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Abstract

We report the results of time dependent analysis of the reversing heat capacity peaks in isotactic polystyrene (iPS). Solution grown crystals
(SGCs) and bulk films of iPS were examined using quasi-isothermal temperature modulated differential scanning calorimetry (QI-TMDSC). Both
types of iPS samples showed two reversing heat capacity peaks as reported before [H. Xu, P. Cebe, Macromolecules 37 (2004) 2797; H. Xu, P.
Cebe, Macromolecules 38 (2005) 770], and the two peaks are associated with melting of different portions of crystal lamellae with different degree
of thermal stability [T. Liu, J. Petermann, Polymer 42 (2001) 6453]. Here, the behavior of the reversing heat capacity is studied as a function of
holding time from the establishment of steady state, until the end of the quasi-isothermal holding period. The reversing heat capacity decreases
with time at each of the two peak positions. For both types of iPS (SGC and bulk film) the time dependence of each of the reversing heat capacity
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eaks is fitted using Cp(t) = Cp∞ + A1 exp(−t/τ1) + A2 exp(−t/τ2). The fit parameters (equilibrium reversible heat capacity, Cp∞; prefactors, A1 and
2; relaxation times, τ1 and τ2) provide a means to compare the decay of the dual reversing heat capacity peaks of iPS solution grown crystals with
ulk cold-crystallized film. Results show that iPS bulk films have longer relaxation times (τ1 and τ2) and smaller Cp∞ value than the iPS SGCs.
oth results suggest that the iPS bulk films have higher degree of crystal perfection than SGCs.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Quasi-isothermal temperature modulated differential scan-
ing calorimetry (QI-TMDSC) has been used to characterize
he reversing melting of semicrystalline polymers [1,2,4–10].
sing this technique a small locally reversible melting has been

ound in several flexible linear macromolecules, including iPS
1,2,4–10]. The concept of molecular nucleation was first intro-
uced by Wunderlich and co-workers [5,10,11] and has been
sed to explain the reversible latent heat contribution in the
elting range. Molecular nucleation is a process that requires
flexible polymer chain to go through a nucleation step before

dding to the growth surface of the crystal [11]. The amount of
he reversible melting is typically quite small, and is considered
o be a local process that occurs on a molecular length scale at the
nterface between the crystal and the surrounding melt [4–10].

To review briefly, the QI-TMDSC technique, developed by
underlich and co-workers, and others [4–10,12,13] involves

∗ Corresponding author. Tel.: +1 617 6273365; fax: +1 617 6273744.

setting the underlying temperature at T0 while applying a small
amplitude sinusoidal oscillation about T0. This condition is held
for some period of time, and then the temperature T0 is increased
to a new value. After steady state is achieved at T0 (as judged by
the appearance of the Lissajous figure of modulated heat flow
versus modulated temperature [1,14]) the reversing heat capacity
is measured as a function of holding time at T0. Details about the
QI-TMDSC technique can be found in other references [15,16],
and in the interests of brevity they will not be repeated here. The
reversing heat capacity measured in QI-TMDSC is considered
an “apparent” heat capacity since the contributions of latent heat
are included in Cp(t) [6,17,18].

Using QI-TMDSC, we recently reported on two types of
semicrystalline iPS, which varied in their preparation history.
IPS bulk film was cold crystallized by heating from the glassy
state [1] and iPS solution grown crystals (SGCs) were pre-
pared from dilute solution [2]. The iPS bulk films had smaller
degrees of crystallinity, and greater amounts of the rigid amor-
phous fraction, compared to the SGCs, which were prepared
under conditions of increased molecular mobility. In spite of
these differences, both SGCs and bulk films of iPS exhibited
E-mail address: peggy.cebe@tufts.edu (P. Cebe). multiple melting endotherms in standard DSC scanning, and
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dual reversing melting in QI-TMDSC experiments [1,2]. First,
observation of reversing melting of iPS supports the mecha-
nism of polymer reversing melting proposed by Wunderlich and
co-workers [4–11]. Second, observation of dual reversing melt-
ing supports the proposal of Liu and Petermann [3], based on
transmission electron microscopic studies, that iPS has different
thermal stability distributions, along a single lamella, leading
to multiple melting in this polymer. Here, we investigate the
stability of the reversing melting peaks, by evaluating the time
dependence of the reversing heat capacity, Cp(t), at selected tem-
peratures during the QI-TMDSC measurement.

It has been shown that the reversing melting peak height
decreases with time and with crystal perfection [9,10,19].
According to Pyda et al. [9,10] and Schick et al. [19], the
decrease of reversing heat capacity with time is not caused by
the temperature modulation in TMDSC, but is due to recrystal-
lization and annealing. The study of time dependent reversing
heat capacity allows us to separate the locally reversible process
from the irreversible events, e.g. recrystallization, annealing, and
evaluate the equilibrium reversible heat capacity, Cp∞, which is
the value of the heat capacity in the limit of infinite holding time
at T0 when all the irreversible process is finished. Practically,
the assessment of Cp∞ is made by modeling the decrease of
Cp(t) for finite times, and using the model parameters to infer
the infinite-time value [9,10,19]. According to Wunderlich, the
equilibrium reversible heat capacity is the key to estimating the
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annealing, recrystallization, or reorganization process. Thus, it
seems not possible either to obtain the thermodynamic vibra-
tional heat capacity, or to measure simultaneously the total heat
capacity and equilibrium reversible heat capacity. Therefore, in
this work, our focus is to evaluate the equilibrium reversible
heat capacity in the melting range of the cold-crystallized iPS
and iPS solution grown crystals using the data taken under quasi-
isothermal TMDSC conditions.

We find that iPS SGCs have relatively stronger reversible
melting than bulk iPS. For the bulk iPS, the upper peak of the
equilibrium reversible heat capacity is just slightly greater than
the iPS liquid heat capacity indicating the bulk material has
weaker reversible melting. At the same time, the irreversible
processes, of annealing and recrystallization during long time
holding at constant temperature, are characterized by the fitting
model. By comparing the fitting parameters, we find that iPS
bulk films have greater relaxation times both in the process of
annealing and recrystallization, than the iPS SGCs. The recrys-
tallization is relatively stronger in the iPS bulk film due to its
initially smaller crystalline content. All the results confirm that
iPS bulk film is in the more perfect and stable form than its SGC
counterpart.

2. Experimental

Isotactic (90%) polystyrene powder with a weight-average
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ruly reversible melting and crystallization [20,21]. In this work,
ollowing the method of Schick et al. [19] and Pyda et al. [9,10],
e use two exponential functions to evaluate the equilibrium

eversible heat capacity in the melting range of the iPS cold-
rystallized bulk film, and iPS solution grown crystals.

To evaluate the reversibility of melting or crystallization, the
ollowing conditions should be met [22–24]. Either, (1) we must
e able to monitor the change of total heat capacity while mea-
uring the equilibrium reversible heat capacity [22–24], or (2)
e must be able to evaluate the thermodynamic vibrational heat

apacity, obtained from the global phase fractions by extending
he time to infinity after the irreversible process is finished.

In practice, however, it is not possible to achieve these con-
itions. The simultaneous measurement of total heat capacity
nd equilibrium reversible heat capacity is not possible, since
he latter is measured under conditions of heating rate equal to
ero. And, polymer molecules nearly always experience exten-
ive reorganization, and annealing processes during equilibrium
eversible heat capacity measurements, especially within the
ajor crystallization or melting region. Thus, the evaluation of

he thermodynamic vibrational heat capacity is difficult [22,23].
owever, for some polymer systems, by varying the experi-
ental parameters, it is possible to evaluate the thermodynamic

ibrational heat capacity and equilibrium reversible heat capac-
ty in separate experiments, and obtain the reversibility of melt-
ng, provided the reversible transition is far away from major

elting and crystallization events [22,23].
In crystallized iPS, below the temperatures of melting region,

oth total heat capacity and reversing heat capacity show no
xcess enthalpy production, and the global structure is stable.
ithin the melting region, the iPS molecules undergo a strong
olecular weight of 400,000 g/mol was obtained from Scien-
ific Polymer Products, Inc. The powder of iPS was compression

olded at 523 K for 3 min, then quenched into cold water to
btain the amorphous bulk films. The amorphous samples were
sothermally cold crystallized in a Mettler FP90 hot stage by
eating them to 443 K and holding for 4 h until crystallization
as complete. A self-seeding technique was applied to grow iPS

rystals in DMP dilute solution [25]. The detailed description
f iPS SGC preparation is given in reference [2]. The solution
oncentration was 0.05 wt% and crystallization temperature was
73 K and holding time was 2 weeks. After the crystallization,
he solution with precipitated crystals was slowly filtered at room
emperature under slight suction to form a mat. The crystal mats
ere rinsed and washed with methanol several times to remove

esidual DMP. Finally, the SGC sample was dried in a vacuum
ven for 24 h at room temperature. The crystallinity was deter-
ined from FTIR analysis and wide angle X-ray diffraction [26],

nd endotherm analysis [1,2]. The cold-crystallized bulk iPS had
rystalline fraction 0.40 whereas the SGC iPS had crystalline
raction of 0.49.

The reversing heat capacity was measured under quasi-
sothermal conditions using a TA Instruments DSC 2920 under

odulated mode. The temperature was calibrated using indium
n the standard DSC mode with heating rate at 10 K/min. The
uasi-isothermal TMDSC experiment was carried out at tem-
erature, T0, over the temperature range of 420–520 K with a
tepwise temperature increase of 2 K or 2.5 K. The temperature
odulation amplitude is 0.5 K, and oscillation period is 1 min.
ach quasi-isothermal run lasted 100 min, and the reversing heat
apacity at given T0 was analyzed only for times after the first
ve cycles. Three runs containing baseline, sapphire standard



44 H. Xu, P. Cebe / Thermochimica Acta 442 (2006) 42–47

and sample have been executed to obtain the reversing heat
capacity of the sample. Detailed information for obtaining the
reversing heat capacity is given in references [1,2].

The appearance of the Lissajous figure was used to verify
that the steady state was achieved [1,2]. The steady state in this
study refers to the condition that the modulated heat flow and
the modulated temperature have the same oscillation frequency,
and the phase lag is constant, so that the calculation of revers-
ing heat capacity using first harmonic of the Fourier transform of
the modulated heat flow and modulated temperature is valid. The
establishment of the steady state can be verified by the appear-
ance of the perfect ellipse when plotting modulated heat flow
vs. modulated temperature.

3. Results and discussion

Fig. 1 shows the reversing heat capacity (open circles)
for cold-crystallized iPS [1] obtained from quasi-isothermal
TMDSC experiments with isothermal holding time of 20 min
per step. In Fig. 1, the dotted line is the heat capacity of liq-
uid iPS, and the dashed line is the heat capacity of solid iPS
both of which are obtained from the ATHAS data bank [27].
Our own measured liquid and solid heat capacities matched
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the values from the ATHAS data bank very well as was shown
in reference [1]. Two tiny reversing heat capacity maxima are
located in Fig. 1 by vertical lines at Tm1 = 477 K and Tm2 = 502 K.
These lines mark the greatest values of the reversing heat capac-
ity in the QI-TMDSC experiment after 20 min holding time
per step (open circles). The solid symbols represent the values
of the equilibrium reversible heat capacity of cold-crystallized
iPS determined by modeling, which will be discussed
later on.

Fig. 2 shows the reversing heat capacity (open circles) for
iPS SGCs, crystallized for 2 weeks at 373 K [2] obtained from
quasi-isothermal TMDSC experiments with isothermal holding
time of 20 min per step. The two reversing heat capacity maxima
are much stronger in the SGC iPS (Fig. 2) than in the cold-
crystallized iPS (Fig. 1). Their peak positions are marked with
vertical lines at Tm1 = 474 K and Tm2 = 500 K. The liquid (dot-
ted line) and solid (dashed line) heat capacities from the ATHAS
data bank [27] are also shown. The solid symbols in Fig. 2 rep-
resent the values of the equilibrium reversible heat capacity of
SGCs of iPS, determined by modeling, which will be discussed
later on.

For comparison, we also show in Figs. 1 and 2, the computed
sigmoidal baseline heat capacity (solid curve, right hand vertical

F
ig. 1. Reversing heat capacity traces measured in QI-TMDSC measurements

open circles) and the corresponding equilibrium reversible heat capacity, Cp∞
solid circles) obtained by fitting from Eq. (1), for iPS cold crystallized at

c = 443 K, tc = 4 h [1]. The dotted line is the heat capacity of liquid iPS, and
ashed line is the heat capacity of solid iPS, both obtained from the ATHAS
ata bank [27]. (a) Wide scaling. The solid line, referring to the right hand ver-
ical axis, is the computed sigmoidal baseline heat capacity within the melting
egion acquired from a standard DSC scan [1,2], for comparison purposes. (b)
xpanded scaling. The points with maximum values of heat capacity near the
eak positions are marked with vertical solid lines in (a).
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ig. 2. Reversing heat capacity traces measured in QI-TMDSC measurements

open circles) and the corresponding equilibrium reversible heat capacity, Cp∞
solid circles) obtained by fitting from Eq. (1), for iPS SGC crystallized at

c = 373 K, tc = 2 weeks [2]. The dotted line is the heat capacity of liquid iPS,
nd dashed line is the heat capacity of solid iPS, both obtained from the ATHAS
ata bank [27]. (a) Wide scaling. The solid line, referring to the right hand
ertical axis, is the computed sigmoidal baseline heat capacity within the melting
egion acquired from a standard DSC scan [1,2], for comparison purposes. (b)
xpanded scaling. The points with maximum values of heat capacity near the
eak positions are marked with vertical solid lines in (a).
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axis) within the melting region acquired from a standard DSC
scan at a heating rate of 10 K/min [1,2]. From the standard DSC
scan, the temperature dependence of the crystalline fraction was
assessed using Euler’s method [1,2]. The computed sigmoidal
baseline (solid curve) represents the underlying reversing heat
capacity within the melting region, for the standard DSC scan,
and is shown for comparative purposes. One should be aware
that the computed sigmoidal baseline heat capacity is heating
rate dependent. Thus, the baseline shown in Figs. 1a and 2a
cannot serve as a baseline heat capacity for the zero heating rate
measurements of the reversing heat capacity. However, the com-
parison between this computed sigmoidal baseline heat capacity
from standard DSC, and the reversing heat capacity traces (open
circles) demonstrates the annealing effects that occur during the
extremely slow heating used in the quasi-isothermal TMDSC
experiments.

For example, in the cold-crystallized iPS (Fig. 1a) the com-
puted sigmoidal baseline heat capacity (solid curve) reaches the
liquid heat capacity curve (dotted line) at the temperature indi-
cated by the vertical line. But the reversing heat capacity (open
circles) does not reach the liquid heat capacity curve until a
temperature higher than that indicated by the vertical line. The
annealing effect is even more apparent in the SGC iPS (Fig. 2a).
The computed sigmoidal baseline heat capacity (solid curve)
reaches the liquid heat capacity curve (dotted line) at 498 K,
whereas the reversing heat capacity (open circles) reaches the
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functions of the form:

Cp(t) = A1 exp

(
− t

τ1

)
+ A2 exp

(
− t

τ2

)
+ Cp∞ (1)

where Cp∞ is the equilibrium reversible heat capacity, A1 and
A2 the prefactors, and τ1 and τ2 are the decay times (relaxation
time). According to Pyda et al. [9], each exponential function
represents an irreversible process: the first term, with shorter
relaxation time τ1, describes the recrystallization process, and
the second term, with longer relaxation time τ2, describes the
annealing/perfection process. As time approaches infinity, all
the irreversible events, including recrystallization and annealing,
are finished. The only term remaining in the Cp(t) is the truly
reversible component Cp∞. Thus, extrapolation to t = ∞ allows
us to evaluate the equilibrium reversible component of the total
melting [9,10,19].

Fig. 3 shows examples of the fits to the measured reversing
heat capacity at constant temperature, using Eq. (1). The tem-
peratures are those indicated by the vertical lines in Figs. 1a and
2a, reflecting the locations of the peak values of the reversing
heat capacity traces. In Fig. 3, the data points (open circles) are
the experimental data, and solid curves are fitted sum of two
exponential functions of Eq. (1). Fig. 3a and b is for the bulk iPS
at Tm1 = 477 K and Tm2 = 502 K, respectively. Fig. 3c and d is
for the iPS SGCs at Tm1 = 474 K and Tm2 = 500 K, respectively.
The parameters of best fit are listed in Table 1.
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iquid heat capacity (within experimental error) at about 507 K.
his comparison shows that iPS crystals melt completely at

ower temperature during standard DSC scanning. During the
ery slow heating conditions of QI-TMDSC, the iPS crystals
ecome annealed so that they melt completely at higher temper-
tures. These results are consistent with the rapid heating rate
tudies by Schick and co-workers [28,29]. Besides the effect of
nnealing seen in Fig. 2a, we can also observe further crystalliza-
ion in the QI-TMDSC scan for the SGC iPS. This is reflected by
he negative deviation of the equilibrium reversible heat capac-
ty from the standard baseline, since this SGC sample has lower
rystalline content compared to samples crystallized at the other
emperatures [2].

From Figs. 1a and 2a, we notice that the melting tempera-
ures (indicated by the vertical lines) of cold-crystallized iPS
Fig. 1a) are higher than their SGC counterpart (Fig. 2a). The
rystals annealed during the QI-TMDSC measurement are more
erfected in originally cold-crystallized bulk iPS, and conse-
uently melt at higher temperature. The reversing heat capac-
ty amplitude may be assessed from the peak height over and
bove the liquid heat capacity curve. From this comparison,
e find that the reversing melting heat capacity is larger for

he iPS SGC sample. Such a result confirms that the amount
f reversing melting decreases with crystal perfection [19].
oorer crystal leads to higher degree of reversing melting in
MDSC.

An important issue demonstrated in earlier work by Okazaki
nd Wunderlich [5], Schick et al. [19], and Pyda et al. [9] is
hat the reversing heat capacity decreases with holding time.
ollowing these works, in this study, we fit the time dependent
eversing heat capacity, Cp(t), with the sum of two exponential
Eq. (1) was applied to the entire data set, for temperatures in
he range where the dual reversing melting peaks were observed.

e obtain the equilibrium reversible heat capacity, Cp∞, over
he whole temperature range based on the measured reversing
eat capacity. In Figs. 1a and 2a, the data points represented by
ark solid circles are the Cp∞ obtained by fitting the measured
eversing heat capacity at each temperature using Eq. (1). Figs.
b and 2b are the expanded views of 1a and 2a, respectively,
iving the time evolution of the reversing heat capacity at two
elected peak positions (viz., Tm1 and Tm2). In Figs. 1b and 2b,
he open circle is for the reversing heat capacity at time of 20 min,
he solid triangle is at time of 40 min, the open square is at time
f 80 min, and the solid circle is at t = ∞.

Since we are neither able to evaluate the global phase
tructures at each temperature within the melting region when
xtending the time to infinity (due to intensive annealing),
or able to measure the total heat capacity simultaneously,

able 1
itting parametersa for iPS at the peak positions of reversing melting

ample Bulk filmb Solution grown crystalsc

Lower peak Upper peak Lower peak Upper peak

emperature (K) 477 502 474 500

1 (J/g K) 0.21 0.43 0.08 0.20

2 (J/g K) 0.03 0.05 0.02 0.02

1 (min) 3.0 3.2 2.2 2.4

2 (min) 35.0 33.1 33.4 32.0

p∞ (J/g K) 2.07 2.19 2.06 2.22

a Fits are shown by the solid curves in Fig. 3, obtained using Eq. (1).
b iPS bulk film cold crystallized at 443 K for 4 h.
c iPS solution grown crystals, grown in DMP at 373 K for 2 weeks.
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Fig. 3. Examples of fits (solid lines) to the measured reversing heat capacity data (open circles), at constant temperature, using Eq. (1) and the fitting parameters
listed in Table 1. The abscissa is the holding time during the quasi-isothermal TMDSC measurement. The temperatures are chosen as the positions of the two vertical
lines in Figs. 1a and 2a. (a) Cold-crystallized iPS bulk film, at Tm1 = 477 K; (b) cold-crystallized iPS bulk film at Tm2 = 502 K; (c) iPS SGC at Tm1 = 474 K; (d) iPS
SGC at Tm2 = 500 K.

the thermodynamic baseline heat capacity for the equilibrium
reversible heat capacity is not accessible. Thus, it is very hard to
specify the true latent heat involved in the locally reversible melt-
ing process. A quantitative description of the specific reversibil-
ity of melting cannot be made. The material could experience
strong annealing (increased crystal perfection) during the quasi-
isothermal TMDSC experiments, which would result in an
increase of the melting temperature. We suspect that the curve of
the true thermodynamic baseline for the equilibrium reversing
heat capacity probably will shift to higher temperature compared
to the computed sigmoidal baseline heat capacity from standard
DSC (solid curve) shown in Figs. 1a and 2a. The specific shape
of the thermodynamic baseline remains unknown, so we can-
not predict the appearance of the lowest peak (Tm1) of reversing
heat capacity due to intensive annealing. It could remain at the
same temperature location or, more probably, become shifted to
higher temperature.

For the upper peak of the reversing heat capacity (Tm2), we
need to distinguish the behavior of the iPS SGCs from the iPS
bulk film. For iPS SGCs, Fig. 2a shows that the equilibrium
reversible heat capacity (solid circles) is well above the liquid
heat capacity (dotted line). This observation suggests that, after
the irreversible process is finished, the system globally reaches
equilibrium and a local reversible melting occurs at the remain-
ing crystal surface under temperature modulation [20–23]. How-
ever, for the iPS bulk film, the situation is more complicated. In
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paring Fig. 1a and Fig. 2a at the upper peak (Tm2), it is apparent
that the total amount of reversible melting of iPS SGCs is rel-
atively higher than that of bulk iPS, but the comparison of the
specific reversibility of melting cannot be determined because
of the lack of the thermodynamic baseline heat capacity.

IPS is one of the first polymers to show dual reversing melt-
ing endotherms [1,2]. By fitting the decay of the Cp(t) using
Eq. (1), we can compare the time dependence of each of the
two reversing melting peaks. For the same sample, the relax-
ation time τ2, describing the annealing, is longer for the lower
temperature peak than for the higher temperature peak. This is
most likely associated with the fact that annealing of iPS occurs
more quickly at higher temperatures, as has been demonstrated
in other polymer systems [7,8,11,19]. On the other hand, the
relaxation time τ1, describing the recrystallization, is longer for
the higher temperature peak than for the lower temperature peak.
The word “recrystallization” as applied here refers to a com-
plex process involving continuous melting and recrystallization
[9]. At the higher temperature peak, the overall process is more
favorable to the melting since the temperature is much closer
to the final melting point. Thus, at these high temperatures, the
vitrification (due to recrystallization) is hindered, and conse-
quently is slowed down. Therefore, τ2(lower peak) > τ2(upper
peak) while τ1(lower peak) < τ1(upper peak) leads us to con-
clude that the lower peak anneals more slowly than the upper
peak, while the upper peak recrystallizes more slowly than the
l
o
a
i

i
P
p

ig. 1a, the value of the equilibrium reversible heat capacity
t Tm2 is just slightly over the heat capacity of the liquid, and
e cannot determine unequivocally whether it still remains as
peak or not. By considering the possible shift of the baseline

o higher temperature, we would expect that the equilibrium
eversible heat capacity at Tm2 for the bulk film might proba-
ly still be above the thermodynamic baseline, which means a
eversible melting involving latent heat could still occur. Com-
ower peak. More importantly, for both lower and upper peaks
f the dual reversing melting, the relaxation characterizing the
nnealing process is much slower than the relaxation character-
zing the recrystallization process, i.e., τ2 > τ1.

Furthermore, we are able to compare two different types of
PS: cold-crystallized bulk film and solution grown crystals.
rior work [1,2] used standard DSC to show that SGCs, while
ossessing greater degree of crystallinity than bulk iPS, had
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much broader endotherms and lower endotherm peak tempera-
tures. These facts suggest that the SGCs are in fact comprised
of less perfect crystals than the cold-crystallized bulk film.
Comparing the decay of the reversing melting of the two iPS
materials, we find that both relaxation times (τ2 and τ1) of the
cold-crystallized bulk iPS are longer than those of the SGCs,
when compared at roughly similar temperatures. This observa-
tion confirms that the iPS bulk film is more perfect than the
iPS SGCs, and is more stable against annealing. The solution
grown crystals anneal faster (smaller τ2) and recrystallize faster
(smaller τ1).

From Eq. (1), we consider the difference, Cp∞ −
Cp(t = 0) = A1 + A2. The meaning of Cp∞ is the truly reversible
part of the heat capacity, which remains at infinite time. A1 + A2
reflects the sum of the two irreversible processes that cause Cp(t)
to decay. From Table 1 we see that the prefactor, A1, represent-
ing the recrystallization, is always the larger contribution to the
irreversible processes of both upper (90% for bulk iPS; 91% for
SGC iPS) and lower peaks (88% for bulk iPS; 80% for SGC
iPS). Recrystallization dominates the irreversible processes in
both bulk and SGC iPS. The annealing process makes a much
smaller contribution at both the upper and lower peak positions.
The annealing contribution is largest in SGC iPS at the lower
peak position, where is makes up 20% of the irreversible pro-
cesses.

Finally, from Figs. 1b and 2b, we observe clear differences
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annealing relaxation times in the irreversible process of anneal-
ing and recrystallization than the iPS solution grown crystals.
All the evidence draws the conclusion that the iPS bulk film is
in a more stable form than SGCs.
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