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ABSTRACT: Isotactic polystyrene (iPS) is demonstrated to have unique thermal behavior, showing dual
reversible crystal melting and irreversible enthalpic relaxation of its rigid amorphous fraction (RAF).
Quasi-isothermal temperature-modulated differential scanning calorimetry (TMDSC) and standard DSC
were used to study the heat capacity of cold-crystallized iPS. IPS shows two or three endotherms depending
upon cold crystallization temperature, T.. Crystal melting causes the higher temperature endotherm(s),
and under quasi-isothermal conditions, we report for the first time observation of dual locally reversible
melting endotherms. Quasi-isothermal TMDSC shows that the RAF is established at the crystallization
temperature in iPS. Furthermore, we show that the lowest temperature endothermic peak, called the
annealing peak, represents the transition of the RAF. For cold-crystallized iPS the annealing peak is an
irreversible, enthalpy-involved relaxation of RAF, which transforms solidlike RAF into liquidlike mobile
amorphous fraction. Depending upon T,, RAF may be the sole contributor to the lowest temperature
endotherm. To accommodate the relaxation of RAF, the experimentally determined heat capacity should
be written in terms of the underlying linear baseline heat capacity plus the enthalpic terms relating to

crystal melting and to relaxation of RAF.

Introduction

Recently, a unique experimental technique, called
quasi-isothermal temperature-modulated differential
scanning calorimetry (TMDSC), has been developed to
study reversible melting of polymers.1=® Before melting
of a molecule from the surface of a crystal is completed,
some part bigger or equal to a molecular nucleus may
remain attached (crystallized), so that melting and
crystallization were shown to be locally reversible within
a fraction of a degree.” Macromolecular nucleation, a
term introduced by Wunderlich et al.,2 was shown to
be involved in segregation of molecular lengths below
the equilibrium or zero-entropy-production, melting
temperature of the separated fraction. Macromolecular
nucleation has a higher free energy barrier than sec-
ondary nucleation, and it may lead to independent
patches of each molecule on the crystal surface.8 Wunder-
lich et al.® suggested that the tie macromolecules, which
are intercrystalline links, cannot be extracted from the
crystal surface until the crystal with high perfection was
completely dissolved. Tie molecules, which are attached
to the crystals, are suggested to be responsible for the
reversible melting of polymers.” If the crystal is incom-
pletely melted, the tie molecules act as nuclei for
reversible crystallization and melting, without the need
of molecular nucleation for crystallization.” The obser-
vations of quasi-isothermal TMDSC support the sug-
gestion that there is reversible melting in polymer
systems on a molecular or submolecular length scale.l”

In the present work, we apply the techniques of quasi-
isothermal TMDSC and standard DSC to study multiple
melting in cold-crystallized isotactic polystyrene (iPS).
First, we use quasi-isothermal TMDSC to investigate
the possibility of reversible melting in iPS, which
exhibits multiple endotherms in standard DSC. Second,
we investigate the lowest endotherm, occurring just
above the cold crystallization temperature, and show
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that it results from enthalpic relaxation of the rigid
amorphous fraction.

Interpretation of multiple endotherms in semicrys-
talline polymers has been a long-standing issue for
thermal analysts. In polymers where there is a single
crystallographic form, multiple endotherms may arise
because of dual crystal populations existing prior to the
thermal scan; the lower endotherm is due to melting of
thinner lamellae.1%~13 A second possibility is the melt-
ing—recrystallization—remelting of a single-crystal popu-
lation during the thermal scan.!*~18 IPS is one such
polymer, showing multiple endotherms dependent upon
prior thermal treatment.141519-25 Because of its rela-
tively slow crystallization rate!® and high glass transi-
tion (T4 = 100 °C),?8 iPS can be quenched to form an
amorphous glass. Cold crystallization by heating above
Ty results in thermal scans showing two or three
endotherms,41%25 which have been interpreted vari-
ously by the recrystallization model®® or dual crystal
population model.*

Liu and Peterman?’ recently suggested a different
mechanism of melting for cold-crystallized iPS. A trans-
mission electron microscopy study?’ revealed that (1)
no crystals were observed to melt as the lowest tem-
perature endotherm, at temperature T, (called the
annealing peak), was exceeded; (2) lamellae appeared
to become broken, and sections of them melted at the
intermediate endotherm (at Tm1); (3) broken lamellae
“reconnected” between T and Tz, which appeared as
an exothermic peak in the DSC scan; and (4) remaining
parts of the lamellae melted at the uppermost endo-
therm (at Tm2). The authors suggested that crystal
perfection varied within a single lamella,?” a result
suggested by their earlier work.28 There is a distribution
of two distinct lamellar components (less perfect and
more perfect) with different thermal stabilities existing
within a single lamella.2” The less perfect lamellar do-
mains melt first to form endotherm Tn1, while the
higher melting peak T is mainly due to the melting
of a more perfect part within the same lamella but may
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also be due, to some lesser extent, to the melting of a
recrystallized population during the heating process.?’
In this work, we use quasi-isothermal TMDSC to show
for the first time dual reversible melting behavior of iPS
is associated with the uppermost endotherms.

Another important aspect of this work is to investi-
gate the formation and relaxation behavior of rigid
amorphous fraction in iPS by thermal analysis. The
relaxation strength at the glass transition (Tg) shows a
significant reduction from what is predicted on the basis
of the mobile amorphous fraction deduced from a two-
phase model. The introduction of rigid amorphous
fraction, which is noncrystalline, but does not contribute
to the glass transition, allows a good description of
polymer relaxation behavior.2°=32 Previous dielectric
work by our group showed that RAF was associated
with the crystal amorphous interphase in poly(ether
ether ketone), PEEK, and poly(phenylene sulfide),
PPS.3334 |In PPS we showed that RAF, created at the
cold-crystallization temperature, could be relaxed upon
brief heating to a temperature above the lowest crystal
melting endotherm.3® Enthalpic relaxation of RAF was
determined to be a measurable (albeit small) contribu-
tion to the lowest melting endotherm in PPS.35

The formation and relaxation behavior of RAF depend
on the polymer under study. In poly(ethylene tere-
phthalate), PET, Song showed that the relaxation of
RAF occurs between the glass transition and the pre-
melting peak, which is the lowest endotherm.3® For poly-
(phenylene oxide), PPO, Wunderlich et al.” found that
the RAF could only be relaxed after melting the crystals.
Schick and co-workers investigated formation and re-
laxation of RAF in syndiotactic polypropylene, sPP, poly-
(carbonate), PC, and poly(3-hydroxybutyrate), PHB.38-40
They showed3® that the RAF in sPP formed during
cooling from isothermal crystallization, as indicated by
a latent heat detected in the temperature range from
T. down to T4. The sequence length distribution of the
crystallizable chains was suggested to be responsible for
such behavior.’® For PHB and PC, the RAF was
established at the crystallization temperature and was
relaxed at the lowest crystal endotherm.383° These
researchers suggested that the immobilization of the
amorphous material around the less perfect crystal
lamellae, which are formed during isothermal crystal-
lization, results in forming the RAF during crystalliza-
tion and relaxing the RAF during crystal melting.38

The existence of RAF in iPS has been demonstrated
in several reports.2627.4142 The amount of RAF can range
from modest (10—12%) after cold crystallization?>42 to
quite large amounts (80—90%) introduced by freeze-
drying iPS.#! Our prior work?> showed that the develop-
ment of RAF with crystallization time (t;) had a sig-
moidal trend, suggesting that the RAF was formed at
the same time as the crystal lamellae. Dielectric and
thermal work confirmed that the amount of RAF was
very small prior to spherulite impingement but increased
dramatically for t; beyond the impingement time.*? The
present work represents the first experimental study
to determine both the formation and relaxation behavior
of RAF in iPS. We use heat capacity measurement to
confirm previous suggestions in the literature associat-
ing relaxation of RAF with the lowest temperature
endotherm.27:35.38-4042 \\/e show that iPS, unlike other
polymers studied to date, relaxes by enthalpy involved
irreversible relaxation, and in certain iPS samples RAF
is the sole contributor to the lowest melting endotherm.
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Theoretical Basis

In this study, we use quasi-isothermal TMDSC and
standard DSC to measure the heat capacity of iPS. The
basic mechanism of quasi-isothermal TMDSC expresses
the time dependence of temperature as the sum of a
constant term and a modulation term through*3

T(t) = T, + Asin(ot — 6) (1)

where Ty is the chosen constant temperature, A is the
amplitude of temperature oscillation, o is the modula-
tion frequency, and 0 is the phase shift with respect to
the reference.

The heat capactiy measured in quasi-isothermal
TMDSC is the “reversing heat capacity”, a term defined
in TMDSC to extract a heat effect which can be reversed
within the temperature range of the modulation.*® The
reversing heat capacity data collected in TMDSC system
are calculated by the following equation:44~46

Ime, + C; — C, £ AC | =
(AJA(KIw)? + C ™ (2a)
=K/(AR)/A (2b)

where mc; is the heat capacity of a sample of mass, m,
and specific heat capacity, cp; Cs is heat capacity of the
sample pan, and C; is the heat capacity of an empty
reference pan; ACcy is the cell asymmetry correction
which can be determined by running a series of empty
pans with various mass differences compared to the
reference. In a later section we will outline the proce-
dure to determine the cell asymmetry correction. On the
right-hand side of eq 2, At is the amplitude of temper-
ature difference between sample and reference, A is the
sample temperature modulation amplitude, K is New-
ton’s law calibration constant which is independent of
modulation frequency and reference, Ay is the heat
flow amplitude, and K' is a calibration constant at each
individual temperature provided the same experimental
conditions are maintained to ensure the same heat
transfer (e.g., same reference, same modulation fre-
qguency).

The total heat capacity, which consists of reversing
and nonreversing components, can be obtained from a
standard DSC measurement with a constant applied
heating rate, g, from

mc, = K"HF/q 3)

where K" is a calibration constant and HF is heat flow.
If the heat capacity is reversing, egs 2 and 3 give the
same result; if not, the difference between eqs 3 and 2
gives the nonreversing heat capacity component. In this
work, both the quasi-isothermal TMDSC and standard
DSC were applied to study cold-crystallized iPS. The
reversible heat effect was obtained from below the glass
transition to above the crystal melting point.

Experimental Section

Sample Preparation. Isotactic (90%) polystyrene powder
with a weight-average molecular weight of 400 000 g/mol was
obtained from Scientific Polymer Products, Inc. The powder
of iPS was compression-molded at 250 °C for 3 min and then
quenched into cold water to obtain the amorphous bulk films.
These films were isotropic when observed between crossed
polarizers. The amorphous samples were isothermally cold
crystallized in a Mettler FP90 hot stage by heating them to
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Table 1. Crystalline, Mobile Amorphous, and Rigid
Amorphous Fractions According to Two- or Three-Phase
Model Assumption for Cold-Crystallized iPS

model ¢c (%) dnmar (%) ¢rar (%)
170°C,4 h
two-phase 40 60 0
three-phase 40 50 10
140°C,12h
two-phase 33 67 0
three-phase 33 54 13

170 or 140 °C and holding for 4 or 12 h, respectively, until
crystallization was complete. The samples crystallized at T,
= 170 °C had higher crystallinity than the ones crystallized
at T, = 140 °C. Wide-angle X-ray diffraction and DSC results
indicate very comparable degrees of crystallinity.?®> The crys-
talline fractions, ¢, are listed in Table 1.

Analysis Methods. A TA Instruments temperature-
modulated DSC (TA 2920 MDSC) was used for all the
measurements. Cooling was accomplished by a TA Instru-
ments liquid nitrogen cooling accessory (LNCA). The dry
nitrogen gas was purged into the TMDSC cell with a flow rate
of 20 mL/min. The temperature of the TMDSC instrument was
initially calibrated in the standard DSC mode by using the
onset of the melting peak for indium at a heating rate of 10
°C/min. Heat flow amplitude calibration was accomplished by
both standard DSC and quasi-isothermal TMDSC. A 27.25 mg
sapphire standard was used to determine the calibration
constants K" and K" in egs 2 and 3. The sapphire, indium, and
iPS were encapsulated in Al pans. In our thermal analysis
figures, the heat flow endotherms are presented with down-
ward deflection from the baseline.

Total Heat Capacity Measurements (Standard DSC).
The standard DSC was carried out with a heating rate of 10
°C/min from room temperature to 250 °C. Three runs were
taken to determine the sample heat capacity. The first run is
empty Al sample pan vs empty Al reference pan to obtain
baseline correction. The second run is sapphire standard vs
empty Al reference pan to calibrate heat flow amplitude
according to eq 3. The third run is sample vs empty Al ref-
erence pan. The same empty Al reference pan (m = 20.74
mg) was used in all the runs, and all the Al sample pans were
kept the same in weight. The sample mass was kept at about
5 mg.

Reversing Heat Capacity Measurements (Quasi-Iso-
thermal TMDSC). The reversing heat capacity measurement
also consisted of three runs. The first run is empty Al sample
pan vs empty Al reference pan to obtain the cell asymmetry
correction. The second run is sapphire standard vs empty Al
reference pan to calibrate heat flow amplitude according to
eq 2. The third run is sample vs empty Al reference pan. As
before, the same empty Al reference pan (m = 20.74 mg) was
used in all the runs, and all the Al sample pans were kept the
same in weight (m = 20.74 mg). The Al sample pan was over
weighted by 2 mg compared to the reference pan to maintain
the same cell asymmetry (Am = 2 mg). The quasi-isothermal
TMDSC procedure was carried out over the temperature range
of 80—270 °C with a stepwise temperature increase from 2 to
3 °C, depending on the changes of heat capacity in the specific
temperature range.

Figure 1 shows a quasi-isothermal TMDSC run from 160
to 270 °C. The sample temperature is plotted to show the
increment of To in the time domain. Because of the limited
capacity of liquid nitrogen in our LNCA, we can only achieve
32 temperature steps of 20 min duration before exhausting
the liquid nitrogen. Therefore, the whole temperature range
from 80 to 270 °C was separated into two parts. Our experi-
mental results showed that this method introduced no uncer-
tainty. The temperature modulation amplitude is 0.5 °C, and
the oscillation period is 1 min. Each quasi-isothermal run
lasted 20 min, and the heat capacity at given T, was calculated
by averaging the data points collected during the last 10 min.

Quasi-isothermal crystallization was executed under similar
conditions, except the base temperature T, was constant while
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Figure 1. T, (K) vs time t (min) in quasi-isothermal TMDSC.
Temperatures in °C are given on the right. The stepwise
increment of temperature is 3 K from 433 K (160 °C) to 473 K
(200 °C), 2.5 K from 473 K (200 °C) to 513 K (240 °C), and 3
K from 513 K (240 °C) to 543 K (270 °C).

time (t;) varied. First the sample was heated to the crystal-
lization temperature T, and then quasi-isothermal oscillation
was applied with temperature modulation amplitude of 0.5 °C
and oscillation period of 1 min. To prove that the heat capacity
measurement at the final stage of crystallization is indepen-
dent of the modulation frequency, a few additional cycles of
data with alternative longer periods (90 or 100 s) were collected
after completion of crystallization.

Results and Discussion

Quasi-Isothermal TMDSC Cell Asymmetry. It is
well-known from the heat capacity measurement in
standard DSC that the heat flow of a run with identical
empty pans must always be subtracted from runs with
sapphire standard and samples.*” The negative or
positive deviation for the empty pans run is asymmetric,
but the sign of the asymmetry in the standard DSC
mode is of no concern since it has the same sign as the
contribution of the identical pans used in sample and
sapphire standard runs. However, under quasi-isother-
mal TMDSC conditions, the run of empty pans gives
positive heat flow amplitude (or heat capacity) for both
positive and negative deviations. To obtain highly
precise heat capacity data, determination of the cell
asymmetry must be executed, and the corresponding
correction to the experimental data must be made. In
the following paragraphs, we provide the method to
obtain the cell asymmetry. A general solution to this

problem has been suggested by the work of Schick et
a|'48,49

The following procedure was used to obtain the cell
asymmetry following the work of Ishikiriyama and
Wunderlich.#6 A series of empty Al sample pans with
different masses were used in quasi-isothermal TMDSC
runs. The equation for such runs is expressed by
modifying eq 2 for the case of empty pans (m = 0) as

ICs — C; £ ACqy | = (AJ/A)[(KIw)* + CA1*  (4)

The heat capacity signal was taken as the left-hand
term in eq 4, and the results are plotted in Figure 2 for
individual pans run under quasi-isothermal TMDSC
conditions at 200 °C for 30 min. In Figure 2, the abscissa
is the mass difference Am = mg — m, (in mg) between
sample pan and reference pan, and the ordinate is the
unnormalized heat capacity C, (in J/K). The results for
our calorimeter show that when Am > 4.8 mg, Cp
increases with increasing Am; when Am < 4.8 mg, C,
decreases with increasing Am.

We define the cell asymmetry as the left-hand term
within the absolute value symbol in eq 4 or
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Figure 2. Quasi-isothermal TMDSC cell asymmetry. The cell
asymmetry is determined by plotting the unnormalized heat
capacity of empty Al sample pans vs mass difference between
the reference pan and sample pan. Lines are best fits to the
data.

Casymnmetry(Am) = Cs -C = ACceII (5)

The TMDSC generated heat capacity can be expressed
by

IMC, + Cogymnmetry(AM)| = (AA)[(Klw)” + C ¥ (8)

From Figure 2 when Am > 4.8 mg, the cell has a
positive asymmetry (Casymnmetry(Am) > 0); when Am <
4.8 mg, the cell has a negative asymmetry (Casymnmetry-
(Am) < 0). When the sample’s total heat capacity, mcp,
is greater than the modulus of the cell asymmetry, we
can write the sample measurement as

Imc, + Cogymnmetry(AM > 4.8 mg)| =

mC,+C m > 4.8 mg) (7a)

asymnmetry(A

Imc, + Cogymnmetry(AM < 4.8 mg)| =

|me+ Casymnmetry(Am < 48 mg)l (7b)
where eqs 7a and 7b refer to either positive or negative
cell asymmetry, respectively. In our experiments, for
convenience we chose Am = 2 mg (i.e., sample pan mass
ms = 22.74 mg and reference pan mass m, = 20.74 mg).
The same reference was used in all quasi-isothermal
runs. Thus, a relatively small negative cell asymmetry,
Casymnmetry(AmMm = 2 mg) < 0, was applied compared to
the total sample heat capacity. Such a configuration
guarantees that the sample total heat capacity, mcp
(using samples of mass about 4 mg and sapphire
standard mass 27.25 mg), was always greater than the
cell asymmetry. This leads eq 7b to become

me + Casymnmetry(Am =2 mg ) = K'(AHF)/A (8)

The cell asymmetry amplitude |Casymnmetry(AM = 2 mg)|
was measured by running an empty Al pan vs empty
reference pan. The slope of the unnormalized heat
capacity, Cp, vs Am in Figure 2 can be used to calculate
the heat capacity of aluminum at 200 °C. We obtain a
value of 1.02 J/(g °C), close to the literature value for
aluminum of 0.98 J/(g °C).%°

Establishment of Steady State. The heat capacity
analysis requires establishment of steady state as the
basic condition.5! The quality of steady state is espe-
cially important when the system goes through complex
changes of heat capacity, e.g., glass transitions coupled
with a hysteresis peak or a broad melting peak with a
small amount of recrystallization.5? The steady-state
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Figure 3. Modulated heat flow (mW) vs modulated temper-
ature (K) for the last 10 min of data collection at To = 472 K
(199 °C) during quasi-isothermal TMDSC: (a) sapphire stan-
dard; (b) iPS cold crystallized at 140 °C for 12 h.
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Figure 4. Standard DSC traces of iPS showing heat flow vs
temperature T (K). Temperature in °C is shown at the top.
IPS cold crystallized at 170 °C for 4 h (curve 1) or 140 °C for
12 h (curve 2). Endotherms are presented as downward
deflections from the baseline.

condition can be verified by plotting the modulated heat
flow vs modulated temperature as shown in Figure 3
for the last 10 min of a 20 min quasi-isothermal run at
To = 199 °C. Figure 3a is the sapphire standard, and
Figure 3b is the iPS sample.

Both the modulated heat flow and modulated tem-
perature are sinusoidally oscillating signals. They have
the same modulation frequency, but there is a constant
(nonzero) phase lag between them when the system is
under the steady-state condition. Plotting one of these
two signals against the other will form a Lissajous
figure. As seen in Figure 3, that figure is an ellipse, and
if the system is under steady state in which the phase
lag is constant, each cycle of the ellipse will superimpose
exactly on the previous one. Any distortion of the ellipse
will indicate a corresponding distortion of the sine wave
due to loss of steady state. The perfect symmetric
ellipses in Figure 3 indicate the establishment of steady
state during the last 10 min of the quasi-isothermal
period.

Melting Behavior of iPS. Figure 4 shows the
standard DSC traces of iPS cold crystallized at 170 °C
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Figure 5. Specific heat capacity vs temperature obtained from
both standard DSC (solid trace) and quasi-isothermal TMDSC
(open circles) of iPS crystallized at 170 °C for 4 h: (a) full
scaling; (b) expanded scaling. Line 1 (solid) is the heat capacity
Co(Mliiquia of 100% liquid, while line 2 (dashed) is the heat
capacity Cp(T)lsolia Of 100% solid. These lines are obtained by
using the data of the ATHAS data bank.%® Line 3 (solid) is
obtained from eq 14 based on the three-phase model, using
phase fractions from Table 1. Arrows mark the locations of
the peaks in the reversible heat capacity obtained from quasi-
isothermal tests.

for 4 h (curve 1) and at 140 °C for 12 h (curve 2). The
glass transition process occurs at about 100 °C. The
endothermic (downward deflection) and exothermic
peaks are marked with arrows. The first endothermic
peak is termed an annealing peak, T, and the other
higher temperature endothermic peaks at Tm; and T2
(or, T, at T, = 140 °C) are due to crystal melting. Just
prior to the largest endotherm is a recrystallization
exotherm. The impact brought by crystallization on T,
Tm1, and T2 has been discussed both in our earlier
work?> and in others.?” In our current work, study of
the reversibility of melting is the major objective.

Figure 5a,b shows heat capacity vs temperature
during heating of cold-crystallized iPS (T, = 170 °C, t.
= 4 h) from below Ty to the melt. Besides the quasi-
isothermal TMDSC heat capacity data points (open
circles), the total heat capacity (solid line) obtained by
standard DSC is plotted in Figure 5a. Figure 5b is an
expanded view with the heat capacity trace from
standard DSC truncated. The solid line (curve 1) in
Figure 5b represents the temperature-dependent heat
capacity of 100% amorphous iPS (liquid) using data from
the ATHAS data bank.53 Our experimental data match
the data in the ATHAS data bank extremely well,
overlapping within the error limits above the melt. The
other two lines in Figure 5b (curves 2 and 3) will be
described later on.

Three peaks occur in the total heat capacity curve,
and these are associated with the heat flow endotherms
(see Figure 4, curve 1) at T,, Tmy, and Ty from low
temperature to high temperature. The heat capacity
peak associated with the recrystallization exothermic
heat flow peak occurs between the two uppermost
endothermic events. According to Peterman,?’ the two
major higher temperature endothermic peaks (at Tmi
and Tp) arise because of dual thermal stability distri-
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bution along a single macromolecular chain. The lowest
temperature endothermic peak, T, occurs at 184 °C, or
14 °C above the crystallization temperature T, (170 °C).
Our previous work?® and current thermal analysis
confirmed the assignment of this feature as an irrevers-
ible relaxation of rigid amorphous fraction, which will
be discussed later. For this crystallization temperature,
the annealing peak merges into the lower temperature
range of the first melting endotherm and cannot be
clearly separated. In other words, the total heat capacity
trace does not return to the baseline between T, and
Tmi.

The quasi-isothermal measurement (open circles)
matches the total heat capacity measurement very well
above the melting point of the highest melting crystals
and below the lowest endotherm at Ta,. In between, in
the vicinity of the melting peaks, Tm1 and T2, the quasi-
isothermal heat capacity departs from the total heat
capacity trace. The quasi-isothermal reversing heat
capacity (open circles) shows a small amount of revers-
ible melting contribution to each melting peak. Its two
tiny maxima are located on the higher temperature side
of their associated melting peaks (Tm1 = 203 °C and T2
=222 °C). Arrows mark these reversible melting peaks
(open circles) in Figure 5b.

During the quasi-isothermal measurement, the tem-
perature is oscillated by +0.5 °C about Ty, the base
temperature. The highest and lowest temperature
reached during oscillation, To + 0.5 °C and To — 0.5 °C,
are still well within the melting peak of the endotherm.
Referring to Figure 5a, the total heat capacity trace
(solid curve) shows two positive deflections above 200
°C. These reflect the two crystal melting events in the
heat flow trace of Figure 4 (curve 1) seen during
scanning calorimetry. The full width at half-maximum
(fwhm) of the heat capacity peaks gives AT = 3 °C for
the lower temperature peak and AT = 8 °C for the upper
temperature peak. Thus, during oscillation about Ty, the
temperature stays within the range of crystal melting
since the fwhm is several times greater than the
modulation amplitude. Observation of two small revers-
ible melting peaks, associated with the two crystal
melting events, is interpreted to imply that the crystal
nucleus remains during the cooling cycle but does not
trigger any recrystallization of already melted macro-
molecules for temperatures within the melting region.
Quasi-isothermal TMDSC observations support the
view that the macromolecular nucleation is needed in
addition to crystal nucleation.® The relationship of the
dual reversing melting peaks to morphology in iPS will
be discussed after the results of Figure 6 are presented.

Figure 6a,b shows the heat capacity vs temperature
for iPS crystallized at lower temperature (T, = 140 °C)
taken under both total heat capacity measurement by
standard DSC (solid line) and by quasi-isothermal
reversible heat capacity measurement (open circles). As
shown in the total C, trace (solid line), the annealing
peak (T, = 164 °C) here is well separated from melting,
and only one major melting peak, T, was found at
temperature higher than T,.

In Figure 6b, the solid line (1) refers to the temper-
ature-dependent heat capacity of 100% amorphous iPS
liquid using data from the ATHAS data bank®3 (which
superimposes with our measured data in the melting
region). Just as in the sample treated at 170 °C, the
reversible heat capacity data (open circles) matched the
total heat capacity data (solid line) very well below T,
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Figure 6. Specific heat capacity vs temperature obtained from
both standard DSC (solid trace) and quasi-isothermal TMDSC
(open circles) of iPS crystallized at 140 °C for 12 h: (a) full
scaling; (b) expanded scaling. Line 1 (solid) is the heat capacity
Co(Mliiquia of 100% liquid, while line 2 (dashed) is the heat
capacity Cp(T)|soiia of 100% solid obtained from the ATHAS data
bank.5 Line 3 (solid) is obtained from eq 14 based on the three-
phase model, using phase fractions from Table 1. Arrows mark
the locations of the peaks in the reversible heat capacity
obtained from quasi-isothermal tests.

and above the single upper endotherm. The reversible
heat capacity trace has two small peaks located at 189
and 224 °C. The lower temperature one of these is
admittedly extremely tiny, but it is reproducibly seen
at the same temperature upon repeated measurement.

Within the melting region for the 140 °C sample
(187—247 °C), the degree of crystallinity as a function
of temperature, ¢.(T), can be calculated from®®¢

Cpexp(T) = ¢cCp(T)|solid +(1- ¢c)cp(T)|liquid -
(dgJAT)AHL(T) (9)

Co(Mliiquia = Cp™(T) = AH(T)(de/dT) +
d(dAH(T)/dT) (10)

where C,#P(T) is the experimentally measured heat
capacity, and AHg(T) is the temperature-dependent heat
of fusion corrected by the factor f = 2T/(T + T2,)54 using
242 °C as the infinite crystal melting point, Tp,.2427
The degree of crystallinity, shown in Table 1, is 0.33
prior to melting. The differential equation (10) was
solved numerically by Euler's method (using Matlab
R13). Figure 7 shows the temperature-dependent degree
of crystallinity for the sample treated at 140 °C. (We
did not apply the method to the 170 °C sample because
the crystal melting region is overlapped by the relax-
ation peak at Ta,.) The crystalline fraction increases
slightly as temperature increases to 205 °C and then
shows a gentle roll-off and decreases throughout the
interval. The recrystallization exotherm (shown in
Figure 6) responsible for the initial increase in crystal-
line fraction may be the result of repair of broken
lamellae, as suggested by the TEM study of Liu and
Petermann.?’

Figures 5 and 6 show that from quasi-isothermal
TMDSC we can separate the contribution of the revers-
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Figure 7. Crystalline fraction vs temperature obtained from
eq 10 for iPS crystallized at 140 °C for 12 h.

ing effect from the nonreversing effects shown in the
total heat capacity.1=6 In normal TMDSC, this separa-
tion was suggested initially by Reading’s group.555 The
nonenthalpic relaxation at the glass transition, for
polymers such as PET®’ and atactic PS,°® has been
analyzed by this technique. Wunderlich and co-workers
applied quasi-isothermal TMDSC to study the reversible
melting of polymers.1=7 The present work shows that,
similar to other linear polymers,»~7 iPS also demon-
strates a small portion of reversible melting.

From our current quasi-isothermal TMDSC observa-
tions, we gain further insight into iPS crystallization
and melting behavior. First, the amount of reversible
melting is small compared to the total DSC melting
peaks, which is a typical phenomenon in long-chain
macromolecules.’~7 Second, the common explanation
regarding reversible melting of macromolecules is that
a portion of the molecule remains attached to higher
melting crystals and cannot be separated after partial
melting. This attached part was found to participate
only in the high-temperature end of the melting peak.1—®
Such a tight attachment of molecules to the crystals was
suggested to be the origin of the locally reversible
melting and crystallization.®° Quasi-isothermal studies
on iPS exhibit very similar behavior to other polymeric
systems;1=7 thus, the suggestion about a reversible
melting mechanism can also apply to iPS.

Additionally, iPS treated at 170 °C shows multiple
melting behavior in normal DSC studies, and the
reversible melting shows also two tiny peaks, which
have not, to our knowledge, been reported before in any
polymer. The origin of multiple melting of iPS is due to
a nonuniform thermal stability distribution along one
single lamella, due possibly to uneven tacticity distribu-
tion.?” When the temperature rises, some portion along
one crystallized lamella melts first, and the rest of the
lamella will melt at higher temperature. In a morpho-
logical study using TEM,2” Petermann observed that
crystal lamellae became segmented or broken, i.e., some
parts melted, at a certain temperature during heating.
Only later on, when the temperature continued increas-
ing, did the other portion of the lamella melt gradually.
Additionally, Petermann suggested that some of the
broken lamellae became “repaired” upon further heat-
ing, and this lamellar repair may account for the
recrystallization exotherm seen just before the upper
melting endotherm, Tna.

In quasi-isothermal TMDSC, the portion of the crys-
tallized lamella with lower thermal stability melts first,
and the molecules that are attached to these lamellae
melt at the higher temperature end of the correspondent
population. These portions will demonstrate locally
reversible melting according to the mechanism men-
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tioned above and show a tiny reversible melting peak
associated with the lower temperature endothermic
peak (at Tm1). Similarly, the same process happens to
the molecules attached to the portion of lamella with
high thermal stability (at high melting temperature).
These molecules show their reversible melting peak in
association with the higher temperature endothermic
peak (at Tmy).

For the sample treated at 140 °C, there is only a single
melting endotherm above 200 °C in the total heat
capacity trace (Figure 6). We see two tiny reversible
melting endotherms under quasi-isothermal conditions
with the lower endotherm being very small. The fact
that the lower temperature reversible endotherm is
barely seen suggests that there is mostly irreversible
melting in this sample at the lower temperatures. Clear
reversible melting happens mostly at higher tempera-
ture, in association with the observed single endotherm.
The reversible melting may refer to the same type of
crystals observed, albeit at higher cold crystallization
temperatures, by Liu and Petermann.?’ In studies to
be reported,>® the quasi-isothermal scan of the 140 °C
sample was interrupted at 190 °C, and the sample
cooled and rescanned in standard DSC. After such
treatment the total heat capacity trace showed two clear
peaks above 200 °C, confirming that the quasi-isother-
mal treatment causes dual populations of crystals to be
formed. The two tiny reversible melting endotherms
may result from these two different crystal populations,
though the result at 140 °C is not as clear as for the
170 °C treated sample.

Heat Capacity Just above the Glass Transition.
In our previous work,2> we showed that three phases—
the crystalline phase, mobile amorphous fraction (MAF),
and rigid amorphous fraction (RAF)—coexist in cold-
crystallized iPS. The amount of MAF, ¢uar, Was esti-
mated by measuring the heat capacity step (ACp) at the
glass transition T4.3° The amount of RAF is then found
from a three-phase assumption, where ¢¢ + ¢mar + drar
= 1. For iPS samples treated at 170 or 140 °C, the
amounts of RAF and MAF are listed in Table 1.

The heat capacities for both crystalline and glassy
amorphous polymer are the same below Tg. Thus, at
temperatures below Ty the following equality holds:

Cp(T)lcrystalline = Cp(T)|MAF = Cp(T)|RAF =
CoMlsotia» T =Ty (11)

When the system undergoes its glass transition, only
the MAF participates in the process and above Ty the
heat capacity of MAF follows the behavior of the liquid
as

Cp(T)lMAF = Cp(T)|quuid' T>T, (12)

while the other two phases (crystalline and rigid amor-
phous fraction) remain in the solid state. Their heat
capacity relation at temperatures just above T4 will be

Cp(T)|crystaI|ine = Cp(T)lRAF = Cp(T)|soIid! T> Tg (13)

The Cp(T)lsolia Was measured both by DSC and by
quasi-isothermal TMDSC below Ty, and the curve was
extended to higher temperature by using the data of the
ATHAS data bank.>® The Cp(T)liiquia Was measured
above the upper melting point, and the curve was
extended to lower temperature by using the data of the
ATHAS data bank.53 Our experimental data of Cy(T)|solid
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and Cp(T)liiquia match the values listed for atactic
polystyrene in the ATHAS data bank within 1.5%. The
curves are shown in Figures 5b and 6b for samples
treated at 170 or 140 °C, respectively. The solid line
marked as curve 1 is the liquid heat capacity from T >
Tmeit downward in temperature; the dashed line marked
as curve 2 is the solid heat capacity from T < T4 upward
in temperature.

In both Figure 5b and 6b, a third curve is drawn, the
solid line marked as curve 3. This curve reflects the
baseline heat capacity of the semicrystalline samples
above Ty where the MAF behaves as liquidlike. The
meaning of the “baseline heat capacity” is that heat
capacity observed in the absence of any exothermic or
endothermic phase transitions that would change the
phase fractions (e.g., crystallization or melting). For the
semicrystalline sample, the baseline heat capacity at a
given temperature, T, between Ty and T, is

Cp(T) = (¢ + ¢RAF)Cp(T)|so|id +(¢MAF)Cp(T)|quuid (14)

There is excellent agreement between experimental
data (either reversing heat capacity from quasi-isother-
mal measurement (open circles) or total heat capacity
(solid line) from DSC) and the theoretical extrapolation
using a three-phase model. In both Figures 5b and 6b,
at temperatures between Ty and below the onset of the
endothermic peaks, this agreement confirms the as-
sumption of the three-phase model, with the baseline
heat capacity obtained from eq 14 and phase fractions
as listed in Table 1.

Formation and Relaxation of the Rigid Amor-
phous Fraction. In our previous work, we showed that
the development of RAF at constant T has a similar
trend to the development of crystals.?> We suggested
that RAF was forming parallel to the crystalline phase.
For crystallization times prior to spherulite impinge-
ment, the rate of RAF increase is very low.*? At longer
times after impingement, RAF increases dramatically
and then levels off as the crystallinity reaches its
ultimate value. In the current study, we use quasi-
isothermal TMDSC to observe real-time crystallization
to monitor the development the crystals. From this we
deduce information about the formation of RAF.

The TMDSC measurement of heat capacity has a
dependence on modulation frequency. An accurate Cp
measurement during quasi-isothermal crystallization at
a given time requires a sufficiently high frequency, or
relatively slow changes of kinetics during the measure-
ment cycles, to avoid additional crystallization during
a given cycle. A very high modulation frequency, v >100
Hz, may be appropriate, and this should be checked
independently for each polymeric system using the
methodology suggested by Schick and applied initially
to PC.38-40 However, our instrumentation cannot achieve
such a high frequency, and at the early stage of
crystallization for iPS, the crystallization is developing
on a time scale faster than the oscillation period of the
TMDSC. Therefore, the technique of quasi-isothermal
crystallization by TMDSC can be applied only to study
the later stages of crystallization, when the crystallinity
is changing only slowly compared to the oscillation
period. At later stages of crystallization (i.e., t > 120
min for T, = 170 °C or t > 500 min for T, = 140 °C) the
crystal growth rate is much slower than at the early
stage.'>25 Then, the TMDSC modulation frequency (v
= 1/60 Hz) is sufficiently high compared to the rate of
crystal growth. Thus, we are able to use quasi-
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Figure 8. Specific heat capacity vs log(time) during quasi-
isothermal crystallization using TMDSC with oscillation period
of 60 s. IPS cold crystallized at (a) 170 °C for 4 h and (b) 140
°C for 12 h. Accurate heat capacity data are obtained only for
times greater than 120 min (170 °C) or 500 min (140 °C) when
crystallinity is changing only slowly. Horizontal line 1 is the
heat capacity of 100% mobile amorphous at T¢; lines 2 and 3
are heat capacity calculations of the two-phase or three-phase
models, respectively, at T, using phase fractions from Table
1. Open squares refer to measurements made at periods of
90 s (left square) or 100 s (right square).

isothermal TMDSC to obtain the heat capacity C, at
end stages of crystallization. That the measured C; is
the actual baseline heat capacity at T, can be verified
by the modulation frequency independence test sug-
gested in refs 38—40, which we now apply to iPS.

In our current work, quasi-isothermal cold crystal-
lization was carried out on iPS, at 170 °C (with t; = 4
h) and at 140 °C (with t; = 12 h). The sample was heated
to the desired T, and underwent a quasi-isothermal run
with modulation amplitude of 0.5 °C and oscillation
period of 60 s. The recorded data are shown in parts a
and b of Figure 8 for 170 and 140 °C, respectively.

In Figure 8a,b, three horizontal lines are also drawn,
labeled 1—-3. Line 1 is the expected heat capacity of
liquid iPS (100% amorphous) found by extending the
data from the melt to the given crystallization temper-
ature, T, using the ATHAS data bank.>3 Lines 2 and 3
represent the expected heat capacity of a two-phase
model or three-phase model, respectively, at the comple-
tion of crystallization at temperature T, using the
respective phase fractions from Table 1. The baseline
heat capacity can be expressed by

Cp(T) = (¢c + ¢RAF)Cp(T)|solid +
(1 = ¢c = Prar)Cp(Mliiquia (15)

In the two-phase model, we assume that no RAF
forms during the crystallization, so ¢rar = 0 in eq 15.
This is to be compared to the three-phase model, in
which we assume that all RAF forms by the time
crystallization is completed, at time t|eng. From Figure
8 we see that there is excellent agreement between the
measured Cp, (at T, tleng) and that expected on the basis
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Figure 9. Specific heat capacity of iPS crystallized at 140 °C
for 12 h, obtained from standard DSC from T =130°Cto T =
250 °C. Line 1 (solid) is the heat capacity Cp(T)liiquia Of 100%
liquid, while lines 2 (dashed) and 3 (dot—dashed) are the
baseline heat capacities from two- or three-phase models,
respectively, using phase fractions from Table 1.

of the three-phase model. Such a match provides
evidence that the crystalline fraction and the RAF are
established at crystallization temperature T, for a highly
crystallized iPS and not during cooling.

The dependence of the heat capacity measurement at
tlenda ON Modulation frequency was assessed. The open
squares in Figure 8a,b are heat capacity measurement
results which were taken at lower modulation fre-
guency, using longer periods of 90 s (v = 1/90 Hz) or
100 s (v = 1/100 Hz), at the end of crystallization. As
shown in the figure, when crystallization time t; is
greater than about 150 min for T, = 170 °C (and 550
min for T, = 140 °C), the crystal growth rate is quite
low, and the modulation frequency is high enough to
measure the accurate baseline heat capacity. This is
reflected by the independence of the heat capacity
measurement on frequency (open squares).

Next, we address the relaxation behavior of the RAF
in iPS to demonstrate that the RAF of iPS relaxes
irreversibly at T,, the transition we called the annealing
peak. From Figure 8, we found that the RAF forms at
the crystallization temperature, at some time during
crystallization. Indirect evidence from dielectric relax-
ation studies suggests that RAF forms during crystal-
lization after impingement of crystallites.#?2 Formation
of RAF at T, leads us to conclude that RAF is stable at
temperatures below T.. Furthermore, heat capacity
measurements taken both by standard DSC and by
guasi-isothermal TMDSC above the melting point sug-
gest that only one phase exists at high temperature, i.e.,
100% liquid (MAF). Therefore, the RAF must be relaxed
at some temperature between T and the upper melting
point. To provide further evidence for relaxation of RAF,
Figure 9 shows the temperature dependent heat capac-
ity Cy(T) data for T, = 140 °C and t; = 12 h and for
predictions based on the two-phase model (dashed curve,
2) and the three-phase model (dot—dashed curve, 3)
using phase fractions from Table 1.

In Figure 9, the solid line (curve 1) is the C,, of liquid
(100% MAF), the dashed line 2 is C, according to the
two-phase model (33% crystalline fraction and 67%
MAF), and the dot—dashed line 3 represents the C,
according to the three-phase model (33% crystalline
fraction, 13% RAF and 54% MAF). At temperatures
below the annealing peak, experimental C, matches the
three-phase model. At temperature just above the
annealing peak, the system approaches the two-phase
model, in which only crystals and liquid (MAF) exist.
Thus, as temperature increases from below T, to above
Ta, the system exhibits a transition from three-phase
to two-phase, with phase fractions given in Table 1.
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The association of the annealing peak with RAF, and
not with the crystal phase, is based on the following
observations.

1. The baseline heat capacity change, from just below
(T < T,) to just above (T > T,) the annealing peak,
results from the mobilization of a fraction of formerly
rigid material equal in amount to 0.13. This amount is
equal to the amount assigned to the RAF based on the
Cp(T) increment at Ty and the measured degree of
crystallinity.

2. Using a sigmoidal baseline, we find the area of the
endotherm of the annealing peak to be 2.01 J/g. With
86.6 J/g as the perfect crystal heat of fusion,2> and 242
°C as the infinite crystal melting point, T, 427 we
correct the heat of fusion for large undercooling by the
factor, f = 2T/(T + T9,).54 The crystal fraction deduced
in this manner from the area under the annealing peak
is 0.025, which is incommensurate with the required
change in baseline heat capacity at Ta.

3. Upon heating above T, briefly, we previously found
that the MAF increases (step height at Ty increases) and
the annealing peak is eliminated from subsequent
TMDSC scan.?®> Fourier transform infrared (FTIR)
spectroscopy reveals there is no change in crystal
fraction after removal of the annealing peak; i.e., the
FTIR peak height ratio (PHR) of the crystalline sensitive
band is unchanged.

4. Finally, the TEM observations of Liu and Peter-
mann?” showed that there was no change in the crystal-
linity, i.e., no change in the observed lamellae, when
temperature T, was just exceeded.

By all available measures (TMDSC, FTIR, TEM)
there is no change in crystallinity occurring at T,. We
conclude that the observed heat capacity change occur-
ring from T < T, to T > T, arises from the relaxation of
the RAF. Thus, we confirm that the annealing peak is
an irreversible relaxation of RAF, which transforms
solidlike RAF into liquidlike MAF.

According to our analysis, the RAF is formed during
isothermal crystallization due to strong constraints
applied to the amorphous phase by the crystalline
phase. RAF has a heat capacity of glassy solid state,
which is not in thermodynamic equilibrium. When the
RAF undergoes a heating process, the constraints
exerted by the crystalline phase may be released, and
this process is coupled with a production of enthalpy
that leads to the annealing peak at T,. Similar enthalpy
relaxation, or structural relaxation, is seen in amor-
phous polymers subjected to physical aging.50-65

In consideration of the fact that RAF can relax to be-
come liquidlike, and crystals can transform to the melt
state, we now generalize the expression for the experi-
mentally measured heat capacity to include these two
different effects. If either the RAF is being relaxed or
the crystal is being melted, the transformation is from
solidlike state to liquidlike state. The melting of crystals
is an enthalpy-involved process, which leads to an endo-
thermic peak in DSC scan. Thus, in our three-phase
model, according to our assumption that RAF is a solid-
like state and upon our observation that the relaxation
of RAF (annealing peak) shows an endothermic feature,
the experimental heat capacity should be expressed by

Cpexp(T) = ¢cCp(T)|solid + ¢RAFCp(T)|solid +
(1 = #rar — PICH(Mliiquia — ([ASAT)AH,(T) +
PraeF (T, Ty = T' < Ty) (16)
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The first three terms on the right represent the baseline
heat capacity. The fourth term is the contribution from
crystal melting, and the fifth term is our suggestion for
the contribution from the RAF relaxation. These two
terms are described below. It should be noted that in
eq 16 the phase fractions ¢; (i = ¢, RAF, MAF) are all
temperature-dependent quantities. Equation 16 is valid
for temperatures above the glass transition of the MAF.

Regarding the fourth term in eq 16, AH,;. = H(melt)
— H(crystal) is the difference between the enthalpy of
the melt and of the crystal. AH4(T) is a tempera-
ture-dependent quantity related to the heat capacity
through#545

d(AHaC)/dT = Cp(T)|quuid - Cp(T)|soIid a7)

Regarding the last term on the right in eq 16, this
term gives the contribution of the enthalpy relaxation
of RAF to the experimental heat capacity and is the
product of the rigid amorphous fraction, ¢rar, and a
function, F(T'). F(T") is only nonzero in annealing peak
region, and so its temperature range is restricted such
that Ty < T' < T, Here, T4 and T, are the beginning
and ending temperatures of the annealing peak, respec-
tively. The form of the function F(T') is currently under
investigation in our group,®® using models of nonlinear
relaxation (e.g., Narayanaswamy—Moynihan model80-62
and Sherer—Hodge model®3-65) that have been applied
by other groups®-%° to describe enthalpy relaxation in
amorphous polymers. These studies will provide more
insight into the enthalpy relaxation behavior of RAF-
containing polymers.

Conclusion

Thermal analysis was carried out to determine the
temperature-dependent heat capacity, Cy(T), using stan-
dard DSC and quasi-isothermal TMDSC on cold-
crystallized isotactic poly(styrene). The quasi-isothermal
TMDSC results at high temperature suggest that there
are two small amounts of reversible melting for fully
crystallized iPS. Each small reversible melting peak is
suggested to be associated with one of the two crystal
populations observed by TEM.2” The reversible melting
peak is always located on the higher temperature side
of its corresponding melting peak, suggesting that the
most stable remaining crystals contain the molecules
that reversibly melt. Whether the total heat flow trace
in standard DSC will show two separate endotherms
for the two populations depends on the scanning rate
and the relative stability of the crystals against reor-
ganization. In the present case, treatment at 140 °C
results in imperfect crystals that display a single upper
endotherm (above T,) in the total heat flow trace.

Between the glass transition, Ty, and the first endo-
thermic peak, T,, the appropriate model for iPS is the
three-phase model comprising crystals, rigid amorphous
fraction, and mobile amorphous fraction. The crystals
and RAF behave as solidlike in this temperature range.
The annealing peak at T, was confirmed to be a non-
reversing, enthalpy-involved relaxation of rigid amor-
phous fraction, in which the RAF transforms from solid
to liquid. The stability of RAF is dependent on the
perfection of the crystalline phase. When the crystal is
made more perfect through higher temperature cold
crystallization, the RAF can only be relaxed at high tem-
perature. Then the RAF relaxation peak at T, merges
into melting region of the crystals. On the other hand,
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when the crystal is not perfect, i.e., when the cold
crystallization temperature is closer to Ty, the relaxation
of RAF occurs at a temperature that is well separated
from the melting endotherm of the crystals. To accom-
modate the enthalpic relaxation of RAF, the experimen-
tally determined heat capacity should be written in
terms of the underlying linear baseline heat capacity
plus the enthalpic terms relating to crystal melting and
to relaxation of RAF.
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