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Abstract

Heat capacity of semi-crystalline polymers shows frequency dependence not only in the glass transition range. Also above
glass transition and below melting temperature a frequency dependent heat capacity can be observed. The asymptotic value of
heat capacity at high frequencies equals base-line heat capacity while the asymptotic value at low frequencies yield information
about reversing melting. For polycarbonate (PC), poly(3-hydroxybutyrate) (PHB) and syndiotactic polypropylene (sPP) the
asymptotic value at high frequencies can be measured by temperature-modulated DSC (TMDSC). For polycaprolactone (PCL)
and sPP the frequency dependence of heat capacity can be studied in quasi-isothermal TMDSC experiments. The heat capacity
spectra were obtained from single measurements applying multi-frequency perturbations (spikes in heating rate) like in
StepScan™ DSC or rectangular temperature—time profiles. Actually, the dynamic range of commercial TMDSC apparatuses is
limited and only a small part of the heat capacity spectrum can be measured by TMDSC. Nevertheless, comparison of measured
base-line heat capacity with expected values from mixing rules for semi-crystalline polymers yield information about the
formation (vitrification) and disappearance (devitrification) of the rigid amorphous fraction (RAF). For PC and PHB the RAF is
established during isothermal crystallization while for sPP only a part of the RAF is vitrified during crystallization.
Devitrification of the RAF seems to be related to the lowest endotherm.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction indicate a frequency dependence of heat capacity of

semi-crystalline polymers outside the glass transition

From glass transition, it is well known and generally
accepted to describe heat capacity by complex num-
bers. The typical frequency dependence as known
from other dynamic measurements is observed—a
sigmoid step in real and a peak in imaginary part
of heat capacity [1-3]. Recent measurements also
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range [4,5]. These observations are related to the
occurrence of an excess heat capacity that can be
observed in a rather wide temperature range between
glass transition and melting temperature. The origin of
this excess heat capacity and its frequency dependence
is not yet understood. Probably the molecular pro-
cesses involved are related to the surface of the
polymer crystallites and often the term reversing
melting [6] is used. For polymers showing a sliding
diffusion in the crystallites (o-relaxation in case
of polyethylene), large contributions to reversing
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Fig. 1. Excess heat capacity of PCL after 2000 min crystallization at 328 K as a function of modulation frequency [4] (Perkin-Elmer

Instruments Pyris 1 DSC and ac calorimeter [8]).

melting are due to surface melting [7]. For other semi-
crystalline polymers we do not know which surfaces,
growth or fold, are responsible for the process of
reversing melting and the corresponding excess heat
capacity.

In order to obtain information about the character-
istic time scale of the molecular process related to
excess heat capacity we have studied the frequency
dependence of complex heat capacity during quasi-
isothermal crystallization. To extend the frequency
range available with temperature-modulated DSC
(TMDSC) (107 to 10" Hz) ac calorimetric measure-
ments were performed at frequency 1 Hz [8]. For
polycaprolactone (PCL), a mean relaxation time in
the order of seconds can be estimated for the process at
328 K. The frequency range available is still not broad
enough for a detailed discussion of the curve shape, see
Fig. 1. But from the curve one expects to measure base-
line heat capacity without contributions due to rever-
sing melting for frequencies higher than about 100 Hz.
Base-line heat capacity corresponds to the heat neces-
sary to increase the temperature of the sample without
changing crystallinity. In other words, it is the heat
capacity without any contribution from latent heats. On
the other hand, at low frequencies, below 107 Hz in
Fig. 1, the asymptotic value of heat capacity yields
information about the total amount of material taking
part in the process of reversing melting.

If base-line heat capacity is available in the tem-
perature range between conventional glass transition
and melting, it is possible to study vitrification and
devitrification of the rigid amorphous fraction (RAF)
of semi-crystalline polymers. There are two possible
paths to reach this goal. To extend the frequency range
of heat capacity measurements to the necessary high
frequencies or to study polymers with very slow
dynamics of the reversing melting so that the high
frequency limit is reached at standard frequencies
of TMDSC. For PCL, as an example, frequencies
above 100 Hz are necessary to measure base-line heat
capacity, see Fig. 1. This is far above the TMDSC high
frequency limit of 0.1 Hz. We used the second
approach and have studied bisphenol-A polycarbonate
(PC) and poly(3-hydroxybutyrate) (PHB). PC was
chosen for this study because of its very slow crystal-
lization behavior [9]. Why PHB does not show rever-
sing melting in the temperature range where it can be
crystallized is not known. PHB is able to crystallize
relatively fast and, for polymers, high degrees of crys-
tallinity (0.6-0.8) can be easily reached. We compare
the measured base-line heat capacities of PC and PHB
with estimated heat capacities from mixing rules
[10,11] to detect vitrification and devitrification of
the RAF, for details, see [12]. In this paper we present
frequency dependent heat capacity for semi-crystalline
PC, PHB and syndiotactic polypropylene (sPP).
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2. Experimental

TMDSC, a technique described for the first time in
1971 by Gobrecht et al. [1], and the necessary data
treatments are described elsewhere [1,13—17]. If one
wants to perform TMDSC measurements in a broad
frequency range the results from high sensitive DSC
apparatuses with different time constants like Perkin-
Elmer Pyris 1 DSC and Setaram DSC 121 must be
combined, for details, see [18]. For measurements at a
fixed frequency of 0.01 Hz a TA Instruments DSC
2920 was used. For the comparison of various experi-
mental data sets, a careful temperature calibration of
all instruments is necessary. The DSCs are calibrated
at zero heating rate according to the GEFTA recom-
mendation [19]. The calibration was checked in
TMDSC mode with the smectic A to nematic transi-
tion of 8OCB [20,21].

The PCL is a commercial sample from Aldrich
Chemie with a molecular weight average M =
55,700 g/mol. More details about the sample are
reported in [22]. The bisphenol-A PC was obtained
from General Electric (trade name LEXANTM) and
was purified by dissolution in chloroform, filtering and
precipitation in methanol [23,24]. The weight average
molar mass and polydispersity index for the polycar-
bonate were obtained by gel permeation chromatogra-
phy in chloroform (M, = 28,400 g/mol and My,/M, =
2.04). PHB was received from the University of Cairo

(Prof. A. Mansour). The sPP is a commercial product
from FINA Chemicals.

The heat capacity data for these polymers in the
liquid and the crystalline state, except for PHB, are
available from ATHAS data bank [11]. For most
polymers it is not possible directly to measure heat
capacity of the crystalline phase because crystallinity
is limited. Fortunately, heat capacity of the glassy
polymer (below glass transition) is very close to the
heat capacity of the crystalline polymer. In Fig. 2 heat
capacities for the amorphous (glassy) and crystalline
state for the polymers under investigation are shown
versus a normalized temperature scale. The data were
taken from the ATHAS data bank [11] and no differ-
ence larger than the uncertainty of 3% given for the
data [11] can be observed.

For PHB the corresponding heat capacities were
measured for an initially amorphous sample on heating,
see Fig. 3. The heat capacity for the liquid PHB was
obtained from the line connecting the region above
glass transition (275-300 K) with the melt (450-
473 K). The straight line ¢, jigua(T) = 1.1J g7 K™+
0.00208T g ' K2 x T is a reasonable fit for both
regions and support the linear temperature dependence
of ¢, in the melt and super-cooled melt. The heat
capacity for the solid PHB was obtained from a linear
fit on the data below glass transition (220-260 K).
Here we assume that the heat capacity of the solid
(crystalline and glassy) polymer equals the heat capacity
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Fig. 2. Specific heat capacity for amorphous (glassy at negative and liquid at positive normalized temperatures) and crystalline PC, PP and PE
as indicated. Data from [11]. The bar indicates the uncertainty of 3% for the data according to [11].
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Fig. 3. TMDSC scan measurement of initially amorphous PHB at underlying heating rate 1 K min~"', temperature amplitude 0.4 K and period
60 s, curve ‘a’. Curves ‘b’ and ‘c’ correspond to heat capacities for solid and liquid PHB, respectively, see text. Curve ‘f” shows the total heat

capacity (Perkin-Elmer Instruments Pyris 1 DSC).

of the glassy polymer in the temperature interval of
interest. The fit yields c¢,soa(7) =0.22Jg ' K™'+
0.0035Jg ' K2 x T. The same line was obtained
for the semi-crystalline PHB and supports the assump-
tion of equal heat capacities for crystalline and glassy
polymers close to the glass transition temperature. This
behavior seems to be general for polymers.

Because heat capacities are additive, base-line heat
capacity can be obtained from mixing rules. Details of
this estimation are given in [12]. In a first approxima-
tion the expected base-line heat capacity c,, for the
semi-crystalline sample can be calculated using a two-
phase model according to

ch(T7 t) = Xcrystal(T7 t)cpcryslal(T)
+ (1 - Xcryslal(Ta t))cpliquid(T) (1)

with ¢, crysal the specific heat capacity for the crystal
which is assumed to be equal to ¢, solid> Cp liquia the
specific heat capacity for the melt and yrys(7; £) the
degree of crystallinity. For most polymers, deviations
from such a simple two-phase model are observed
[25,26]. Introducing a rigid amorphous fraction the
base-line heat capacity can be obtained from

epb(T51) = Zsotia(Ts 1) cpsotia(T)
+ (l - Xsolid(Ta t))cpliquid(T) (2)

with ¢, so1iq the specific heat capacity of the solid
fraction yqoia(7, ?). The solid fraction contains the
crystalline and the rigid amorphous material. At the
glass transition temperature y1iq(T) can be obtained
from the heat capacity increment.

Acp,

alg) =1—F———
Xsolld( g) Acpamorph

3

where Ac, is the heat capacity increment of the
semi-crystalline sample while Ac, smorpn is that of
the totally amorphous sample. In order to obtain
Isolid(Tg) of the isothermally crystallized polymers
the samples were cooled below Ty, after crystallization
and Ac,, was obtained from a TMDSC scan measure-
ment on heating to the melt. The heat of fusion was
determined from ¢, tora1 and Ycryscal(7) Was calculated
according to the procedure suggested by Mathot [27].
In [12] we compare the expected base-line heat capa-
cities from Egs. (1) and (2) with measured values for
PC and PHB. The values from Eq. (2) fit the measured
data in a temperature range between glass transition
and the first melting endotherm (annealing peak). The
same is true for quasi-isothermal crystallization experi-
ments. It was shown [12,28] that the RAF for PC and
PHB is established during isothermal crystallization,
see Figs. 4 and 5 and probably devitrifies at the lowest
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Fig. 4. Time evolution of heat capacity during quasi-isothermal crystallization of PC at 456.8 K, temperature amplitude 0.5 K and period
100 s, curve ‘a’. Curves ‘b’ and ‘c’ correspond to crystalline and liquid heat capacities from ATHAS data bank, respectively. Curve ‘d’ was
estimated from a two-phase model (Eq. (1)) and curve ‘e’ from a three-phase model (Eq. (2)) using ygo1ia(T,) from Eq. (3). The squares
represent measurements at modulation periods ranging from 30 to 12,000 s (TA Instruments DSC 2920, Perkin-Elmer Instruments Pyris 1

DSC and Setaram DSC 121).
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Fig. 5. Time evolution of heat capacity during quasi-isothermal crystallization of PHB at 296 K, temperature amplitude 0.4 K and period
100 s, curve ‘a’. Curves ‘b’ and ‘c’ correspond to solid and liquid heat capacities, respectively. Curve ‘d’” was estimated from a two-phase
model (Eq. (1)) and curve ‘e’ from a three-phase model (Eq. (2)) using ysia(T,) from Eq. (3). The squares represent measurements at
modulation periods ranging from 240 to 1200 s. Curve ‘f” shows the exothermal effect in the total heat flow (Perkin-Elmer Instruments Pyris 1

DSC).
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endotherm. In this paper we will extend this study to
the isothermal crystallization of sPP at 363 K.

3. Results

For PC and PHB no excess heat capacity can be
observed at the end of quasi-isothermal crystallization
experiments, see Figs. 4 and 5 [12]. Consequently, no
frequency dependence is expected.

In Figs. 4 and 5 the time evolution of heat capacity
during isothermal crystallization of PC at 456.8 K and
PHB at 296 K, respectively, is shown. To check whether
or not base-line heat capacity is measured the frequency
dependence was studied at the end of crystallization,
points. No frequency dependence of measured heat
capacity can be seen indicating the absence of reversing
melting and that base-line heat capacity was obtained.
Measured heat capacity becomes smaller than base-line
heat capacity according to Eq. (1) and curve ‘d’,
indicating the occurrence of a significant RAF during
the crystallization process. On the other hand, the
expected heat capacity, taking into account the RAF
obtained at the glass transition, curve ‘e’, is in perfect
agreement with the measured value at the end of
isothermal crystallization. There is no difference in
the amount of the RAF at crystallization and at glass

transition temperature, also 7, is more than 30 K
below crystallization temperature in case of PC.
Therefore, we can conclude that the total RAF of
PC and PHB is established (vitrified) during the iso-
thermal crystallization. No additional vitrification
occurs on cooling from the crystallization to the glass
transition temperature.

In general the situation is more complicated as
shown in Fig. 6 on the example of sPP. Heat capacity
for sPP shows strong frequency dependence in the
temperature range between glass transition and final
melting on heating. This indicates the occurrence of
reversing melting and the corresponding excess heat
capacity.

Because changes in morphology cannot be
excluded for different measurements at different fre-
quencies the data were obtained from a single heating
scan applying simultaneously a broad frequency spec-
trum in the perturbation. Part of the used StepScan™™
temperature—time and heating rate-time profiles as
well as the resulting heat flow—time response are
shown in Fig. 7.

The heating steps, ¢ = 10 K min~', yield peaks in
heating rate which contain a broad spectrum of higher
harmonics. In ideal case, if the peak is a delta function,
all higher harmonics would have the same amplitude
in heating rate. For the real system higher harmonics
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Fig. 6. Frequency dependence of specific heat capacity of sPP obtained from a single StepScan™ DSC measurement. The temperature—time

profile is shown in Fig. 7 (Perkin-Elmer Instruments Pyris 1 DSC).
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Fig. 7. Part of the measured temperature—time profile (bottom), the heating rate—time profile (middle), and the heat flow rate—time profile
(top), of the StepScan™ DSC measurement from Fig. 6. The programmed step was 2 K, heating rate 10 K min~! and isothermal waiting time

ca. 10 min (not constant) (Perkin-Elmer Instruments Pyris 1 DSC).

are damped because of the low pass behavior of the
DSC apparatus. In Fig. 8 the programmed and the
measured heating rate spectra are shown.

As shown in Fig. 7 the peaks in heat flow are
significantly broader than the peaks in heating rate,
indicating a delayed response of the sample. From the
spectra of heat flow and heating rate the spectrum
of heat capacity can be obtained, for details, see [29].

The heat capacity spectra at 333 and 373 K obtained
by Fourier analysis are shown in Fig. 9.

At 373 K a strong frequency dependence can be
seen while at 333 K the relaxation process seems to be
shifted towards lower frequencies. For both tempera-
tures excess heat capacity probably becomes fre-
quency independent at frequencies above 50 mHz.
Therefore, one can try to check whether or not the
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Fig. 8. Amplitude of programmed (dashed line) and measured (squares) heating rate amplitude for the data from Fig. 7.
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Fig. 9. Excess heat capacity for sPP on heating at 333 K (triangles), and 373 K (squares), as a function of frequency. The lines are guides for

the eyes only. Data from a single StepScan™ DSC measurement, for details, see Figs. 6-8.

RAF in sPP is vitrified during crystallization or not.
Because sPP crystallizes fast in the temperature range
between 333 and 373 K we were not able to follow
crystallization by heat capacity measurements. But it
is enough to measure frequency dependence of heat
capacity at the end of isothermal crystallization and
to compare the measured with the expected values.

The result of such an experiment after crystallization
at 363 K is shown in Fig. 10.

Heat capacity increases with decreasing frequency
below 4 mHz. Around 0.1 mHz the measured value is
larger than the heat capacity of the liquid. This is not
possible without contributions from latent heat due to
reversing melting. At frequencies above 10 mHz heat
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Fig. 10. Modulus of specific complex heat capacity of sPP after crystallization at 363 K for 3 h as a function of frequency. Quasi-isothermal
rectangular multi-frequency temperature—time profile with period 600 s (triangles) (Perkin-Elmer Instruments Pyris 1 DSC), and 20,000 s

(squares) (Setaram DSC 121). Temperature amplitude 1 K.
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Fig. 11. TMDSC scan measurement of sPP after crystallization at 363 K for 3 h at underlying heating rate 1 K min™', temperature amplitude
0.4 K and period 60 s, curve ‘a’ (thick line). Curves ‘b’ and ‘c’ correspond to heat capacities for solid and liquid sPP and curves ‘d” and ‘e’ to
expected heat capacities from a two- and three-phase model, respectively. Curve ‘f” (thin dashed line) shows the total heat capacity. The

vertical dotted line indicates the crystallization temperature (Perkin-Elmer Instruments Pyris 1 DSC).

capacity is frequency independent. The asymptotic
value at high frequencies is smaller than the expected
value from a two-phase model, curve ‘d’, but larger
than the value expected from a three-phase model,
curve ‘e’. For sPP only a small part of the RAF
detected at T, vitrifies during isothermal crystalliza-
tion. To see when the other part of the RAF vitrifies
TMDSC cooling and heating scans were performed
after crystallization, see Fig. 11. The heat capacities
for cooling and heating are the same within line
thickness.

4. Discussion

For PC, PHB and sPP a significant rigid amorphous
fraction can be determined from the step of heat
capacity at the glass transition. Taking into account
the crystalline, the rigid amorphous and the mobile
amorphous fraction information about the phases of
different molecular mobility can be obtained. For PC
after 11 days crystallization at 457 K crystallinity was
0.23, rigid amorphous fraction 0.26 and mobile amor-
phous fraction 0.51. For PHB after crystallization at
296 K for 28 h, the values were 0.64, 0.22, 0.12 and for
sPP after crystallization at 363 K for 3 h, the values

were 0.17, 0.34, 0.49, respectively. While PC crystal-
lizes extremely slow, PHB and sPP crystallizes reason-
able fast.

The absence of excess heat capacities in a tempera-
ture range suitable for crystallization experiments
allows us to study base-line heat capacity as a function
of time for PC and PHB and to compare the measured
with expected values, see Figs. 4 and 5. For PC and
PHB the measured heat capacity becomes signifi-
cantly smaller than base-line heat capacity expected
from a two-phase model (Eq. (1)). It clearly demon-
strates that for these polymers the RAF is formed
during the isothermal crystallization process. Further-
more, a perfect match between the measured heat
capacity at the end of crystallization and the expected
base-line heat capacity from a three-phase model
(Eq. (2)) can be seen. Because curve ‘e’ was obtained,
for both polymers, from Eq. (2) using the RAF deter-
mined from the heat capacity increment at 7T, there
are no indications for changes in the amount of the
RAF on cooling from the crystallization temperature
to the glass transition. In other words, the whole
RAF, detected at T,, was established during the
quasi-isothermal crystallization for PC and PHB.
From these observations we can conclude that for
PC and PHB there is no broad glass transition of
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the RAF somewhere in between crystallization tem-
perature and 7,. Consequently, vitrification of the
RAF results from the crystallization process itself
and limits the further growth of the crystals. Vitrifica-
tion of the RAF is the result of morphological changes
and not due to cooling. For sPP the situation is
different. As can be seen from Fig. 10 the low fre-
quency asymptotic value of the specific heat capacity
after isothermal crystallization is only a little below
the expected value from a two-phase model, curve ‘d’
(Eq. (1)) and significantly larger than the expected
value obtained from the heat capacity increment at
glass transition, curve ‘e’ (Egs. (2) and (3)). For sPP a
significant part of the RAF detected at the glass
transition is still mobile at the end of the isothermal
crystallization at 363 K and vitrifies on cooling. To
check this, TMDSC cooling and heating scans below
crystallization temperature were performed. The same
curves for complex heat capacity, as shown in Fig. 11,
were obtained on cooling and heating below the
crystallization temperature. Curve ‘a’ represents the
heating scan but the cooling scan from 363 to 250 K
yields the same curve within line thickness. In the
temperature range between 320 K and crystallization
temperature significant deviations from curve ‘e’,
three-phase model, can be observed. Near the crystal-
lization temperature heat capacity is close to the value
expected from a two-phase model, curve ‘d’. For sPP,
contrary to PC and PHB, the RAF mainly vitrifies on
cooling from crystallization temperature to the glass
transition within ca. 40 K. Consequently, crystalliza-
tion cannot be limited by the vitrification of the melt
surrounding the growing crystals. For sPP other rea-
sons must be responsible for the very low degree of
crystallinity finally reached after isothermal crystal-
lization. It may be the length distribution of crystal-
lizable sequences of the necessary stereo regularity
which limits crystallization. Why the RAF vitrifies on
cooling is still an open question. There may be a
temperature induced glass transition because of lim-
ited mobility of the melt. But from the total heat
capacity, curve ‘f’, deviations from curve ‘e’ due to
latent heats because of first melting can be observed
above 330 K. This indicates crystallization of small
crystals, size defined by the length of the crystallizable
sequences, on cooling and melting on heating. Then
vitrification of the RAF would again be the conse-
quence of changes in morphology as for PC and PHB.

Above the crystallization temperature a small
annealing peak can be seen. As for PC and PHB an
increase of complex heat capacity can be seen at this
peak. This indicates the devitrification of the remain-
ing RAF as well as the occurrence of reversible
melting.

5. Conclusion

For PC, PHB and sPP the asymptotic value of heat
capacity at high frequencies, see Fig. 1, can be mea-
sured by TMDSC. This allows measuring base-line
heat capacity and to study the formation of RAF. For
PC and PHB the RAF is totally established during
isothermal crystallization as can be seen from Figs. 4
and 5. Devitrification of the RAF seems to be related to
the lowest endotherm as shown in [12]. The immobi-
lization of the amorphous material around less perfect
crystals, which are formed during isothermal crystal-
lization, results in the vitrification of the RAF during
crystallization and in its devitrification during melting
for PC and PHB. For sPP only a small fraction of the
RAF detected at the glass transition is vitrified during
isothermal crystallization. These differences regard-
ing the vitrification of the RAF indicate differences in
the crystallization process. While for PC and PHB
crystallization seems to be limited by the vitrification
of the melt surrounding the growing crystals for sPP
other mechanisms must be responsible for the low
degree of crystallinity reached.

Frequency dependent heat capacity, in the high
frequency limit, yield quantitative information about
fractions of different mobility during the crystalliza-
tion process and, how mobility of the melt is influ-
enced by the crystallization process itself. From the
step in heat capacity versus frequency information
about the characteristic time scale of attachment and
detachment processes of polymer segments at the
crystal surface can be obtained. In order to perform
such measurements the frequency range of heat capa-
city measurements has to be enlarged. Our results
accentuates the interplay between molecular mobility
of the melt and polymer crystallization [30,31]. Hope-
fully, a more complex view, taking into account the
structure and properties of the melt surrounding the
growing crystals, will help to solve some of the still
open questions of polymer crystallization [32].
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