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ABSTRACT

A thorough analysis of the melting behavior of cis-1,4-polybutadiene (cis-PBD) is detailed in this
contribution. Isothermal crystallization at —26 °C, followed by cooling, provides a three-phase structure
composed of a mobile amorphous fraction equal to 0.413, a crystallinity of 0.27-, and a rigid amorphous
fraction of 0.31p. Similar to many other polymers, cis-PBD displays multiple melting after isothermal
crystallization, and up to three main endotherms can be evidenced by calorimetry, in dependence of the
scanning rate. The results of conventional and temperature-modulated calorimetry analyses presented in
this contribution suggest a link between multiple melting and devitrification of the rigid amorphous
fraction in cis-PBD. The small endotherm located a few degrees above the crystallization temperature
appears to be caused by concurrent partial mobilization of both the crystal and the rigid amorphous
portions. Additional partial mobilization of rigid amorphous segments seems to take place at around
—11°C, and it is only above this temperature that large reorganization of the crystal phase becomes

possible, allowing partial melting and recrystallization/annealing/crystal perfection.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Polybutadiene (PBD) is the second largest volume synthetic
rubber produced, next to styrene-butadiene rubber. The major use
of PBD is in tires with over 70% of the produced polymer going into
treads and sidewalls [1].

Polybutadiene is a homopolymer of 1,3-butadiene. It is poly-
merized by a solution process, using either a transition metal
complex or an alkyl metal as catalyst [2]. At present, systems based
on neodymium compounds are the most promising for the
synthesis of cis-1,4-polybutadiene, since polymerization initiated
by these catalysts is environmentally safe and the resultant rubber
contains a high amount of 1,4-cis units and exhibits good techno-
logical characteristics [3].

Depending on the catalyst used and on the polymerization
process, PBD with different stereoregularity can be produced. The
different chain structures and configurations lead to corresponding
variations in the thermal properties. Both cis and trans poly-
butadienes are semicrystalline polymers. The crystal structure of
cis-1,4-polybutadiene has a monoclinic unit cell [4], whereas the
trans isomer displays polymorphism, as its crystals can grow in
a monoclinic as well as in a pseudo-hexagonal modification, the
latter being in a condis state [5]. The thermal properties of poly-
butadiene also depend on microstructure, the glass transition
temperature being equal to —102 °Cand —83 °C, and the equilibrium
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melting point equal to 12 °C and 164 °C for the cis and trans isomers,
respectively [6].

Thermal analysis of both cis and trans polybutadienes discloses
multiple melting behavior. The multiple melting of the trans isomer
is affected by its polymorphism, whereas cis-1,4-polybutadiene
goes on fusion directly from the fully ordered crystal to the melt,
without changing its crystal modification [5].

A few articles appeared in the literature to describe the multiple
melting of cis-1,4-polybutadiene [5,7-9]. The most thorough
investigation was conducted by Collins and Chandler, who quan-
tified the dependence of crystallization and melting temperatures
of cis-PBD in dependence of the rate of heating and cooling [9].

It needs to be underlined that the main studies on melting of
cis-PBD date back to the 1960s and were mainly conducted by
Differential Thermal Analysis instruments (DTA), which can
provide quantitative information only on transition temperatures.
The current availability of new scientific instrumentations allows to
gain more detailed and quantitative information on the thermal
properties of semicrystalline polymers, compared to DTA. Of special
interest is the update of available knowledge on the melting
process, due to the complexity of this transition, that often results
from the overlapping of a number of different transformations of
the metastable crystal structure, including partial recrystallization,
annealing, and perfection of the initial crystals [10]. A differential
scanning calorimetry (DSC) trace can allow to identify the main
parameters that characterize polymer melting, as well as to
recognize the occurrence of reorganization processes of the crystal
phase, generally connected to the presence of multiple endotherms
or exotherms, or to identify the existence of different crystal
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morphologies from the position and breadth of the melting peaks.
Additional quantitative data on polymer melting can be obtained
by temperature-modulated calorimetry (TMDSC), that, in the
quasi-isothermal mode of operation, permits to monitor slow
changes in crystallization, melting, or crystal-perfection, each one
resulting in a corresponding variation of the measured signal.

Quantitative data on fusion, discussed in this contribution for
a commercial cis-1,4-polybutadiene grade, are needed to gain insight
into the complex nanophase structure of semicrystalline polymers,
in order to fully understand the processes related to the formation
and evolution of the various nanophases that have been, at present,
clarified only in part. Early investigations based their description of
semicrystalline polymers on a two-phase model, where the two
phases, one amorphous and one crystalline, have nanometer
dimensions in one or more directions. Actually it is known that the
decoupling between crystalline and amorphous phases is most often
incomplete, due to the length of polymer molecules, much higher
than the dimensions of the nanophases, as well as to possible
geometrical constraints, which cause the coexistence of different
types of amorphous fractions in semicrystalline polymers.

The different amorphous fractions are usually classified on the
basis of their mobility. The unconstrained amorphous phase, that
relaxes at the glass transition (Tg), is usually addressed as the
“mobile amorphous fraction” (MAF), whereas the term “rigid
amorphous fraction” (RAF) refers to the amorphous chain portions
whose mobility is hindered by the near crystalline structures. The
points of coupling between the amorphous and crystalline struc-
tures act as nanoscopic stress transfer, with remarkable effects on
mechanical properties of the material, as recently demonstrated for
isotactic poly(1-butene) [11].

Some influence of the rigid amorphous fraction on polymer
melting behavior has been suggested in the literature. For
isothermally crystallized poly(ethylene terephthalate), the endo-
therm appearing a few degrees above the crystallization tempera-
ture was proven to be caused by simultaneous partial fusion and
enthalpy recovery of the rigid amorphous fraction [12]. For poly-
(phenylene oxide) it was shown that the physical state of the rigid
amorphous fraction controls the onset of melting [13]. In this
contribution the influence of the thermal properties of the rigid
amorphous fraction on the overall multiple melting behavior of
a commercial cis-1,4-polybutadiene PBD is discussed, based on
quantitative DSC and TMDSC analyses.

2. Experimental part
2.1. Materials

cis-1,4-Polybutadiene was kindly provided by Polimeri Europa,
S.p.A. (Ravenna, Italy). It is a commercial grade containing 97% of cis
units and a low degree of branching. A certain amount of branches
is generally incorporated in the main chain of commercial cis-PBD
grades, since an extremely high linearity of polymer chains results
in a too high cold flowability [3]. The used PBD grade has
M,y = 380,000 Da and M, = 100,000 Da. The polymer was used as-
received, without further purification.

2.2. Calorimetry

DSC and TMDSC measurements were conducted with a Mettler
DSC 822¢, Mettler-Toledo, Inc. Dry nitrogen was used as purge gas at
a rate of 30 ml/min. Cooling was accomplished with the liquid-
nitrogen accessory for the Mettler DSC 822€. The temperature of the
calorimeter was calibrated with the onset of the transition peaks
for indium, naphthalene and cyclohexane. The heat flow rate was
initially calibrated with the heat of fusion of indium, then refined
with a baseline run of two empty aluminum pans and a calibration

run with sapphire as a standard [14]. A correction for the heating
rate is included in the Mettler-Toledo Star® software (Tau Lag cali-
bration) used for experiments and analysis.

In order to set the structure for the analysis of melting behavior,
each PBD specimen was maintained at 70 °C for 3 min, then cooled
at —30°C/min to the crystallization temperature T.=—26 °C,
where it was allowed to crystallize for 1 h. After isothermal crys-
tallization PBD was cooled at —10 °C/min to —130 °C, equilibrated
at —130°C for 3 min, then heated until complete melting using
either a constant scanning rate, ranging from 1 to 20 °C/min, or
a modulated temperature profile.

The TMDSC program was designed using the Star® software of
Mettler-Toledo, Inc. The experimental parameters were chosen to
ensure linear thermal response and stationary conditions at least
outside the transition range [15]. The underlying heating rate and
modulation period were selected within the limits allowed by the
commercial calorimeter used. The temperature amplitude and
sample mass were sufficient to allow a good signal-to-noise ratio
and at the same time not too large to reduce as much as possible
thermal gradients within the sample. Non-isothermal TMDSC data
were gained using a sawtooth oscillation with a temperature
amplitude (At) of 0.2 °C, an underlining heating rate (q) of 1 °C/min
and modulation periods (p) of 60, 90, and 120s. The quasi-
isothermal program involved a modulation of 0.2 °C about the base
temperature T,, a period of 60 s, and stepwise temperature incre-
ments of 5°C after 16 min at each T,. Extended-time quasi-
isothermal analyses of a duration of 5 h were conducted at selected
temperatures after heating the polymer, isothermally crystallized at
T.=—-26°Cfor1 h, from T, to T, at 1 °C/min. After completion of the
extended-time quasi-isothermal experiments, the material was
heated from T, until complete melting at a scanning rate of 1 °C/min.

From TMDSC measurements the reversing specific heat capacity
(cp,rev) was derived from the ratio of the amplitudes of modulated
heat flow rate (Ag,) and temperature (Arn), both approximated
with Fourier series [16]:

Agp o(t
Cprev(w, N, t) = Ai:((t)) % (1)
where t is the time, n the order of the harmonic, w the base
modulation frequency (w=27/p), m the mass of the sample and
K(n,w,t) the frequency-dependent calibration factor. The reversing
specific heat capacity data reported in this contribution were
obtained from the first harmonics of the Fourier series.

3. Results and discussion
3.1. Heating rate dependence of the melting behavior

The thermal analysis of cis-1,4-polybutadiene after isothermal
crystallization at —26 °C for 1 h and cooling to —130 °C is shown in
Fig.1 in dependence of the heating rate. The apparent heat capacity
(cp) data of Fig. 1 are compared to thermodynamic c;, values of solid
and liquid PBD as taken from the ATHAS Data Bank [6]. Enlarge-
ments of the plots of Fig. 1 in the melting and glass transition
regions are presented in Fig. 2a and b, respectively.

The multiple melting behavior of cis-PBD is largely affected by
heating rate. At the lowest heating rates, three major endotherms
can be evidenced in the DSC plots, in addition to a broad and weak
endotherm at low temperatures, located below the isothermal
crystallization point, as shown in Figs. 1 and 2. It discloses reorga-
nization of the structure settled below the isothermal crystalliza-
tion temperature, T. = —26 °C. The rearrangements involve higher
latent heat exchanges for measurements conducted at lower
heating rates, due to the longer time of analysis. An increase of the
scanning rate (q) from 1 to 2 °C/min results in a shift of the first two
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Fig. 1. Specific heat capacity of cis-PBD after isothermal crystallization at —26 °C and
subsequent cooling, as measured upon heating at the indicated scanning rates. The
specific heat capacity of the solid and liquid cis-PBD, shown as dashed lines, is taken
from the ATHAS Data Bank [6].

major endotherms (Ty and Ty) to higher temperatures, and of the
final fusion peak (Ty;) to slightly lower temperatures. At faster
heating rates the first endotherm still moves to higher tempera-
tures with the increase of g, whereas the second and third peaks are
not resolved and merge in a single endotherm whose position
slightly moves to lower temperatures with the increase of heating
rate, up to 5 °C/min. With higher scanning rates the whole melting
range broadens and sensibly shifts to higher temperatures.

The DSCdata shownin Figs.1 and 2a provide valuable information
on the different roles played by crystal reorganization and super-
heating on the overall fusion behavior of polybutadiene, revealed by
the heating rate dependence of the apparent heat capacity curves.
The position of the first two major endotherms (Ty and Tyy) is affected
by superheating and thermal lags’ effects, as both move to higher
temperatures with the increase of scanning rate, whereas the Ty
temperature decreases with the heating rate. This reveals that very
limited or even no crystal perfection/thickening of the thinner and/or
more defective crystals occurs during heating in the temperature
range of Ty and Ty, as in such a case an increment of the temperature of
the two endotherms would have been observed at low rates.
Conversely, crystal thickening and perfection takes place in the
temperature range between Tj; and Ty, as probed by the increase in Ty
temperature upon slow heating, due to the longer time available for
these processes during the DSC scan.

The small peak (T;) appearing in Fig. 2a a few degrees above
T. = —26 °C, that emerges as an isolate peak or as a shoulder in the
global fusion endotherm in dependence of the scanning rate, is not
peculiar of cis-PBD, being detected in several other semicrystalline
polymers [12,17-20]. According to some authors, this endotherm,
that is centered a few degrees above the crystallization tempera-
ture and is usually addressed as the “annealing peak”, is due to the
melting of thin lamellae formed during secondary crystallization
[21-23]. Other authors instead associate this peak to enthalpy
recovery linked to mobilization of the constrained amorphous
segments or more generally to some process involved in devitrifi-
cation of the rigid amorphous fraction such as, for example, release
of the constraints exerted by the crystalline phase [17,18,24].
Enthalpy relaxation associated with devitrification of the RAF
occurring at the lowest endotherm was suggested for a number of
polymers, including isotactic polystyrene, polycarbonate, poly-
(phenylene sulfide), nylon 6 and poly(3-hydroxybutyrate) [18,25-
28]. A study recently conducted on poly(ethylene terephthalate)
probed that multiple processes involving both the crystalline and
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Fig. 2. Enlargement of the plot shown in Fig. 1: (a) melting region; (b) glass transition
area. The major endothermic peaks are numbered in Fig. 2a.

the rigid amorphous fractions overlap in the temperature range of
this small DSC peak, which results from the simultaneous occur-
rence of partial fusion of the crystals and enthalpy recovery con-
nected to structural relaxation of part of the rigid amorphous
fraction [12,29]. Similarly, for bisphenol-A polycarbonate it was
shown that the constrained amorphous chain portions in the
vicinity of secondary crystals, that melt at Tj, relax in part upon
melting of the secondary crystals [25]. Upon heating, enhancement
of chain mobility in the amorphous area favors fusion of thinner
lamellae, which in turn reduces geometrical restrictions and allows
release of strain in the interfacial area between the crystals and the
surrounding amorphous regions. The DSC traces shown in Figs. 1
and 2a indicate that also in cis-PBD the rearrangements of the
crystals that melt at Tj are hindered not only by constraints exerted
by the neighboring crystallites, but also by possibly induced rigidity
in the amorphous chain portions. Upon heating, the strained
amorphous segments start to mobilize, allowing the onset of
melting of the thinner and/or more defective crystals. A mutual
influence of the two processes in the temperature range of Tj,
probed for poly(ethylene terephthalate), polycarbonate and poly-
(3-hydroxybutyrate), seems to be active also for a rather flexible
macromolecule like cis-1,4-polybutadiene. This explains the lack of
improvement of the crystal phase at temperatures around Tj, crystal
rearrangements being hindered by the coupled amorphous chain
portions that are still vitrified.
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As detailed below, the coupling between crystal and amorphous
chain portions appears to determine the fusion behavior of cis-PBD
also at higher temperature, in the Ty range, whose location also
moves to lower temperature with the diminution of the heating
rate in the DSC traces of Fig. 2a.

3.2. The three-phase structure

The heating-rate dependence of the experimental heat capacity
of cis-1,4-polybutadiene in the glass transition region is exhibited
in Fig. 2b, that presents an enlargement of the plot shown in Fig. 1.
The specific heat capacity starts to deviate from thermodynamic ¢,
of solid polybutadiene at around —120 to —115 °C, in correspon-
dence of the onset of the glass transition. The temperature range
where T, takes place depends on the heating rate, being shifted to
higher temperatures with the increase of scanning rate, as typical
for devitrification [10]. Additional thermal events overlap in this
temperature range, and the overall heat capacity jump appears to
be affected by the experimental conditions, making impossible to
quantify the amount of amorphous phase that mobilizes at Ty by
conventional DSC. To overcome this problem, temperature-modu-
lated DSC analyses were conducted.

TMDSC data gained at the underlying heating rate of 1 °C/min at
various frequencies of modulation are compared in Fig. 3 with the
conventional DSC trace at the same constant heating rate of
1 °C/min. On the same figure, the reversing c, plot of the quasi-
isothermal TMDSC analysis in steps of 5°C is also illustrated. As
before, the experimental data are compared with thermodynamic
cp values of solid and liquid polybutadiene, as taken from the ATHAS
Data Bank. Below the glass transition region and above completion
of melting, DSC and TMDSC experimental data well agree with
thermodynamic ¢, of solid and liquid PBD, respectively. In the
temperature region of the glass transition, a minor frequency-
dependence of the reversing heat capacity can be observed. The
dynamic Ty, i.e. the glass transition originating from temperature
modulation and obtainable from the reversing ¢, curve, is observed
at temperatures slightly higher than the devitrification process
derived from linear heating (thermal glass transition). This can be
explained considering that the frequencies related to the ordinary
linear heating rates are different from those used in TMDSC

St-DSC 1 °C/min
e - TMDSC p=60s
--------- TMDSC p=90s
44| - TMDSC p=120s
B TMDSC Q-lso

cp [(JI(K g)]

Temperature (°C)

Fig. 3. Specific heat capacity of cis-PBD after isothermal crystallization at —26 °C and
subsequent cooling, as measured upon heating at 1 °C/min. The thick solid line is the
total heat capacity by conventional DSC, the thin lines are the reversing specific heat
capacity measured by TMDSC at the indicated periods of modulation, the filled squares
represent the reversing heat capacity after 16 min of modulation at each T,. The
specific heat capacity of the solid and liquid cis-PBD, shown as dashed lines, is taken
from the ATHAS Data Bank [6].

measurements, the latter being generally higher [30-32]. At
completion of Tg, the reversing c, curves gained by non-isothermal
TMDSC data at three different frequencies and the quasi-isothermal
reversing c, data overlap, revealing the real extent of the transition,
apart from non-reversing events that hinder correct determination
of glass transition parameters of cis-PBD by conventional DSC.

Comparison of the data shown in Figs. 2 and 3 shows that non-
reversing thermal events of endothermic nature in the glass tran-
sition region contribute to the apparent specific heat capacity
measured by conventional calorimetry. The small endotherm
overlapping T, is ascribed to enthalpy recovery. Its magnitude
increases with the decrease of heating rate, due to the more pro-
longed annealing during heating at slow rate [26,33]. Additional
processes involving latent heat exchanges also overlap, and are
more pronounced at slow heating rates, as seen in Fig. 2b.

It is important to note that TMDSC analysis is necessary for
a quantitative assignment of the thermal events, which is not
accessible by conventional DSC alone in the case of the glass
transition of cis-1,4-polybutadiene, as probed by comparison of the
DSC and TMDSC traces shown in Fig. 3. From the heat capacity jump
of the reversing c, curves of Fig. 3, a heat capacity step at Ty of
0.208 J/(K g) is measured, which, by comparison with the ATHAS
Data Bank value of the glass transition of fully amorphous cis-
polybutadiene, discloses a mobile amorphous fraction (wa) equal to
0.415 after isothermal crystallization at —26 °C for 1 h and cooling
to —130 °C. The crystal fraction as a function of temperature was
computed from the conventional DSC plot gained at 1 °C/min, as
a first approximation by assuming that a two-phase model,
comprising only a crystalline and an amorphous fraction, is valid for
PBD. This working condition involves the initial hypothesis that
either no rigid amorphous fraction is present in the material, or that
melting of PBD crystals takes place after full devitrification of the
RAF. The crystal fraction (wc) was obtained from eq. (2):

cp(T) = we(T)epe(T) +wa(T)cpa(T)

~ha(T) — he(ry e @

where cp(T) is the measured specific heat capacity, ¢, o(T) and ¢ A(T)
the thermodynamic values of the crystalline and mobile amor-
phous specific heat capacities and [ha(T) — he(T)] the heat of fusion,
all tabulated in the ATHAS Data Bank [6]. Results of this analysis are
presented in Fig. 4 that illustrates the evolution of crystal fraction
with temperature during fusion. As suggested in Refs. [34,35], the
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Fig. 4. Temperature dependence of the enthalpy-based crystallinity of cis-PBD during
heating at 1 °C/min, calculated with eq. (2).
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initial crystalline weight fraction of the material can be reasonably
approximated by the maximum in the wc vs. temperature plot,
which points to a crystallinity wc=0.277. Comparison with the
amount of mobile amorphous phase quantified by the heat capacity
step at the glass transition probes that a considerable rigid amor-
phous fraction (wra) develops in cis-1,4-polybutadiene under the
experimental conditions used, wra = 0.31¢. This value is probably
underestimated, due to the above approximation in calculation of
the crystal fraction, that neglects possible devitrification of the RAF
in the melting range. No information on the kinetics of RAF devit-
rification can be provided by analysis of the reversing ¢, plots
shown in Fig. 3, that display a clear frequency dependence starting
from about —85°C, well below the reaching of the two-phase
baseline, which is caused by reversing and non-reversing latent
heat exchanges.

Very few data are available in the literature on the three-phase
structure of cis-PBD. A previous article, reporting thermal analysis
of a 100% cis-1,4-polybutadiene crystallized upon continuous
cooling from the melt at rates ranging from 5 to 20 °C/min, points
to a crystal fraction around 0.18-0.24, a mobile amorphous content
of 0.65-0.80, and a rigid amorphous fraction (although not
explicitly mentioned) ranging from 0.02 to 0.12 [5]. Due to different
thermal history and molecular structure of the specific polymers,
these data cannot be directly compared. However, the commercial
material used in our study, that has a lower degree of chain regu-
larity, develops much larger amounts of RAF compared to the 100%
cis-PBD detailed in Ref. [5].

3.3. Quasi-isothermal TMDSC analyses

The data presented in Fig. 3 give information also on revers-
ibility of the melting process of cis-PBD, and point to a small but
sizeable reversible melting, which finds its maximum at
around —10 °C, as indicated by the quasi-isothermal measurement
conducted by modulating around the various base temperatures in
steps of 5 °C. More quantitative data were gained by extended-time
quasi-isothermal analysis. The chosen temperatures are those
where maxima or minima in the apparent heat capacity vs.
temperature plot, obtained by conventional calorimetry at a rate of
1 °C/min, appear. Results of these measurements, conducted by
modulating around each base temperature for 5 h, are illustrated in
Fig. 5.

Reorganization of the crystal phase in cis-PBD is strongly
affected by the temperature of analysis. In the temperature range of
Ty, at T, = —23.0 and —20.2 °C, the reversing heat capacity decreases
very slightly with time. At higher temperatures, where most of the
fusion occurs, the reversing c, plotted vs. time displays a more
pronounced double exponential decay. For the quasi-isothermal
experiment carried out by modulating around the peak tempera-
ture of the final endotherm, T, = —3.4 °C, the apparent reversing c,
shows a quite unusual trend, increasing with time. In all cases, the
measured reversing heat capacity, as well the reversing ¢, values
extrapolated to infinite times are higher that the thermodynamic ¢,
of totally liquid cis-PBD, that is reported in Fig. 5 for each T,, probing
reversible melting of this polymer.

Information on the variation of thermal stability of cis-PBD
crystals upon prolonged exposure at the base temperatures of
modulation is provided in Fig. 6, where the experimental heat
capacity after 5 h of quasi-isothermal analysis is compared with the
Cp vs. temperature plot that details the initial structure before the
prolonged modulation. From these curves, the enthalpy-based
crystallinity was derived, and the values after 5 h of permanence at
each T, (wcsp) are compared in Fig. 7 with the initial crystallinity of
the material at the beginning of each quasi-isothermal experiment
(wco)-
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Fig. 5. Time dependence of the reversing specific heat capacity of cis-PBD during
quasi-isothermal measurements at the indicated temperatures. The plots are shifted
along the x-axis for clarity of presentation. The data are from separate measurements
and are collected in a single graph in order to compare the reversing ¢, trends for
different T,s. The specific heat capacity of liquid cis-PBD, taken from the ATHAS Data
Bank [6], is shown as dotted line for each T,. The bottom part of the figure displays the
experimental specific heat capacity of cis-PBD as measured by DSC at 1 °C/min. The
squares on the ¢, plot indicate the temperatures of quasi-isothermal modulation.

At all the analyzed temperatures some increase of crystallinity
can be detected, which depends on the specific thermal treatment.
The increase is considerable for the quasi-isothermal analyses
conducted at temperatures —11.2 to —6.4 °C, in the region named
Ty, where the second major endotherm of the DSC plot gained upon
heating at 1°C/min takes place. Some sizeable increase of the
crystal fraction can be noted also when longtime modulation is
conducted in correspondence of the peak temperature of the final
melting endotherm (Ty;), where the almost melted material
undergoes significant recrystallization. Conversely, minor changes
in crystallinity, close to the experimental error, are quantified for
the quasi-isothermal measurements performed at the tempera-
tures of the annealing peak (T, = —23.0 to —20.2 °C).

8 & Q-lso-23°C
O Q-ls0-20.2°C
A Q-lso-11.2°C
O Q-lso-84°C
. 64 > Q-lso-6.4°C
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Fig. 6. Specific heat capacity of cis-PBD measured at 1 °C/min, after isothermal crys-
tallization at —26 °C and subsequent cooling, followed by quasi-isothermal modula-
tions for 5 h at the indicated temperatures. The thick solid line is the specific heat
capacity of cis-PBD at 1 °C/min, after isothermal crystallization at —26 °C and subse-
quent cooling.
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Fig. 7. Crystal fraction of cis-PBD before and after the quasi-isothermal analyses for 5 h.

As mentioned above, the trend of the reversing c, plots varies
with the temperature of analysis. Modulation in correspondence of
the final endotherm (Ty;) results in a continuous increase of the
reversing heat capacity with time, as also seen in quasi-isothermal
TMDSC of poly(butylene terephthalate) at high temperatures, very
close or even above the initial melting point [36]. The prolonged
experiment at T, = —3.4 °C induces a sizeable enhancement of the
crystal fraction, quantified in Fig. 7. The continuous increase of the
reversing cp trace with time of analysis arises from the higher crystal
fraction that participates in the reversing melting process, despite
the overall larger thermal stability of the material probed in Fig. 6.

The reversing heat capacity obtained by modulating at lower
temperatures displays instead a double exponential decay, usually
observed in semicrystalline polymers [37], more marked for the
experiments conducted around Tj. The increase in crystallinity is
considerable for modulations conducted around Ty, and minor for
measurements performed at lower temperatures, around T;. This
corresponds to the fast and slow decays of the reversing heat
capacity seen in Fig. 5 at Tys close to T and T, respectively.
Comparison with the total ¢, curves of Fig. 6, that depict the
structure of the material before and after the quasi-isothermal
treatments, reveals that only small changes in the thermal behavior
are induced by the extended permanence around T;, with only
a sensible shift of the first endotherm to higher temperatures, and
some minor influence on the two major peaks that move to slightly
lower temperatures after the quasi-isothermal analysis. As
mentioned above, the heating rate dependence of Tj indicates that
this endotherm is caused by partial mobilization of the rigid
amorphous fraction and simultaneous melting of the thinner and/
or more defective crystals. The quasi-isothermal analysis shows the
kinetics of these coupled processes, which overlap with partial
recrystallization and concurrent additional vitrification of the
amorphous phase. Both partial melting of the crystal phase and
relaxation of the RAF produce an increase of the fraction of sample
in the liquid state, whereas recrystallization and revitrification of
the strained amorphous portions coupled with the recrystallized
material contribute to a decrease of the baseline heat capacity.
Overall, solidification slightly prevails, as probed by the small
increase of the crystal fraction quantified in Fig. 7. The higher
thermal stability of the perfected chain portions, whose melting
point exceeds the amplitude of modulation, provides additional
contributions to the slow decay of the reversing c.

It is important to underline that the main melting peaks, as well
as the overall crystallinity, are only barely influenced by the

prolonged stay at —23.0 and —20.2 °C, with large effects seen only
in the shift of the first small endotherm (T;). The development of
crystals with improved thickness/perfection, occurring during the
quasi-isothermal modulations, increases the thermal stability of
the coupled vitrified amorphous segments that mobilize at higher
temperatures in the subsequent DSC scan. It is likely that the gain in
crystal perfection is limited by the concurrent possible partial
vitrification of amorphous chain segments, and cannot go beyond
the increase in melting temperature of a few degrees even after
thermal treatments for rather long times, as demonstrated in
Ref. [29] for poly(ethylene terephthalate). Conversely, the pro-
longed quasi-isothermal modulations around T; seem to have no
effect on the thermal stability of the primary crystals beyond that
gained during the isothermal crystallization at —26 °C for 1 h, as
proven by comparison of the locations of the Tj; and Ty endotherms,
that do not move to higher temperatures after the longtime
modulations, as shown in Fig. 6. In addition, the crystals grown/
thickened during the quasi-isothermal experiments, whose
melting point (Tj) is located at higher temperatures, have less time
to gain further perfection during the DSC scan than the original
crystals, and melt at a slightly lower temperature. Overall, the
limited reorganization of the crystal phase results in a small, but
sizeable shift of the final melting endotherms to lower temperature
values.

A minor variation in peak positions can be observed also after
modulation at —11.2 °C, the temperature corresponding to the
beginning of peak Tj;. As illustrated in Fig. 6, in this DSC trace the
endotherm Ty disappears and T becomes more intense and moves
to slightly higher temperatures, whereas the location of Ty
remains unchanged compared to the DSC scan obtained immedi-
ately after isothermal crystallization at —26 °C. It can be hypoth-
esized that at —11.2 °C the constraints in the amorphous phase
that allow large reorganization of the crystal phase are partly
removed, as suggested by the slight shift towards high tempera-
tures of endotherm Ty after the 5 h modulation, not noticed after
the prolonged quasi-isothermal analyses at lower temperatures
(To=—23.0 and —20.2 °C), but sensibly visible after modulation at
higher temperatures (T, = —8.4, —6.4, and —3.4 °C). Upon heating,
the strained amorphous segments start to mobilize, allowing the
onset of melting of the crystals that have reached the upper limit
of their thermal stability, and can subsequently develop more
stable structures. The considerable increase in crystallinity, caused
by the prolonged exposure at each T, > —11.2°C supports the
hypothesis that chain mobility is enhanced at T>-11.2°C to
levels that permit large extent of recrystallization and crystal
perfection.

The results presented in this contribution for cis-PBD support
the hypothesis, often appeared in the literature, of a close relation
between the shape of DSC melting peak and devitrification of the
rigid amorphous fraction. The small endotherm that is often seen
a few degrees above the isothermal crystallization temperature was
proven to contain contributions due to mobilization of the RAF for
several semicrystalline polymers, like nylon 6, isotactic polystyrene
and many others [12,18,24-28]. For poly(ethylene terephthalate) it
was demonstrated that this small endotherm arises from devitri-
fication of the RAF and partial melting, and that the two processes
take simultaneously, being largely coupled [12]. For cis-PBD it is
now shown that not only the first endotherm, as seen for other
semicrystalline polymers, but also the overall multiple melting
behavior is affected by the physical state of the RAF, since it is only
in the temperature range of the second major endotherm that the
rigid amorphous fraction attains sufficient mobility to allow
development of perfected crystals with improved thermal stability
that melt at Ty

The cited literature data, together with the results detailed in
this contribution, point to a coupled evolution of the various
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nanophases in semicrystalline polymers. Melting of polymer crys-
tals, as well reorganizations of the crystal phase, involving recrys-
tallization/annealing/crystal perfection following partial melting,
can occur only if the amorphous segment chains in proximity of the
crystal/melt interface have sufficient mobility, which can achieved
upon release of the strain of the amorphous chain segments
coupled with the just melted crystals. These results here discussed
for cis-PBD confirm the hypothesis appeared in the literature that in
semicrystalline polymers the crystal phase must melt, at least
partially, before the RAF can become mobile. Necessity for complete
melting was seen in poly(phenylene oxide) (PPO), where mobili-
zation of the RAF proceeds in parallel with disappearance of the
crystals after sufficient mobility is achieved to permit crystal fusion
[13].

However, these remarks cannot be taken as a general rule, as in
some polymers no relation between crystal melting and relaxation
of the rigid amorphous fraction could be proven. Isotactic poly-
(1-butene) can be cited as an example where mobilization of the
RAF is completed at temperatures well below the onset of melting
[11], thus showing no apparent relation between full mobilization
of the amorphous phase with fusion. The latter example under-
lines that dissimilarities exist among the various semicrystalline
macromolecules. Each polymer, due to its particular molecular
structure, has specific peculiarities that determine its thermal
behavior. Additional research effort is thus needed for a full
understanding of the thermal behavior of the rigid amorphous
fraction and its coupling with the other nanophases, in order to
identify a possible common trend valid for all semicrystalline
polymers.
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