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Abstract : The evolution of conformational constraints in bisphenol-A polycarbonate (BAPC) upon
quiescent bulk crystallization was quantitatively analyzed from calorimetric study employing a rigid
amorphous fraction (RAF) as an indicator of the level of conformational constraints. From the correlation
between corrected crystallinity (X;) and total rigid fraction {f,), it was found that, regardless of molar mass
distribution and thermal treatment conditions, semicrystalline BAPC always exhibits greater f, than X,
maintaining a quantitative relationship of f, = 2X. in the range of 0.0 <X.<0.4. This directly indicates the
evolution of approximately the same amount of RAF as X, (i.e., RAF=X.) upon bulk crystallization of
BAPC. It was also found that T, per se and T, broadening enhance as RAF increases, and there appears to
be a critical level of RAF (>0.2) needed to initiate significant changes in both quantities.

Introduction

Historically the morphology of semicrystalline
polymers has been envisaged through a simple
two-phase model namely “fringed-micelle” model,
in which tacitly only two clear-cut phases are
assumed: crystalline and amorphous phases.' This
fringed micelle model has been applied in a limited
basis to describe the morphology and the structure-
property relationship of rubber, cellulose, and
polymers with low crystallinity.? For example, in
the explanation of observed increase of the
strength in an elastomer with crystallinity, this
model suggests that the pinning effect of embed-
ded crystalline phase will increase the strength;
therefore, as crystallinity increases modulus
enhances as well.

In reality, however, the existence of interphase
between crystalline and unconstrained amorphous
regions often challenges the simplicity of the two-
phase model. Two intrinsic restrictions in polymer
crystallization- chain entanglement in amorphous
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phase due to the long chain nature of polymers
and higher folding energy in basal plane (c.) com-
pared with the lateral plane (c;)- are at the origin
of creating an interphase. Largely speaking but
certainly with exceptions, o. is in the range of 40
to 100 md/m’, and o, is in the vicinity of 5 to
20 md/m®. This relatively large surface free energy
in chain folding plane often gives rise to a consid-
erable penalty limiting the thickness of polymer
lamellar crystals as well as depressing the apparent
melting temperature. Furthermore, various types
of imperfections such as non-adjacent chain folds,
tie molecules and chain cilia may also contribute
to form an interphase between lamellar crystals
and disordered free melt.

Numerous experimental observations suggest
the existence of interphase. These are 1) in calori-
metric study, the lower intensity of relaxation
strength at T, (AC, at T ) was observed even after
considering the effect of crystallinity, e.g., poly
(oxymethylene) (POM),* polyethylene (PE),” iso-
tactic polypropylene (it-PP),* poly(caprolactone),’
isotactic polystyrene (it-PS),? poly(butylene tereph-
thalate) (PBT),” poly(ethylene terephthalate)
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(PET),”"™ poly(phenylene sulfide) (PPS),"** poly
(ether ether ketone) (PEEK),"” and thermoplastic
polyimide (TPI)*; 2) in dielectric measurement,
the unexpected decrease of a-relaxation intensity
in the presence of crystals was proposed as an
evidence of the existing interphase, e.g., TPL"
PEEK"; 3) in dynamic mechanical analysis, the
broadening and shifting of T, in semicrystalline
polymers was often detected, e.g., TPL,'® bisphenol-
A polycarbonate (BAPC)'; 4) in SAXS study,
direct measurement of the interphase thickness
was made in a few polymers, e.g., PPS,"* TPL*
All of these diverse and independent techniques
unanimously agree on the existence of the inter-
phase, although some of fundamental questions
regarding its physical nature remain still open.

Among various examples indicating the exist-
ence of interphase, the lower relaxation strength
in semicrystalline polymers at glass transition has
long been known. In principle, the change in heat
capacity at T, (AC, at T,) must reveal the relax-
ation strength of all the amorphous chains under-
going glass transition. Therefore, the intensity of
AC, step or the relaxation strength at T, for semic-
rystalline polymers will be diminished because the
fraction of amorphous chains participating in
glass transition has been reduced. Under a strict
application of the two-phase model, heat capacity
change at T, can be used to determine the crystal-
linity of a given semicrystalline system through a
simple relationship, if AC, associated with the
amorphous state is known:

Xe = 1- fog = 1- AC/AC,™ (1)

Where X is crystallinity, f,.; is a fraction of mobile
amorphous phase, and AC,” and AC,™ are the
heat capacity changes at T, in the semicrystalline
and completely amorphous polymers, respectively.
Eq. (1) assumes that all the amorphous polymer
chains relax at T, and that polymer chains in the
crystalline phase do not.

In fact, many authors, including Wunderlich et
al 28710128 5nd Cebe et al.'"™* observed that the
right side of Eq. (1) is greater than the crystallinity
measured either from calorimetry or from other
independent techniques such as WAXS. These
results strongly suggest that in the case of semi-
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crystalline polymers, especially in rigid backbone
polymers, not all the amorphous chains relax at
the normal glass transition temperature. Based on
this observation, Wunderlich et al. introduced the
concept of rigid amorphous fraction (RAF), which
is, in definition, the fraction of amorphous chains
that does not relax at the normal glass transition
temperature.*'®* Accordingly, Eq. (1) may be re-
formulated as follows.

f, = 1-AC/AC,™ (2)
=X+ fy 3)

Where f, is a total rigid fraction, the summation
of crystallinity (X.) and rigid amorphous fraction
(fra )

Later on, Cebe et al. further developed this
concept to explain some of structure-property
relationships of semicrystalline polymers. They
reported several interesting observations from the
study of PPS such as the increase of RAF with
decreasing molar mass, the increase of RAF with
decreasing (melt or cold) crystallization temperature,
and appearance/disappearance of RAF depending
on the crystallization and annealing conditions."**
More importantly they observed the glass transi-
tion temperature was qualitatively related to the
degree of RAF""

Despite these studies, more complete picture,
such as the effects of molar mass distribution and
thermal treatments on the level of RAF, has not
been emerged. This is particularly important in that
chemical and/or physical properties of semicrys-
talline polymers will be affected by the conditions
of crystallization and subsequent thermal treatment,
and these changes may, at least qualitatively, be
associated with the development of conformational
constraints. Often the conformational constraints
exerted by semicrystalline polymers can be visual-
ized as the increase of T, or T, broadening:'"***
whereas in some cases, conformational constraints
assumed to be related to the level of RAF'™*
developed in due course of various thermal treat-
ments. In this regard, the aims of present work
were directed first to show a clear development of
RAF upon various thermal treatments, and second
to find a correlation of T, or T, broadening with
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RAF. Hopefully these observations may further
our understanding of the development of confor-
mational constraints in semicrystalline polymers.
Similar to previous communications”® BAPC was
used as a model system exploiting its extremely
slow crystallization kinetics to study the effects of
time, temperature, and molar mass on its devel-
opment of conformational constraints.

At this moment a caution needs to be taken in
that the level of crystallinity must be determined
as accurately as possible for a proper evaluation
of RAF (see Eq. (2) and (3)). In many cases, the
crystallinity is expressed as the ratio of a certain
measured quantity in semicrystalline polymer to
that in 100% crystalline phase. For instance, crys-
tallinity from calorimetry is often expressed as fol-
lows.

X. = AH.™®/AH,Y (4)

where AH,,”® and AH,’ are the experimental
and 100% crystalline phase heat of fusion,
respectively. At least two corrections need to be
considered for a proper use of Eq. (4). First, AH,,’
represents the enthalpy of fusion of a perfect crys-
tal at the equilibrium melting temperature, T, .
However, semicrystalline polymers usually melt at
a lower temperature than T,.”; thus, AH,”” needs
to be corrected for a temperature effect. Second,
AH,° assumes the infinitely large perfect crystal,
yet in reality, polymer crystals are limited in size,
thus the surface enthalpic contribution should be
taken into account. In this paper the crystallinity
of all the data presented was properly corrected
considering above two effects, and based on this
more accurate crystallinity and RAF were evalu-
ated.

Experimental

Materials Preparation and Characterization.
Bisphenol-A polycarbonate (BAPC) samples inves-
tigated in the present work are commercial grades
manufactured by General Electrics under the trade
name of “Lexan” and some of near monodisperse
fractions, obtained through a solvent/non-solvent
fractionation starting from one of the commercial
sample. The details of the fractionation process
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have been published elsewhere. Molecular char-
acteristics of these materials were determined by
means of GPC (solvent: HPLC grade chloroform)
using standard PS and BAPC samples. Therefore,
the molar masses reported here are absolute val-
ues. For each sample, measurement was repeated
for three times, and the reproducibility was better
than #10%. Weight average molar masses and
the polydispersity indices (M./M,) of the samples
are listed in Table I, where the fractions are marked
by asterisk. Commercial samples were provided
to us in the form of pellets, and were further puri-
fied by dissolving in chloroform followed by pre-
cipitation with methanol. It was subsequently
washed several times with clean methanol and
then dried in the oven at 150°C for a period of 24
hrs to remove any possible solvent traces. In order
to avoid the degradation of BAPC due to water
absorption, all samples were dried in a vacuum
oven above the T; of the polymer for 24 hrs and
kept dry throughout the experiments. Amorphous
films of 120+20 um thickness were prepared by
compression molding of the dry samples at
250°C/150 psi under a nitrogen atmosphere for 5
minutes. Sample was subsequently cooled down
to room temperature. These films were transparent,
and were further shown to be amorphous from
density measurements.

Crystallization and Thermal Treatments.

Bulk Crystallization: Amorphous films thus
prepared were then wrapped with Kapton® film
inside and aluminum foil outside, and were crys-
tallized in an oven under an inert atmosphere.
Oven temperature scale was calibrated and tem-
perature control was better than £ 0.3°C. All the
samples were crystallized at T, for the time of t.
from the glassy state, et crystallization conditions,
as indicated in Table I, were slightly varied among
samples to induce a similar temperature difference
between T, and T, of each sample.** Thus prepared
samples were further reshaped for various thermal
treatments and calorimetry measurements.

Isothermal Secondary Crystallization: Bulk
crystallized samples were partially melted at T,
and further exposed to isothermal secondary
crystallization (ISC) experiments at various T, for
different times. ISC experiments were conducted
inside a DSC for a better temperature control
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Table 1. Molecular Characteristics, Crystallization and Subsequent Thermal Treatment Conditions for
Commercial and Fractionated BAPC. PM and ISC Represent, Respectively, Partial Melting
and Isothermal Secondary Crystallization

M Initial Crystallization PM ISC
Sample (a- mol ) M./M, Conditions me oTx
T. (°C) t. (hrs) (°C) (0
*PC-4K 4,270 1.02 165 38 216 -
*PC-6K 6,110 1.05 173 49 215 163-178
*PC-12K 12,400 1.10 178 160 220 168 - 183
*PC-17K 17,100 1.10 181 382 - -
PC-19K 18,800 199 170 384 217 -
PC-28K 28,400 2.00 185 202 220 165 - 195

Asterisk denotes fractions.

(£0.1°C). Partial melting (PM) was performed to
clearly resolve the temporal evolution of low
endotherm from the multiple melting behavior of
original sample. In the previous reports, it was
shown that PM did not affect the most probable
populations of main lamellae, and thus the varia-
tion of RAF upon overall crystallization and I1SC
could be independently pursued.”* ISC was per-
formed at three different T,s of below, at, and
slightly above T..

Crystallization temperature (T,), time (t.) and
partial melting temperature (T,,) are listed in
Table 1.

The Effect of Cooling Rate: To investigate
the effect of cooling rate on the evolution of con-
formational constraints, PC-28K samples, bulk
crystallized at 185°C for 202 hrs and partially
melted at 220°C, were exposed to cooling experi-
ments from T,., to 100°C (i.e., ca. 45°C below T,).
Various cooling rates in the range of 0.32°C/min
to 40°C/min were employed. Results including
thermograms were reported elsewhere.””

Isothermal Annealing: In contrast to ISC ex-
periments, during which the main lamellar mor-
phology did not change, isothermal annealing (IA)
performed well above T, was found to significantly
increase the apparent melting temperature in the
DSC suggesting an isothermal lamellar thickening.?
In other words, we can control the main lamellar
structure by IA. To further our understanding of
the effect of main lamellar morphology change on
the development of conformational constraints,
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high temperature isothermal annealing experi-
ments were conducted well above T.. For this,
fully crystallized PC-28K samples were annealed
at five different temperatures (T, = 208, 214, 217,
220, 223°C) for various times in the range of 1
minute to 20 hrs. Upon reaching the desired
annealing time, sample was fast cooled to 100°C,
and heating traces were recorded. For all these di-
fferent stages of sample preparation, crystallization
and annealing, GPC results confirmed that the
molar mass and molar mass distribution of the
samples have not been modified.

Calorimetric Measurements.

Differential Scanning Calorimetry: Differ-
ential scanning calorimetry (DSC) was used for
the monitoring of thermal behavior in amorphous
or semicrystalline BAPC. A DSC-2 Perkin-Elmer
calorimeter operated with an ice and water bath
was used. Heating traces were recorded at 10°C/
min unless otherwise specified. In order to reduce
differences among samples, discoid samples of
120+ 20 mm thickness and 11.0% 1.0 mg weight
were employed. A linear horizontal baseline of
the DSC signal was obtained before and after a
few series of DSC scans. This baseline corrects for
the difference between the heat flow output of a
blank DSC pan and the reference pan to zero or a
constant. The heat flow output for the sample was
obtained after subtraction of the baseline heat
flow from the recorded output for that sample. In
the AC, measurement, sapphire calibration was
done for each sample and scan rate. Temperature
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calibration during cooling scans was achieved by
recording the isotropic-to-nematic phase transition
of p-azoxyanisole. The known temperature for the
reversible isotropic to nematic phase transition of
this liquid crystal is equal to 136.0°C. Temperature
calibration during heating scans was accomplished
by recording the melting transition of an indium
standard sandwiched between two amorphous
BAPC films.”" This step was necessary for a correct
temperature calibration in the experiments with
different heating rates, since polymers have lower
thermal conductivity than metal standards.
Evaluation of Heat Capacity Change: Heat
capacity change (AC,) at T, and the broadness of
T, have been measured following the method of
Cheng et al.”® As illustrated in Figure 1, T, was
determined at the inflection point of the AC,
increase. T, broadening (AT,) was measured by
the temperature difference in the intercepts of the
tangential line at T, with the heat capacity lines of
liquid (T2) and glass (Ti} (i.e., AT, = T,-Ty). In
the present work, over 180 DSC melting traces, in
which each thermogram represents sample with
different thermal history such as crystallization and
subsequent thermal treatments, were carefully
analyzed. In each heat flow, rigid fraction, f,, and
the experimental heat of fusion (AH.®) were
determined. Thus obtained AH,** was properly
corrected to evaluate an accurate crystallinity con-
sidering the two aforementioned factors: 1) tem-
perature correction for the experimental heat of

Heat Flow (arb. unit)

Temperature (arb. unit)

Figure 1. A schematic DSC traces in the glass transition
region.
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fusion {for details, see Appendix), and 2) surface
enthalpic contribution for the equilibrium heat of
fusion.”® Finally, RAF for each DSC curve was
determined from the difference between rigid
fraction and corrected crystallinity.

Results

Amorphous Characterization. After fraction-
ation and purification, amorphous samples were
characterized in terms of glass transition tempera-
ture (T,) and heat capacity change at T, (AC, at
T,). This step is an important precursor to crystal-
lization study since amorphous state can serve as
a “zero” crystallinity state. Glass transition temper-
atures and heat capacity changes are, respectively,

160 (a)
Adam et o’

Wissler et aP*.
Dobkowski*®

This work {comiercial)
This work (fract on)

“*

=X

S

|

1

80
[eoR N K 3

1490+ o o
- o’d

< o
= 130 + Q
*
o]
120 +
110 + o
100 } f } f
0 1 2 3 4 5
1/<M,> x 10* (mol.g"")
032 1 ®
®  Fractions
©  Commercial materials
030
?
';f 0.28 :
&
0.26 -
] ‘} ] %
024 + T T
] ' ] ]
T T T t
0 10000 20000 30000 40000
<M > (g.mol™)

Figure 2. (a) Variation of amorphous BAPC glass tran-
sition temperature as a function of <M,>". The polydis-
persity of fractions used in the present study was in the
range of 1.02 to 1.49 and polydispersity for literature
data including the commercials in this work is in the
range of 2.0 to 3.5; (b) Heat capacity change at T, (AC,
at T,) as a function of number average molar mass of
amorphous BAPC.
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presented in Figure 2(a) and 2(b), in which litera-
ture data have been included for comparison.
Since glass transition temperature is sensitive to
the method employed, literature data'""* obtained
from calorimetry under similar conditions (HR =
10°C/min) are only included.

Figure 2(a) clearly shows the increase of T, with
molar mass. The variation of T is over 25°C for
the number average molar mass ranging between
ca. 4,200 and 37,000 g mol™. The particular way
of presenting T, shown in this figure follows the
Fox-Flory equation,” in which the variation of T,
has been empirically approximated as a linear
function of <M,>". Overall, the agreement between
the data from this study and from the literature is
acceptable, with the exception of somewhat lower
Tgs of high molar mass fractions from this study.
Similar results have been reported from the study
of polystyrene. Monodisperse and polydisperse
samples of polystyrene are indistinguishable when
their glass transition temperature is expressed as a
function of M,,.7’

In Figure 2(b), the variation of AC, (HR =
10°C/min) of amorphous BAPC as a function of
molar mass is shown. The main feature is that
with a decrease of molar mass, AC, at T, increases.
Similar results have been reported for other poly-
mers.”® Of more interest, above a certain molar
mass (=15,000 g/mol), AC, seems to be constant
being equal to 0.25 J-g"* - K. In regards to AC,
of BAPC of similar range of molar mass between

25,000 to 45,000 g- mot”, several studies™™* re-
ported the value being in the range of 0.17 to 0.3
J-g'+ K", in which the most frequent value®****
is close to 0.24 J-g" - K". The average value of
0.25J-g"'-K' from this study agrees with the
results from the previous reports. These AC,s at
T,s for amorphous samples were used to evaluate
the quantitative level of total rigid fraction in Eq.
(2).

Analysis of Calorimetric Data. Before presen-
ting the DSC analysis results, we need to specify
the sample nomenclature used in the following
figures. All the samples were designated as (PC-
XX, t, YY, T.). PC-XX stands for the molar mass
of PC samples; ., for the time of primary crystalli-
zation; YY, for the method of thermal treatment;
and T, for the temperature of ISC. YY could be
ISC (isothermal secondary crystallization), IA(iso-
thermal annealing), BC{bulk crystallization), and
CL(cooling). For example (PC-28K, t, = 153 hrs,
ISC, 185°C) means PC-28K sampile initially crys-
tallized at 185°C for 153 hrs, partially melted at
220°C, and subsequently exposed to ISC at 165°C
for various times (see Table 1 for T, and T.).

In Figure 3, the evolution of rigid fraction (f,) as
a function of corrected crystallinity is presented.
One immediate observation is that regardless of
molar mass and various thermal treatment condi-
tions, all the data fall on the same line within the
limit of experimental uncertainty. More importantly,
f, is always greater than X., being approximately, f,

PC-28K, (= 2021, [SC, 165°C

PC-28K, 1= 202h, ISC, 175°C
PC-28K, t,= 202h, ISC, 185°C
PC-28K, t.= 207k, ISC, 195°C
PC-28K, t= 105h, ISC, 185°C
PC-28K, t = 153k, 1SC, 185°C
PC-28K, CL after PM 220°C
PC-28K, BC, 185°C

PC-28K, IA, 208°C

PC-28K, 1A, 214°C

PC-28K, IA, 217°C
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Figure 3. The evolution of rigid fraction (f,) as a function of crystallinity for BAPC samples thermally treated under
various conditions. Note that crystallinity has been temperature corrected.
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Figure 5. Normalized T, increase as a function of RAF for BAPC samples under various thermal treatments.

=2X_ in the range of 0.0 < X. < 0.4. According to
Eq. (3), this result indicates that RAF increases
almost linearly with crystallinity; furthermore, RAF
becomes negligible when crystallinity approaches
zero value. The dotted line inserted in Figure 3
denotes the predicted relationship if a two-phase
model holds for the morphology of this system.
Despite of relatively large scattering of measure-
ments, it can be clearly stated that the application
of a two-phase model is an cversimplification in
the case of semicrystalline BAPC. Another inter-
esting observation is that lower molar mass sam-
ples, crystallized either from BC or ISC, exhibit
higher level of RAF compared with higher molar
mass samples.

In Figure 4 and 5, respectively, normalized T,
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broadening and T, variation as a function of RAF
are shown. [AT]mormazes Was defined as [To-T1]s/
[T2-T1}em, in which sc and am stand for semicrys-
talline and amorphous phase. T, varietion was
also normalized in a similar way as [Ty, womaizea =
[T -T, ")/ T,%100. Largely speaking, these two
plots show a similar trend: an increase of RAF
leads to the increase of T, and T, broadening
regardless of molar mass and distribution, and
conditions of various thermal treatments.

Discussion
As seen in Figure 3, the inequality between f,

and X, is a clear deviation from the two-phase
model. In the context of this model, £, should be
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the same as X,, because amorphous {mobile) and
crystalline (rigid) phases are only assumed. Within
experimental uncertainty, the observation of f, = 2X.
may suggest the upper limit of apparent maximum
crystallinity achievable from the bulk crystallization
of BAPC. This is because, hypothetically, when f,
reaches 1, the corresponding crystallinity would
be 0.5. Obviously, f, can not be greater than 1;
therefore, X. = 0.5 would be the upper boundary
of crystallinity observable in BAPC bulk crystalli-
zation. It is well known that when BAPC (M,, = ca.
25,000 to 67,000 g -mol’) is crystallized from the
bulk, the kinetics of crystallization are extremely
slow and the maximum degree of crystallinity sel-
dom exceeds 0.3.”*** In the present study, even
from the isothermal annealing experiments (see
the data labeled as IA in Figure 3), the maximum
crystallinity did not exceed 0.28, being the highest
value among all of the PC-28K samples crystal-
lized under various conditions. Further, in the cases
of lower molar mass fractions, even though the
rate of primary crystallization kinetics was increased
more than 100 times compared with that of PC-
28K, 2% surprisingly, the final level of crystallinity
was always less than 0.37. In general, these slow
crystallization kinetics and limited crystallizability
of BAPC have been explained in terms of chain
rigidity.*”*"** The above observation in Figure 3
may suggest a more specific result of chain rigidity:
rigid chains may generate higher level of RAF
{i.e., more conformational constraints) and this
will further hinder the growth of crystals, which
eventually limits the final level of crystallinity.

In Figure 3, it can be also observed that the
lower molar mass sample exhibits a higher degree
of RAF, Cebe et al. reported a similar result from
the study of cold-crystallized PPS.* They explained
the observation in such a way that the lower
molar mass sample has a greater number of taut
tie molecules between the crystals resulting in a
large fraction of constrained amorphous phase.™
For BAPC, this could be because of the increased
crystallinity of low molar mass fractions due to the
increased mobility. To strictly compare RAF in
various samples differing in molar masses, the
crystallinity as well as the method of crystallization
should be the same; however, during ISC, the first
condition could not be met due to the relatively
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fast crystallization kinetics and higher degree of
crystallinity in lower molar mass fractions?**
Nonetheless, the sets of data for lower molar mass
fractions obtained from BC supports the previous
observation that molar mass appears to be
inversely related to the level of RAF developed
during crystallization."

The increase of T, and T, broadening with the
increase of RAF in Figure 4 and 5 may be ex-
pected, if the assumption that the level of RAF is
indicative to the development of conformational
constraints. This assumption appears, at least
qualitatively, to be acceptable, since the level of
RAF clearly leads to the increase of T, broadening
as well as T; per se. Of more interest, however, is
that T, increase or broadening significantly occurs
only above a certain level of RAF, seemingly close
to the value of 0.2. Because the data are less scat-
tered below this value, this upturn point can be
relatively well defined. Based on the assumption
that the location of the RAF could be between the
lamellar crystals, possibly near the crystal/amor-
phous interphase, a plausible explanation may be
proposed. Before the RAF reaches a certain criti-
cal value, the thickness of amorphous layer is large
enough not to be affected by the presence of RAF
(insignificant change in T, and T, broadening).
However, as the RAF further increases, more con-
strained amorphous will show a retarded relax-
ation leading to the significant increase of T, and
T, broadening. At this later stage, due to the large
scattering of measurements, no other specific
information such as the effects of molar mass and
thermal treatments could be obtained; however,
qualitatively speaking, T, and T, broadening
increase dramatically at this stage, indicating the
existence of considerable conformational con-
straints.

Conclusions

From the analysis of calorimetric data of varying
molar mass BAPC samples crystallized under var-
ious conditions, it was found that, regardless of
molar mass and thermal treatment conditions,
semicrystalline BAPC exhibits a rigid fraction {f,)
that is always greater than the corrected crystallin-
ity (X.). This observation strongly suggests the
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evolution of RAF upon bulk crystallization of
BAPC. Quantitatively, the degree of the RAF
increases almost linearly with crystallinity in the
range of 0 to 0.4, and the lower molar mass sam-
ples show a higher degree of RAF compared with
higher molar mass samples. T, and T, broadening
increase with the evolution of RAF, and, of more
interest, it seems that there exists a critical level of
RAF (>0.2) that initiates the significant changes
in T, and T, broadening. This unambiguous cor-
relation between RAF and glass transition behavior
supports the proposal that, in semicrystalline
polymers, conformational constraints developed
during crystallization and thermal treatments may
be quantitatively evaluated using RAF as an indi-
cator.
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Appendix

Temperature Correction for the Experi-
mental Heat of Fusion. Temperature correction
for the experimental heat of fusion was done
using the following thermodynamic consider-
ations. The enthalpy of fusior,, AH,, at a tempera-
ture T, will be given by:

H(T,) =HTo)+ [I C(TvdT (A1)
AC,(T)=Cy(N-CHT) (A2)

Where AC,(T) is the difference between the
heat capacities of the solid and liquid polymers at
temperature T. The temperature dependencies of
heat capacities of BAPC in both liquid and glassy
states are available experimentally. In addition,
Wunderlich et al. in the ATHAS databank™ pro-
vided the temperature dependence of the heat
capacity of BAPC in the crystalline state based on
theoretical considerations. In this study, a value of
608K has been used for the equilibrium melting
temperature of BAPC.* Figure Al shows a cali-
bration curve used for the temperature correction
of the experimental heat of fusion in BAPC crys-
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Figure Al. A temperature correction curve for the
experimental heat of fusion in BAPC Samples.

tallized from the bulk. Note that PC-6K (fraction)
and PC-28K (commercial), which represent two
extreme molar masses used for the analysis, fall
on the same line. The experimental heat of fusion
in each DSC curve used in the present study has
been temperature corrected based on the calibra-
tion factor given in Figures A1, and thus obtained
value was used for the proper evaluation of crys-
tallinity.
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