudo-monoclinic), a=7.712, b=5.905, c=17.202 A and p=97.5°, a
=y=90°, space group P1. Comparison of observed and calculated structure factors yields an R-factor
of 0.25, the relatively large value being attributed to whisker tilt and/or rotation and secondary scat-
tering from the stacks of single crystal lamellae. Parallel packing of the chains is proposed, in agree-
ment with morphological observations. Other methods than the use of whiskers for obtaining 00 L re-
flections (shearing in the liquid crystal state, shearing of the monomer and epitaxial polymerization/
crystallization) are described; the use of nascent polymer gives rise to the most perfect crystals.

Introduction

In part I' we described the morphology of nas-
cent, lamellar, single disclination domains and sin-
gle crystals of poly(2,6-oxynaphthoate) (PONA)
simultaneously polymerized/crystallized between
glass or mica surfaces using our confined thin film
melt polymerization (CTFMP} technique, with the
morphology of single crystal whiskers having been
described in an earlier paper.” In this previous pa-
per we reported the observation from CTFMP
samples of [001] ED patterns resembling those of
phases [ and 1l for PpOBA; they were labeled the
same. In addition, for confined thin film solution po-
lymerized samples a third “phase’, Phase Il was
observed. The ED patterns from this phase varied
from rectangular (with a* the same as in Phase I,
but with a considerably smaller b* (4.0 A" rather
than 6.0 A") to rhombohedral with a* staying the
same but with various shears of the 200 planes.

.

Phase Il patterns have not been observed in any
of our CTFMP samples.

We continue to find, however, what might be
an apparent continuum (and interaction) between
Phases [ and II. In ref. 2, Figures 3a and ¢, patterns

- described as Phase I were shown with reflections

that would be labeled 2%0, 1%0, 1.1%.0 and 3.
1%.0 in terms of the PpOBA Phase I cell, with 2%0
{which has nearly the same spacing as 110y) being
particularly intense. This leads to the suggestion
that the b-axis of the PONA Phase I cell should be
doubled relative to the similar PpOBA Phase I cell;
based on the electron diffraction (ED) patterns
from both the whiskers and the CTFMP lamellae
we proposed a monoclinic unit cell with a=7.8 A, b
=123 A, ¢=174 A and B=97° but did not des-
cribe the conformation and molecular packing. The
Phase II ED pattern (Figure 3 c, ref. 2) also dif-
fered to an extent from that of PpOBA in that 010
and 210 were relatively strong compared to their
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intensities in PpOBA phase Il patterns and furth-
ermore, 210 was doubled, each ‘reflection’ ac-
tually consisting of two closely spaced reflections ly-
ing on the 2k0 lattice row. We note that in PpOBA®
and for the parameters reported in ref. 2, 200, is
slightly less than 010, It is ‘clean’ ED patterns
from CTFMP samples, ie. without the “super-
position’, and the whisker patterns, along with
modeling using Cerius [2] from Molecular Simu-
lations Inc., that we use here as the basis for deter-
mining the conformation and molecular packing in
nascent crystals of phase | PONA.

Of the various PONA papers in the literature,
only the paper by lannelli et al.* describes the
crystal structure of PONA. They used a sample
prepared by polymerization of 6-acetoxy-2-naph-
thoic acid [1] (ANA) in Therminol 66 [2], presum-
ably at a 4% w/v concentration with step-wise
heating to 350°C {they indicate they followed the
procedure described in ref. 5, presumably that for
high molecular weight PONA). Using 13 resolv-
able reflections in an x-ray diffraction powder
pattern, they suggested an orthorhombic unit cell
with a=7.66 A, b=5.98 A and ¢=17.12 A, space
group Pbc2;. In order to obtain better agreement
between the observed and calculated diffraction
patterns, particularly for the 102, 111 and 212 re-
flections, they assumed a statistical {50-50) up
down arrangement of the molecules, whereas the
Pbc2, cell requires a parallel {all up or all down) ar-
rangement. Introducing this disorder left the 002
calculated intensity still too strong, so they also sug-
gested the up molecules are shifted, along ¢, by 1.7
A. No reference was made to our evidence for a
monoclinic packing in electron diffraction (ED) pat-
terns from PONA single crystal whiskers.?

Experimental

The preparation (and morphology) of the crys-
tals used for the ED studies was described in the
previous papers.”” The CTFMP-glass samples
used here were polymerized at 200 °C, i.e. below

[1] Although the monomer is 6-acetoxy-2-naphthoic acid,
the polymer is usually designated poly(2,6-oxynaphthoic
acid).

[2] Trademark of Monsanto Co.
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the melting point of the ANA monomer (T,=226
°C), while the CTFMP-mica sample was poly-
merized at 180°C; the whiskers were sample 1
from ref 2, polymerized at 350°C in a 4% w/v
Therminol 66 solution for 8 h. Our standard
transmission electron microscope (TEM) sample
preparation techniques (e.g. ref. 1) were used,
with Au coating rather than Pt/C shadowing be-
ing used for in-situ calibration of ED spacings
when desired. TEM and ED were done on vari-
ous microscopes; JEOL 100C, Philips 400, Phi-
lips 420, Philips CM12 and Tesla BS 613.

For determination of unit cell parameters and
comparison with the Cerius [2] modeling results,
the ED patterns were scanned with a Relisys
9624 scanner and Adobe Photoshop/Art Scan
software (grey scale, photo grade, Y=1) at a reso-
lution of 1500 dpi for accuracy; the spacings
were measured with NIH Image software. A
least squares refinement program was used for
determination of the cell parameters.® These scan-
ned patterns, without background subtraction,
were also used for the measurement of ‘inte-
grated” intensities of the reflections. The spot in-
tensities were converted into peaks by the NIH
software using a narrow slit whose width cov-
ered the darkest spot among all of the reflections
for the pattern used. The peak areas above back-
ground were approximated by a triangle, the ap-
ices being determined by eye and measured with
the software.” Observed structure factors (F.)
were calculated assuming a single crystal rather
than a mosaic crystal, i. e., F.=kI."” where k is a
proportionality factor varying from film to film
(for a mosaic crystal F.=k{I,/d)"* where d is the
spacing of the reflection).” These values of F,
were then “adjusted” by a constant factor for com-
parison with the Cerius [2] predictions by min-
imizing the differences between the F, and the F..

The crystal structure of PONA and its chain
conformation in the lattices were modeled using
the Cerius [2] (1.6) software with the Dreiding
force field for an infinitely periodic system. The
intramolecular interactions utilized (valence
terms) include bond stretching, angle bending,
torsional and inversion terms. The intermolecular
interactions include van der Waals and Coulom-
bic terms. For our periodic system the Ewald
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summation method was used in the minimizing
calculations. Van der Waals interaction between
atoms separated by three bonds is excluded
from the energy term. Other parameters were
usually chosen as the default options except in
those cases in which settings were recommended
in the manual for polymer-type periodic systems.
A minimized chemical repeat unit of a single
molecule was used to build the unit cell. For the
simulated electron diffraction patterns a global
isotropic temperature factor of B..=5 A was
used. With a smaller B resulting in an increase of
F. with increasing angle, the effect of decreasing
B on F. is the same as the effect of assuming a
mosaic rather than single crystal for the cal-
culation of F.. A crystal thickness of 50 A was
used for the ED pattern displays. compensating

somewhat for the variable substrate (and result-
ing sample) ftilt increasing the number of orders
of reflections displayed. The values of F. are in-
dependent of the crystal thickness chosen.

Results and Discussion

Figures la and b are examples of “clean
Phase | and Il ED patterns from CTFMP samples,
i.e. they closely resemble the corresponding pat-
terns from PpOBA and do not have “extraneous’
reflections. It is patterns of the type shown in Fig-
ure la that were used for measurement of in-
tensities for comparison with the simulated Phase
| patterns. In the Phase | pattern all hkO re-
flections are present, with h+k odd somewhat
weaker than h+k even. For Phase I considerably

(b)

(c)

Figure 1. Representative CTFMP ED patterns a) [001] Phase ! (T,=180 °C, t,=4 h); b) [001] Phase Il (T,=180°C, t,=4 h);
¢) [001) "Superposed Phase I, II" (T,=180°C, t,=7 h, from the CTFMP mica sample in Figure 9a, part 11).
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fewer orders of reflections are seen, in all patterns
obtained, with h+k odd again weaker than h+k
even. In this pattern the 210 reflections are doubl-
ed, the “extra’ reflections lying inside the 2k0
row line. It is noted we are using the same con-
vention we used for PpOBA,* choosing a as the
longest of the two axes normal to the molec-
ular axis, c.

Figure 1c is an example of one of the patterns
which lead to our original suggestion of a dou-
bling of b in Phase I. The sample used for this pat-
tern was polymerized between mica (180°C, 7 h)
but similar patterns were observed for normal
CTFMP samples (e.q. inset in Figure 7a, part I').
At first sight it appears to be a superposition of
Phase I and Il patterns, the relatively strong 2%0,
(in terms of Phase 1) reflections corresponding to
1104 they and the much weaker 2.1%0; reflec-
tions are located slightly outside the 2k0, lattice

row, in agreement with by being slightly less than °

a/2. However, this can not be the situation; the
strong 1.1%0, and weaker 3.1%0, reflections are
not permitted in a Phase Il pattern (they would
correspond to 1%0, and 1.1%0,, respectively).
Furthermore 200, is missing, although it is the
strongest Phase II reflection in Figure 1b. In ad-
dition the 100, and 010, (at the same position as
200,) reflections are not visible, being “replaced”
by weak 1%0, reflections. On the pattern shown
there are also additional reflections on the h10,
and h1%0, lattice rows at positions 1/3 and 2/3
of the distance between the main reflections.

At this time we do not have an acceptable ex-
planation for the type of pattern in Figure 1c. Be-
cause of the variation in relative intensity of the
“extra’ reflections, compared to the Phase I re-
flections, it is likely that it is not an additional
crystal form. On the other hand it can not be a
simple superposition of Phases [ and Il due to the
presence of strong reflections (e.g. 1.1%0) that
are not present in either form. While dynamic dif-
fraction might produce such reflections, it could
not explain the absence of 200. At present our
only explanation is that an interaction between
Phases | and II occurred, during the liquid crystal-
crystal transformation and resulting contraction,
that has resulted in some form of superlattice.
This interaction may be induced by the strong
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adhesion of the polymer ends to the substrate, an
adhesion that requires dissolution of the glass to
remove the sample.

The pattern in Figure la is appropriate for de-
termining the [001] dimensions of Phase 1. In ad-
dition, however, one needs other zones, with the
optimum being zones containing c*. In polymer x-
ray diffraction this is usually done by using fibers;
the resulting fiber patterns correspond to rotation
patterns about ¢, the molecular axis. Similar pat-
terns can often be obtained by ED using thin sam-
ples which have been “sheared” (smeared
between glass slides) at elevated temperatures,
near or above the melting point. Examples for
PONA are shown in Figure 2; the sample in Fig-
ure 2a was polymerized by CTFMP at 180°C for
16 h and then sheared at 320°C, i.e. in the liquid
crystal state. It shows the highest degree of orien-
tation of the various patterns we have obtained.
110; and a much weaker 200; are visible on the
equator, with 210; or 211, also present. 200, ap-
pears split, with its maxima above and below the
equator. 211, which is considerably more intense
than 210, is also split, but should be. 002, and
008, are present on the meridian, with 006; and
018, also visible on the negative. It is clear from
the pattern that the crystals have been greatly dis-
turbed by the shearing, the number of equatorial
hkO reflections being much less than in the [001],
single crystal patterns. The relative weakness of
200 suggests a degree of uniplanar orientation.

Figure 2b is the “best’ fiber-like pattern we
have obtained; i.e., having the largest number of
quadrant reflections. It apparently somewhat ap-
proaches a single crystal pattern in that 110, but
not 200, is visible on the equator. All of the re-
flections are much more arced than in Figure 2a,
indicating a broader distribution of molecular
orientation. In addition to 018, rows of reflections
corresponding to 02 L, are present. This sample
was prepared by shearing, at 280°C, a powder
originally prepared in 1-chloronaphthalene at 235
°C; the sample was likely of low molecular weight,
permitting the shearing. Annealing of the samples
at, e.g., 280°C for periods of up to 24 h did not
improve the patterns.

We attribute the lack of crystal perfection in
both patterns to the effect of shearing at tem-

Korea Polymer J., Vol. 6, No. 1, 1998
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®)
Figure 2. ED patterns from sheared PONA a) T,=180°C,
t,=16 h followed by scrapping from the cover slip to pro-
duce a powder and shearing on glass at 320°C with the the
edge of a razor blade; several patterns were superimposed
on the same negative, one exira pattern partially over-
lapping that of interest here. b) acetone extracted 1-chloro-
naphthalene solution polymerized (T,=235°C, t,=24 h) sam-
ple sheared at 280 °C. The sample in b) likely consisted of
short chain oligomers at the time of shearing.

peratures above Ti.. resulting in randomization
of chain direction within a crystal. Transesterifi-
cation, which is also possible at these tem-
peratures, should not affect the chain direction
since the ester groups have a direction which can
not be reversed in a transesterification reaction; i.
e., only neighboring chains which have the same
direction can undergo exchange.

There are three other methods we have used
to overcome the imperfections induced by shear-
ing already polymerized polymers, which we find
in all polymers with relatively rigid chain we have
examined except a series of polyazomethines of
varying flexible segment length® (these yield sin-
gle crystal patterns consisting of a single zone).

Korea Polymer J.. Vol. 6. No. 1. 1998

For some polymers, including poly (p-phenylene
terephthalamide)® and poly(terephthalic anhy-
dride," shearing of the monomer prior to or short-
ly after the initiation of polymerization resulted in
a c-axis orientation. The patterns from these sam-
ples were not much better than those shown in
Figure 2, but at least permitted the determination
of ¢ if no other means was possible; the pro-

" cedure was not tried for PONA.

The second method to obtain non-hkQ reflec-
tions is by polymerization between mica. As
shown in Figure 9, part I,' lamellae are produced
which often are normal to the substrate, the
molecules being parallel to it. The resulting ED
patterns, shown in Figure 10, part L. are in agree-
ment with the suggestion of a monoclinic unit cell.
For the higher T, samples, the ones clearly consist-
ing of lamellae normal to the substrate, most of
the patterns were [110] zones with 001, twinning
leading to the arced nature of the 110, reflections
while 002, is a sharp spot. In a few cases patterns
similar to those in Figure 10c were obtained: they
consist of a superposition of [110] and [120]
with 002 arced and 008 split, consistent with a
common c-axis direction, ¢* lying on both sides
of the meridian. Unfortunately, a problem in-
herent in the “epitaxial’ ordering of the crystals
on the mica, we did not obtain [010], patterns,
ones which would most clearly show the mono-
clinic nature of the Phase I cell. Rotation of the
crystals about ¢* would permit this but would re-
quire a rotation-tilt stage which was not available.

The third, and best, if possible, method is the
growth of single crystal whiskers that are thin
enough for ED. These whiskers, polymerized in
dilute solution at temperatures above T\.. of the
resulting high molecular weight polymer, are of-
ten nearly circular in cross-section. Yamashita
and co-workers' and Kricheldorf and Adebahr'
and have shown whisker growth is possible for a
number of polyesters. For ED purposes, al-
though the whiskers are thin enough, with ¢
parallel to the whisker axis and the a-b plane
parallel to the beam, the obtaining of a sym-
metrical pattern for any zone without rotating the
whisker about its axis is only by chance. Figure 3
shows two patterns (from ref. 2). corresponding
to [100] and [010]: [210] patterns are also
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shown in ref. 2. Clearly in these patterns there is
as good crystal perfection as in the CTFMP crys-
tals, both between and along the molecules.
Micrographs of the whiskers are also shown in
ref. 2; as indicated there, dark field suggests a
midline, the molecules growing in opposite direc-
tions, with parallel packing, in the two halves.

The DSC scan in Figure 13 and the FTIR scan in
Figure 14, both in part 1! from the same sample
used for the ED patterns, indicate that the poly-
mer in the whiskers is high molecular weight, con-
siderably higher than that in the CTFMP crystals.
It was the patterns shown here that were used
for intensity measurements and comparison with

R O e

(b)

Figure 3. [100] (a) and [010] (b), ED patterns from PONA whiskers (Sample #1, from ref. 7, 4% Therminol 66 solution, T,,=

350°C, t,=8 h).

Figure 4. Proposed Phase | PONA unit cell based on modeling using Cerius [2].
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Figure 5. Simulated ED patterns for Phase I, for comparison with Figures 1a and 3.

the Cerius [2] simulated diffraction patterns. The
strong 200 in Figure 3a and 020 in Figure 3b in-
dicate they are from Phase I; no patterns were
identified as being from Phase II. Clearly these
patterns, in conjunction with the rectangular [001]
I Phase ! pattern, indicate a monoclinic unit cell
for Phase | and thus do not agree with the ortho-
rhombic cell proposed by lannelli et ol.*

Figure 4 shows our proposed Phase I PONA

Korea Polymer J., Vol. 6, No. 1, 1998

unit cell. It is triclinic (pseudo- monoclinic), space
group P1, with refinement of the cell parameters
indicating a=7.712, b=5.905, c=17.202 A and B=
97.5°, 0=y=90", close to the values we proposed
earlier except that b has been halved. The simu-
lated ED patterns are shown in Figure 5 for com-
parison with those in Figures la and 3. Table I
compares measured and predicted structure fac-
tors; an R-factor of 0.25 is obtained. While this is
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not as low as some of the values we have ob-
tained for crystals of other polymers, the major
deviations, we suggest, are due to whisker tilt
and/or rotation and secondary scattering
(dynamic and/or double diffraction) of, e.g., 110,
220, 400 and 020 in the [001] pattern.

Simulated x-ray powder scans for our cell and
the cell of lannelli et al.* are shown in Figure 6, a-
long with a pattern measured using our sample 1
single crystal whisker “powder” and the scan
measured by lannelli et al. at room temperature;
we doubt it would be possible to distinguish them.
Even better agreement can be obtained by vary-
ing crystal dimensions in various directions con-

sistent with the morphological observations. We
suggest the difference in the cell we obtained as
compared to that described by lannelli et al.* is
due to the differences in samples. As in the case
of our sheared samples (and polyethylene tere-
phthalate®), thermal processing of nascent poly-
ester samples above T, or T. often leads to de-
gradation of the crystal perfection; it is very likely

~that the samples used by lannelli et al.' whose

thermal history was not specified, had less perfect

crystals than our nascent polymers, whether po-

lymerized in solution or prepared by CTFMP.
Lack of zones other than [001},, particularly of

" clearly identified whisker ED patterns, has pre-

Table . Structure Factors in PONA Single Crystals

hkl F, F.

Rkl F, F,

040 0.58 0.17 0213 3.74 3.68
630 2.13 6.07 0212 : 2.88 2.03
530 2.02 1.64 028 2.18 142
430 244 _ 3.03 026 _ 5.59 3.10
330 1.81 0.79 025 9.46 8.14
230 2.58 259 024 1024 13.94
130 2.33 : 301 023 11.29 10.09
030 0.73 0.02- 022 10.18 6.19
620 2.50 2.54 021 9.27 6.27
520 5.88 8.60 0113 2.96 1.12
420 8.06 7.32 0112 1.28 1.27
320 9.12 10.32 0111 0.95 0.85
220 - 10.26 3.28 0110 1.24 2.14
120 6.79 3.56 019 7.32 432
020 10.76 4.98 018 10.67 4.97
710 1.22 0.33 017 6.32 2.07
610 3.11 0.85 016 2.05 116
510 7.08 7.19 015 3.88 2.06
410 8.48 9.60 013 3.45 1.84
310 2457 23.85 012 1.00 1.49
210 14.96 21.01 011 2.02 1.94
110 41.68 37.88 0010 1.89 1.72
010 2.29 0.57 008 17.18 20.68
700 117 1.00 006 2.74 2.92
600 2.99 1.94 004 2.26 3.04
500 1.78 0.06 002 16.37 19.10
400 9.46 2.02 108 17.05 18.51
300 4.08 3.94 108 17.25 10.33
200 6274 62.64 208 7.53 7.45
100 3.16 3.16 106 2.36 2.37
035 1.00 0.54 104 9.07 4.57
034 2.42 6.58 102 12.51 14.32
202 6.70 6.71 204 1.81 1.79
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Figure 6. Simulated PONA x-ray powder pattern (a),
powder pattern from the whiskers (sample #1 ref. 7) (b), a
copy of the scan shown in the paper by lannelli et of.* (c),
and their simulated pattern assuming a 50/50 up/down
molecular orientation and a shift of the up molecules by 1.7
A relative to the down molecules (d).

vented our determination of the crystal structure
of phase II. The similarity of the point lattices also
makes difficult the identification of the phases of
tilted ED patterns, let alone the zones. With
knowledge now of the phase I cell, however, and
the ability to simulate its various zones, further
characterization of phase Il should be possible.

Conclusions

1. Phase | in nascent PONA has a triclinic
(pseudo-monoclinic) unit cell, a=7.712, b5.905, ¢
=17.202 A and B=97.5°, a=y=90°, space group
P1. The chains are packed with a parallel orien-
tation, in agreement with morphological observa-
tions® suggesting parallel, opposite polymerization
directions from a midline in solution polymerized

Korea Polymer J., Vol. 6, No. 1, 1998

whiskers.

2. Shearing of PONA (and other similar poly-
mers) above Ti. results in a substantial decrease
in crystal perfection, an effect attributed to ran-
domization of chain direction in the crystals.

3. Deviation of our cell from that proposed by
lannelli et al.* who propose an ‘orthorhombic”
cell with a statistical distribution of chain direc-
tions and molecular stagger within the cell. is at-
tributed to our use of nascent polymer resulting
in a ‘more perfect” crystal structure.

Acknowledgements. This research was sup-
ported, in part, by the National Science Foun-
dation, Polymer Program through grants DMR 89-
20538 and 93-12823 (JL, PHG) and the donors
to the Petroleum Research Fund administered by
the American Chemical Society (FR while at Univ.
of Illinois) Appreciation is also expressed to the
University of lllinois Centers for Microanalysis
and Electron Microscopy for use of their e-
quipment and to Hoechst-Celanese Corp for their
gift of the 6-hydroxy-2-naphthoic acid monomer.

References

(1) F. Rybnikar, J. Liu, J. A. Myers, and P. H. Geil, this is-
sue.

(2} J. Liu, F. Rybnikar, and P. H. Gelil, . Polym. Sci., Polym.
Phys., B30, 1469 (1992).

{3) a) J. Liu, B. -L. Yuan, P. H. Geil, and D. L. Dorset, Po-
Iymer, (in press), b) J. Liu, F. Rybnikar, and P. H. Geil, J.
-Macromol. Sci., Phys., B32, 395 (1993).

(4) P. lannelli, D. Y. Yoon, and W. Parrish, Macromolecules,
27, 3295 (1994).

(5} A. Muhlebach, J. Lyerda, and J. Economy, Ma-
cromolecules, 22, 3741 (1989).

{6) Program courtesy of A. -Q. Zhang, University of Akron.

(7) For details see D. L. Dorset, Structural Electron Crys-
tallography, Plenum, New York, 1995.

{8) D. Dean and P. H. Geil, Acta Polym. (in press).

{9) J. Liw, S. Z. D. Cheng, and P. H. Geil, Polymer, 37, 1413
(1996).

(10) J. Liu, T. -C. Long, P. H. Geil, and F. Rybnikar, J. Polym.
Sci., Polym. Phys. Ed., B34, 2843 (1996).

(11) K. Kimura, S. Endo, Y. Kato, and Y. Yamashita, Po-
lymer, 34, 1054 (1993).

{12} H. R. Kricheldorf and T. Adebahr, High Perform. Polym.,
6, 109 (1994).

(13) J. Liu and P. H. Geil, J. Macromol. Sci,, Phys., B36, 61
(1997).

83



