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ABSTRACT: The 73/27 random copolyester based on 4-hydroxybenzoic acid (HBA) and 6-hydroxy-2-
naphthoic acid (HNA) shows a fast, dispersed relaxation process on the picosecond time scale. The
underlying motion is difficult to determine unambiguously, but the data are consistent with translation
of chain segments in a direction that is perpendicular to the chain direction. As the temperature is
increased from the beta transition (303 K) to the glass transition, T (381 K), the dispersion stays constant
and the average relaxation time increases slightly. At T, the dispersion increases abruptly to a new
constant value, and the average relaxation time increases noticeably with temperature up to the nematic
melt transition, T\, (553 K). This unusual behavior is probably connected to the appearance of a slow
relaxation process that becomes discernible above T,. The characteristic length of this slow process remains
constant between T, and T\, at a value that corresponds to the interchain spacing close to T\. This
observation is consistent with a crankshaft motion of neighboring aromatic groups. As the amplitude of
this motion increases, the average barrier to translation perpendicular to the chain direction becomes
higher, causing longer relaxation times for the fast process. The slow crankshaft rotation thus appears
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to cause the dispersion of the fast translational process.

Introduction

The liquid-crystalline thermoset copolyester HBA/
HNA (“Vectra”) consists of 4-hydroxybenzoic acid (HBA)
and 6-hydroxy-2-naphthoic acid (HNA) subunits that
are randomly organized along the polymer chain with
the overall composition being 73:27, respectively. A
schematic illustration of HBA/HNA is given in Figure
1. At room temperature until its glass transition at 383
K the polymer chains are aligned, and there is some
approximate registry between the composition and local
structure of segments in neighboring segments.!! The
aligned character is preserved above Ty and across the
transition into a nematic melt at 553 K.2

The different phases are characterized by increasingly
different dynamics. In the present paper we will show
that the dynamics of this material on the picosecond
time scale is particularly interesting because we can
discern two types of local dynamics: a fast process (~1
ps) that is dispersed and a slow process (~60 ps) that
will cause the dispersion in the fast process. This arises
from the difference in time scales of around 2 orders of
magnitude so that there is no coupling between the two
processes; the slow process simply provides a distribu-
tion of environments in which the fast process occurs.
The main challenge in the present study is to elucidate
the nature of the fast and slow processes and their
relation to the phase behavior. Both types of motion are
easily measured in a single experiment using quasi-
elastic neutron scattering (QENS), and we will show
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Figure 1. Illustration of copolyester HBA/HNA: 4-hydroxy-
benzoic acid (HBA) and 6-hydroxy-2-naphthoic acid (HNA).
HBA and HNA are arranged randomly in the chain with an
overall ratio of 70:30, respectively.

that by studying the variation of peak widths and
intensities as a function of momentum transfer and
temperature it is possible to achieve a consistent picture
of the fast and slow dynamics and how the latter causes
dispersion.

Dispersed dynamics of this compound has been re-
ported before on the nanosecond time scale in studies
using time-resolved fluorescence emission measure-
mentsh? over the 300—500 K range. However, this
approach is more related to detailed variations in the
electronic structure of the conjugated segments, which
is difficult to relate to molecular dynamics directly.
There has also been a previous QENS study that first
revealed the broader signal (~1 ps) but due to instru-
mental limitations was unable to study the profile of
this peak accurately or resolve the slower (~60 ps)
component, both aspects being essential to the conclu-
sions presented here. Elastic neutron scattering®> shows
the presence of a non-Gaussian parameter in the
Debye—Waller factor that suggests a dynamical hetero-
geneity that exists within a time domain longer than
about 1 ps.

The main aim of the present work is to establish an
interpretation that is consistent with the two measured
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Figure 2. DSC (Perkin-Elmer sapphire) trace of cross-linked
Vectra over the temperature range of the QENS experiments.
A heating rate of 10 K/min was used.

QENS components reported here and with the data
presented in the previous studies. The generally ac-
cepted phase transitions for non-cross-linked Vectra
are? y(213 K), (298 K), Tg, or a(373 K) and melting
at 553 K. Our own DSC measurements for the cross-
linked polymer (Figure 2) show a T, at around 381 K,
suggesting that the dynamics associated with this
transitions is little changed by cross-linking. We would
anticipate that at least one component of the dynamics
on the picosecond time scale would be rotation or
libration about the skeletal single bonds.® Indeed, a
molecular dynamics study’ reveals that the barriers to
rotation about the single bond labeled 1 in Figure 1 is
12.5 kJ mol~1. Further, ab initio calculations for the
gas phase® show an angular displacement of adjacent
aromatic units of around 60° due to interaction be-
tween the carbonyl oxygen and the aromatic-ring
hydrogen, the barrier for this torsion being 8.4 kJ
mol L. These figures are broadly comparable with the
measured activation energy, 8.0 kJ mol~1, from QENS3
of the relaxation process above the melting point
(5658 K) where the temperature dependence of the
peak width becomes Arrhenius. This signal was at-
tributed to free rotation of the aromatic groups. How-
ever, below the melting point the intensity of the QENS
peak is too weak for this assignment, and also the length
scale is too short. Therefore, below the melting point
another type of motion is required in order to explain
the QENS.

Materials and Methods

The HBA/HNA liquid crystal thermoset was prepared by
cross-linking a 9000 g/mol HBA/HNA oligomer, end-capped
with phenylethynyl functionalities. The structure shown in
Scheme 1 was synthesized using conventional melt-condensa-
tion methods, and the synthetic details are reported else-
where.?
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The oligomer was successively processed into thin (0.015
mm), quasi-isotropic films and cross-linked at 648 °C for 1 h.
The obtained nematic thermoset film were analyzed using
differential scanning calorimetry (DSC), and at various heating
and cooling rates we could only detect a T; at 381 K. Other
transitions, such as 7', could not be observed.

Quasi-elastic neutron spectra were obtained using the IN6
spectrometer at the Institut Laue Langevin in Grenoble,
France. An incident wavelength of 5.9 A was selected to give
the correct compromise between energy range and energy
resolution. The sample was sealed in thin-walled aluminum
containers and temperature control was achieved using a
standard oven. The sample thickness was chosen to give a
scattering probability of 10%. Corrections for detector ef-
ficiency, container scattering, sample shape, etc., and conver-
sion of the data to S(Q,w) were made using standard algo-
rithms. No attempt was made to orient the samples with
respect to the momentum-transfer vector.

Scattering Law

The variation of quasi-elastic intensity and width with
momentum transfer, @, provides information on the
spatial distribution of the motion and the characteristic
time, respectively. To obtain an initial idea of the num-
ber of components in the QENS data and their @ de-
pendence, it is easiest to begin by fitting simple ana-
Iytical functions. Exponential decay leads to a Lorent-
zian-shaped quasi-elastic broadening of the neutron
spectrum, and below T, a single Lorentzian function
was found to provide a reasonable first approximation
to the quasi-elastic spectral component. To separate
the quasi-elastic scattering from the elastic scat-
tering, the observed spectra were fitted with the sum
of the elastic component (as a single spectral chan-
nel) plus a Lorentzian quasi-elastic component, the
whole being convoluted with the measured resolution
function. The fitted elastic component convoluted with
the measured resolution function was then subtracted
from the measured spectrum, leaving the purely quasi-
elastic component with almost no assumption about
its actual functional form. It is important to notice
that when these quasi-elastic components from dif-
ferent scattering angles are scaled by @, they all fall on
a single curve, as shown in Figure 3. Note that spec-
tra measured at a certain detector are not at constant
@ because @ also varies with energy transfer, ho,
according to

hw hw
=k A /2—F5—2 ,/1— 7 cos(H) 1
Q 1\/ E, N, E, ° )

where k; is the incident wave vector and 6 is the
scattering angle. The actual @ range covered in Figure
3 is from 0.4 to 3.0 A~1. We now need to find the best
functional form of the master curve in Figure 3. The
broken line shows the best fit using a Lorentzian
function that provides only modest agreement. A better
fit is achieved by Fourier transforming the data to the
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Figure 3. QENS data from five scattering angles after
removal of the elastic peak. Individual € values range from
0.36 to 3.0 A™L, depending on both the energy transfer and
scattering angle (eq 1), but dividing each observed intensity
by its @ value causes the data to fall on a common curve. The
solid line is the result of a fit of the Fourier transformed data
to a stretched exponential function, with the result back-
transformed to the frequency domain. The broken line is the
best fit with a Lorentzian function.

time domain and fitting with a stretched exponential
function:

P@) = exp(—(t/z)) (2)

Here, P is the overall probability that the system is in
the initial state, and 7 is the effective relaxation time
from the superposition of decay processes. /5 is a stretch-
ing parameter that decreases as the distribution of
relaxation process increases. The physical significance
of 5 depends on the model chosen for the origin of the
distribution and is still a point of considerable discus-
sion. The fit illustrated by the solid line in Figure 3 was
achieved by Fourier transforming the data to the time
domain so that they could be fitted using eq 2 and then
transforming the numerical fitted function back into the
frequency domain.

There is no analytical Fourier transform of eq 2, and
we may either transform our data to the time domain
accepting the truncation errors of limited data range
or use an approximate function in the frequency domain.
Given that eq 2 is phenomenological, we prefer the latter
approach and use the function proposed by Bergman:1°

X' (w) = 51 £ > ; 3)
P w
RSN {0 W)

where X, is the maximum in the susceptibility, o, is
the position of the maximum in the susceptibility, and
b is a parameter that can be compared with the
exponent, 3, in eq 2. The measured frequency spectrum
is related to eq 3 divided by w, which we will indicate
by a Bergman spectral contribution to the spectra. When
fitting the spectra with Bergman functions above T, it
is clear that a second contribution was required: a
narrower Lorentzian function whose behavior is more
normal, the width being almost constant with @ and
increasing with increasing temperature. The original
broader Bergman function continued to become nar-
rower with increasing temperature above Ty and con-
tinued to have a non-Lorentzian profile. The additional
Lorentzian peak is clearly present, but it is very narrow
and weak, particularly at lower temperatures. This
makes it essentially impossible to separate this peak
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from the resolution function at lower temperatures and
low @, and in order to circumvent this problem, we
constructed a constrained global fitting procedure to fit
data as a function of all @ and w simultaneously. In
summary, the complete function for our data is

XTI
_ p w
1 b+1+bb(a))+(a)p]
P(@)
P,

T
oz T @) ®rf (4)
1+ (5

)
The first part of this function contains dnly three
adjustable parameters: w,, b, and X,, which are thus
all independent of @. The Lorentzian function is de-
scribed by Pj, the intensity that is @-dependent, and
Py, the half-width that is constant with . Jcp is the
intensity of a delta function that is represented by a
single spectral point at the elastic peak position, the
whole being convoluted with rf, the measured resolution
function. Fourteen experimental spectra from different
scattering angles were fitted simultaneously with the
global adjustable parameters: w,, 8, X'y, and Ps. For
spectra taken below Ty the intensity of the Lorentzian
function was constrained to zero. In eq 4 the Bergman
function has been scaled by @, reflecting the observation
(Figure 3) that the experimental quasi-elastic compo-
nents could be brought to a common curve with this
scaling.

It should be noted that & in eq 3 and 8 in eq 2 are
comparable, but not identical. Although the fitting
parameter in eq 4 is b, in our discussion we use 3, which
is obtained by transforming the fitted Bergman function
to the time domain and fitting with eq 2. This allows
our values of § to be compared directly with other work
that uses stretched exponential descriptions.

Results and Discussion

Preliminary fitting using “free” Lorentzian functions
revealed that the overall width of the quasi-elastic
scattering reduces with increasing temperature. This
surprising observation is also evident in the raw data
(after instrumental correction) as illustrated in Figure
4. Consequently, we analyzed the data more carefully
using the global fitting function given in eq 4 that
enabled us to fit spectra collected at 14 different
scattering angles between 20° and 120° in a single
constrained fit. Adequate spectral agreement was
achieved without the necessity to include additional
background, and attempts to introduce a Debye—Waller
factors revealed that the data could be equally well
fitted with any value between 0 and 0.04 A2, We
constrained the background and Debye—Waller factor
to zero. An example of the spectral agreement for a
single spectrum within the global fitting is illustrated
in Figure 5 over the energy range of the useful data.
The intensity of the elastic peaks and the narrow
Lorentzian functions have independent values for each
spectrum, but the width of the Lorentzian and the
Bergman function, as well as the value of 3, were
constrained to a single value for all 14 scattering angles.
Equation 4 describes the data well, and we will try to
understand the origin of the two spectral features.
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Figure 4. Quasi-elastic component at @ = 1.1 A~ in raw data
that has only been corrected for detector efficiency and
scattering of the sample container. The spectrum at 293 K was
subtracted, and the maxima of remaining quasi-elastic com-
ponents were normalized to unity.
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Figure 5. An example of the fit per spectrum from the global
fitting procedure using eq 4: resolution function (dotted line),
slow process (dot—dash line), fast process (dashed line),
complete function (solid line). The data (+) are for spectrum
12 (elastic @ = 1.52 A~1) out of 14 spectra that were included
in the global fit. The plot is a 20x zoom; the unzoomed plot is
shown in the inset.
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Figure 6. Variation of elastic intensity (AE < 0.02 meV) as
a function of detector angle (26). The inset shows the curve
for 293 K divided by that for 545 K and reveals the temper-
ature dependence of the diffuse component between ~60 and
100 20 (the straight line is to clarify the difference).

Before discussing the quasi-elastic scattering, there
is useful information in the purely elastic scattering,
S(Q) at w = 0, illustrated in Figure 6. These data are
the integrated intensity of the three central points in
the elastic peak for each detector angle and are a good
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Figure 7. Temperature dependence of the fast relaxation
process showing the changes at T, in particular the longer
relaxation time with increasing temperature. This process
shows dispersed dynamics. The Williams—Watts relaxation
time, 7ww, was obtained by mapping eq 3 onto eq 2.

approximation to purely elastic scattering (AE < 0.02
meV). The general loss of intensity with increasing
scattering angle and increasing temperature is due to
the Debye—Waller factor (which here includes the quasi-
elastic scattering), and any deviation from this is due
to coherent scattering from structural correlation. The
sharp peak at 81° (26) in the low-temperature spectra
is essentially a Bragg peak that arises from the inter-
chain separation. This peak weakens, broadens, and
shifts to smaller angles with increasing temperature,
reflecting the lattice expansion perpendicular to the
chain direction and an increase in disorder. At all
temperatures there is also a broad diffuse elastic signal
between about 60° and 100° that is due to a distribution
of structural correlations, and because this is essentially
elastic scattering (AE < 0.02 meV), these must be on a
time scale slower than ~100 ps. Static correlations
would show little or no temperature dependence, but
by dividing the data at 293 K by those at 545 K (or any
other pair), we can see that the diffuse peak (between
60° and 100°) increases in intensity with tempera-
ture (see inset in Figure 5: the area below the line is
about twice as large as above the line). From the elastic
scattering we can conclude that there is a strong
dynamical modulation of the interchain distance at all
temperatures measured in the present work and that
the average interchain correlations increase with tem-
perature.

Phase from 298 to 383 K. The evolution of the
intensity, width, and 8 of the quasi-elastic function with
temperature is illustrated in Figure 7. Below Ty, a single
function is adequate to describe the measured data and
reveals that both  and the intensity are only weakly
temperature dependent in this phase. Interestingly,
even in this phase there is a slight, but significant,
increase in the average relaxation time as the temper-
ature is increased that we will comment on later.

Koizumi?® fitted a single Lorentzian function to the
quasi-elastic scattering above Ty, which clearly corre-
sponds to the broad component that we fit with a
Bergman function in the present work. Koizumi found
this peak to be polarized normal to the molecular axis,
and from the @ dependence of the quasi-elastic width
above T, he found that the underlying motion is
compatible with the interchain distance. This strongly
suggests the a rotation of the aromatic units. Below 7'y,
and particularly below T, the quasi-elastic peak-width
is almost constant, which is more consistent with a jump
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Figure 8. Temperature dependence of the slow relaxation
process that is only detectable above T. This process shows a
single-exponential decay.

process than a rotational diffusion. However, for a
simple jump rotation on the diameter of the HBA unit,
the elastic incoherent structure factor (EISF = [elastic
1nten51ty]/ [elastic + quasi-elastic 1nten51ty]) would show
a minimum at 1.5 A~!, which is in conflict with the
experimental data. Further, below 7%, the intensity of
this peak (relative to the elastic peak) is only ~0.2,
which is too small for rotational diffusion of the HBA
units (70% of the sample) but would be consistent with
local translational motion of chain segments that would
also have the correct polarization. While much of the
interchain correlation is maintained despite these local
translations, for large-amplitude monomer rotations the
correlations between atoms on neighboring chains nec-
essarily reduce. This is broadly consistent with discus-
sion of S(Q) at w = 0 given above.

Phase from 383 to 553 K. At 10 K above T; we were
still able to fit a single Bergman function, but the values
of all three parameters are significantly different from
those below T,. At higher temperatures a second func-
tion was required to adequately fit the data, and an
additional simple Lorentzian was found to give adequate
agreement with the experimental data. The tempera-
ture dependence of the Bergman function is more
marked above T, the average relaxation time decreas-
ing and the intensity increasing with temperature.
also changes from a nearly constant value of 0.73 below
T, to a constant 0.65 above the transition.

Inspection of Figure 8 shows the intensity of the
Lorentzian function above Ty to be linear with an
intercept on the temperature axis that is close to T%.
This confirms that the peak is too narrow to resolve in
the current experiments at 393 K and below. Figure 9
compares the @ variation of the elastic peak intensity
with that of the Lorentzian component at a number of
temperatures above T,. For the latter, the maximum
intensity is at @ = 1.3 A 1 for all temperatures, while
it can be seen from the elastic peak variation that the
Bragg peak arising from the interchain distance broad-
ens and shifts from 1.4 to 1.3 A~ over the temperature
range 423—545 K. This suggests that the length scale
of the dynamics underlying the Lorentzian function in
this phase is the same as the interchain spacing in the
crystalline melt and that the increased amplitude of this
motion may be the driving force for the transitions at
383 and 553 K. Further, although the global fitting
procedure constrained the Lorentzian peak width to be
constant with @, use of an adjustable parameter for the
width (for spectra at 545 K) reveals a measurable
increase in the width above @ ~ 1.5 A~1, although the
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Figure 9. Comparison of the temperature dependence (523 —
545 K) of the structure factor for the slow process (open
symbols) with the elastic peak structure factor (solid symbols).
The maximum for the slow process at all temperatures arises
at the same value as that in the elastic structure factor close
to the melting point.

errors are significant. This observation also supports the
idea that motion the length scale proposed above is the
origin of the narrow Lorentzian quasi-elastic broaden-
ing.

The intensity loss of the elastic peak with increasing
@ in Figure 9 is mostly due to the broad quasi-elastic
scattering. It is particularly noticeable at higher tem-
peratures that, apart from the broad peak at around
1.3 A1, this intensity loss is almost linear with @. This
is a 51mple manifestation of the linear increase in
intensity of the broad quasi-elastic with increasing @,
and it would be interesting to extend a purely elastic
measurement to much higher @ values in order to order
to obtain more information on the spatial development
of the underlying dynamics.

The picture that emerges is of a dispersed transla-
tional motion below T, that becomes slightly more
hindered on increasing temperature. Above T, we see
a new slower motion arise on a length scale that is
modulating the interchain spacing, around an average
compatible with this spacing in the high-temperature
nematic phase. This motion is considerably slower than
the average relaxation of the Bergman function and does
not show a measurable sign of dispersion. On the basis
of the length scale, it seems likely that this slow
dynamics is the so-called “crankshaft” motion of neigh-
boring segments of the chain. Given the comparatively
low torsional barrier of the bond-type marked “1” in
Figure 1 (12.5 kJ mol™1),” these would be the most
important coordinates for this motion. With increasing
amplitude this libration places the aromatic units in
environments where the translational potential in-
creases, leading to slower relaxation with increased
dispersion ().

This picture would suggest that the crankshaft dy-
namics to also exist below T, but with an amplitude
and relaxation rate that are too small to measure in the
current experiment.

Conclusions

The evidence for dispersion in the fast process is clear,
and this is not surprising. However, it is much more
difficult to identify the relaxation processes themselves,
and in the current work we have used overall intensity,
diffuse scattering, structure factors, and @ dependence
of peak widths to obtain a consistent interpretation.
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There are many aspects of disordered systems that
can give rise to a distribution of relaxation processes,
from simple static disorder through to relaxation pro-
cesses that occur in an evolving environment, and in
the current study we can make some comment on this.
The temperature dependence of the diffuse elastic
scattering allows us to establish the relative importance
of slow dynamics disorder and to correlate this with the
quasi-elastic signals. As a result, we propose that the
slow librational/rotational process in HBA/HNA, which
is observed here for the first time, causes the distribu-
tion of environments for the fast process. Because there
is almost 2 orders of magnitude difference in the
relaxation rates of the two processes, we can regard the
dispersion as arising from an essentially static distribu-
tion. This distribution is thermally activated and is
unusual because it hardens the distribution of barriers
with increasing temperature, leading to the observed
narrowing of the quasi-elastic signal with increasing
temperature. The spectral intensity of the faster process
increases linearly with @ up to at least 1.8 A™1, and it
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would be interesting to collect good quality data up to
much higher @.
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