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1. Introduction

The three-dimensional structures of poly(4-oxybenzoate)
(POB) and poly(2,6-oxynaphthoate) (PON) have been of particular
interest, owing to their physical properties and industrial applica-
tions [1–4]. Copolymers of the monomers p-hydroxybenzoic acid
(HBA) and 2,6-hydroxynaphthoic acid (HNA) have been produced
with the aim of improving moldability and processability [5]. The
chemical structures of the repeating units of POB and PON are
given by

In the earlier studies of the homopolymers and copolymers
by differential scanning calorimetry (DSC), two or more phase
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nd poly(2,6-oxynaphthoate) (PON) and their copolymers which have a
have been studied with temperature-modulated differential scanning

analyzed polymers have more than one disordering transition between
to 430 K) and decomposition (starting at ≈700 K). Above the glass tran-
city, Cp, increases beyond that calculated from the crystallinity and the
t. This is likely due to an increase of mobility within the crystals and/or
ction (mainly for the copolymers). The disordering transitions are largely
servation that semicrystalline, linear macromolecules show decreasing
elting with increasing rigidity and crystal perfection.

Published by Elsevier B.V.

transitions were observed before isotropization or thermal decom-
position [6–13]. The phase diagram of the largely metastable
system was established recently and is redrawn in Fig. 1 [14]. It is
based mainly on zero-entropy-production transition temperatures,
measured on heating. The reversing and reversible nature of the
transitions is investigated in the present research on the samples

marked on the upper abscissa.

For POB, the lowest endothermic transitions occur, depend-
ing on thermal history, between 616 and 633 K (T1) with a large
entropy of disordering (9.3 J/(K mol) [14]). This transition is a
change from the orthorhombic, rigid crystals to a conformationally
disordered pseudo-hexagonal phase (condis phase) [11,12]. Con-
formationally disordered (condis) crystals show large-amplitude,
internal-rotational mobility [15]. Based on this molecular motion,
the condis crystals have also been called one-dimensional plastic
crystals or ordered smectic phases. On cooling without an order-
ing transition, a (plastic) condis crystal freezes into a solid condis
glass [15], a most important transition, because it limits most of the
applications to lower temperature and above, it permits the defor-
mations needed to shape the objects made of the polymers. The
next transition of POB in Fig. 1, at 718 K (T2), involves a small, broad
endotherm with an entropy of transition of only 0.5 J/(K mol). It is
caused by an additional disordering process, involving no change in
the packing and order along the chain axis or chain conformation,
but a loss of long-range phenyl orientation in the a–b plane. A fur-
ther change to an anisotropic melt (liquid crystal) occurs at ≈800 K
(T3) with increasing decomposition above 750 K. An indication of

http://www.sciencedirect.com/science/journal/00406031
mailto:Wunderlich@CharterTN.net
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Fig. 1. A phase diagram of POB, PON and their copolymers as derived from heating
experiments. Derived from DSC, thermogravimetry, and X-ray diffraction [14]. The
lines labeled T1, T2, and T3 refer to transitions with latent heats.

the ultimate melting (isotropization) of single crystals of POB, and
also of PON, was reported above 800 K [16,17], but is accompanied
by considerable decomposition.

Much less information is available about the structure of PON.
Prior calorimetry in our laboratory has shown broad transitions
between 610 and 710 K (T1) [8,9]. The transition T1 also involves
a change from orthorhombic to nearly pseudo-hexagonal, which
changes at T3 to a phase with considerable rotational freedom of
the naphthalene units [14]. The transition T3 became evident from
the work of Mühlebach et al., using DSC, thermomechanical analy-
sis (TMA), and electron and optical microscopy by extending the
measurements into the decomposition region [13]. This second
transition leads to a more mobile mesophase that has been pro-
posed to be a nematic liquid crystal (anisotropic melt). In addition
to DSC, infrared spectroscopy (IR), optical microscopy, and X-ray
studies were carried out on whiskers of PON beyond the second
transition [17]. A large endotherm was seen above 800 K, which is in
the decomposition region, and may involve the final randomization
of the chains.

The thermal properties of the copolymers have been studied in
considerable detail up to 650 K (somewhat below decomposition),
including heat capacity, Cp, enthalpy, entropy and Gibbs function,
and the transition behavior [8,9]. The glass transition temperatures

of the copolymers are located at 405–430 K (Tg), but the transi-
tion ranges are rather broad (from 160–200 K in width). Their �Cp

changes little with composition (35–42 J/(K mol)) [9]. The Cp for
the crystal, glass, and anisotropic melt is additive relative to the
homopolymers. The crystallization of the 75, 58, and 30 mol% HBA
copolymers to the pseudo-hexagonal phase was shown to be fast,
and is followed by slow annealing to the orthorhombic crystals at
sufficiently low temperatures [7,9]. The kinetics was reported based
on calorimetry [10] and X-ray analysis [18].

The X-ray diffraction data of the copolymers reveal a high-axial
orientation and three-dimensional order, while the merid-
ional reflections are aperiodic. The molecular structure of the
copolyesters is rather interesting. Biswas and Blackwell [19–21]
proposed that the structure of the copolymer with a 75/25 com-
position of HBA/HNA consists of arrays of parallel chains of the
random copolymer sequence in a para-crystalline structure [5].
In their model, the definition of the chain register is obtained by
monomers on each chain being in the same horizontal plane, i.e.,
the repeat distance along the fiber axis is equal to the average
dimer length. A different model of a non-periodic layer structure
was proposed by Windle and co-workers [22–24]. In this model,
cta 471 (2008) 90–96 91

the matching is calculated for short sequences of identical chemi-
cal structure from their random occurrence in parallel chains. Such
a model was earlier used for a computer evaluation of acciden-
tal matches on cold crystallization of copolymers of poly(ethylene
terephthalate-co sebacate) [25]. A more detailed comparison of the
two HBA/HNA copolymer models is given in Ref. [26]. The crystal
structure above the disordering transition was suggested to be a
condis crystal with rotational disorder. This is also supported by
evidence from mechanical and dielectric relaxation measurements
[12,27,28].

In the present paper the past work [14] is extended by a study
of the reversibility of the transitions. All the analyzed transitions
indicate some reversing and very little reversible behavior, as one
would expect for stiff condis crystals. Note that we designate the
Cp as obtained by temperature-modulated DSC (TMDSC) as revers-
ing. It refers to data which may still contain contributions from
slowly decaying irreversible processes. Only if by extended, quasi-
isothermal experiments a constant response is obtained, is the
term reversible used. Note that the apparent, measured reversing
C#

p (exp) is equal to the absolute value of the measured complex

heat capacity: |Cp| = (C ′2
p + C ′′2

p)1/2, with C ′
p representing the real part

(=|Cp| cos �) and C ′′
p representing the imaginary (dissipative) part

(=|Cp| sin �) with � representing the phase shift.

2. Experimental

2.1. Materials

The polymers used in this study were composed of HBA and HNA
in the mole ratios of 100/0, 90/10, 80/20, 58/42, 30/70, and 0/100
(the HBA component is listed first). The copolymers and PON were
commercial samples, prepared as described in Ref. [29] and used
without any further treatment. They were provided many years
ago in the form of pellets by the Hoechst-Celanese Research Co. All
samples correspond to the ones used earlier [8,9,14]. The analyses
of POB were done on single crystals, supplied by Dr. Kricheldorf
of the University of Hamburg. Their synthesis from highly purified
acetoxybenzoic acid is described in Refs. [30,31] (and correspond
to the samples, marked as B in Ref. [14]).

2.2. Differential scanning calorimetry

A power-compensated PerkinElmer DSC-7® with a two-stage

intra-cooler and a Pyris-1 system with liquid nitrogen cooling
were employed for the calorimetry. The data are collected on a
PC with the Pyris V7.0® software. Purified nitrogen gas was used
as purge gas. During the measurements, the dry nitrogen gas
was allowed to flow through the DSC cell at a rate of 20 mL/min.
The temperature calibration was done with indium, tin, lead and
zinc with masses of 4–6 mg. The heat of fusion was calibrated
with indium, tin, and lead with masses of 6–10 mg. A standard
sapphire disc served as reference for the Cp calibration, done
at every temperature of interest. The standard heating rate was
10 K/min. Before calibrations, the baseline curvature of the empty
cell was adjusted to make the deviations of the baseline less
than 0.2 mW in the temperature range of interest between 300
and 650 K. This was followed by adjusting the initial and final
isotherms to within 0.2 mW. The reversing and total heat capacities
of the temperature-modulated DSC were calculated with the Pyris
software.

The commonly used sawtooth modulation yields the reversing
Cp from the first harmonic of the Fourier transformation of the heat-
flow rate response. The total Cp is then the sliding average over one
modulation cycle [32–34].
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Fig. 2. Typical heat-flow rate, as deconvoluted from TMDSC results on POB using an
underlying heating rate, 〈q〉 = 0.5 K/min (pseudo-isothermal analysis [34]), or mea-
sured directly on quasi-isothermal TMDSC (〈q〉 = 0.0 K/min).

For the TMDSC, all calibrations were made at a heating rate of
5 K/min or lower. A typical sawtooth procedure involves heating
at 2.0 K/min for 60 s, followed by cooling at 1.0 K/min for another
60 s, so that the period is 120 s and the underlying heating rate,
〈q〉, is 0.5 K/min with a temperature amplitude about the axis of
symmetry of 0.75 K. Up to 600 K the sliding average of the heat-
flow rate was changing linearly, i.e., the signal is stationary, which
permits deconvolution of the modulated heat-flow rate signal by
subtracting the total heat-flow rate from the measured heat-flow
rate to yield a pseudo-isothermal analysis [34]. As long as the heat-
flow rate response is linear relative to the temperature change,
the reversing Cp can be calculated from the first harmonic of the
Fourier transformation, as indicated in Fig. 2 on a typical example.
The symmetric sawtooth modulation shows only odd harmonics
and all higher harmonics have a fixed ratio to the first harmonic
as long as the Cp is independent of frequency, and the first har-
monic results in the best averaging over the noise. The sum of
the first and third harmonic illustrates the increasing approach to
the measured data when including higher harmonics. Summing
from the first to the ninth harmonic reproduces the experimen-
tal data within the uncertainty of measurement. The Pyris version
7.0 software with its heat-capacity-calculation function was used
to compute the reversing and total heat capacities directly from
the ratio of the first harmonic of the reversing heat-flow rate
as a response to the reversing heating rate. Starting at ≈600 K,

sufficient latent heats are involved in modulating the sample tem-
perature to make this simple measurement of the reversing Cp

nonlinear and nonstationary so that quasi-isothermal experiments
with 〈q〉 = 0 have to be performed after waiting until irreversible
processes such as annealing and recrystallization have stopped
[33,34].

The glass-transition temperatures, Tg, were taken, as usual,
at the temperature of half-devitrification of the sample at the
given heating rate, as indicated by the increase of the Cp. The
samples were cooled before analysis at a similar rate to min-
imize the enthalpy relaxation (hysteresis). The width, �T, of
the glass transition region was estimated from the intersection
of a tangent at the point of inflection of Cp. For amorphous
homopolymers and random copolymers, this width of �T is usu-
ally between 5 and 10 K, but for the partially ordered copolymers
this range increases to as much as 200 K [8,9]. The endother-
mic transition peaks are sufficiently broad to identify the peak
temperatures as the most common species undergoing the tran-
sition. The integral of the heat-flow rate over time is taken as the
latent heat with an appropriate baseline computed from the Cp

[32].
cta 471 (2008) 90–96

Fig. 3. Standard DSC on repeated heatings followed by coolings of the POB.

3. Results and data discussion

3.1. Poly(1,4-oxybenzoate)

3.1.1. Stability of the POB sample
To check on the stability of the POB samples to be ana-

lyzed, repeating heating and cooling experiments were performed
between 383 and 653 K, as shown in Fig. 3. The first heating yields
a high T1 of 628 K and a lower Cp above 550 K, but also, seemingly,
a somewhat lower heat of transition. The approximate crystallini-
ties based on the area above a tangential baseline are 64.6, 75.2,
and 74.5% for the 1st, 2nd, and 12th heating, respectively (see Sec-
tion 3.1.2 for a more precise determination of the heat of transition
from an analysis with Eq. (1)). The peak temperature decreases to
619 K for the 12th heating cycle and the crystallization tempera-
ture decreases as well. The heat capacities below the transition
peak after the first heating are reproducible. On continuation of the
experiment, the sample changes little, the melting point decreased
to 616 K on the 60th cycle. Thermogravimetry showed in the first
heating a weight loss of 6.1% below 450 K without a corresponding
endothermic peak in the DSC and a further loss of 2.1% between
500 and 700 K. The causes for these initial changes are not fully
clear. To avoid the uncertainty caused by the weight loss during the
first cycle, only subsequent cycles were used in the analyses. The
weight loss in the second heating–cooling cycle in the temperature

range of 300–653 K is only 1.7 wt.%. The total mass loss to the 12th
heating–cooling cycles is 2.3 wt.%. Further cycles show less than
0.1 wt.% mass-loss per run.

3.1.2. Disordering transition of POB
Fig. 4 illustrates quantitative thermal analysis of POB for a

second heating cycle. Fig. 4a illustrates the experimental, appar-
ent, molar C#

p (exp) from 450 to 650 K. The sharp transition at
623.7 K corresponds to the orthorhombic crystal-to-condis-crystal
transition seen in the phase diagram of Fig. 1. Above Tg of all non-
crystalline fractions, the fractional crystallinity can be calculated
by a two-phase model [35]:

C#
p (exp) = wcCp(solid) + (1 − wc)Cp(liquid) −

(
dwc

dT

)
�Hd(T), (1)

where (dwc/dT) �Hd(T) is the latent heat exchanged per kelvin of
increase in temperature. The Cp(solid) and Cp(liquid) are the calcu-
lated crystalline and melt heat capacities as a function of tempera-
ture [9,32], and �Hd(T) is also known from the dependence of these
heat capacities on temperature [d�Hd/dT = Cp(liquid) − Cp(solid)].
The value of Cp(liquid) is derived from the easily measured
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underlying heating rate is shown in Fig. 6 as the dashed line (note
the expanded scale relative to Fig. 5). Compared to the C#

p (exp) by
standard DSC, indicated by the solid line, the reversing Cp shows
lower values above ca. 480 K. One concludes that up to this temper-
ature the measured, apparent C#

p (exp) is practically reversible. The
time-dependence of the heat capacity due to the glass transition is
not sufficient to show up in the reversing Cp. The glass transition
seems to occur between about 410 and 480 K, a rather broad range
which may include in the higher temperatures the devitrification
of a RAF. In the melting range, the reversing Cp shows a peak tem-
perature at 617.8 K which is slightly less than the standard DSC peak
temperature of Fig. 3, with 620.3 K. This increase may simply arise
from the larger instrument lag of the standard DSC at 10 K/min. The
total Cp of the TMDSC has a similar peak temperature (617.6 K), but
with a somewhat larger peak height than the standard DSC, again,
indicating the temperature lag and in addition a loss of stationarity
due to the latent heat [33].

The quasi-isothermal data in Fig. 6 are given by the open circles.
They represent measurements during the last 10 min of the 30 min
experiments. Up to about 585 K, these heat capacities are identi-
Fig. 4. Standard DSC of POB, analyzed with the advanced thermal analysis system
(ATHAS) [32]: (a) apparent experimental heat capacity; (b) calculated crystallinity
using the data [8,9] and the two-phase model of Eq. (1); (c) the three heat capacity
terms of Eq. (1): C#

p (exp), Cp(liquid), and wcCp(solid) + (1 − wc)Cp(liquid).

anisotropic melts of the copolymers which are strictly additive. Its
values are also available from the advanced thermal analysis sys-
tem (ATHAS) data bank [8]. The Cp(solid) is calculated from the
vibrational spectrum fitted to the low-temperature Cp, as deter-
mined in Ref. [9]. Fig. 4b shows the fractional crystallinity for the
analyzed POB. At low temperature, the crystallinity reaches a maxi-
mum value of 92 wt.%. The crystallinity function, wc = f (T) of Fig. 4b
was then used to calculate Cp. The result is given by the open circles
in Fig. 4c. Above 500 K, the measured Cp increases gradually above
the calculated values, indicating the absorption of latent heat.

The approximate crystallinities reported in Fig. 3 for the various
heating and cooling experiments are lower than calculated with

Eq. (1) by as much as 20% since in Fig. 3 the change of Cp with tem-
perature could not be considered and a simple, linear baseline was
chosen. The lower Cp on first heating seen in Fig. 3 may indicate that
the initial sample is close to 100% crystalline. The disordering peak,
broadened towards higher temperature may indicate superheating,
indicative of more perfect crystals, but such may also be observed
for as-polymerized, high-molar-mass samples. The data were not
sufficiently reproducible and uniform from sample to sample for a
more quantitative analysis as done with Fig. 4.

A measurement of C#
p (exp) on third heating is shown in Fig. 5.

From 365 to 410 K C#
p (exp) is in good agreement with the calcu-

lated Cp of the solid [9]. The relative deviation from the earlier
data is less than 2%. The C#

p (exp) measured by standard DSC
does not show a sharp glass transition, but reaches the level of
the liquid (anisotropic melt) at the end of the disordering tran-
sition [8]. Because of the closely similar molecular motions in
the melt and in an unisotropic melt, their heat capacities are
practically identical as long as the small degree of order in the
unisotropic melt does not change with temperature. The presence
of a broad glass transition or the existence of a rigid-amorphous
Fig. 5. Standard DSC of POB, expressed as C#
p (exp). Data from a third heating cycle

(see Fig. 3). The thin lines represent the liquid and solid data of Ref. [8,9].

fraction (RAF) cannot be clearly identified without measurements
by temperature-modulated calorimetry, as will be shown next.

3.1.3. Temperature-modulated calorimetry
The reversing Cp from the temperature modulation with an
cal to the measurement with an underlying heating rate (dashed

Fig. 6. Comparison of DSC, TMDSC, and quasi-isothermal TMDSC of POB.
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observed earlier in the polyoxides [36] and nylons [37]. In these
94 J. Ma et al. / Thermochi

Fig. 7. Time-dependence of the reversing heat capacity of POB.

line), and at higher temperature they show a much-reduced peak.
At the given frequency, the reversing Cp is close to reversible up
to 585 K, and above, the reversing Cp contains increasing contribu-
tions from latent heats with longer relaxation times than can decay

at the underlying heating rate.

To find the upper temperature limit of reversibility, a time-
dependent, quantitative analysis was carried out, as given in Fig. 7.
Note the further expanded scale of Cp relative to Fig. 6. Additional
quasi-isothermal data were measured with an expanded modu-
lation period to 600 min. These points are marked by the filled
triangles. These longer modulation times extend the temperature
region of (slow) reversible response to 600 K. Finally, the kinetics
of the change in Cp with time from 560 to 610 K was measured and
is illustrated in Fig. 8. The residual crystallinity at the end of the
600 min experiments was measured by standard DSC, as shown in
Figs. 9 and 10, finally, displays the details of the analysis of the data
at 610 K, including the extrapolation to infinite time, using the indi-
cated double-exponential function. This extrapolation should give
an estimate of the reversible Cp at 610 K. It is entered into Fig. 7 as
the filled circle.

For the whole temperature range from 470 K to the end of the
disordering transition one can see a remaining slow increase in
the reversible Cp. It is much less than that of the reversing Cp, but
ultimately exceeds Cp(liquid) by a small mount. This may well be
due to an increase in mobility (disorder) within the crystals, as was

Fig. 8. Change of the heat capacity of POB with time (selected data points are also
seen plotted in Fig. 7).
Fig. 9. Estimation of the crystallinity of POB after 600 min of modulation by standard
DSC. Note that at lower temperatures these estimated crystallinities may have to be
increased by up to +15% (compare to the graph of crystallinity drawn in Fig. 4).
cases a true glass transition of the crystal was reached (without
change in crystal structure). If some of this increase in reversible
heat capacity were due to locally reversible melting, as observed
for most chain-folded, semicrystaline polymers, it would be much
less than commonly seen [33]. The more rigid polymers, such
as poly(oxy-2,6-dimethyl-1,4-phenylene), has no locally reversible
melting [33], in accord with the small or no reversible melting in
POB. For flexible, linear macromolecules the reversible, local latent
heat was also observed to decrease for more perfect crystals and go
to zero for extended-chain polymers and for once and twice-folded
crystals of high perfection [36,38].

3.2. Poly(2,6-oxynaphthoate)

The analysis of PON is illustrated with Fig. 11. The standard DSC
curve after cooling from the anisotropic melt shows a sharp disor-
dering transition at 670 K which has a broad cold-crystallization or
reorganization minimum starting at ≈540 K, accounting for much
of the endotherm seen on disordering. From 320 K the Cp by stan-
dard DSC and continuing from 420 to 560 K the reversing Cp and

Fig. 10. Evaluation of the decrease in reversing melting at 610 K with a plot of the
apparent reversing Cp . The equation given in the figure permits the extrapolation to
infinite time.
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Fig. 11. Standard DSC and TMDSC of PON (TMDSC from sawtooth modulations, run
with an underlying heating rate of 1 K/min).

TMDSC change from the Cp of the solid to that of the liquid, sug-
gesting a very broad glass transition. This broad transition may
involve the amorphous, rigid-amorphous, and ordered phases, with
the overall Tg being shifted by a small amount of ordering to about
460 K, 40 K higher than the Tg shown in the phase diagram of Fig. 1.
The surprising difference between the total Cp by TMDSC and DSC is

Fig. 12. Standard DSC and TMDSC of the copolymers: (a) P(HBA-co-HNA) 30/70; (b) P(HB
in (a) and (b) are from sawtooth modulations run with an underlying heating rate and in
cta 471 (2008) 90–96 95

a measure of the different behavior of the two samples on slow and
fast heating. Because of the small heat-flow rate up to ≈610 K, one
expects full linearity and stationarity of the calorimeter response.
Under such conditions, the larger total endotherm by TMDSC is due
to a ordering and disordering, so that the integral of Cp(total) over T
shows an endotherm of several times the size measured by standard

DSC [32]. Overall, the dynamics of this disordering and ordering is
irreversible.

3.3. The copolymers

All copolymers were hot pressed at about 550 K to make films
with thickness of 1.0 mm to achieve good contact within the
calorimeter pan. As with the homopolymers, the copolymers were
measured after establishing a thermal history by cooling from the
anisotropic melt with a cooling rate of 10 K/min.

The DSC curves of P(HBA-co-HNA) of different composition are
summarized in Fig. 12. For the 30/70 copolymer cooling after heat-
ing shows a supercooling of ≈58 K before crystallization, similar
to other aromatic copolyesters [33]. The Cp of the copolymer on
heating is shown in Fig. 12a. A Tg is shown between 360 and 390 K,
but may continue on to higher temperature, perhaps as unfreez-
ing of a rigid-amorphous fraction. The Cp curve from the standard
DSC shows a relatively sharp disordering transition at ≈590 K.
The reversing Cp from the sawtooth modulation with underlying
heating shows an almost totally irreversible latent heat at the dis-
ordering transition and suggests that most or all of the increase in

A-co-HNA) 58/42; (c) P(HBA-co-HNA) 80/20; (d) P(HBA-co-HNA) 90/10 (the TMDSC
(c) and (d) from quasi-isothermal measurements with sinusoidal modulation).
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reversing heat capacity is reversible and is more likely due to a glass
transition of the RAF and the crystals than local reversible melting.

The standard DSC curve of P(HBA-co-HNA) 58/42 in Fig. 12b
shows a single endotherm. On cooling, the initial crystallization
peak is even sharper than the melting peak and a supercooling of
≈42 K is observed. The reversing Cp of the copolyester in Fig. 12b
illustrates a Tg in the temperature range from 350 to 385 K, again
followed, perhaps, by a broad softening range of a rigid amorphous
fraction. The reversing Cp by TMDSC with sawtooth modulation
using an underlying heating rate shows an almost totally irre-
versible transition as was also seen in Fig. 12a.

For the 80/20 copolymer, two shallow endothermic peaks were
found by standard DSC at 519 and 583 K, corresponding to the rigid-
to-condis-crystal transition (T1) and the condis-to-condis-crystal
transitions (T3) shown in the phase diagram of Fig. 1. After elim-
inating much of the thermal history and fitting to the Cp of the
solid, the apparent heat capacities are shown in Fig. 12c. The cooling
curves by standard DSC show one sharp and one broad exotherm,
corresponding to the two thermal transitions, indicating consider-
able supercooling. The Tg is shown in the range of ca. 300–400 K.
The quasi-isothermal results show, again, the possibility of a sub-
sequent glass transition of a rigid-amorphous fraction overlapping
with the rigid-to-condis-crystal transition.

Finally, Fig. 12d shows the thermal analysis for the 90/10
copolyester. The endotherm on heating occurs at ≈570 K, the
exotherm on cooling at ≈545 K, indicating considerable supercool-
ing of the crystals. In accord with this observation by standard DSC,
the reversing Cp during this transition indicates only little reversing
melting. Both the Cp from standard DSC and reversing Cp from the
quasi-isothermal TMDSC show the Tg from 330 to 380 K.

As the HNA content decreases, the semicrystalline structure of
the copolymers change from the single disordering peak prior to
their thermal decomposition seen for PON to the double peak in
POB. The absence of this polymorphism of these copolymers with
larger HNA concentration is probably due to the increased ran-
domness caused by the HNA relative to the HBA. The remaining
crystallinity found for all copolymers is probably due to a partial
isomorphism of the HBA and HNA monomer precursors, as pro-

posed by Biswas and Blackwell [19–21] and is also observed, for
example, in the copolymer systems poly(ethylene terephthalate-
co-isophthalate) [33].

4. Conclusions

The behavior of all samples was discussed on hand of the
phase diagram of Fig. 1 [14]. Of the samples analyzed, only the
POB homopolymer had a high crystallinity (see Fig. 4). Outside
the transition ranges, the solid and liquid heat capacities derived
from TMDSC were in agreement with the prior derived DSC data
[8,9], also available in the ATHAS data bank and show additiv-
ity for the copolymers [8]. All transitions are largely irreversible
(see Figs. 7, 11 and 12). In the melting-peak area the reversing Cp

is frequency dependent. Above the glass transition, the reversible
Cp increases above that calculated from the crystallinity, probably
due to an increase of mobility within the crystals and/or a possible
rigid-amorphous fraction (mainly in the copolymers). Additional
high-precision X-ray diffraction on well-characterized samples is
necessary to resolve the effect on crystal and amorphous fractions.
For the homopolymers, as well as copolymers, there is little or no

[
[
[
[

[
[
[
[
[

[
[
[

[

[
[
[

[

[
[
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local, reversible melting seen, in contrast to the more flexible lin-
ear macromolecules [33]. This low fraction of reversible melting
agrees with the absence in reversible melting in the similarly rigid
and high-melting poly(oxy-2,6-dimethyl-1,4-phenylene) [33].
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