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ABSTRACT: The influence of crystal polymorphism on the three-phase structure of isotactic poly-
(1-butene) (PB-1) is discussed. Crystallization of PB-1 from the melt yields the tetragonal phase, known as
form II. Upon storage, it spontaneously transforms to the trigonal form I. The chain motion within the
crystalline parts varies strongly with the crystal structure and affects the coupled amorphous parts. The form
II—form I solid—solid transformation is accompanied by a change in the thermal properties that involves all
parts of the three-phase structure. The increased density and thermal stability of the crystals cause a higher
rigidity of the coupled amorphous phases. In form I PB-1, the mobile amorphous phase (MAF) has a reduced
heat capacity step at the glass-transition temperature that occurs at a slightly broadened temperature. The
RAF is coupled more strongly to the rigid form I crystals and relaxes at higher temperatures compared with
the polymer containing modification II crystals, which are conformationally disordered. Both polymorphs
display only little reversibility of the melting process. It is almost negligible in form I PB-1 and more
conspicuous in the form II crystals. The different behavior arises from the varied recrystallization kinetics,
which is limited in extent for the trigonal polymorph.

Introduction

Isotactic poly(1-butene) (PB-1) is a polyolefin with a complex
polymorphism. It can develop up to five crystal modifications
when subjected to various thermal and mechanical histories.'
The most common and widely studied crystalline structures are
known as form I and form II. Form II is a tetragonal crystal
modification packed as an 11/3 helix and is kinetically favored
when the polymer is crystallized by cooling of the unstrained melt
under atmospheric pressure. This crystal structure is metastable
and upon storage spontaneously transforms into the twinned
trigonal form I. The transformation is completed after about
10 days of storage at room temperature but takes longer if the
polymer is annealed at higher temperature or stored at lower
temperature

Despite thorough investigations of the kinetics of the form
II—form I transformation, its mechanism is not fully understood.
It is known that it occurs via nucleation at crystal sites that are
locally under stress and results in beneficial materials properties,
especially in terms of an improvement of mechanical perfor-
mance, including higher hardness, stiffness, and strength.>®’
These effects are caused neither by an increased crystallinity of
the material because the crystal fraction does not change during
the polymorphlc transition nor by variation in crystal morphol-
ogy.® Few details are known of the impact of this solid—solid
phase transition on the thermal properties of PB-1. The main
effect is a shift of the melting temperature by about 10—15 °C
when the form II crystals are transformed into form I. Addition-
ally, the two modifications have very different melting enthalpies,
with heats of fusion equal to 62 & 3 and 141 & 10 J/g for forms IT
and I, respectively.”
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In the first paper of this series, a detailed analysis of the three-
phase structure of isotactic PB-1 was presented.'’ Similar to
many other semicrystalline polymers, PB-1 has two different
types of amorphous fractions, characterized by different degrees
of decoupling with the crystal phase. Besides the mobile amor-
phous phase (MAF), made of the chain segments that start
relaxing at the glass transition (7,) of the bulk-amorphous phase,
and the crystal phase, a third fraction of nanosized dimensions,
the rigid amorphous fraction (RAF), was introduced.'"'? The
RAF arises from partially crystallized macromolecules, which
remain strongly coupled when crossing the phase boundaries and
have a separate, higher glass-transition temperature than the
MAF.

The relative amounts of the three phases in PB-1 depend on
crystallization conditions. Fast crystallization conditions lead to
low crystallinity and high RAF amounts. The RAF of PB-1 starts
to vitrify only after completion of crystallization and is fully
mobilized at temperatures >50 °C. This was analyzed for the
just-crystallized polymer in the tetragonal modification, but no
details were provided in ref 10 of the kinetics of devitrification on
the RAF coupled to crystals in the form I modification. This is
described in the present contribution.

Additionally, in this article, a thorough discussion of the
influence of crystal polymorphism on the thermal properties of
isotactic PB-1 is presented. Main analyses are conducted by quasi-
isothermal temperature-modulated calorimetry (TMDSC), which
is at present the only experimental technique that can provide
quantitative data on the detailed melting process of polymers. Such
data on fusion are needed to gain insight into the complex
nanophase structure of semicrystalline polymers to understand
fully the processes related to the formation and evolution of the
various phases that have been, at the moment, clarified only in
part. The coupling between the crystal and amorphous fractions,
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probed for a number of semicrystalline polymers, is shown for
the first time to be largely affected by crystal polymorphism.
In isotactic PB-1, the transition from the tetragonal to the tri-
gonal modification imparts larger constraints on the amorphous
material. The results of these investigations not only advance
overall understanding of forms I and II and of their transition but
are ultimately also expected to provide a direct link between the
thermal and mechanical properties and the molecular structure
and mobility of semicrystalline polymers. In the past, it was shown
that the RAF and MAF as the interconnecting phases between the
microphase crystals determine the overall mechanical properties
of a semicrystalline sample."* It is thus of importance for the
understanding of isotactic PB-1 to show for the first time that
polymorphism can affect the glass transition of the RAF.

Experimental Part

Material. Isotactic PB-1 of melt flow rate equal to 0.4 g/
10 min (190 °C/2.16 kg) was kindly provided by Basell Poly-
olefins. The material is a commercial PB-1 grade used for
extrusion into pipe for potable hot and cold water distribution
applications. It contains some nucleating agents, which are
added to accelerate the form II—form I phase transformation.

Before analyses, the sample chips were compression-molded
with a Carver Laboratory Press at a temperature of 160 °C for
5 min without any applied pressure to allow complete melting.
After this period, a pressure of ~50 bar was applied for an
additional 5 min; then, the compression-molded sheet was
cooled to room temperature with cold water circulating in the
plates of the press.

Calorimetry. Standard DSC (St-DSC) and temperature-
modulated DSC (TMDSC) measurements were conducted with
a Mettler DSC 822° calorimeter (Mettler-Toledo). 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 and then refined with a baseline run
of two empty aluminum pans and a calibration run with
sapphire as a standard.'*

To set the structure for the analysis of thermal properties,
each PB-1 specimen was heated from 25 to 160 °C at a rate of
20 °C/min, melted at 160 °C for 10 min to erase previous thermal
history, and then cooled at a rate of either 0.5 or 30 °C/min. As
mentioned in the Introduction, PB-1 crystals grow in modifica-
tion IT upon cooling from the melt. These metastable crystals
slowly transform into the more stable form I during storage at
room temperature. For this reason, some PB-1 samples were
immediately heated after cooling using linear ramps or tem-
perature-modulated programs; other samples were, instead,
maintained at room temperature for a time sufficient to ensure
completion of the form II—form I transformation before being
subjected to thermal analysis.

St-DSC measurements were conducted at a scanning rate of
20 °C/min from —60 to 160 °C. The TMDSC program was
designed using the Star® software of Mettler-Toledo. Non-
isothermal TMDSC data were gained using a sawtooth oscilla-
tion with a temperature amplitude of 0.2 °C, an underlining
heating rate of 1 °C/min, and modulation periods of 60 s. The
quasi-isothermal program involved a modulation of 0.2 °C
about the base temperature 7, a period of 60 s, and stepwise
temperature increments of 5 °C after 16 min at each T,. The final
8 minat 7, were used for data evaluations. Extended-time quasi-
isothermal analyses of a duration of 6 h were conducted at
selected T, temperatures. After completion of the extended-time
quasi-isothermal experiments, the material was heated from
T, until complete melting at a linear scanning rate of 1 °C/min.

From TMDSC measurements, the reversing specific heat
capacity (¢, rev) Was derived from the ratio of the amplitudes
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Figure 1. Specific heat capacity of PB-1 during cooling from the melt at
the indicated rates. The curves are shifted along the y axis by 1.5J/(K g)
for clarity of presentation.

of modulated heat flow rate (44 ,) and temperature (47,,), both
approximated with Fourier series

Ag () K(w,n, t

Cprev(W,m, 1) = Ai:,;gt; % (1)
where ¢ is the time, # is the order of the harmonic, w is the base
modulation frequency (w = 2/p), m is the mass of the sample,
and K(n,w,?) is the frequency-dependent calibration factor. The
reversing specific heat capacity data reported in this contribu-
tion were obtained from the first harmonics of the Fourier series.

It needs to be underlined that some slight differences for
samples subjected to similar thermal histories appear in the
shapes of the plots presented here and in the previous article of
this series;'” these differences simply arise from the diverse
resolution of the instrumentation.

Results and Initial Discussion

Isotactic PB-1 was crystallized from the melt using two con-
stant cooling rates, 0.5 and 30 °C/min. With the used DSC,
controlled cooling rates higher than 30 °C/min are difficult to
achieve because of instrumental limitations, and this restricts the
temperature range where isothermal crystallization after cooling
from the melt can be performed. Therefore, nonisothermal
crystallization at selected controlled cooling rates was preferred
because this procedure allows a higher variation of crystalliza-
tion conditions.'® The temperature range where crystallization
takes places during cooling at 0.5 and 30 °C/min is illustrated in
Figure 1. When PB-1 is crystallized at 0.5 °C/min, the phase
transition starts at 99 °C and appears to be completed around
91 °C, covering a time range of 16 min and a temperature interval
of 8 °C. Cooling at 30 °C/min allows crystallization to be
completed in a much shorter time, less than 1 min from the
beginning of growth of the first crystals, which occurs at 78 °C,
until complete impingement at 54 °C. For both cooling rates
used, PB-1 develops a spherulitic morphology, as shown in
Figure 2, that presents the optical micrographs of PB-1 crystals
after cooling from the melt. As expected, lower cooling rates lead
to reduced nucleation density and larger dimensions of the
spherulites. In both cases, nucleation is heterogeneous because
homogeneous nucleation in PB-1 occurs at undercoolings higher
than 140 °C, that is, at temperatures much lower than those
displayed in the Figure."”

Figure 3 presents the experimental specific heat capacity (c,) of
isotactic PB-1 after cooling from the melt at 30 °C/min, measured
by St-DSC. On the same plot, TMDSC data obtained at the
underlying heating rate of 1 °C/min and under quasi-isothermal
conditions at steps of 5 °C (Q-Iso) are illustrated. These data are
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Figure 2. Optical micrographs (crossed polars) of PB-1 after crystallization from the melt at various cooling rates: (a) 30 and (b) 0.5 °C/min.
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Figure 3. Specific heat capacity of PB-1 analyzed immediately after
crystallization from the melt at 30 °C/min (form II). The thick solid
line is the total heat capacity by St-DSC, the thin line is the reversing
specific heat capacity measured by TMDSC, the solid squares represent
the reversing heat capacity after 16 min of modulation at each 7,, and
the dotted lines are the solid and liquid specific heat capacities, as taken
from the ATHAS Data Bank.'® The insert in the upper left corner is an
enlargement of the plot in the baseline ¢, area, showing also the
¢, baseline calculated from the two-phase model.

compared in Figure 3 with thermodynamic ¢, values of full?/ solid
and liquid PB-1, as taken from the ATHAS Data Bank. 8 The
insert in the upper left corner of Figure 3 shows an enlargement of
the plots in proximity of the baseline ¢, values. The total ¢, data
reveal a heat capacity step centered around —26 °C, caused by the
glass transition (T) of the MAF, followed by a continue increase
in the experimental heat capacity that remains below the baseline
curve of liquid PB-1 until the onset of fusion. A main melting
peak, due to fusion of PB-1 crystals in form II, is centered at
116 °C. The crystal fraction (wc) was derived from the St-DSC
curve using 62 J/g as the thermodynamic heat of fusion of form IT
crystals.”'® This yields a crystallinity of we = 0.59 for PB-1
crystallized from the melt at 30 °C/min. Comparison of the heat
capacity step at the glass transition with the Ac, steg) of fully
amorphous PB-1, taken from the ATHAS Data Bank,'® provides
a mobile amorphous content wa = 0.24. This results in a three-
phase structure, with a RAF wga = 0.17. The phase composition is
summarized in Table 1, which also shows the three-phase content of
PB-1 subjected to varied thermal histories, discussed below.

For isotactic PB-1 crystallized from the melt at 30 °C/min and
immediately analyzed (form II), the quasi-isothermal TMDSC
plot at steps of 5 °C reveals a small amount of reversibility of the

Table 1. Three-Phase Composition of Isotactic PB-1 in Dependence

of Thermal History
WA we WRA
30 °C/min: form I 0.18 0.58 0.24
30 °C/min: form II 0.24 0.59 0.17
0.5 °C/min: form I 0.135 0.65 0.215
0.5 °C/min: form II 0.19 0.66 0.15

fusion of PB-1 crystals of form II. In the TMDSC curve gained
with a nonzero underlying heating rate, a second, smaller
apparent endotherm appears around ~130 °C, probably caused
by a minor fraction of PB-1 crystals of form I that have
transformed from the metastable form II during the cooling from
the melt and the slow TMDSC heating, as also noted in ref 10;
however, such TMDSC data are often not quantitative,l9 and
hence this small peak is not further discussed. The St-DSC and
the two TMDSC curves are shown in Figure 3 to overlap from
low temperatures, below the glass transition of the mobile
amorphous fraction, up to ~90 °C, close to the onset of the main
melting peak, where the three plots intersect the baseline curve of
fully liquid PB-1. The two-phase ¢, curve is crossed at ~50 °C,
where full mobilization of the RAF of PB-1 takes place, as
detailed in ref 10.

The thermal analysis of PB-1 with form I crystals is exhibited in
Figure 4, which presents the St-DSC and TMDSC data of the
sample cooled at 30 °C/min from the melt and maintained at
room temperature for a time sufficient to complete the so-
lid—solid transformation to the trigonal modification. Comple-
tion of the transition is probed by the St-DSC plot of Figure 4,
which displays a single endotherm peaked at 128 °C, typical of
modification I, and no evidence of the low melting peak expected
for modification II, seen in Figure 3. Integration of the fusion
endotherm and comparison with the thermodynamic heat of
fusion of form I of 141 J/g>!° provides a crystal fraction we =
0.58. The minor difference with the value calculated for the
sample with a predominant modification II structure is within
the experimental error and confirms that no variation in overall
crystallinity occurs when the form II crystals transform into form
L, as has been reported in the literature.*™® A crystal fraction of
we = 0.58 implies that the overall portion of the chains that are
amorphous is equal to 0.42. The heat capacity step at the glass
transition, which is centered at —25 °C, is smaller than that
computed for a mobile amorphous fraction equal to 0.42, as
better evidenced in the insert in the upper left corner of Figure 4,
revealing that a considerable rigid amorphous nanophase frac-
tion is present in PB-1 after the crystals have all transformed
into modification I. The mobile amorphous fraction amounts
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Figure 4. Specific heat capacity of PB-1 after crystallization from the
melt at 30 °C/min and storage at room temperature (form I). The thick
solid line is the total heat capacity by St-DSC, the thin line is the
reversing specific heat capacity measured by TMDSC, the solid squares
represent the reversing heat capacity after 16 min of modulation at each
T,, and the dotted lines are the solid and liquid specific heat capacities,
as taken from the ATHAS Data Bank.'® The insert in the upper left
corner is an enlargement of the plot in the baseline ¢, area, showing also
the ¢, baseline calculated from the two-phase model.
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Figure 5. Specific heat capacity of PB-1 after crystallization from the
melt at 30 °C/min. The thin solid line refers to PB-1 analyzed immedi-
ately after crystallization (form I1), and the thick solid line refers to PB-1
stored at room temperature after crystallization (form I). The dotted
lines are the solid and liquid specific heat capacities, as taken from the
ATHAS Data Bank,'® and the dashed line is the ¢, baseline calculated
from the two-phase model.

to wa = 0.18, which corresponds to a rigid amorphous content
WRA — 0.24.

A considerable increase in rigid amorphous portions took
place upon the solid-state transformation, which is evidenced in
Figure 5, which compares the St-DSC plots of PB-1 cooled at
30 °C/min, analyzed immediately after crystallization and after
storage at room temperature. The lesser content of mobile
amorphous chains in form I PB-1 corresponds to a larger fraction
of strained amorphous segments coupled to the crystal phase.
A decreased heat capacity step following the form II—form I
transition was also noticed in ref 20 but neither quantified nor
discussed in terms of three-phase structure.

Figure 4 also provides significant details of the thermal
properties of the RAF of PB-1 in the presence of form I crystals
as the two-phase baseline is crossed at temperatures much higher
than that observed in the corresponding PB-1 sample with form IT
crystals, around 95 °C. A shallow exotherm appears from 65 to
90 °C, as seen in the insert of Figure 4. The three-heating modes
give nearly identical ¢, values up to 95 °C, excluding latent heat
exchanges as possible increase in the experimental heat capacity
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Figure 6. Specific heat capacity of PB-1 analyzed immediately after
crystallization from the melt at 0.5 °C/min (form II). The thick solid line
is the total heat capacity by St-DSC, the thin line is the reversing specific
heat capacity measured by TMDSC, the solid squares represent the
reversing heat capacity after 16 min of modulation at each T, and the
dotted lines are the solid and liquid specific heat capacities, as taken
from the ATHAS Data Bank."® The insert in the upper left corner is an
enlargement of the plot in the baseline ¢, area, showing also the
¢, baseline calculated from the two-phase model.
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Figure 7. Specific heat capacity of PB-1 after crystallization from the
melt at 0.5 °C/min and storage at room temperature (form I). The thick
solid line is the total heat capacity by St-DSC, the thin line is the
reversing specific heat capacity measured by TMDSC, the solid squares
represent the reversing heat capacity after 16 min of modulation at each
T,, and the dotted lines are the solid and liquid specific heat capacities,
as taken from the ATHAS Data Bank.'® The insert in the upper left
corner is an enlargement of the plot in the baseline ¢, area, showing also
the ¢, baseline calculated from the two-phase model.

plots. This suggests that the RAF of PB-1 starts to mobilize at
completion of T}, of the MAF and is fully relaxed around 95 °C.
Above this temperature, the experimental ¢, curves diverge
because of the onset of fusion of PB-1 crystals. Some small
reversibility is seen in the quasi-isothermal TMDSC plot of
Figure 4 for PB-1 crystals in modification I, lower than the
corresponding data of Figure 3 for the crystals in modification I1,
which is discussed below.

Figures 6 and 7 illustrate the St-DSC and TMDSC analyses of
PB-1 after slow cooling from the melt at 0.5 °C/min with crystal
modifications II and I, respectively. The reduced cooling rate
imparts a different crystallization history, quantified in Figure 1,
which produces corresponding variations in the thermal proper-
ties. The melting peak of form IT PB-1 crystallized at 0.5 °C/min is
centered at 120 °C, with a second, small peak around 136 °C due
to fusion of a small fraction of crystals transformed to the
trigonal modification I during cooling from the melt and the
subsequent heating. Integration of the melting peak and analysis
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Figure 8. Time dependence of the reversing specific heat capacity of
PB-1 during quasi-isothermal measurements at the indicated tem-
peratures, analyzed immediately after crystallization from the melt at
30 °C/min (form II). 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 to compare the reversing c, trends for
different T, values. The specific heat capacity of liquid PB-1, taken
from the ATHAS data bank,'® is shown as a dotted line for each 7.

of the heat capacity step at the glass transitions provide a crystal
fraction we = 0.66,a MAF wp = 0.19, and by difference a RAF
wra = 0.15. As expected,'” the slow crystallization conditions
attained at low cooling rate from the melt favor the formation of a
higher level of crystallinity and of a lower amount of RAF,
compared with the cooling at 30 °C/min. Similar to the plots
shown in Figure 3, the St-DSC and the TMDSC data agree
closely from below the glass transition of the MAF up to the onset
of the main melting peak, where the experimental data cross the
heat capacity line of pure liquid PB-1.

The St-DSC and TMDSC data presented in Figure 7 are used
to calculate the composition of the three-phase structure of PB-1
cooled from the melt at 0.5 °C/min and stored at room temp-
erature for a time sufficient to complete the form II-form I
transformation. This thermal history provides a crystal fraction
we = 0.65,a MAF ws = 0.135,and a RAF wra = 0.215. Similar
to the polymer cooled at 30 °C/min, the solid—solid transforma-
tion implies no significant variation of the amount of crystalline
material and a noteworthy modification in the mobility of the
amorphous material, a decrease in the mobile amorphous con-
tent, and a corresponding increase in the RAF. As also shown by
the data in Figure 4, the three thermal analysis plots of Figure 7
closely agree from low temperatures up to 105 °C, the onset of
irreversible melting, where both the St-DSC and the two TMDSC
curves cross the two-phase ¢, baseline, as shown in the insert
of Figure 7. The heat capacity line of the pure liquid is reached by
St-DSC at 120 °C.

The TMDSC analyses of PB-1 as a function of time are
presented in Figures 8 and 9, which illustrate the variation of
reversing ¢, in the melting range after fast crystallization at 30 °C/
min for PB-1 samples with form II and form I crystals, respec-
tively. On the same plots, the heat capacities of fully liquid PB-1 at
the indicated temperatures are also reported. Data were gained in
separate quasi-isothermal experiments, each of a duration of 6 h.
At all analyzed base temperatures, the apparent reversing heat
capacity decreases with time until complete melting occurs, at
T, = 120 and 130 °C for PB-1 of form IT and form I crystallites,
respectively. The curves can be fitted with a double exponential
decay equation of the form

(1) = c¢pyet ae T £ gpe T 2)

where ¢, ., is the reversing ¢, when extrapolated to infinite time,
a; and a, are the pre-exponential factors, and 7; and 7, are the
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Figure 9. Time dependence of the reversing specific heat capacity of
PB-1 during quasi-isothermal measurements at the indicated tempera-
tures, analyzed after crystallization from the melt at 30 °C/min and
storage at room temperature (form I). The plots are shifted along the
x axis for clarity of presentation. The data are from separate measure-
ments and are collected in a single graph to compare the reversing
¢, trends for different T, values. The specific heat capacity of liquid
PB-1, taken from the ATHAS data bank,'® is shown as a dotted line for
each T,.

Table 2. Parameters of Double-Exponential Decays of Isotactic
Poly(1-butene) during Quasi-Isothermal Modulations, According to
the Equation: ¢,(1) = ¢,.. + aje "1™ + ae /™

Form I: Crystallized at 30 °C/min

temp. Q-iso (°C) Cpeo (1) a; () 7 (I) az () 7> (I)

110 2.37 0.042 11 0.030 210
115 2.38 0.041 19 0.024 210
120 2.45 0.056 18 0.019 290
125 2.48 0.043 19 0.026 230

Form II: Crystallized at 30 °C/min
Cp (IT) a, (1D 7, (ID) a; (1D 7, (IT)

temp. Q-iso (°C)

100 2.47 0.12 8.5 0.073 91
105 2.51 0.18 8.1 0.095 110
110 2.57 0.21 6.7 0.098 74
115 2.53 0.096 21 0.11 139

characteristic relaxation times. Results of the fit of experimental
data with eq 2 are given in Table 2.

The extrapolations to infinite time result in higher apparent
heat capacities than expected not only for the corresponding
semicrystalline samples but also for pure liquid PB-1, revealing
the presence of a truly reversible latent heat contribution to the
heat capacity. Both the pre-exponential factor and the relaxation
times differ in magnitude upon variation of the crystal structure.
Higher pre-exponential factors and lower relaxation times are
quantified in Table 2 for PB-1 with crystals in modification II.
This leads to larger values of the experimental reversing c,
extrapolated to infinite times for the polymer containing form
II crystals, compared with form I crystals, at all analyzed
temperatures. The prolonged modulation at 7, = 115 °C of
PB-1in form II gives a different kinetics of crystal reorganization
than at lower temperatures with increased relaxation times.

St-DSC analyses were conducted after the long-time modula-
tions. All traces reveal a single melting endotherm, indicating no
change of the crystal modification during the prolonged anneal-
ing. From the St-DSC plots, the fusion peaks and the crystal
fraction were estimated, and the values are given in Figures 10
and 11. Exposure at high temperatures results in a small increase
in the melting point, revealing the increased thermal stability of
the crystals caused by the prolonged annealing for both modi-
fications I and II. A larger increment is noted after the quasi-
isothermal modulation of modification IT at 115 °C that may be
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Figure 10. Melting peak temperatures (7;,) of PB-1 crystallized at
30 °C/min after 6 h of quasi-isothermal modulation, measured at a
scanning rate of 1 °C/min.
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Figure 11. Crystal fraction (wc) of PB-1 crystallized at 30 °C/min after
6 h of quasi-isothermal modulation. The initial crystallinity is also
reported.

linked to the varied reversing c, decay kinetics. Additionally, the
overall crystal fraction is differently affected in the two crystal
modifications by the long-time modulation at high temperature.
The crystallinity in isotactic PB-1 of form II increases after the
prolonged annealing, which becomes more pronounced with the
increase in the base temperature of modulation. The opposite
trend is seen for form I, where the overall crystallinity decreases,
as shown in Figure 11.

Final Discussion

Three-Phase Structure. Isotactic PB-1, similar to many
other semicrystalline polymers,'? has a three-phase structure
made of crystalline and mobile-amorphous microphases and
additional rigid amorphous nanophases.'>!* In ref 10, a
quantitative analysis of the three-phase composition in
dependence of thermal history was detailed for PB-1 samples
containing form II crystals. The relative amounts of the
phases are mostly affected by the crystallization kinetics.
Faster crystallization rates favor the formation of lower
crystallinity and larger amounts of RAF.' This information
is now confirmed by the thermal analyses detailed in this
study and summarized in Table 1 not only for the polymer
containing form II crystals but also after completion of the
solid—solid transformation from the metastable tetragonal
modification to the stable trigonal structure. The most
relevant data arising from Table 1 concern the variation of
mobility of the amorphous phases after completion of the
solid—solid transformation, indicated by the increase in the
RAF, which produces a reduced step in ¢, at the glass
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transition of the MAF. The interpretation of these observa-
tions is to be discussed next.

The rigid amorphous nanophases are most likely located
at the folded-chain interface between bulk amorphous and
crystal, and hence the two crystal phases are expected to
affect the mobility of the coupled amorphous parts differ-
ently. The chain dynamics of isotactic PB-1 depends on
the crystalline modification, as was proven by nuclear mag-
netic resonance.”' >* At temperatures below T, of the bulk-
amorphous phase, rotation of the methyl group is quite
similar in all polymorphs, despite larger differences in crystal
density. This equivalence arises from the weaker intramole-
cular interactions in the 3/1 helix of form I compared with the
11/3 helix of form II, which compensate the denser inter-
molecular packing.?! At temperatures above T,, however,
the chain motions within the crystalline parts vary with
structure.?! In form I, the polymer chains are almost rigid
in the crystalline domains up to 87 °C.>* Higher temperatures
were not investigated because of the closeness to the onset of
melting. Conversely, large-amplitude motion occurs within
the backbone of the crystals of form II. The main chains
adopt locally distributed conformations with transitions
among them.?> >* The conformational disorder along the
helix axis, coupled to the preservation of the periodical order
in the transverse plane, makes modification I a confor-
mational disordered (condis) crystal. The conformational
disordered arrangement implies segmental motions of the
chains within the lattice, which reduces the strain on the
amorphous parts of the molecules coupled to the crystal,
resulting in a lesser amount of RAF in semicrystalline PB-1
with crystals of form II.

The presence or absence of differently ordered structures
alone does not necessarily cause a variation in the RAF.
A specific mobility, as just described for the PB-1 is necessary
for such changes. An example of little or no influence of
crystal structure on the RAF was observed for isotactic
polypropylene (PP), which displays a polymorphic behavior,
including a modification with intermediate crystalline order,
a condis crystal, as discussed first in ref 25. Slow crystal-
lization from the melt yields the monoclinic a lattice, which
may be accompanied by some amount of the trigonal
B modification, which grows at high undercoolings or in
the presence of specific nucleants. Additional crystal modi-
fications have been proven for isotactic PP, including the
condis structure, which develops upon rapid cooling. It has a
conformational disordered array similar to form IT of PB-1.
By using different crystallization pathways, followed by
annealing, it is possible to produce PP samples that exclu-
sively contain either the monoclinic form or the condis
crystal with the same crystallinity. For the same crystallinity,
the RAF does not vary with the regularity of the crystal
phase. The same amount of RAF was proven in PP with
either monoclinic or mesophase structure for a broad range
of samples with the same crystallinity.?® The different crys-
tallinities and crystal structures of PP were achieved by
imparting very different thermal histories, involving crystal-
lization from the melt at different rates, followed by variable
subsequent annealing. This is different from the PB-1,
detailed in the present research, where the two polymorphs
with the same crystallinity were obtained by cooling at the
same rate from the melt. It is only with the subsequent
annealing at room temperature that the metastable condis
lattice of PB-1 was transformed into the more ordered form
1. Additionally, the transitions from the metastable condis to
the stable crystal structure are quite different in the two
polyolefins. In PB-1, the solid—solid transformation needs
nucleation at crystal sites and a major reassembly of the
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chains, whereas no nucleation is required in PP because the
transition involves no change in helix type.' Moreover, in
PB-1, the transition from tetragonal to trigonal modification
takes place at temperatures below the upper end of the glass
transition of the condis phase, whereas in PP, the solid—solid
transformation starts as soon as the 7, of the mesophase is
reached.

The form II—form I transformation of PB-1 is connected
with densification of the chains within the crystal phase. The
11/3 helices of modification IT are loosely packed, with a
crystal density p;; = 0.907 g/em?, slightljy higher than that of
the amorphous state, p, = 0.868 g/cm~, whereas the chain
packing in the 3/1 helical conformation of modification I
corresponds to a crystal phase with much higher density,
p1 = 0.95 g/em® . In other words, PB-1 crystals reduce their
specific volume by ~4% at completion of the solid—solid
transformation. The reduction in volume of the crystal phase
can increase the strain to the coupled amorphous chain
portions at the crystal—amorphous interface, which results
in a higher amount of RAF with an additionally reduced
mobility and thus a higher T, than the RAF of form II PB-1.

Physical aging by densification of the amorphous phases
was associated with the formation of a constrained amor-
phous fraction and additional mobility of the remaining
MAF.?” This can be excluded as a possible cause of the
reduced overall mobility of the amorphous fraction asso-
ciated with the form II—form I phase transformation in
PB-1. After long time annealing at room temperature, the
quickly cooled and the slowly cooled samples both showed a
possible exotherm in the inserts in Figures 4 and 7 in the
glass-transition regions of the RAF rather than an en-
dotherm that is normally connected with physical aging of
amorphous phases. The structure analysis of quenched iso-
tactic PP aged for varying times at room temperature
similarly showed densification of the crystallinity without
variation of the overall crystallinity. This also should not be
considered to be an aging, a term usually only applied to the
annealing of amorphous solids.

Influence of Crystal Polymorphism on the Temperature-
Dependence of the Three-Phase Structure. The different
mobility of the two polymorphs of isotactic PB-1 largely
affects their thermal analysis. It was noted above that
St-DSC and TMDSC curves of PB-1 containing either form
T or form II crystals coincide over a wide temperature range,
from below the glass-transition temperature up to the onset
of melting. The different crystallization history, with crystals
slowly grown at high temperatures or quickly developed
upon rapid cooling from the melt, only affects the onset of
melting and the reversing nature of the melting peaks. The
almost-perfect match of the plots also includes the quasi-
isothermal analysis, where irreversible processes are ex-
cluded and the reversible c, is approached. The St-DSC
and the TMDSC curves start to diverge around 90—
100 °C, depending on the crystallization history and the
crystal lattice. At this temperature, the experimental heat
capacity reaches the baseline ¢, level of pure liquid PB-1
(form II) or crosses the baseline ¢, curve computed on the
basis of a two-phase structure, where all amorphous material
is mobilized (form I). The specific volume of both modifica-
tions I and II linearly increases up to melting,”® which makes
the occurrence of a glass transition within the crystal phase
above 100 °C unlikely to be possible contribution to the
reversible heat capacity before melting, as recently probed
for a number of other semicrystalline %)olymers, including
aliphatic polyamides and polyoxides.***

The matching of the DSC traces seen in Figures 3, 4, 6, and
7implies that no irreversible melting takes place in PB-1 form
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IT up to 60—70 °C and form I up to 90—100 °C. In ref 10,
it was already shown that a broad glass transition of the
RAF of form II takes places from above T, of the MAF up to
~50 °C, where all amorphous chain segments are fully
mobilized. Above 50 °C, weak frequency-dependence of
the reversing heat capacity reveals some exchange of latent
heat, which, however, becomes fully reversible after 8 min of
quasi-isothermal modulation, as seen in Figures 3 and 6. Itis
likely that the large angle motions within the condis crystal
allow a continuous gain in mobility of the chains until a
liquid-like mobility is reached around 90—95 °C, corres-
ponding to the glass transition of the condis phase.

The case of PB-1 containing rigid form I crystals is
different. Both total and reversing ¢, continuously increase
from the upper end of the glass transition of the MAF up
to ~100 °C, where the experimental data intersect the two-
phase baseline, with the only exception of a weak and broad
exotherm that extends from 65 to 90 °C in the St-DSC plot,
caused by irreversible latent heat exchanges. This allows us
to assign the raise in reversing ¢, to mobilization of the RAF,
which completes its glass transition only at ~100 °C. The
weak and broad exotherm in the St-DSC plots of form I PB-1
that takes place before the onset of melting can be ascribed to
processes involving either the crystal phase or the RAF. For
a number of semicrystalline polymers, it was shown that the
large coupling between the crystal and amorphous parts
affects the reorganization of the crystals. These reorganiza-
tions can occur only if the amorphous segment chains in
proximity of the crystal/melt interface have sufficient mobi-
lity, which can be achieved upon release of the strain of
the amorphous chain segments coupled to the just-melted
crystals.'>1%3132 Some ordering at the crystal surface made
possible by the just-mobilized coupled RAF segments may
account for this small release of latent heat. The shallow
exotherm may also reveal some secondary crystallization
occurring during the heating scan. Secondary crystallization
takes place in geometrically restricted areas in which the melt
undergoes larger constraints. Partial release of these con-
straints due to mobilization of the RAF may favor further
development of crystals, confirming a link between second-
ary crystallization and RAF vitrification.**° Secondary
crystallization in form II PB-1 might be masked by the
increase in mobility in the condis crystals. A stress release
of the rigid amorphous segments may be another possible
cause of the shallow thermal event before the onset of
melting of form I PB-1 crystals. This may be linked to the
weak exotherm that takes place upon completion of T, of the
MAF of form II PB-1, which is detailed in ref 10.

The varied glass transition of the RAF of PB-1-containing
crystals in modifications I and II can be explained by taking
into account the different degrees of coupling between the
RAF chain segments with the crystalline parts. The back-
bone motions originating from the chains in the amorphous
domains are transmitted to the helices in the crystalline areas
and vice versa. The long-range order of the helices largely
hinders motions within the trigonal crystals, which induces
tight constraints in the coupled amorphous parts. Conver-
sely, the conformational disorder of form II helices permits
large angle motions of the chain backbone above T,, which
results in a decreased strain imparted to the amorphous
segments coupled to the condis crystals. As a consequence,
the RAF segments can reach full mobility at lower tempera-
ture compared with the polymer with form I crystals.

Time-Dependent Melting. The quasi-isothermal mode of
TMDSC allows us to extend the experimental analysis until
all irreversible processes are completed so that one can
quantify remaining reversible processes and separate them
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from irreversible events like crystal rearrangements, annea-
ling, and recrystallization. A number of reversible and
irreversible contributions to the apparent heat capacity have
thus been identified. Known reversible contributions include
the vibrational heat capacity, the conformational changes
that produce an increase beyond the vibrational heat capa-
city, and the reversible melting. Typical irreversible processes
comprise crystal perfection, secondary crystallization, and
primary crystallization and melting.

The predominant irreversible character of melting of both
the analyzed polymorphs of isotactic PB-1 can be quantified
from the data shown in Figures 3, 4, 6, and 7 by comparison
of the St-DSC and the quasi-isothermal TMDSC plots out-
side of the melting region. The large supercooling seen with
the data of Figure 1 suggests little or no overlap between
cooling and heating curves, permitting no truly reversible
melting, as can be seen for normal paraffins with less than
~75 chain atoms.'?

To discuss the influence of irreversible contributions to the
apparent reversing heat capacity of PB-1 in the melting
range, the thermal analysis data gained after the long-time
quasi-isothermal experiments, shown in Figures 10 and 11,
need to be taken into account. The increase in the melting
point after 6 h of treatment at high temperatures reveals the
occurrence of annealing and crystal perfection, which leads
to lamellae with increased thickness, lesser concentration of
nonequilibrium defects, or both, with limited or no second-
ary crystallization having taken place.

The structural rearrangements in PB-1 during the solid—
solid transformation involve both crystal and amorphous
chain portions, as detailed above. At the temperatures of
extended quasi-isothermal analyses, however, allamorphous
chain portions in PB-1 are above their respective T, which
excludes a possible influence of the RAF on reversible
melting, as reg)orted in the literature for other semicrystalline
polymers, 12:13:32:36

Recrystallization during the quasi-isothermal experi-
ments, aided by molecular nucleation, appears to be the
key reason for the small amount of reversible melting of PB-1
polymorphs. As remarked above, crystallization of isotactic
PB-1 from the melt yields the metastable tetragonal form II.
Modification I does not develop upon direct crystallization
from the melt but only upon slow transformation of form II.
Chain conformations in these two crystal structures are
different in their sequence of close-to trans and gauche
dihedral angles along the main chain.’’ In each heating
segment during the extended-time quasi-isothermal experi-
ments, a portion of ordered molecules within the crystals
become disordered (melt). In the case in which the initial
crystals are in the tetragonal modification, recrystallization
can take place, provided that the requisite molecular nuclea-
tion is satisfied. Conversely, recrystallization in the same
crystal structure for the trigonal PB-1 is kinetically less
favored. Epitaxial growth of PB-1 from the melt on specific
substrates can lead to form I’, which has the same chain
packing as form I but a much lower melting temperature,
below the range of the prolonged quasi-isothermal experi-
ments.* This explains the different reversibility of the melt-
ing process of the two analyzed polymorphs of isotactic
PB-1, sizable for form II and almost negligible for form I.
In form II, PB-1 recrystallization of the just-melted crystals
takes place when the modulation reverses the temperature
change, whereas in form I samples, partial melting is not
followed by recrystallization of the chain into the same
crystal lattice but may take place according to the tetragonal
chain arrangement of modification II. For form II, PB-1
recrystallization at all analyzed temperatures is revealed by
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the increase in crystallinity after the quasi-isothermal experi-
ments, quantified in Figure 11. Conversely, the crystal frac-
tion of form I PB-1 slightly decays after 6 h of modulation at
temperatures up to 115 °C and then rapidly decreases after
exposureat T, = 120°C. At T, = 120 °C, form II crystals are
melted, as also seen in Figure 8, and no recrystallization in
form Il is possible, which results in a considerable decrease in
crystallinity of PB-1 samples with initial crystals in the
trigonal modification after the long quasi-isothermal experi-
ments at 120 and 125 °C.

It needs to be underlined that the crystal fraction was
computed on the basis of enthalpy of fusion of form I,
considering that all crystals are in this modification. No
lower melting peak was seen in the DSC traces measured
immediately after the quasi-isothermal experiments, which,
however, might be masked within the large melting
endotherm of form I. If a portion of the crystals is in form
11, then the overall crystallinity is obviously higher because
of the much lower melting enthalpy of form II. This can
explain the very slight decrease in the calculated crystallinity
after the quasi-isothermal modulations up to 115 °C, which
may be a slight increase if crystallinity were computed with
the proper enthalpy of fusion for both fractions of crystal
present in the sample. However, this approximation does not
affect the overall discussion.

Conclusions

Quantitative St-DSC and TMDSC of the semicrystalline PB-1
have been used to evaluate the thermodynamics of its three-phase
structure, which is globally metastable. The contributions from
vibrational molecular motion to the heat capacity provide the
baseline for the solid state of all three phases. Large-amplitude
motion of the backbone chain affects a nanometer-sized space
along and between the chains. It can be identified by the increase
in ¢, in the glass-transition temperature range. The lowest glass
transition is that of the bulk-amorphous phase (MAF), which is
centered at about —26 °C. Because the beginning of this glass
transition does not change in temperature with crystallinity, but
itsend is moved to a higher temperature on partial crystallization,
one can identify the amorphous phase volumes as microphases,
coupled to the ordered phases. The other two phases have been
identified as RAF nanophases with a glass transitions indepen-
dent of and higher than that of the MAF. Crystal form I is a
condis phase, and its coupling to the RAF nanophase causes a
lower glass transition than the stable crystal phase of form I.
A small fraction of reversibly melting crystals is observed and
might involve in all cases the crystal form II. As in other
macromolecules, the amount of reversible melting is larger for
less well-crystallized samples.

The detailed phase structure analysis illustrated here for PB-1
shows that each linear macromolecule needs a full characteriza-
tion to understand the structure—property correlations."* For the
most flexible macromolecules, such as polyethylene, there is no
separate RAF with an independent, higher glass-transition tem-
perature; a two-phase structure describes the semicrystalline
state.*’ For rigid macromolecules, such as poly(oxy-2,6-dimethyl-
1,4-phenylene), there is no MAF, and again a two-phase struc-
ture is observed, but the only amorphous phase is the RAF.
In this case, however, the glass transition of the RAF is higher
than the melting temperature and determines the melting
and annealing kinetics.”' The here-analyzed PB-1 represents an
intermediate macromolecule, which needs three phases for the
description of the semicrystalline state, and in addition, the
different crystal structures are connected to differently coupled
RAF nanophases. This connection imparts varied thermal pro-
perties to the amorphous parts coupled to the different PB-1
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polymorphs because the RAF coupled to tetragonal crystals
attains full mobility at lower temperatures compared with the
rigid amorphous portions coupled to trigonal crystals. This
results not only from the increased density of the crystal phase
attained upon the solid—solid transition but also from the varied
mobility of the crystals coupled to the RAF, conformationally
disordered in form IT and more rigid in form I. In other words, the
solid—solid transition from the tetragonal to the trigonal mod-
ification has implications not only on the arrangements on the
chains within the crystal phase, as widely shown in the literature,
but also on the amorphous chain portions coupled to the more or
less ordered polymorphs.
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