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Abstract : Confined thin film melt polymerization (CTFMP) of 2, 6-acetoxynaphthoic acid between
glass surfaces, both above and below the monomer melting point, results in its polymerization-crys-
tallization as lamellar, extended chain, single disclination domains and single crystals of poly (2, 6-oxy-
naphthoic acid) (PONA). CTFMP between mica results in heterotropic epitaxy, the c-axes of the
PONA lying parallel to the three equivalent <100>, <110> mica directions. CTFSP {solution) can
result in either heterotropic or homeotropic epitaxy; in the latter case the molecules are normal to the
mica surface. Low temperature bulk polymerization permits characterization of the monomer “melf’
from which the polymer grows: FTIR indicates the presence of a small amount of ester bonds. The
polymer formed also consists of 100 A thick lamellae; heating above T results in rapid chain ex
tension. CTFMP under pressure results in a new crystal form with a physical repeat distance of 23.6 A

the unit cell has not yet been defined.

Introduction

Although there are a number of publications
describing the synthesis, structure and properties
of copolymers containing 4-oxybenzoate and 2,6-
oxynaphthoate residues (e.g., ref. 1) and of the
homopolymer poly(p-oxybenzoate) (PpOBA) (e.g.,
ref. 2), there are only a few publications des-
cribing these factors for poly(2,6-oxynaphthoate)
(PONA).*" Synthesis papers of particular interest
relative to the research described here are those
describing the growth of PONA single crystal
whiskers.”” As described in those papers, po-
lymerization of PONA in dilute solution {ca. 1%)
at temperatures near 350°C vields needle-like
structures with aspect ratios >10. The diameters
are sufficiently small that excellent single crystal
electron diffraction (ED) patterns can be obtained
from these “whiskers'.” In ref. 7 we also briefly
described the growth of lamellar PONA single dis-

clination domains and single crystals by our con-
fined thin film melt polymerization (CTFMP) tech-
nique." Samples prepared by the CTFMP tech-
nique, usually consisting of lamellae ca. 100 A
thick in the form of extended chain single crystals
or single disclination domain aggregates, permit
obtaining [001] zone ED patterns. Two types of
patterns were obtained (see Part I1,'?), similar to
the Phase I and II patterns from PpOBA (e.g., ref.
2); they were correspondingly labeled in ref. 7.
Using the ED patterns we proposed a monoclinic
unit cell for Phase [ with a=7.8 A, b=12.3 A, c=
174 A and B=97° but did not describe the con-
formation and molecular packing. For Phase II
only hkO reflections were obtained; 200,=5.8 A,
110,=3.6 A, ¥*=90°. It is these types of patterns,
along with modeling using Cerius [2] from Molec-
ular Simulations Inc., that we use in Part I as
the basis for determining the conformation and
molecular packing in nascent crystals of PONA.
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In addition to electron microscope observations
of the CTFMP samples we also describe here opt-
ical microscopy observations of the isothermal
CTEMP polymerization and crystallization of the
single disclination domains. In the CTFMP tech-
nique the monomer undergoes a sequential sub-
limation; recrystallization; chemical reaction, melt-
ing and co-dissolution of reactant products; poly-
merization and crystallization, with all stages, un-
der appropriate conditions taking place isoth-
ermally below the DSC measured melting point
(T.) of the monomer."! We have described related
observations of the polymerization and/or ED-Cer-
ius [2] crystal structure determinations for, e.g.,
the liquid crystalline homopolymers poly{p-oxy-
benzoate) (PpOBA)*" poly(4, 4'-oxybibenzoate)
(POBBA),* poly{p-phenylene terephthalamide),*
phenyl-® and bromo-* side branched versions of
PONA and POBBA; copolymers poly(pOBA/
ONA),” polylmOBA/ONA)*® and the non-liquid
crystalline polymers poly(ethylene terephthalate),”
poly(butylene terephthalate),” poly(ethylene na-
phthalate),? poly(terephthalic anhydride)” and
poly(naphthalic anhydride).® In nearly all cases
the CTFMP process results in the growth of ca.
100 A thick lamellae yielding [001] ED patterns.

In our first paper on the morphology of nas-
cent PpOBA,* devoted primarily to the mor-
phology of disc and whisker crystals grown in
bulk solution, we also described some lamellar
crystals grown between closely spaced glass
slides immersed in the solutions. The crystals
grown in this confined thin film solution polymer-
ization (CTFSP) technique were more irregular
than those from the melt, but still permitted ob-
taining Phase I and Il ED patterns of many orders.

In another modification of the CTFMP tech-
nique, also used here, the PobOBA monomers were
polymerized between two sheets of freshly cleaved
mica, often at temperatures above the monomer
T.. When both of the confining surfaces are mica
the lamellae, still ca 100 A thick, are oriented nor-
mal to the substrate, the molecular axes lying
parallel to the substrate and along the three e-
quivalent <100> and <110> directions of the
mica cleavage surface®” Several recent papers
by Wang et al.®* have described somewhat re-
lated observations for PpOBA; they polymerized
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the polymer in paraffin oil, inserting several dif-
ferent types of substrates (e.g. mica, KBr, and eva-
porated gold and rubbed Teflon [1] on glass) in
the solution as it was polymerizing. They also
found alignment of the molecules parallel to the
substrate, e.g. along the same directions as above
for mica or the molecular axis for rubbed Teflon.
In most cases their samples appear to consist of la-
teral aggregates of rods or whiskers, often ov-
erlying each other even though aligned relative to
the substrate. In one case, for polymerization on
KBr at 180°C for 24 h, followed by annealing at
280°C for 1h and 320°C for 2h® they report
lamellar crystals parallel to the substrate
(molecular axes perpendicular), with the edges be-
ing parallel to “crystal axes” of the KBr.

Experimental

The same 6-acetoxy-2-naphthoic acid (ANA)
[2] utilized in our previous report’” was used for
the new samples prepared here. The original 6-
hydroxy-2-naphthoic acid was a gift from Drs. L.
Sawyer and dJ. Shepard of Hoechst Celanese Co.
The ANA had a melting point of 226°C with
FTIR indicating no evidence of ester bonds.™®

CTEMP samples were polymerized between
glass cover slips or thin sheets of freshly cleaved
mica on either a thermostatted hot plate or a
Kofler hot stage on a Reichert Zetopan optical mi-
croscope, at various temperatures between 180
and 300°C, for times up to ca. 1 day. As in the
case of PpOBA," the majority of the CTFMP
samples were prepared at temperatures below
the DSC measured T, of the monomer, for
PONA at 180 or 200°C, although the samples
prepared between mica were often polymerized
at the higher temperatures. In addition several
samples were prepared by adding mineral oil to
the monomer while polymerizing between mica (i.
e., by a CTFSP technique) or applying pressure
(in a compression molding press) to the CTFMP

[1] Registered trademark of E. I. duPont de Nemours,
Inc.

[2] Although the monomer is 6-acetoxy-2-naphthoic
acid, the polymer is usually dsignated poly(2,6-oxy-
naphthoic acid).
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mica sample while it was polymerizing. Following
splitting of the slips, the samples were rinsed with
acetone prior to preparation for characterization.
Sheared samples were prepared by shearing
between glass slides or mica at elevated tem-
peratures either samples prepared by solution po-
lymerization or the monomer a few seconds after
polymerization was started.”” Samples for FTIR
were scrapped from the slides for preparation in
KBr pellets; scans were run on a Mattson Galaxy
3000 FTIR.

Low temperature bulk polymerized samples
were prepared in a test tube in an oil bath at 200
°C for times up to 48 h. As described in ref. 26,
in greater detail for PpOBA, polymerization is
less rapid than between slides at the same tem-
perature, but the same sequential polymerization-
crystallization process takes place. The use of this
technique permits sampling the “melt” phase. The
polymerized samples used for characterization
were first extracted with acetone; extraction of
the liquid phase, which solidifies upon cooling,
was complete.

The whiskers used for comparison purposes
are the same as those described in our previous
paper as sample 1, they were polymerized at 350
°C in a 4% w/v Therminol 66 solution for 8 h.,
then fully rinsed with acetone to remove residual
monomer, if any. As appropriate the samples
resulting from the various polymerization tech-
niques were characterized by DSC (Perkin Elmer
DSC 4, 40°C/min), FTIR (Mattson Galaxy 5000,
using KBr pellets) and X-ray diffraction (Chirana
Micrometa 2E with quartz monchromatized
CuKa radiation and a lab built heating chamber)
as well as by microscopy.

For transmission electron microscopy (TEM)
shadowing was with Pt-C or Au, the latter being
used for ED calibration. Due to the strong adhe-
sion of the CTFMP samples to the substrates,”
after shadowing they were coated with C and re-
moved from the substrates by floating on dilute
HF solutions. TEM and ED was done on various
microscopes, including JEOL 100C, Philips 400,
Philips 420, Philips CM12 and a Tesla BS 613;
the results of hot stage ED on the CTFMP and
whisker samples are described in our previous
paper.” Scanning electron microscope {SEM) mi-
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crographs of the “sample 1" whiskers are also
shown in ref. 7. The whiskers form radial ag-
gregates, more or less spherical balls with the nee-
dle-like whiskers protruding in all directions. Sam-
ples of the whiskers and the low temperature
bulk polymerized samples for transmission elec-
tron microscopy (TEM) and ED were ultrasoni-
cally dispersed in acetone {(which only partially
disrupted the aggregates) and spread on carbon
substrate EM grids before coating or shadowing.

Results and Discussion

Optical Microscopy of the CTFMP Process.
Figure 1 shows optical micrographs between
crossed polars of the same region of an ANA
sample between glass cover slips as it was heated
to 200°C and then polymerized there isoth-
ermally. Temperatures and times from the
initiation of heating are indicated. The as-cast
sample had the same appearance as the sample
at 120°C (Figure 1la), small, colored (birefringent)
crystals. By 150°C, 75° below T., there was a
clear change (Figure 1b), with many of the crys-
tals increasing in size and brightness. Small lath-
like crystals also began to develop, some growing
out from the original crystals but many ap-
parently being new. While the initial as-cast crys-
tals were only on the bottom cover slip, many of
the “new” crystals were on the under-side of the
upper cover slip; ie. sublimation and recrys-
tallization had occurred. This continues, with eith-
er increasing time at these temperatures, or, as in
Figure. 1c, as the sample was heated further. By
the time this sample was heated to near the
selected polymerization temperature numerous,
large lath-like crystals were found, on both sur-
faces, with a residue of the original crystals in
some locations.

The lath crystals formed by the sublimation-re-
crystallization process consist of ANA, as shown
by DSC and FTIR (see refs. 7, 32 and below),
and are usually embedded in “molten” (bire-
fringence-less) circles of liquid visible in non-po-
larized transmission observation. As shown below,
and in ref. 30 for PpOBA, the liquid is not pure,
molten monomer, but rather is presumably a solu-
tion with a number of components such that it
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(b)

@ i

)

Figure 1. Optical micrographs taken using a hot stage and crossed polars as an acetone cast ANA monomer film was heated
and then held at a polymerization temperature of 200 °C. Temperatures and times after the initiation of heating are indicated
on the figures. See text for description of the various parts of the figure. All micrographs were taken with the same exposure
time and magnification. Structures are present on both surfaces of the glass although monomer was originally cast on only one
side; focus is possible for only one of the surfaces.
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has a T. corresponding to the T,. We shall con-
tinue to describe it as a melt hereafter. Within
two minutes of reaching 198 °C (Figure 1d) all of
the original crystals had melted in this area, some
of the lath crystals had increased further in size
and polymerization had started as indicated by
the small spots of light. Each of these is a 4-
brush, single disclination domain {SDD). At this
stage of the process, in some samples, some of
the SDDs were highly mobile within their liquid
films, darting about on straight line trajectories,
like shooting stars; the motion stops when they
meet and merge with another disclination.

With continuing time at T, the lath-like mono-
mer crystals melted (dissolve) and the disclina-
tions grew. By the stage shown in Figure le they
generally are immobile, but if two touch there is
an instantaneous rearrangement to form a single
SDD, indicating they were in a liquid crystalline
state. Twelve minutes after reaching T, (Figure 1f)
the lath crystals were nearly completely gone
with the SDDs continuing to grow on the two,
separated glass surfaces. Thus, in some locations
SDDs appear superimposed; they had not merg-
ed since they were not in contact. On these mi-
crographs the only region in which the liquid
spanned the gap between the cover slips is the
bright spot to the right and above the center; it
helps identify identical positions from micrograph
to micrograph.

The films in Figure 1g have a greatly different
appearance. With continued lateral growth of the
SDDs and, presumably, the molecular weight,
they suddenly began to decrease in birefringence
(as in all but the lower right of Figure 1g), simul-
taneously appearing to spread on the substrate.
This was followed, as at the lower right, by a
transformation spreading through the sample in
which the 4-brush SDDs were converted to
spherulitic-appearing structures with coarse radial
lines. We attribute this transformation to crys-
tallization, the molecular weight having increased
sufficiently that T.. had increased to T, If the
sample is cooled while still in the liquid crystalline
state. a similar transformation may occur, but
even under the conditions shown for the sample
in Figure 1lh. in which the transformation. had
spread across the entire surface, not all of the
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SDDs had transformed. Areas of a number of
SDDs or isolated SDDs could be found which
retained the bright 4-brush pattern, as shown in
Figure 3 below. The appearance of the sample in
Figure 1h was retained as it was cooled to room
temperature. In regions of the sample in which the
molten film spanned the gap between the slides a
similar process of melting (no sublimation in this
case), accompanied by recrystallization of mono-
mer into larger crystals followed by remelting,
SDD formation and merger took place. The whole
process, however. was slower than in the sur-

200°C, 30 min

(b)

Figure 2. Portion of a different sample than in Figure 1, po-
lymerized for 30 and 31 min,, respectively, after initiating
heating to 200 °C. The molten film in the central “tear drop’
spans the gap between the two substrates. a) between cross-
ed polars; b) transmitted light. The superposed SDDs in the
gap spanning film are at different heights in the film. SDD
nucleation is preferential at, but not restricted to, the edge of
the film.

57



P. H. Geil et al.

rounding thin, single substrate films. Figure 2 is
optical micrographs of such a sample 20 minutes
after reaching T,=200°C., between crossed po-
lars and in transmitted, polarized light (no analyz-
er). The disclination axes in the individual SDDs
have various orientations relative to the mi-
croscope axis so they often no longer have the 4-
brush appearance.

Following cooling to room temperature the cov-
er slips for the sample in Figure 1 were split
apart and washed with acetone to remove any
residual monomer and low molecular weight oli-
gomers. Figure 3a shows an area from one of the
cover slips consisting of a number of crystallized
SDDs, with a higher magnification of the central
SDD in Figure 3b. A 4-brush center is still seen
with the brushes splitting as triples (i.e.. 4 brush
intersections) as they radiate out. In addition
loops are formed in the regions between the
brushes which either are complete loops or ter-
minate at the outer boundary of the SDD. It is as
if a nematic multiple disclination Schlerien pat-
tern is retained in the crystalline state, a pattern
which is present only as a single disclination in
the liquid crystalline state. The outer, thin edge of
the large SDD as well as some of the surrounding
regions seem to have considerable defect struc-
ture. In addition some small single 4-brush SDDs
can be seen in the region surrounding the large
SDD in Figure 3b as well as at the lower right of
Figure 3a.

As shown in Figure 3¢ (and Figure 2, ref. 18)
the 4-brush SDDs can be quite large and. while
more often found in thinner regions of the film
{as in Figure 3c), in Figure 2, ref. 18 they are in
regions of the same thickness as the spherulitic
SDDs. In reflected light the 4-brush SDDs have a
smooth surface while the spherulitic SDDs shown
in Figure 2, ref. 18 appear to have a radiating.
corrugated surface. the corrugations correspond-
ing to the dark lines in the crossed polars ob-
servation. While these apparent corrugations are
more apparent, appearing as dark valleys, in ob-
servations in which the analyzer is left in the re-
flected light path, they are also visible when the
analyser is removed. Close observation. however,
suggests they are an optical effect and not a sur-
face topological feature: the spherulitic SDDs in
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(a)

©)

Figure 3. Optical micrographs between crossed polars of
the film on one of the substrates from the sample in Fig-
ure 1 after splitting the sandwich and washing with
acetone. The “spherulitic’ SDD in b) is a higher mag-
nification image of the SDD in the center of a). A partial 4-
brush SDD is at the lower right of a) with several retained
4-brush SDDs in ¢).

Korea Polym. J.. Vol. 6. No. 1. 1998
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Figure 3 also appear to have a smooth surface at
optical microscope resolution. In addition, as will
be shown below. we were unable to obtain TEM
replica micrographs suggesting a corrugated ra-
dial surface topology.

TEM Observations of CTFMP-glass Sam-
ples. Two TEM micrographs of shadowed, small
SDDs were presented in ref. 7, polymerized on a
C substrate at 180°C and an aluminum substrate
at 200°C. Both consisted of lamellae more or less
parallel to the substrate. with the SDDs often hav-
ing a shallow pit at the center suggesting the
lamellae are slightly tilted as they circle the center.
Unfortunately the central region can not be seen
on the printed figures. What was clear, however.
is that these SDDs are on top of larger, isolated
basal lamellae which. in most cases, are a single
monolayer. Figure 4 shows another example of
these small SDDs in which the central hollow and
tilted lamellae can be seen. It was polymerized on
carbon coated glass. These SDDs gave rise. in the
few examples examined. to both Phase I and Il sin-
gle crystal ED patterns (see Figures 1 a and b.
Part 1" and insets below), with the outlying lamel-
lae giving Phase I patterns. Individual SDDs, when
fully included in the selected area aperture, gave
rise to spot-like patterns. The fact that a single
crystal pattern is obtained indicates that all of the
lamellae have a common orientation of the a- and
b- axes and that c, if normal to the lamellae, is tilt-

Figure 4. Two small SDDs polymerized on a carbon coated
glass cover slip (as for a TEM grid substrate) at 180 °C for
24 h. Both the basal lath-shaped lamellae and the over-
growths and the lamellae in the SDDs are 100-200A thick.
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ed toward the center along all radii ie. the
“crystals’ have a disclination, not dislocation, axis.
The tilt of ¢ is not evident in the patterns, the [001]
intensity distribution being symmetric; as in the
case of collapsed hollow pyramidal single crystals
of polyethylene, this is probably due to regions of
various tilt contributing to the pattern.®

To date we have not been able to distinguish,
in the TEM, between the two types of large SDDs.
Figures 5a and b show low magnification TEM
micrographs of two types of SDD centers fre-
quently seen in samples polymerized at 180°C;
both contain surface striations, in Figure 5a cir-
cling the center and in Figure 5b spiralling out
from the center. Another frequent observation is
that the striations resembling those in Figure 5a
will meet at angles (Figure 5c¢), forming, often, a
triangle rather than a circle. Although not fully de-
monstrated, the striations appear to be lamellae
on edge. As shown in Figures 5¢ and d (Figure
5d is a higher magnification of a portion of a
center of an SDD like that in Figure 5a), the
lamellar surfaces can occasionally be seen in the
striation regions (arrows) and lath-like lamellae
can also frequently be seen parallel to the surface
in the centers of the SDDs (Figure 5d). An unex-
pected feature of the micrograph in Figure 5c),
since we expect these lamellae to consist of ex-
tended chain crystals with no covalent bonding
between molecules within or between lamellae,
are the fibrils drawn across the crack in the film
at the lower right (and inset). They are also
present in d) but less visible. ED patterns were
not obtained from the samples in Figure 5: they
are sufficiently thick that, in eneral, replicas were
used for their observation.

Another type of structure observed in 180°C
CTFMP samples by TEM, but not obvious in the
OM. is shown in Figure 6. They are essentially
oval in structure (Figure 6a) and have a smooth,
lamellar center, while the rest of the structure ap-
pears to be nearly coplanar lamellae, on edge,
with an overgrowth of tapered lath-like lamellae
parallel to the substrate. These structures, shown
at higher magnification in Figure 6b. gave rise to
Phase Il ED patterns (inset at lower left in Figure
6a). The region surrounding the ovals. as shown
in Figure 6¢, also consisted of a film of the tap-
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Figure 5. TEM micrographs of Pt/C shadowed SDDs. a)-c) represent three types of SDD centers, with a) and ¢) being more
typical. Tapered on one end, lath lamellae are distributed randomly (arrows and insert) on the outer edge of the SDD in a),
with lathes also present in the central, thin region of the SDD at higher magnification in d). Arrows in ¢) and d) indicate regions
that appear to be lamellar in the striation regions but not clear, however, is whether the striations are due to lamellae on edge.

Fibrils, of unknown origin, are drawn across the cracks in c).

ered lathes with, occasionally as here, a lamellar
crystal “showing through” (arrow in Figure 6a).
ED patterns from these crystals were Phase |
(inset at upper right in Figure 6a). The crystal
structure of the tapered lathes has not been de-
termined; as shown by the inset in Figure 6b they
appear to grow out of the Phase Il lamellae in
the ovals. The general appearance of the ovals is
similar to that of the ovals related to the hedrites
of polyoxymethylene,® the quadrants containing
the longer axis consisting of lamellae more or less
normal to the substrate, while in the slower grow-
ing quadrants containing the shorter axis the
lamellae are essentially parallel to the substrate.
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Limited CTFMP samples were prepared at high-
er temperatures, up to 300°C, for TEM ob-
servation. Examples of the morphologies obtained
are shown in Figure 7. At all temperatures, in-
cluding 180°C, large regions with broad lamella
more or less parallel to the substrate were ob-
tained in many of the samples. In most cases, as
in Figure 7a, many of the lamellar edges were re-
latively straight, suggesting they were related to
the striations in the SDDs in Figure 5 and that
these were regions of the SDDs at some distance
from the SDD's center. In thicker regions of the
CTFMP film the SDDs intergrow over large areas
as suggested by the micrograph in Figure 1h. At

Korea Polym. J.. Vol. 6. No. 1, 1998
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Figure 6. a) An oval structure composed of broader, lath-
like lamellae that appears to be overgrown, from the outer
edge, by tapered lathes (T,=180°C, t,=4 h). The central
region is shown at higher magnification in b). External to the
ovals additional broad lath-like lamellae with irregular ends
can occasionally be seen uncovered by the tapered lathes;
one of these is shown in c}. The oval structures in a) and b)
gave rise to ‘pure’ (no Phase I reflections apparent) Phase II
ED patterns (inset at lower left in a)) despite the presence of
the overgrowth. The isolated lamellae in c), similar to that in-
dicated by the arrow in a), gave rise to Phase I patterns
(inset at upper left in a)).

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

T,=300°C regions were also found in which the
lamellar edges were much more contorted (Figure
7b). The lamellae in this sample were much thick-
er than those in most of the samples, being ca. 500
A here, whereas those in Figure 7a are the
“normal’ 100 A. Spiral growths of the lamellae
from screw dislocations in these regions were not
observed, the apparent spiral (arrow) actually be-
ing a valley.

Fibrils were been drawn across the cracks in
the sample, as in Figure 5c. We suggest these
cracks and the fibrils formed during or after cool-

(b)

Figure 7. a} Region consisting of broad, large lamellae, ca.
100 A thick and more or less parallel to the substrate. a) T,=
200°C, t,=3h. A typical ED pattern is inset. Regions sim-
ilar to this were observed at all Tp between 180 and 320 °C,
but their relationship to the SDDs is not yet known. b) Re-
gion of a sample T,=300°C, t,= 15 min in which the lamel-
lae are ca. 500 A thick. A higher magnification of the fibrils
in one of the cracks is shown in the inset.
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ing, but have no explanation at present as to
how the fibrils form unless it is by molecular slip
(see also ref. 24 which suggests a similar mechan-
ism for fibrils observed drawn across cracks in
PpOBA solution polymerized-crystallized, ex-
tended chain, disc-type crystals).

Lamellae of the type shown in Figure 7 usually
gave rise to ED patterns {inset in Figure 7a and
at higher magnification in Figure lc in Part 1I'’)
consisting of a “superposition” of Phase | and II
patterns. As in the case of PpOBA (2, 24), the
[001] reciprocal lattices are nearly superimpos-
able, d(020),=d(200), and d{200),=d(020).
Thus 110, lies on the same lattice row as 200
and 210, 1/2 way in between.

Figure 8 is an example of another type of mor-
phology seen at the various T,, more or less fea-
ture-less, circular mounds from which tapered lath-
like lamellae protrude, primarily in opposite direc-
tions in contrast to the growth in various direc-
tions for the SDD in Figure 4. These tapered lath-
like lamellae appear similar to those overlying the
structure shown in Figure 6. ED patterns from
areas containing either the isolated lamellae or the
mounds plus protruding lamellae gave “pure’
Phase | ED patterns (inset at upper right in Figure
6a and Figure 1a, Part II'*}. At T,=180°C similar

Figure 8. Example of central, structure-less mounds with
overlying, irregular lath-like lamellae. The central mounds,
although nearly opaque to the beam, do not appear sha-
dowed; the contrast suggests they are thicker in the center
and tapered at the edges. T,=300°C, t,=1 min. Although
t, was very short, similar structures were also seen at long-
ert,
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structures were seen, eg., for t,=8h, but the
edges of the tapered laths were more irregular.

An obvious question relative to the CTFMP ma-
terial is their degree of polymerization (DP) or
molecular weight: in particular is it high enough
to consider the crystal structure of the lamellae to
represent that of bulk polymer (nascent, since pro-
cessing may well disrupt the perfection of the
crystals, see below) and does the lamellar thick-
ness represent the extended chain length or does
endlinking occur across the lamellar interfaces
during crystal growth? For PpOBA DSC meas-
urements of T... suggested the lamellae consisted
of extended chains, of DP,=15, with no inter-
lamellar endlinking."! Similar measurements were
made for PONA using CTFMP samples scrapped
from the cover slips after washing with acetone. A
DSC scan, at 40°C/min, of CTFMP PONA poly-
merized at 180°C for 23 h is shown in Figure 13
below along with a scan of the monomer and sub-
limate obtained from a low temperature bulk
polymerization and of PONA whiskers prepared
by polymerization at 350 °C for 8 h in a 4% Ther-
minol 66 solution. The whiskers, assumed to be
high molecular weight material, have a T, at 334
°C and a sharper T... at 443 °C. The cor-
responding CTFMP sample peaks are each about
10° lower in temperature, a factor attributed to
its lower molecular weight. We know of no in-
formation, however, on how the transitions in
PONA vary with molecular weight; for PpOBA
the Ti.. peak for a DP of 15 was 65° lower than
T for whisker samples.

CTFMP between Mica. A major concern in
the use of ED patterns for crystal structure de-
termination of polymers is that, while [001] zone
patterns and ones with some degree of tilt are re-
latively easily obtained for nascent polymers by
the CTFMP technique and/or for chain-folded
lamellae by crystallization from either solution or
melt, the obtaining of single crystal patterns con-
taining 00 L reflections, or even fiber type pat-
terns from samples which have not, possibly,
been distorted by the deformation required for
sample preparation, -has been much less feasible.
For PpOBA we utilized solution polymerized-crys-
tallized single crystal whiskers to obtain [100]
and [110] ED patterns, patterns which were in-
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terpreted in terms of a up-down staggering by
0.14 A of neighboring parallel packed molecules
in the nascent Phase I crystals,” whereas x-ray
powder and fiber patterns have been interpreted
in terms of a statistical up-down packing.* ED
patterns from sheared PpOBA samples® as for
the sheared PONA (Figure 2, Part II'%), have
many fewer, broader and more diffuse reflections
than the whisker patterns, a feature which we at-
tribute to the disorder in the crystals. On the oth-
er hand we have shown that if PpOBA is pre-
pared by the CTFMP technique between 2 mica
surfaces, rather than glass, single crystal ED pat-
terns of one, or several superimposed, zones can
be obtained that contain 001 reflections.”? The
sample consists of lamellae whose normal is paral-
lel to the substrate, the c-axis of PPOBA lying a-
long the three equivalent <100>, <110> direc-
tions on the mica cleavage surface. As shown be-
low a similar morphology and orientation is ob-
tained for PONA.

Figures 9a-f are micrographs of PONA pre-
pared between mica at temperatures both below
and above the ANA T, {a) 7h, 180°C; b} 45h,
190°C; ¢) 24 h, 230°C; d) 6h, 300°C; e) 9h,
320°C and f) 16 h, 320°C}. At T,=180°C the
mica substrate is clearly affecting the orientation
of the resulting structures, but the lamellar mor-
phology, if present, is much less clear than for the
samples polymerized at the same T, between
glass (Figures 5 and 6). In the higher mag-
nification image in the inset there is a suggestion
the “mounds’ consist of thin lamellae tilted at an
angle to the substrate. ED patterns from these
structures (also inset and similar to Figures 7
{here} and 1c [Part 21} appear to consist of asu-
perposition of [001] zone Phases I and II.

At T,=190°C the substrate orienting effect is
also seen. The various structures here appear to
result from droplets of the monomer that did not
fully wet the substrate. Each droplet results in a
basal lamella from {on) which lamellae are grow-
ing out at a substantial angle. Within each
“droplet” the lamellae have a common orien-
tation, with the three directions presumably cor-
responding to the mica lattice. These samples
were shadowed with Au, for diffraction cali-
bration, preventing measurement of the thickness
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of the basal lamellae. The on-edge lamellae have
a spacing of ca. 200A as indicated by the
decoration on their edges. Similar structures were
also seen for polymerization at 200°C and above
the monomer T,, e.g. at 230°C for 24 h (Figure
9¢). The more rounded structures, as shown by
the inset, consist of lamellae lying more or less
parallel to the substrate. The thicker structures
with parallel edges, however, are similar to those
in Figure 9b although the on-edge lamellae are
not as clear in this Pt-C shadowed sample. They
give rise to ED patterns containing, primarily, 110
and/or 210,211 reflections (inset and Figure 10a
below); 002 and 008 are usually weak or absent.
The white arrows indicate regions in which close-
ly spaced striations are present which we at-
tribute to incipient lamellae on edge. While the
parallel sided structures in Figure 9¢ do not ap-
pear to have a basal lamella associated with
them, there is present an extended single lamella
parallel to the substrate at the top right of the mi-
crograph (black in white arrows).

At higher T,, in Figures 9d (300°C, 6 h) and e
(320°C, 9 h), the majority of the sample consists
of lamellae essentially normal to the substrate. In
thicker regions there is some tendency for the
lamellae to fold over as they are growing out
from the substrate (inset in Figure 9d). Similar
samples were also grown for T,=280°C, t,=3h
and T,=350°C, t,=2h [3]. Monomer melt wet-
ting of the substrate appears to be greater at
these higher temperatures. The striation spacing
in these samples is variable from region to region
even in a given sample, with the variations being
possibly due to differences in lamellar tilt and/or
nucleation periodicity. In Figure 9e there are re-
gions in which the lamellae are compressed to-
gether (upper right inset), suggesting considerable
space between neighboring lamellae in normal
growth. They are also seen to be continuous, and
change their spacing, when changing directions
(lower left inset). It does not appear as if the
lamellae in a cluster are the result of screw dislo-
cation growth from which one would expect all

[3] Note that while shorter polymerization times were
used for the higher polymerization temperatures,
polymerization rates have not yet been measured.
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Figure 9. CTFMP samples prepared between mica at a) T,=180°C, t,=7 h; b) T,=190°C, t,=45h; ¢} T,=230°C, ,=24
h;d) T,=300°C, t,=6h; e} T,=320°C, t,=9 h; and f) T,=320 °C, t,= 16 h. Regions chosen for the higher magnification in-
sets are indicated by small black arrows.

of the lamellae in a cluster to have similar thick-
ness. In Figures 9d and e striation spacings
between 300 and 1500 A were measured.

A 320°C, 16 h sample, a typical region being
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shown in Figure 9f, had much thicker lamellae,
the edges of which appear blocky (inset). Regions
of a common orientation extend over large areas.
Not yet known is whether the thicker lamellae in
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Figure 9f, relative to those in Figure 9e, are due
to the extended time of polymerization, just by
chance or some other cause. Electron diffraction
patterns from selected areas similar to the paral-
lel sided structures in Figures 9b and ¢ are shown
in Figure 10a, similar to Figures 9d-f in Figures
10b and c. In Figure 10a, with the selected area
inset at the proper orientation, 002 is extremely
weak, with c* being essentially normal to the
long axis of the structures. Reflections correspond-
ing in spacings to 210, 211, and 011, or 201,
(weak) are on or symmetrically spaced about the
equator. The 21 L lattice rows are slightly tilted

(by about 1°) relative to the normal to <210>,
while 110, and 220, (very weak) are off the equ-
ator, both effects corresponding to our proposed
pseudo-monoclinic unit cell. The absence of 008
suggests chain tilt with respect to the substrate. It
is noted that the phase I unit cell used here has a
b-axis half that we reported in ref. 7; our “best’
current Phase | patterns (Figure la, part II) do
not show evidence of the 210, 130 and 310 (in
terms of a doubled b, the pattern used in ref. 7
being similar to those inset in Figures 7a and 9a
(above) and 1c [part Ii]) that lead to the sugges-
tion of the larger unit cell in ref. 7.

(@)

()

O6tim)
.

*

G

Figure 10. Electron diffraction patterns from the CTFMP mica samples. a) ED pattern from a sample similar to the parallel sid-
ed structures in Figure 9b (T,=230°C, t,= 14 h ). The selected area used is included, at the proper orientation. b} A predom-
inantly [110] ED pattern from a T,=280°C, t,=7 h sample, selected area is at proper orientation. ¢} Superposed [110] and
[120] ED patterns from a T, = 320°C. t,= 9 h sample; 008 is clearly split (short arrows). d) ED pattern from a 7,=320°C, t,=
16 h sample with residual mica attached. <210> and <110> PONA are parallel to <060> mica. The mica indices are in-

dicated.
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Most of the patterns from the high T, samples
were similar to those in Figure 10b, 002 (only)
being seen on the meridian, normal to the stri-
ations, and 110 and 220, with occasionally weak
200, and 010; or, more likely, 200, (010, is very
weak) , on the equator. In these patterns the 110
reflections are arcs while 002 are sharp spots: bas-
ed on our whisker patterns (Figure 2, part II) there
should be an angle of ca. 86° between [002] and
[110]; a combination of lamellar tilt, resulting
again in the loss of 008, and 002 twinning could
lead to the arcs. A few of the high T, patterns
have the appearance of that in Figure 10c; that
shown has sharp 110 and 21 L reflections with
002 arced and 008 clearly split (short arrows).
The splitting of 008, which is considerably less
than it would be if they were 018, and the 002
arcs are attributed to having a common c-axis
direction with ¢* lying on both sides of c. Also
present is a vertical lattice row of reflections, nor-
mal to the equator, on the 5th, 7th and 8th layer
lines (thin arrows). These have not been indexed,
but may be related to “displaced” vertical rows of
21 L reflections similar to those shown for 24 L (22
L in terms of the current lattice) in Figure 15¢ in
ref. 7. The pattern here and that in Figure 15c, ref.
7 are unusual in that the displaced rows are not
in alignment for any other row of reflections in a
fiber pattern; rather it is as if they are the result of
sample tilt with an “upper” reciprocal lattice plane
intersecting the sphere of reflection. In the pattern
here the extra reflections are in two opposite qua-
drants; in Figure 15¢” they were in all 4 quadrants,
displaced in opposite directions above and below
the equator. In addition, reflections indexed as 006
and 008 were on a line normal to the equator,
but displaced by the same distance as the presum-
ed 22L reflections from the vertical row con-
taining 002 and 004.

Figure 10d is a pattern in which the ED pat-
tern from residual mica is superimposed on that
from the striations. The 211 reflections and a
trace of 110 are seen near the PONA equator
while 002 and 008 are arced and parallel to the
<100>,, (and <110>, if three superimposed
PONA patterns) directions on the mica surface.

CTFSP between Mica. Figures 11a and b are
representative of the structures prepared from 2%
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solutions of ANA in mineral oil by CTFSP. They
more or less resemble those described by Kaito et
al”® for PpOBA prepared similarly. These sam-
ples were prepared under conditions for which
the bulk solutions may yield whisker-type crystals.
Although the whiskers described in ref. 7 were
polymerized from a 4% solution at 350 °C in a dif-
ferent solvent we have grown whiskers of PpO-
BA as low as 300°C from 1% solutions®; un-
fortunately the morphology of bulk solution poly-
merized PONA has not been examined in as
great a detail as PpOBA. The CTFSP sample
polymerized at 280 °C consists of tapered rod-like
crystals oriented primarily in three directions, pre-
sumably corresponding to the mica lattice. Unex-
pectedly, they overlie each other as if they had
polymerized in solution and then were deposited
on the mica; if so we can not explain the observ-
ed orientation. Rather, we suggest they are at-
tached to the mica surface, growing out from it
at an angle, but with the growth directions de-
termined by the substrate. Bulk solution whiskers
are also tapered, but their diameters are less than
the rods here; on the other hand these crystals
do not appear to be aggregates of smaller di-
ameter rods as is the case for the samples of
Wang et al.”**!

The orienting effect of the substrate, as in the
case of the CTFMP samples also, is even greater
at 300°C (Figure 11b). Less clear, however, is
whether the smooth rod- or lath-like crystals over-
lie each other or merge upon meeting. An ED pat-
tern from a region of this sample of predom-
inantly one orientation is shown in Figure 1llc,
with the selected area at the proper orientation in
Figure 11d. The ED pattern consists primarily of
[110] and [120] zone patterns with only the 21 L
reflections showing the 60° orientations; the
molecular axes are parallel to the long dimension
of the rods. As shown by the weaker intensity
pattern inset in Figure 11e, 002 is much stronger
than 008. Since, as will be shown in part II'* the
simulated (calculated) intensity of 008 is slightly
greater than of 002, there must be molecular tilt
in these rod-like crystals, with the molecules at
some angle to the substrate. 008 is split (arrows),
consistent with our proposed pseudo-inonoclinic
unit cell.
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Figure 11. CTFSP {in 2% mineral cil) samples prepared between mica. a) T,=280°C, t,=24h; b) T,=300°C, t,=25 h; c)
ED pattern from the sample in b); d) The selected area used for the pattern in c); e) A less intense pattern from the sample in b).
Arrows indicate the split 008 reflections; f) T,=300°C, t,=25 h. An enlarged area of the region indicated by the arrow is inset.;
g) ED pattern from the sample in d), with the selected area inset.

Even more unexpected is the morphology dep- 2% ANA in mineral oil, 300 °C, 25 h CTFSP sam-
icted in Figure 11f, from a different area of the  ple. It consists of relatively thick, hexagonal pla-
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telets, all with a common orientation. As shown
by the ED pattern in Figure 11g, with the select-
ed area inserted, the molecules are normal to the
substrate; ie. this is an example of epitaxial
polymerization-crystallization in which the chain
ends rather than the molecular axes are being
oriented by the substrate. We know of no other
example in the polymer literature, except that of
Wang et al. for PbOBA on KBr,* in which the ep-
itaxially oriented molecules are normal to the sub-
strate. The ED pattern consists of three Phase 1
patterns rotated by 60°, unfortunately their orien-
tation relative to the mica substrate is not known.
a=5.19, and b=9.03 A for mica, compared to 7.
72, 590 and 17.20 A for a, b and ¢, respec-
tively, for PONA. There is thus no lattice match,

as can be seen by direct observation of the su-
perimposed patterns (Figure 10d), although 210
(PONA) is close to 030 (mica).

CTFMP under Pressure. Figures 12a-d are a
micrograph and diffraction patterns of a PONA
sample polymerized under pressure. While the
morphology is indistinct, the surface, in general,
appearing to replicate the surface of the opposite
piece of mica, the ED pattern in Figure 12b dif-
fers significantly from any other we have ob-
served for PONA. It indicates the c-axis is paral-
lel to the substrate, but whereas all other similar
patterns have 00 L with L odd reflections of zero
intensity, all 00 L reflections are present in this
pattern. The 0010 reflection lies on the inner Au
ring (2.355 A) whereas normally 008 lies near

(@)

(b)

©

)

Figure 12. CTFMP samples crystallized under pressure between mica. a) T,=250°C, t,=11h; b) T,=250°C, t,=11h; ¢}

T,=300°C, t,=1h: d) T,=250°C, t,= 11 h.
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the 2nd Au ring (2.039 A) The lattice rows cor-
respond to 2n0 L; these rows are not seen in the
atmospheric CTFMP (mica) samples and also, for
our proposed unit cell (see Figures 3b and 5c,
part 1I'Y) should both lie at an angle to the e-
quator and have odd L reflections missing. In ad-
dition some of the O0L reflections are multiple,
as if there are several unit cells of various L con-
tributing.

Figures 12c¢ and d are [001] ED patterns ob-
tained from similar samples. The Phase I pattern
in Figure 12c¢ also has some “extra’ reflections (h
odd) but these were not seen in all “Phase I" pat-
terns obtained from samples polymerized under
pressure. The hkO spacings appear to be the
same as in ordinary CTFMP samples. Figure 12d
is a superposition of Phase I and Phase Il pattern,
similar to those obtained at atmospheric pressure.
The Au pattern was too weak in Figure 12b to
permit in-situ calibration, but clearly the pattern
is not from Phase Il. To date we have not at-
tempted to determine these unit cells. The [010]
pattern in Figure 12b suggests a physical repeat
distance of 23.6 A, but, in terms of the pattern in
Figure 12¢, the same lateral spacing of the chains
as in the normal Phase I Further examination of
the effect of pressure on both the polymerization-
crystallization process and the resulting crystal
structures is warranted.

Bulk Low Temperature Polymerization. As
shown for PpOBA, it is possible to polymerize
these monomers in the bulk “melt’ at tem-
peratures similar to those used for the CTFMP
technique; polymerization times, however, are
longer.” The advantage is that sufficient material
of the various stages of the process can be ob-
tained to permit characterization. For PpOBA the
“melt” formed while polymerizing at 180°C was
shown by DSC to have a broad endothermic
peak in the 130-160°C range and a sharper
peak at 180°C. The resulting product after 40 h
of polymerization, consisting of thin lamellae, had
an endothermic peak, presumably T,., at 240°C
and an additional broad peak centered at about
335°C; the latter corresponds to T... for ordinary
PpOBA. FTIR scans of the “melt” indicated the
presence of some ester bonds (band at 1738 cm™),
but small changes overall relative to the mono-
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mer or the sublimate. In the resulting polymer,
the “free’ acetoxy band (1760 cm™) was nearly
gone and the carboxylic bands (1682, 1693 em?,
see below) were greatly reduced. Similar results
have been obtained, as described here, for PONA
polymerized in the bulk (test tube in an oil bath)
at 200 °C.

DSC scans of the ANA monomer, sublimate, a
CTFMP PONA sample scrapped from the glass
after 23h of polymerization at 180°C and
PONA whiskers grown in a 4% Therminol 66
solution at 350°C for 8 h are shown in Figure 13.
DSC measurements of acetone extracted PONA
were not made; the unextracted samples for t, of
22 and 48 h, containing polymer and “melt’, had
triangular shaped peaks rising from ca. 190°C
and then sharply dropping at 215°C. The ex-
tracted samples are expected to have similar ther-
mal characteristics to the CTFMP samples. The
whisker sample used for the DSC scan shown
was the same as that used for the electron dif-
fraction studies described in part I’ {sample 1,
ref. 7); a whisker sample prepared at a 1% con-
centration had higher values of T... and To., 341
and 462°C respectively. The latter whiskers,
however, were too thick for ED. The CTFMP
sample has only a slightly lower T... than the
whiskers suggesting it was relatively high molec-
ular weight; simple comparison with the: AT... for
CTFMP and whisker PpOBA (65° for a DP of
15"} suggests endlinking across the interlamellar
interfaces in the CTFMP samples. On the other
hand endlinking may be occurring during the
heating scans. The sublimate has a small, broad
peak at 180°C and a sharp T. at 229°C while
the original monomer has a somewhat larger,
double peak at 152 and 160°C and a broader
T, at 225°C. The origin of the low temperature
peaks in the monomer is not known.

Figure 14 shows FTIR scans for 1) the mono-

‘mer, 2) the liquid obtained by decanting after 22

h of polymerization, 3) the polymer obtained by
acetone extraction of the residue from 2) and 4)
the whiskers used for DSC and ED. The following
interpretation is suggested.*® The 1760 cm™ band
can be attributed to “free” acetoxy C=0 groups,
the 1680 cm™ band to H-bonded carboxylic acid
dimers and the 1692 band to acetoxy C=0
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Figure 13. DSC scans for 1) ANA monomer, as-prepared,
2) the ANA sublimate removed from the top of the test tube
used for the low temperature bulk polymerization, 3) a
CTFMP T,=180°C, t,=23h sample scrapped from the
cover slips, and 4) whisker sample #1 from ref. 7 (4% Ther-
minol 66 solution, T,=350°C, t,=8 h).

groups H-bonded to a carboxylic acid group.
“Free” carboxylic acid C=0 groups are ex-
pected to absorb at 1750-1770 cm™ and may
contribute to the shoulder on the 1760 cm™ band.
The 1632 and 1478 cm™ bands are attributed to
the naphthalene rings. The presence of the 1732
cm’? aromatic ester C=0 band in the ‘melt’
shows that significant ester bond formation has
occurred, more so than was found* in the PpO-
BA “melt”. Some of the ester bonds here, howev-
er, may be due to oligomer that was taken off
with the liquid. Although the H-bonded car-
boxylic acid dimers and acetoxy C= O H-bonded
to carboxylic acid groups remain, the ‘free’ a-
cetoxy and carboxyl C=0 groups appear to
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have been reduced in proportion. The 1692 cm™
band in the liquid, and particularly in the
“polymer” (curve 3), may also have a con-
tribution from an aromatic ester-carboxylic acid
interaction which is expected to absorb in the
1700 cm™ region. Quantitative interpretation of
the spectra is not feasible. The PONA “polymer’
shows considerably higher residues of the a-
cetoxy and carboxylic acid bands than did the
PpOBA, suggesting a lower degree of polymeri-
zation (DP).

A low DP would agree with the TEM observa-
tion that the “crystals’ in the 22 h PONA sample
(Figure 15a) consist of clusters of irregular, lath-
like lamellae, often twisted into arcs, that are on
the order of 100 A thick. Since the physical re-
peat length is 4/3 that of PpOBA, the same thick-
ness extended chain crystals of PONA would
have 3/4 the DP-of those of PpOBA. In the
whiskers the acetoxy and carboxylic acid bands
are absent, consistent with the expected high
molecular weight.

After 48 h of polymerization the PONA crys-
talline aggregates were considerably more twisted,
with irregular, narrower lath-like crystals only
been seen at the edges (Figure 15b). ED (insets)
showed both samples to be primarily Phase 1. In
Figure 15b a few, thick crystals, composed of
thin lamellae are present; ED showed that these
were from residual monomer that escaped the
lengthy extraction with acetone.

X-ray diffraction scans of a low temperature
bulk polymerized PONA sample (200°C, 72 h) as
polymerized and during and after various heat
treatments are shown in Figure 16. An x-ray
scan of the whiskers used for the DSC and FTIR
data above is shown in Figure 6, Part II'% it con-
sists solely of Phase I and is similar, although with
sharper peaks, to curve 5 in Figure 16. In the as
polymerized polymer we attribute the 14.8 and
24.3° 28 peaks to 200 and 110 of Phase II, with
the 18.7° peak being 110 Phase | and 23.1°
peak being 200 Phase | with a contribution from
010 Phase II. In our previously reported ED pat-
terns’ 200, had a spacing of 58 A, somewhat
smaller than the 6.0 A here, with the other re-
flections also differing by about 0.5A from our
ED observations (both larger, 200, and 110l
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Figure 14. FTIR absorption spectra from a) 1850 to 1300 cm™ and b) 1300 to 500 cm™ for 1) monomer ANA as-prepared;
2) the "melt” from a bulk low temperature (200 °C) polymerization, t, =22 h; 3) the solid polymer present in 2) at 22 h of po-
lymerization; and 4) whiskers from sample #1, ref. 7 (4% Therminol 66 solution, T, = 350°C, t,=8 h).

and smaller, 110I). Heating the sample to 250 °C
results in ‘melting’ (curve 2, possibly to a nemat-
ic state), with the original mixture of phases re-
covered if cooled to room temperature (curve 3),
although with a larger Phase Il to Phase I ratio. It
is this variation in relative intensities that lead us
to suggest a mixture of phases rather than a new
phase. ED patterns and micrographs were not ob-
tained from this sample' as indicated above the
samples shown in Figure 15 gave Phase | pat-
terns in the limited studies made.

Heating the sample to 340°C (curve 4) results
in a recrystallization, while heating, which we at-
tribute to chain extension by end-linking. The
peaks at 18.0° (4.92 A) and 21.3° (4.16 A) we
attribute to the thermally expanded Phase I 110
and 200 reflections. (lannelli et al.”® give values of
4.80 and and 4.02 A at 325°C as compared to
4.71 and 3.82 A at room temperature. The origin
of the 3rd reflection, at 23.2° (3.83A), is not
known. It does not appear to correspond to a re-

Korea Polym. dJ., Vol. 6, No. 1, 1998

flection from the high temperature phase (to
which Phase | transforms at about this tem-
perature); our ED patterns at elevated tem-
peratures showed a near hexagonal [001] pat-
tern with two reflections (200, =4.6 A, 1104 =4.
8 A) with the x-ray patterns reported by lannelli
et al. having the same spacings plus a 211 re-
flection at ca. 25.5°' Subsequent cooling to
room temperature {curve 5) results in reversion
to “pure’ Phase L.

Summary

The results presented above indicate that ANA
polymerization to PONA by the various tech-
niques used here occurs in a manner similar to
that for preparation of PpOBA from p-a-
cetoxybenzoic acid {pABA). In particular, the opt-
ical microscopy shows ANA, just as pABA, un-
dergoes a sublimation; recrystallization; chemical
reaction-melting-dissolution; polymerization as liq-

71



P. H Geil et al.

0 um

(b)
Figure 15. PONA crystals from a) T,=200°C, t,=22h

and b) T,=200°C, t,=48h bulk polymerization samples
after acetone extraction. EDpatterns (insets) are Phase 1.

uid crystalline disclination domains: crystallization
as 100 A thick lamellae sequence of processes as
CTFMP samples are heated to and held at the po-
lymerization temperature. This occurs whether
the polymerization temperature is above or below
the ANA T..

As in the case of CTFMP PpOBA (and many
of our other CTFMP polymers'*?) there remains
the problems of the origin of the 100 A thickness
that is apparently independent of polymerization
time and temperature and polymer as well as the
reason for the low crystallization temperature
(T...). much lower than the Ti. or T.. measured
subsequently on the same sample. In Figure 1 the
polymer remains in the liquid crystalline state at
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Figure 16. X-ray diffraction scans of a 200°C, 72h
(acetone extracted) bulk polymerized PONA sample after
various heat treatments: 1) as polymerized; 2) at 250°C; 3)
after cooling 2) to room temperature; 4) new sample at 340
°C; after cooling 4) to room temperature.

200°C, some 120°C below the DSC measured
T of the final product. Since the molecules in
the liquid crystalline state are already aligned. the
AT involved is far too large to be due solely to
nucleation effects. Although T... as a function of
oligomer chain length is not known for PONA, it
has been reported for PpOBA (see discussion in
ref. 11} and the 180°C polymerization tem-
perature we often use for PpOBA is 50°C below
T. of even dimers, as reported by Economy et
al.* with the 100 A lamellae corresponding to a
DP of 15; the DSC measured T, of the product
PpOBA corresponds to this DP. Our only ex-
planation at present is that the adhesion to the
substrate restricts the molecular motion required
for the crystallization. However, the optical hot
stage observations indicate the molecules in the
disclination domains are not attached to the sub-
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strate during the early stages of growth; at least
some of the SDDs were seen to move freely and
rapidly in the molten film in which they were
growing. At latter stages of growth, the rapid
rearrangement of the molecular directors when
two SDDs merge also suggests little attachment
at this stage; it is only following cooling and at-
tempted sample removal that adhesion becomes
obvious.

CTFMP polymerization between mica, at tem-
peratures at least above the monomer T, results
in the growth of thin lamellae (ca. 100 A thick)
oriented normal to the mica substrate, with the
molecular axes of the polymer aligned parallel to
the <100>, <110> mica directions. At lower T,
tri-directional orientation is still seen, but the mor-
phology is less perfect. Unknown is why, as it ap-
pears, the epitaxial polymerization requires con-
finement between two mica surfaces. As shown
for PpOBA," polymerization between mica and
glass results in the same morphology, on both sur-
faces, as between two sheets of glass; ie., lamel-
lae parallel to the substrate. This is despite the
fact that these are non-gap-spanning films, i.e.
the monomer melt forms as independent films on
the two opposing surfaces.

In general the ED patterns from the high tem-
perature polymerized CTFMP mica samples con-
sist of only one or two zones, [110] and [120];
for these zones the planes of one of the two na-
phthalene rings in the physical repeat will be near-
ly parallel to the substrate, but the other will be
at an angle, to the first, of ca. 60° (see unit cell in
Figure 4, part II**). Comparison of the su-
perimposed ED patterns of PONA and the mica
surface in Figure 10d suggests a possible corre-
lation between 030 (mica, 3.015A) and 210
(PONA, 3.21 A); 110 (PONA) which is the other
reflection often seen along <010> (mica) has a
spacing of 4.67 A compared to 4.98 A for
020(mica). Neither has a very good lattice match.

CTFSP, between mica in mineral oil {and Mar-
lotherm [4]*), at elevated temperatures also
leads to tri-directional orientation of the resulting
structures. However, in contrast to CTFMP, these
structures resemble the single crystals whiskers
grown under similar T, conditions in bulk solu-
tions.” In one case, however, for reasons still un-
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known, thick, hexagonal, platelet-like crystals
were found, the platelets parallel to the substrate
and the facets of all of the platelets parallel to
each other. This and the three superimposed [001]
Phase | ED patterns from the platelets suggests
an epitaxial arrangement of the ends of the
molecules; not known vyet is whether an in-
dividual platelet is a single crystal or consists of
domains with three orientations; however, again,
no low index lattice match is obvious. Both the
CTFMP and CTFSP samples polymerized
between mica were predominantly Phase [.

High pressure CTFMP between mica lead to a
new, as yet undetermined crystal structure(s). In
at least one of these new structures the physical
repeat distance was 23.6 A, slightly less than 3
times the chemical repeat length. The pattern is
rather unique in that all orders of 00 L are visible.

The low temperature bulk polymerization ex-
periments suggest the mechanism of both it and
CTFMP is similar to that for PpOBA, i.e. a small
degree of chemical reaction early in the process
resulting in a mixture that codissolves, with poly-
merization (as oligomers) occurring in this mix-
ture, followed by precipitation of the oligomers as
liquid crystal domains. Polymerization continues
on the exposed ends of the cligomers in the lig-
uid crystal domains and in the molten “mono-
mer , with crystallization occurring when the oli-
gomers become long enough (i.e., ca. 100 A).
However, even though the optical microscopy ob-
servations show continuous expansion of the
SDDs during the polymerization, there is no evi-
dence that the edges of the lamellae, after crys-
tallization, are any thinner than their central re-
gions. This suggests either that the length of new-
ly polymerized oligomers in solution rapidly
catches up to the chain length of already (liquid)
crystallized oligomers after adding to an SDD or
that there is no growth of the oligomers in the
SDDs. We, furthermore, still have no acceptable
explanation for the predominant 100 A thickness
of the crystalline lamellae although noting that
for PONA examples were found of thicker lamel-
lae for high T, in both the glass and mica CTFMP
samples.

[4] Trademark of Huls America Inc.
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