Small-angle X-ray scattering from a thermotropic random copolymer
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This paper reports the effect of solid state annealing on the structure of a liquid crystalline polymer composed of 80%
4-hydroxybenzoic acid (HBA) and 20% 2-hydroxy-6-naphthoic acid (HNA) using small-angle X-ray scattering. Two-dimen-
sional diffraction patterns possessing strong meridional reflections were recorded using synchrotron radiation at tempera-
tures of 215,251 and 269°C. The long period increased with increasing anneal temperature, but was largely unaffected by
increasing the length of time spent at the anneal temperature. The intensity of meridional scattering increased with both
increasing anneal temperature and time. In order to obtain an estimate for the average crystallite thickness at the anneal
temperature, the small-angle meridional scattering was evaluated by means of the interfacial distribution function

approach.

1. Introduction

The aromatic copolyester composed of 4-hydroxyben-
zoic acid (HBA) and 2-hydroxy-6-naphthoic acid (HNA)
has a nematic melt of low viscosity coupled with excellent
chemical resistance and thermal stability. It thereby lends
itself readily to the manufacture of intricate parts for aggres-
sive environments, such as motor components and fuel
rails, and is commercially marketed under the tradename of
Vectra [1]. The utilization of this copolymer at elevated
temperatures clearly warrants a consideration of the
morphological changes which may be expected to occur
during heating, but it has not yet been possible to perform
electron microscopy under such conditions. Therefore, the
technique of high-temperature small-angle X-ray scattering
(SAXS) has been employed.

In copoly(HBA/HNA), it is well known from wide-angle
X-ray scattering (WAXS) that mid range compositions crys-
tallize as a metastable pseudo-hexagonal structure, which
transforms on annealing to an orthorhombic phase. This
technique also demonstrates the aperiodicity of the meri-
dional peaks which confirms that the crystallites comprise
random sequences in the chain [2, 3]. NMR measurements
also confirm that the copolymer is essentially random.
Recent work has shown that the appearance of discrete
meridional maxima in the small-angle region can be corre-
lated with the development of the orthorhombic structure
[4-6]. However, all previous SAXS observations have been
made at room temperature after quenching [4-8], and it is
important to realize that one of the main aims of this
research was to record two-dimensional SAXS patterns at
the DESY synchrotron facility without first having to
quench from the anneal temperature. In this way, the varia-
tion of long period as a function of time during isothermal
crystallization could be investigated.

Another objective of the current study has been to quan-
tify the diffraction results in light of recent measurements
made by transmission electron microscopy (TEM) [8,9].In
this respect, copoly(HBA/HNA) has been relatively well
investigated and crystallites appear to be present as plate-
lets with their thin axis parallel to the molecular chain axis.
Indeed, in low molecular weight copoly(HBA/HNA), the
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lateral extent of the crystallites may be as much as 20 to 30
times as large as in the vertical direction [10], imparting a
semi-lamellar nature. Consequently, interfacial distribu-
tion functions (IDFs) were evaluated from the experimen-
tally recorded SAXS curves in order to estimate long
periods and crystallite thicknesses at the anneal tempera-
ture.

2. Material

The sample is a random copolymer composed of 80%
4-hydroxybenzoate (HBA) and 20% 2-hydroxy-6-naph-
thoate (HNA) units (referred to as B-N 4:1), with a weight-
average molecular weight of 6100 and a melting point of 306
°C. It was kindly supplied by the Hoechst-Celanese Corpo-
ration (Summit, NJ, USA).

3. Experimental

Kratky camera measurements were made using nickel-
filtered CuK, radiation, the fiber axis of a sample being
perpendicular to the slit collimation system. The small-
angle scattering was recorded on Reflex 25 double emul-
sion film manufactured by CEA, and quantified by scanning
on a Joyce-Loebl double-beam microdensitometer.

Synchrotron SAXS was performed on the polymer beam-
line at Hasylab, DESY in Hamburg. The scattering was
detected by means of a Vidicon camera [11, 12] while
ramped isothermal annealing treatments were carried out
at 215,251 and 269 °C on a constrained bundle of fibers. The
ramping experiment is illustrated schematically in Fig. 1.
The same sample was used throughout the 290 min dura-
tion of the experiment, and the two-dimensional scattering
patterns were collected under vacuum at 1 min intervals.
After correction for the electronic background undulations
of the detector[13], the scattering patterns were normalized
to account for the fall-off in intensity of the primary beam
during the measurement period [14]. One-dimensional scat-
tering curves for the evaluation of interfacial distribution
functions were obtained by taking vertical sections through
the points of highest intensity on the meridian. The
resulting intensity profiles were analyzed using a suitably
modified version of “TOPAS’, a program distributed by one
of the authors for the evaluation of SAXS curves from
so-callet ‘two-phase’ systems [15].
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Fig. 1. Schematic illustration of the ramping process employed in
the current investigation. The vertical arrows indicate a heating
rate of 150 °C/min.

4. Results
4.1 Kratky camera measurements

Diffraction maxima were recorded at room temperature
from well-annealed fibers as a function of anneal tempera-
ture (Fig. 2). The fibers were placed perpendicular to the slit
in the camera. As the anneal temperature increased, the
scattered intensity and long period both became larger. The
peak maxima yielded long periods of between 32 and 50 nm,
the latter value occurring close to the limits of resolution of
the polymer beamline at DESY.

4.2. Synchrotron measurements

Figure 3 depicts the two-dimensional scattering pattern
from fibers of as-quenched B-N 4:1 at room temperature.
Well-developed peaks are apparent on the meridian, in addi-
tion to a considerable amount of equatorial scattering.

Figure 4 illustrates the effects of increasing both time and
temperature on the scattering patterns of copoly(HBA/
HNA) during heating. Distinct meridional maxima are
again apparent as a function of increasing anneal times of
up to 45 min at 215, 251, and 269 °C. The maxima are
evidently rather close to the experimental limit of resolu-
tion, but the presence of a discrete reflection was confirmed
on an ultra-small-angle scattering beamline at room tempe-
rature after annealing for 6 h at 288 °C (Fig. 5).

The background-corrected meridional sections obtained
from the diffraction patterns in Fig. 4 at each of the three
anneal temperatures, as a function of time, are depicted in
Figs. 6 a-c. Long periods obtained from the peak maxima
were found to be in the range of 35-50 nm (Fig. 7). It is
important to note that the long periods increase with
increasing anneal temperature, but that there is no discern-
ible change with increasing anneal time.

The scattering power, @, in the meridional reflections in
Fig. 4 was evaluated, assuming cylindrical symmetry,
according to

0=2r 551(512, 53) - 512 dspz dis 0y

374 Wilson, Seifert, Stribeck, Windle, Zachmann

0T T T T T T T [ T T T T
- —— Unangealed - 1 -
**** Annealed at 815°C - &
5 - Annealed at 2393.56°C - 8 -
""" Annealed at 851°C — 4
L --- Annealed at 280.5°C - 8 .
, - Annealed at 269°C - 8
1500 ! w=-- Annealed at 379°C - 7 -
—_
E - 4
=
[=] R i
=
- o 4
-
[]
2] r 4
-~ : !
B 1000 |- SRS ~
[ ¢ (Y
« IS \
bl I ’ 5 \\ “. -
- sh " - Y 7
B /AN
a S A
Q P ! N .
- tasf 7 L N
=] - iN LULYN "~ b
—t 1o, ‘\‘ Tl T
500 [~ . A ‘\ ________________________ -
\\ ~ o T T
- >, e -
" —— -
ol | AT T — L
0.0 0.2 Q0.4 0.6 0.8 1.0

Degrees 29 (CuK,)

Fig. 2. Meridional SAXS curves obtained at room temperature
with a Kratky camera (nickel-filtered CuK, radiation) for B-N 4:1
after different annealing treatments [5]. Trace 1 is for an unan-
nealed specimen. Traces 2-7 are for samples annealed for6 h at 215,
233.5,251,260.5,269 and 278 °C respectively. The increase in inten-
sity at low angles represents the overspill from the primary beam.
For clarity, subsequent curves have been displaced in the vertical
direction. The long periods determined from the peak maxima
using Bragg’s law are as follows (trace number/small-angle
maxima): 1/50 nm; 2/32 nm; 3/39 nm; 4/71 nm; 5/43 nm; 6/47
nm; 7/50 nm.
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Fig. 3. Two-dimensional scattering pattern for the as-quenched
fibers of B-N 4:1 at room temperature, as recorded with a Vidicon
detector at DESY. The fiber direction is vertical, and the outer
extremes of the contour lines in the meridional direction are
approximately equal to s = 0.05nm™. Lower contour levels were
omitted in order to give a clearer representation (s = 2sinf/4,4 =
0.15 nm).
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Fig.4. SAXS patterns for B-N 4:1 after annealing for 1,2, 15 and 45
min at 215,251, and 269 °C. Diffraction patterns were recorded at
anneal times of up to 100 min at 215 and 251 °C, but no recogniz-
able changes were observed beyond 45 min. The fibre direction is
vertical, and the outer extremes of the contour lines in the meri-
dional direction are approximately equal to s = 0.05, as in Fig. 3.
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with I(sy5, §3) representing the scattered intensity, and sy,
and s; being the components of the scattering vector sin the
equatoriat and meridional directions respectively. The
resulting integrated meridional SAXS intensity increased
gradually with increasing anneal time at 215 °C, while
becoming noticeably more intense with time at both 251
and 269 °C (Fig. 8).

In orderto estimate a value for the crystallite thickness at
the anneal temperature, some of the meridional small-
angle scattering patterns were evaluated by means of the
interfacial distribution function (IDF) analysis, as intro-
duced by Ruland [16]. The calculation was performed for
the scattering curves recorded at 251 °C (Fig. 6b), which not
only had an intermediate noise level but were also relatively
far from the primary beam-stop. In accordance with the
experimental conditions it could be assumed that the
synchrotron radiation was point-collimated, and the sample
was of uniaxial symmetry. As discussed elsewhere [17-20],
the determination of the IDFs then amounted to the calcu-
lation of the one-dimensional interference function, G(s),
from which the IDF, g;(r), could be computed by a Fourier
cosine transformation according to

@

where ris a distance in real space. The determination of the
interference function G;(s) involves the elimination of two
effects in the scattering curves, which originate from imper-
fections of the “real” two-phase system. The first effect is a
background in the scattering curve, which results from
statistical fluctuations of the electron density. The second
one is a deviation in the slope of Porod’s law, which arises
from the finite width of the transition zone between the
phases.

Due to the poor signal-to-noise ratio in the tail of the
meridional sections of the synchrotron 2D patterns, it was
not possible to separate the two effects. It was therefore
decided to subtract a constant fluctuation background only,
in such a way the integral over the resulting interference
function was close to zero. The application of Eq. (2) for the
evaluation of the meridional SAXS intensity makes the
assumption that the orientation and the structure of the
lamellar domains are not correlated.
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Fig. 5a. Two dimensional SAXS pattern for well-annealed fibers of B-N 4:1 recorded at room temperature on an tltra-small-angle scat-
tering beamline at DESY. The fibre direction is again vertical, parallel to X-Y. The sample had previously been annealed for 6 h at 288 °C,

and quenched to room temperature. The Bragg long period obtained from the peak maximum is 53 nm (s = 0.019.
Fig. 5b. Meridional section through the scattering pattern in Fig. 5a.
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Figures 9a and b show the resulting interfacial distribu-
tion functions for two scattering curves after 3 and 91 min at
251 °C respectively.In comparison to Fig. 9b,the IDF in Fig.
9a after 3 min appears to show some bimodality, that is, the
apparent superposition of two different long period distri-
butions, and this behavior was typical for times of between
2 and 7 min. However, the first data set and all subsequent
sets between 8§ and 97 min yielded interfacial distribution
functions of similar shapes to Fig. 9b. '

The experimental g,(r) curves were then fitted to extract
information relating to the crystallite length, /., extent of
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Fig. 7. Long periods versus anneal time at 215, 251, and 269 °C as
determined by the application of Bragg’s law to the peak maxima
of the scattering curves in Fig. 6.
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Fig. 8. Integrated meridional intensity versus anneal time at 215,
251, and 269 °C.

the amorphous phase, /,, and the long period. A simple
homogeneous stacking model was used, in which correla-
tions between three adjacent crystalline lamellae in
one-dimensional lamellar stacks were considered [17]. The
results of this modeling process are also illustrated in Figs.
9a and 9b (dotted lines), in which the first maximum can be
attributed to a combination of the overlapping crystalline
and amorphous thickness distributions, and the position of
the first minimum is related to the long period. The
resulting long periods and crystallite thicknesses for some
representative curves between 1 and 97 min at 251 °C are
shown in Fig. 10. The long periods determined from the
interfacial distribution function approach were generally
found to be in the range of 35 to 40 nm, and the crystallite
thicknesses had an average value of about 12 nm. The latter
result compares favorably with three recent TEM investiga-
tions into both low and high molecular weight copo-
ly(HBA/HNA) at room temperature (Table 1).

5. Discussion

Most research on copoly(HBA/HNA) to date has been
performed on the B-N 3:1 material, which is pseudo-hexa-
gonal in the as-quenched state and transforms to an ortho-
rhombic structure during annealing. Previous work has
shown a correlation between the observation of the phase
transformation from the pseudo-hexagonal structure to the
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Fig. 9. The interfacial distribution functions (solid lines), a(n,
after annealing for (a) 3 min and (b) 91 min at 251 °C. The dashed
lines correspond to theoretical IDFs, based upon a simple stacking
model in which correlations between three adjacent crystalline
lamellae were considered.
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Fig. 10. Crystallite thicknesses and corresponding long periods
calculated by the IDF analysis as a function of anneal time at
251 °C.

orthorhombic one and the appearance of discrete meri-
dional maxima in the SAXS patterns of these materials [7].
These data underline the similarity in densities between the
pseudo-hexagonal crystals and the nematic phase, at least
at room temperature.

In the current investigation, B-N 4:1 was employed, and
this sample has been shown to develop the orthorhombic
structure on cooling without the need for annealing [7]. The
observation of small-angle meridional maxima in these
samples (Fig. 3) reflects the difference in density between
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Table 1. Previous estimates of crystallite thicknesses determined
by a variety of techniques for different compositions and mole-
cular weights of copoly(HBA/HNA). For each method, the results
are listed in chronological order.

Method Composition D.P* Crystal Ref.
thickness
(nm]

TEM 70:30 High <20 21
70:30 High ~0 22

75:25 Low/High 10720 7

75:25 Low 10-17 8

73:27 High 10 23

SAXS + WAXS® 75:25 Low 6.3-8.5 8
80:20 to 67:33 Low-Medium 6-12 6

SEM 75:25 Low <75 24
75:25 Low 18-34 8

Computer modeling 75:25 Low 2.4-8.2 8

2 Degree of polymerisation: low: <50; medium: 50-150; high:
>150, ® Derived from (long period x crystalline fraction)

the orthorhombic phase and the surrounding nematic
matrix.

Following a sudden increase in temperature to 215 °C,
the SAXS pattern is almost unchanged (Fig. 4), and
increasing the anneal time has almost no effect upon the
long period (Fig.7). This is a general phenomenon for each
of the three anneal temperatures. However, increasing
temperature is accompanied by an increase in the overall
long period, presumably because this results in a melting
out of some intervening crystallites. Experiments in which
the long period has been measured as a function of mole-
cular weight [25] show no dependences of the former on the
latter.

Annealing leads to an increase in the integrated meri-
dional intensity (Fig. 8). The scattering power for a
two-phase system will be proportional to both the product
¢(1—¢p) where ¢ is the volume crystallinity, and to the
square of the electron density difference 4¢ between the
two phases. Previous work has indicated that the degree of
crystallinity is not markedly enhanced by increasing either
the anneal time or temperature [7, 9, 26]. Indeed, crystal-
linity would be expected to decrease slightly as one approa-
ches the melting point, although the highest anneal tempe-
rature of 269 °C in this experiment is well below the
nominal melting point of the polymer (306 °C), which will
in any case have increased during the annealing process.
Therefore the increase in SAXS intensity results from the
electron density difference term dg. An increse in 4¢ will
certainly be caused by the different thermal expansion of
the crystals and the amorphous regions as observed in other
polymers [14]. Furthermore, some changes in 4¢ may arise
from the transformation of the pseudo-hexagonal into the
orthorhombic phase. By analogy with B-N 3:1, it is known
that increasing amounts of the orthorhombic phase are
being formed at the expense of the pseudo-hexagonal one.

A final comment on the underlying mechanism control-
ling the observed changes to ctystallite morphology is
appropriate. While the observed increase in long period is
associated with the melting out of intervening crystallites,
the kinetic control on the phase transformation from
pseudo-hexagonal to orthorhombic is almost certainly asso-
ciated with the molecular re-adjustments necessary to
accommodate the packing density difference at the ortho-
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rhombic crystal-nematic interface, as has been discussed in
[26]. It is likely that transesterification processes play an
important role in enabling these re-adjustments.

6. Conclusions

1. The 4:1 sample of B-N showed discrete small-angle
X-ray diffraction maxima at room temperature and at each
of the three anneal temperatures. With increasing tempera-
ture during heating, the long period was observed to
increase, which mirrors to behavior of samples which were
quenched to room temperature after annealing [7].
However, the long period is not markedly changed by
annealing for times of up to 100 min, suggesting that long-
term heat treatment does not lead to the formation of new
crystallites between pre-existing ones, or that if this process
does occur, then new crystallites form in such a way as to
maintain an optimum long period for a particular anneal
temperature. This behavior is similar to that of homopo-
lymers with flexible chains such as polyethylene, poly(ethy-
lene terephthalate), poly(ethylene naphthalene-2,6-dicarb-
oxylate) and poly(aryl ether ether ketone) [27-30], in which
an increase or decrease in the long period is often observed
at short times, depending upon thermal history, and after
which no significant change is registered.

2.The integrated meridional SAXS intensity was found to
increase significantly during annealing at higher anneal
temperatures. This is thought to be related to the density
contrast resulting from the transformation of the less dense
pseudo-hexagonal phase into the more dense ortho-
rhombic crystalline modification.

3. Crystallite thicknesses determined by the interfacial
distribution function approach were found, at 251 °C, to be
unchanged during annealing, with an average value of
about 12 nm.
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