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Abstract

The influence of both temperature and time on the solid-solid transformation from tetragonal Form
I1 mesophase to trigonal Form | crystals in isotactic poly(butene-1) and its random copolymers with
ethylene has been evaluated. The polymers were isothermally crystallized and then annealed at
temperatures ranging from -30 to +30 °C for various times, up to 24 hours. Incorporation of
ethylene co-units into isotactic poly(butene-1) not only leads to a faster solid-solid transformation
rate, as already discussed in the literature, but it also affects the temperature of maximum
transformation rate. For all the analyzed compositions, at the initial stage of the process, a
maximum rate is observed upon annealing around -20 °C, whereas when the transition proceeds to a
later stage, it becomes much faster around +20 °C. The occurrence of two maxima in the
transformation-temperature profile has been correlated with a nucleation and growth mechanism for
the Form Il to Form | transition. The influence of ethylene co-units on the transformation rate has
been rationalized taking into account the varied composition of the rigid amorphous portions at the
lamellar basal planes of the crystals, which confirms the hypothesis of a connection between crystal

lamellae rearrangements and the amorphous-crystal boundaries.
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Introduction

Isotactic poly(butene-1) (iPB-1) is a polymorphic polyolefin that displays three major crystal
modifications, depending on the crystallization conditions.! From the melt, iPB-1 crystallizes in a
tetragonal crystal lattice, named Form |1, with a = 1.542 nm and ¢ = 2.105 nm, where c is the chain
axis.? Structure determination yielded an 115 conformation for helices with opposite chirality.??
Growth of Form Il crystals is kinetically favored when iPB-1 is crystallized by cooling the
unstrained melt at atmospheric pressure, and upon storage it spontaneously and irreversibly
transforms into the twinned trigonal Form I. The transformation is completed after about 10 days at
room temperature, and takes longer at higher or lower temperatures.t

Form 11 has conformational disorder, due to molecular motions destroying the short-range
order within the helix, which makes this modification a conformationally disordered (condis)
crystal.* At room temperature the methyl side group rotates about its axis, and this local motion is
transmitted to the backbone of the chains within the crystalline domains.>®

In the Form I, iPB-1 chains adopt left-handed and right-handed 31 helix conformations,
packed in a trigonal lattice with the unit cell parameters a = 1.77 nm and ¢ = 0.65 nm.” The third
polymorph, Form I11, is not obtained by melt processing, but only from solutions by evaporation of
the solvent, therefore it has limited interest for industrial applications. Form 1ll has helices of a
single chirality with 4, symmetry, packed in an orthorhombic lattice®'? with a = 1.238 nm, b =
0.888 nm, and ¢ = 0.756 nm.?

The polymorphic transformation from the tetragonal Form Il condis modification to the
trigonal Form | crystals involves remarkable variations of mechanical properties, including higher
hardness, stiffness, and strength. Also the thermal properties are affected by the crystal
transformation, as Form | crystals have a higher melting temperature and melting enthalpy than
Form 11.11%16 The transformation rate can be tailored by incorporation of random 1-alkene co-units
in the butene-1 chain: in random copolymers of butene-1 with linear 1-alkenes containing more than
5 carbon atoms or branched co-units, the Form Il to Form | transformation is retarded, while
ethylene, propylene, or 1-pentene co-units accelerate the transformation from the condis mesophase
to the trigonal crystals.®

Prior investigations revealed that ethylene co-units in random butene-1/ethylene copolymers
are mostly excluded from crystallization.'”*® This affects the crystallization kinetics of the
copolymers, as the rates of formation and growth of Form Il spherulites decrease with increasing
molar percentage of ethylene co-units in the butene-1 chain.®!-2! The exclusion of ethylene co-units
from crystallization in random butene-1/ethylene copolymers and their accumulation at the crystal

basal planes affects the fold-surface structure of crystals of iPB-1, quantified by a distinct increase



in the fold-surface free energy, and also leads to a marked increase in the specific rigid amorphous
fraction with increasing concentration of co-units.?>?* Conversely, inclusion of ethylene co-units
into the butene-1 chains leads to an acceleration of the rate of the polymorphic transformation of the
unstable Form Il phase into stable trigonal Form | crystals.>?> The latter was quantified by
isothermal crystallization of the tetragonal crystals at 20 °C, followed by annealing at various
temperatures, ranging from 0 to 60 °C. It was found that the presence of ethylene co-units highly
enhances the transformation kinetics, and that the rate of the process strongly depends on the
annealing temperature.>?> A tentative explanation was proposed, based on the migration and
redistribution of the defects initially trapped in the crystal lattice, as random copolymerization with
ethylene co-units results in a composition-dependent partitioning of the defect content in the
crystals.?? This mechanism is now reviewed, based on recent findings on the crystallization kinetics,
structure and morphology of random butene-1/ethylene copolymers. Such findings proved only
minor inclusion within the crystals of ethylene co-units, which mostly accumulate at the crystal
fold-surface.t”®® This affects not only the crystallization kinetics, but also the three-phase
composition, with a varied mobility of the amorphous chains which is determined not only by
crystallization conditions, but also by the co-unit content.?:

In order to shed light on the irreversible tetragonal to trigonal transformation, random
butene-1/ethylene copolymers of different compositions were isothermally crystallized, then aged at
various temperatures between the glass transition temperature and room temperature. A more
thorough knowledge of the mechanism of this polymorphic transition is of enormous importance,
due to its large impact on material properties. This will allow to further tailor the structure-property
relations of iPB-1 homopolymer, whose commercial development has been limited by the poor
understanding and control of the slow Form 1l to Form I transformation process,'??%2¢ as well as of
random butene-1/ethylene copolymers, which have a large economic importance, being used, e.g.,

as component in the seal layer of easy-opening packaging films.?-2°

Experimental part

Random isotactic butene-1/ethylene copolymers were obtained from Lyondell Basell (Germany).
Table 1 is a list of the homo- and copolymers used in this work, including information about the
concentration of ethylene co-units and the mass-average molar mass.}*? The as-received sample
chips were processed to films of 500 um thickness by compression-molding using a Perkin-Elmer

FTIR press in combination with a Lot-Oriel/Specac film maker die and heating accessory.



Table 1. List of isotactic random butene-1/ethylene copolymers used in this work, including

information about the content of ethylene co-units and the mass-average molar mass.

Trade name2® Ethylene content Molar mass
mol% m% 22 kg mol-t 2229

PB 0300M 0 0 347

PB 8640M 15 0.75 470

PB 8220M 4.3 2.2 400

Thermal analysis was conducted with a Perkin-Elmer Pyris Diamond DSC, equipped with
an Intracooler Il as cooling system. The instrument was calibrated regarding temperature with high
purity standards (indium and cyclohexane) and regarding energy by the heat of fusion of indium.
Dry nitrogen was used as purge gas at a flow rate of 48 ml min*.

The isotactic butene-1 homopolymer and the random isotactic butene-1/ethylene copolymers
were isothermally crystallized at a fixed temperature (T¢) for 25 min. Due to the largely different
crystallization Kinetics, it was not possible to select a single crystallization temperature for the three
analyzed grades. It must be underlined that the scope of this study is not to compare and quantify
the kinetics of transformation from Form Il to Form | crystals as function of ethylene content,
which is well detailed in the literature,!*"22 put to provide new insights into the mechanism of this
solid-solid phase transition.

After isothermal crystallization at Tc, the polymers were rapidly cooled at maximum rate to
the annealing temperature (Tz) ranging from -30 to +30 °C, and there maintained for a time (ta)
ranging from 1 to 1440 min (24 hours). The thermal behavior after isothermal annealing was then
analyzed by heating the samples from T, to a temperature higher than the melting point at
100 K min~t. A high heating rate was chosen in order to avoid or reduce as much as possible
potential further solid-solid transition during heating.

The contribution to the whole melting process of the individual Form 1l and Form | melting
peaks was determined from the DSC curves by means of the multiple peakfit program of the
commercial software Origin Pro (OriginLab Corporation). In order to separate the two non-
symmetric partially overlapping melting peaks, a non-linear curve fitting was performed by using

the exponentially modified Gaussian function:4
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with z=[(T-T¢)/w-w/z], where A is the peak area, z the peak distortion, w the peak width and T¢ the
position of the peak maximum. Some examples of the fit, collected in Figure 1, show that the
exponentially modified Gaussian function describes satisfactorily the experimental curves in the
melting region of both the homopolymer and the copolymers. The displayed examples also prove
that a good fit can be obtained when each of the two endotherms are either small or large in size, as
well as when their size is comparable. The fraction of Form | and Form Il crystals, Xcry(l) and
Xery(11), was determined by comparison of the calculated peak areas with the bulk melting enthalpy

of Form | and Form I1 crystals, which amount to 141 and 62 J g%, respectively.'*
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Figure 1. Examples of multiple peakfit analysis of the DSC curves in the melting region of (A)
iPB-1 homopolymer, (B) butene-1/ethylene random copolymer containing 1.5 mol% of ethylene,
and (C) butene-1/ethylene random copolymer containing 4.3 mol% of ethylene, after isothermal
crystallization at the respective T for 25 min and annealing at Ta = 0 °C for 480 min. The fit was
obtained by using the exponentially modified Gaussian function (close black circles: experimental
curves; blue solid lines: resolved peaks; red solid lines: sum of the resolved peaks).

Results and Discussion

The thermal behavior of the iPB-1 homopolymer and of the random copolymers after
isothermal crystallization at T for 25 min, followed by cooling to -70 °C, is illustrated in Figure 2.
The major thermal events detected in Figure 2 include the glass transition of the mobile amorphous

fraction (MAF) at a temperature Tgmar Of about -30°C, which shifts to lower temperatures with
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increasing ethylene content,?® and two endothermic peaks. The endotherm at lower temperature is
due to melting of the Form Il mesophase, and the peak at higher temperature is associated to
melting of Form | crystals. In the copolymer with ethylene content of 4.3 mol%, multiple peaks
appear, caused by melting of crystals with different thermal stability. Copolymerization of ethylene
with butene-1 causes melting of both Form Il and | modifications at lower temperatures, as
discussed in Ref. 22. Moreover, a weak exothermic event appears in the cp curves at temperatures
slightly below 0 °C, indicated by the thick green arrow in Figure 2. To our knowledge, such
exothermic peak has not been discussed in the literature and is the object of the thermal analysis

discussed below.
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Figure 2. Apparent specific heat capacity (cp#) of isotactic poly(butene-1) and of butene-1/ethylene
random copolymers containing 1.5 and 4.3 mol% of ethylene, isothermally crystallized at the
indicated temperatures, cooled to -70 °C, and then heated at 100 K min™. Thermal events occurring
during heating are indicated by arrows.

The three analyzed iPB-1 based polymers were isothermally crystallized at the indicated
temperatures for 25 min, leading to different values of the crystal fraction (Xcry), mobile amorphous
fraction (MAF), rigid amorphous fraction (RAF), and specific RAF (RAFs;=RAF/Xcry). The crystal
fraction was obtained from the enthalpy of isothermal crystallization, the mobile amorphous
fraction was quantified by the heat-capacity increment at the glass transition temperature, and the
rigid amorphous fraction was determined by the difference RAF = 1 - Xoy - MAF, as reported in

Ref. 21, where the experimental and calculation details are presented and discussed. In other words,



at the end of isothermal crystallization, the analyzed polymers exhibit different three-phase
compositions, with decreasing crystal fraction and increasing rigid amorphous content upon
increase of the concentration of ethylene co-units. The specific RAF, determined by normalization
of the RAF to the crystal fraction, is also affected by the chain composition, due to accumulation of
ethylene segments at the basal planes of the crystal lamellae in the copolymers. It provides
information about the average thickness of the rigid amorphous layer coupled with the crystals,

which increases with ethylene content.?

Table 2. Crystal fraction (Xcry), mobile amorphous fraction (MAF), rigid amorphous fraction
(RAF), and specific RAF (RAFs,) of iPB-1 homopolymer and random butene-1/ethylene
copolymers after isothermal crystallization at the indicated temperatures (Tc) for 25 min.%

Ethylene (mol%) Tc (°C) Xery MAF RAF RAFsp
0 90 0.61 0.20 0.19 0.31
15 70 041 0.33 0.26 0.63
4.3 40 0.24 0.45 0.31 1.30
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Figure 3. Apparent specific heat capacity (cpx) of the butene-1/ethylene random copolymer
containing 4.3 mol% of ethylene, isothermally crystallized at 40 °C for 25 min, cooled to -70 °C at
the indicated rates, and then heated at 20 K min (left plot). The temperature-time profile is
illustrated on the right.

Cooling to temperatures below Tc and re-heating causes partial transformation of the
tetragonal condis crystals to the trigonal structure. The extent of this transformation is affected by
the cooling and heating rates. Figure 3 shows the apparent specific heat capacity (cpx) of the random

copolymer with 4.3 mol% ethylene, isothermally crystallized at 40 °C for 25 min, cooled to -70 °C



at the indicated rates, and then heated at 20 K min until completion of melting. The effect of
variation of the heating rate is presented in Figure 4, which shows the thermal analysis of the same
copolymer, isothermally crystallized at 40 °C for 25 min, rapidly cooled to -70°C, and then heated

at different rates until completion of melting.

3.5 Heating rate
——  5°C/min 150 A
—— 10°C/min
3.0 1 20°C/min =
O i
— —— 50°C/min e 100
8 100°C/min o
% 257 2 50
2 [ —_ Heating rate
) — 2°C/mi
h 4 | 2 C/m!n
B IS 0 —— 5°C/min
© S \ 10°C/min
= | —— 20°C/min
-50 1 100°C/min
T T T T
0 50 100 150
Temperature (°C) Time (min)

Figure 4. Apparent specific heat capacity (cp#) of the butene-1/ethylene random copolymer
containing 4.3 mol% of ethylene, isothermally crystallized at 40 °C for 25 min, cooled to -70 °C at
the nominal rate of 100 K min, and then heated at the indicated rates (left plot). The temperature-
time profile is illustrated on the right.

Figure 3 reveals that upon heating at 20 K min?, up to about 40 °C, i.e., to T, the
experimental cp# curves overlap, with the only exception of a small enthalpy-relaxation peak at the
glass transition temperature of the MAF, which originates from the difference between the cooling
and heating rates and the residence time of the sample in the glassy state.®’ The data shown in
Figure 3 display no significant variation of the heat-capacity step at the glass transition of the MAF
(Tgmar), Which indicates that no additional crystallization, and no additional vitrification of rigid
amorphous portions occur during cooling from the crystallization temperature down to below
Tgmar. Moreover, the weak exotherm around 0 °C, also seen in Figure 2, is unlikely to be ascribed
to cold crystallization, since it is not affected by the prior cooling rate.3! Conversely, the rate of
cooling the sample from T. to below Tgwmar largely determines the Form | to Form Il ratio: at low
cooling rates there is a longer residence time in the temperature range where the transition rate from
the tetragonal to the trigonal modification is maximal, which results in a higher Form 1| crystal
content. Major changes of the experimental cp# profile after isothermal crystallization at Tc = 40 °C
and cooling to below Tqmar, are observed upon variation of the heating rate, as illustrated in Figure
4. As expected, the glass transition moves to higher temperatures with the heating rate,° but this
does not involve a variation of the heat capacity step at Tqmar, i.€., N0 variation of the mobile

amorphous content and presumably also no variation in both crystal and rigid amorphous fractions.



At completion of the glass transition, a thermal event appears below 0 °C, as evidenced by the
arrow in Figure 4, which is strongly affected by the heating rate. It appears as an exotherm, which
becomes increasingly less intense at high heating rates. In other words, at low heating rates there is
more time for this thermal event to occur in the temperature range from -20 to +10 °C, which results
in a larger exotherm at lower heating rates. The heating rate also influences the Form IlI-Form |
transformation, which occurs during the scan at an extent that increases with reducing the heating
rate, similarly to the exothermic event below 0 °C, which suggests a correlation between the two
processes.

In order to shed light into this thermal event occurring below 0 °C, the iPB-1 homopolymer
and the copolymers were isothermally crystallized at T for 25 min, then annealed for various times
at temperatures ranging from -30 to +30°C, and the relative content of Form Il and Form | crystals

was analyzed as function of the annealing time and temperature.
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Figure 5. iPB-1 homopolymer, isothermally crystallized at 90°C for 25 min and annealed at the
indicated temperatures for 1 h (left plot) or 24 h (right plot), then heated at 100 K min*. The DSC
plot taken immediately after isothermal crystallization at T = 90 °C (No Ann) is also shown.

The influence of temperature (Ta) on the Form Il to Form | transformation is illustrated in
Figure 5 for iPB-1, isothermally crystallized at Tc = 90 °C, then annealed at various temperatures
for two selected times (ta). Figure 5-a shows the DSC analysis of iPB-1 homopolymer after 60 min
of annealing at -30 °C < Ta < +30 °C, that is at the initial stages of the Form Il to Form |
transformation. This is compared to the same sample not subjected to annealing at low
temperatures, but heated immediately after isothermal crystallization at T, = 90 °C. The DSC plot of
the non-annealed iPB-1, shown in Figure 5-a, displays a single melting endotherm, centered at 128
°C, which reveals the presence of only Form Il mesophase after completion of isothermal
crystallization. Annealing at temperatures below Tc for 1 hour results in the appearance of a second
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weak endotherm at a higher temperature, around 144 °C, due to melting of Form 1 crystals, and a
slight decrease in the low-temperature peak. Extension of annealing to ta = 24 hours results in
considerable variation of the peak areas, as illustrated in Figure 5-b. The DSC plot still displays two
melting peaks, but the size of the two endotherms varies with the annealing temperature: a decrease
in the endotherm associated to melting of Form Il mesophase corresponds to an increase in the area
of the melting peak of Form | crystals, but not of an identical quantity, due to the different bulk heat
of fusion of the two crystal modifications of iPB-1.14 In other words, Form Il crystals transform to
Form | mostly during isothermal annealing at low temperatures, and the extent of the transformation
is largely affected by Ta. As shown in Figure 5-b, the Form | to Form Il transformation is close to
completion after 24 hours at T, = +10 + +20 °C, whereas lower amounts of Form | seem to be
developed after annealing for the same times at lower or higher temperatures. Conversely, at the
early stages of the transformation, short-time annealing at -20 + -10 °C leads to development of
larger amounts of Form I, compared to annealing at different temperatures, as suggested by the data
presented in Figure 5-a.
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Figure 6. Butene-1/ethylene random copolymer containing 1.5 mol% of ethylene, isothermally
crystallized at 70°C for 25 min and annealed at the indicated temperatures for 1 h (left plot) or 8 h
(right plot), then heated at 100 K min™®. The DSC plot taken immediately after isothermal
crystallization at T = 70 °C (No Ann) is also shown.

The thermal analysis of the butene-1/ethylene random copolymer containing 1.5 mol% of
ethylene segments, after isothermal crystallization at Tc = 70 °C for 25 min and annealing at various
temperatures, is presented in Figure 6. In the same figure, the DSC plot of the sample not subjected
to annealing at low temperatures, and heated immediately after isothermal crystallization is also
shown. Figure 6-a discloses the effects of annealing for 1 hour at low temperatures of the random

copolymer containing 1.5 mol% of ethylene units. Compared to the iPB-1 homopolymer, larger
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amounts of Form | develop from the original Form Il crystals, at parity of annealing time ta, in
agreement with literature data, which indicate that random copolymerization of butene-1 with short-
chain olefins, like ethylene or propylene, accelerates the Form Il to | transformation rate 31%:17.19.22
As shown also for the iPB-1 homopolymer in Figure 5-a, after short-time annealing (ta = 1 hour),
larger amounts of Form | crystals originate from Form Il mesophase upon annealing at Ta = -20°C,
whereas annealing at lower or higher temperatures leads to a lower degree of conversion (Figure 6-
a). The effect of annealing the random copolymer containing 1.5 mol% of ethylene for 8 hours at
various temperatures is illustrated in Figure 6-b. When the semicrystalline copolymer is maintained
for 8 hours at low temperatures, considerable Form Il to Form | transformation occurs, as probed by
the large endotherms centered at 131 °C, due to melting of trigonal Form | crystals, and the
corresponding reduced peak at 111 °C, due to melting of the tetragonal Form Il modification. After
8 hours of permanence at the various Ta’s, the transformation occurs to a larger extent upon
annealing at T. = +10 + +20 °C, as indicated by the more intense high-temperature endotherm, and

the corresponding reduced low-temperature melting peaks (Figure 6-b).
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Figure 7. Butene-1 / ethylene random copolymer containing 4.3 mol% of ethylene, isothermally
crystallized at 40°C for 25 min and annealed at the indicated temperatures for 10 min (left plot) or 4
h (right plot), then heated at 100 K min?. The DSC plot taken immediately after isothermal
crystallization at T¢ = 40 °C (No Ann) is also shown.

Figure 7 illustrates the effect of temperature on the Form Il to Form | transformation in the
random copolymer containing 4.3 mol% of ethylene, which was isothermally crystallized at T. = 40
°C for 25 min before the low temperature annealing. Data are compared with the thermal profile of
the same polymer heated immediately after isothermal crystallization at Tc = 40 °C. The latter plot
reveals that even at the end of isothermal crystallization, some small amounts of Form | crystals

have already converted from Form Il, due to the low crystallization temperature, as well as to the
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fast solid-solid transformation kinetics of this grade. Direct formation of Form I from the melt,
leading to Form I' crystals, was proven in poly(butene-1) grades with low isotacticity, but their
melting point is much lower than that of Form | crystals.??3234 The DSC plot of the as-
crystallized sample, shown in Figure 7, indicate that melting of Form | crystals occurs around 125
°C, which is typical of Form | developed from transformation of Form Il mesophase, not directly
grown from the melt. Annealing the copolymer at temperatures between -30 and +20 °C for a time
as short as ta = 10 min leads to sizeable transformation of Form Il mesophase to Form | crystals, as
shown in Figure 7-a. The transformation occurs to a larger extent at Ta = -20 + -10 °C, whereas a
lower degree of transformation is observed upon annealing at lower or higher temperatures.
Annealing the copolymer at the same temperatures for a much longer time (ta = 4 h) leads to a
higher degree of Form Il to Form | transformation, which is close to completion at T, = -20 °C, and
proceeds with a slower kinetics at higher or lower temperatures, as seen in Figure 7-b.

The effect of variation of annealing temperatures and times on the transformation kinetics
was quantified by integration of the two endotherms in Figures 5-7, using the multiple peakfit
procedure detailed in the Experimental Part. This allowed to determine the degree of Form Il to
Form | conversion, which is presented in Figures 8-10 as Xcry(l) / Xcry(Tot) for the three analyzed

compositions.
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Figure 8. Ratio between crystal fraction of Form | Xcry(l) to total crystal fraction Xcry(Tot), of iPB-1
homopolymer as function of the annealing temperature at the indicated times.
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Figure 9. Ratio between crystal fraction of Form | Xey(l) to total crystal fraction Xcry(Tot), of
butene-1/ethylene random copolymer containing 1.5 mol % of ethylene, as function of the
annealing temperature at the indicated times.

As illustrated in Figure 8 for the iPB-1 homopolymer, the maximum transformation rate is
observed around T, = +20 °C, in agreement with literature data.1'??* At the initial stages of the
conversion, at Xery(l) / Xery(Tot) < 0.15, a weak maximum also appears at -20 °C, as already
observed in Figure 5-a, suggesting that a faster kinetics is observed around -20 °C at the beginning
of the solid-solid transformation. The presence of 1.5 mol% of ethylene units results in a lightly
varied solid-solid transformation kinetics upon annealing, as illustrated in Figure 9. The Form Il to
Form | transformation rate appears slightly faster than in iPB-1 homopolymer at low degree of
conversion. Similar to the data shown in Figure 8, and as also shown in Figure 6-a, a weak
maximum in the transformation rate appears around -20 °C, at Xery(l) / Xery(Tot) < 0.2, together with
a more pronounced maximum when the solid-solid transformation approaches completion, around
+20 °C.
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Figure 10. Ratio between crystal fraction of Form | Xcry(l) to total crystal fraction Xery(Tot), of
butene-1/ethylene random copolymer containing 4.3 mol % of ethylene, as function of the
annealing temperature at the indicated times.

The transition kinetics becomes much faster when larger amounts of ethylene units are
copolymerized with butene-1, as shown by the data presented in Figure 10, where the degree of
Form 1l to Form | conversion of the copolymer containing 4.3 mol% of ethylene is reported as
function of the annealing temperature. The solid-solid transformation approaches completion at
much shorter times, compared to the two other analyzed compositions, and the transformation rate
appears to have a single maximum at low temperatures, around -20 + -10 °C.

The above results indicate not only that annealing at temperatures between -30 and +30 °C
leads to sizeable Form Il to Form | solid-solid transformation, in agreement with literature data, 322
but also suggest that, at the initial stages of the transition, isothermal annealing at temperatures
around -10 + -20 °C leads to a larger degree of transformation than isothermal annealing at higher
or lower temperatures. The tetragonal to trigonal crystal transformation occurs not only upon
isothermal annealing, but also during heating or cooling, as probed by the data shown in Figures 2-
4. The weak exotherm observed in Figures 2-4 in the temperature range -20 + +10 °C, is caused by
the solid-solid transformation occurring during heating, which, at the rate of 5 K min, for instance,
corresponds to a permanence of about 12 min in the temperature range -30 + +30 °C. At higher

heating rates, the residence time is lower, which explains the temperature-dependence of the
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exotherm below 0 °C, in the low temperature side of the transformation range (see Figures 2-4 and
8-10).

The results reported in Figures 8-10 indicate that the presence of ethylene co-units included
in linear butene-1 chains not only accelerates the transformation rate from the Form Il mesophase to
the stable Form | crystals,*1"2? put also induces a variation in the temperature-dependence of the
transformation rate. The low-temperature maximum for Form Il to form | transition is also
evidenced by the data shown in Figures 5-a, 6-a, 7-a: for short annealing times, a larger Form |
develops upon annealing at temperatures around -20 + -10 °C. These data are highly reproducible,
as a faster transition Kinetics at short annealing time has been observed upon annealing at such low
temperatures for all the analyzed samples. Discussion of the effect of ethylene chain segments
should take into account the mechanism of this polymorphic transformation, which is still under
discussion, despite its extensive investigation since 1964.1133%3¢ The solid-solid transition most
probably occurs via nucleation and growth®-*8 and different mechanisms have been proposed,® but
the exact nature of the processes that initiate the transitions, and their molecular translation in terms
of transition kinetics have not been determined yet.>>*' However, all the proposed mechanisms
hypothesize a two-step process, involving nucleation and growth. This may be correlated with the
two maxima in the degree of transformation, reported in Figures 8-10 for both iPB-1 homopolymer
and the random butene-1/ethylene copolymers: a first one at low degrees of conversion, which may
be linked to a faster nucleation stage at low temperatures, around -20 °C, and one at higher
temperatures around +20 °C, related to the growth process at higher degrees of conversion.

To rationalize the effect of copolymerization with ethylene on the kinetics of Form Il to
Form | transformation, it should also be considered that in random butene-1/ethylene copolymers
the ethylene units are mostly excluded from the crystals and accumulate at the basal planes of the
crystal lamellae. Only minor amounts of ethylene co-units are incorporated into Form Il mesophase,
and migrate into amorphous areas upon transformation to the trigonal stable crystals, as recently
demonstrated.>1"?° If the few ethylene segments included within the Form Il mesophase act as
crystal defects able to nucleate the solid-solid transformation, their contribution appears too low to
determine the remarkable composition-dependence of the Form Il to Form | transformation rate
shown in Figures 5-10. The experimental data reveal not only that the transformation rate varies
with copolymer composition, but also that the presence of ethylene co-units affects the temperature
of maximum transformation rate. The latter is determined by a balance between chain mobility and
driving force for the transformation.?? It can be assumed that the chain mobility within the crystals
does not significantly vary with copolymer composition, since ethylene co-units are mostly

excluded from the crystals. Conversely, it is likely that the mobility of the chain segments at the
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amorphous/crystal interface is highly affected by the presence of ethylene co-units. A varied chain
mobility was proven to affect the Form Il to Form | transformation rate also in stereodefective
isotactic poly(butene-1), since rr triads, as chain defects, increase the flexibility of iPB-1 chains,
similarly to copolymerization with ethylene.?3342 Moreover, copolymerization of butene-1 with
ethylene induces significant variation in the fold-surface composition, as the ethylene co-units
accumulate at the crystal basal planes. This leads to a distinct increase in the rigid amorphous
fraction (RAF) with increasing concentration of ethylene co-units.?! The RAF is a measure of the
number of molecule segments traversing the crystalline-amorphous interface, that is, of the degree
of covalent coupling of crystals and amorphous phase. The specific RAF, determined by
normalization of the RAF to the crystal fraction, amounts to 30% in iPB-1 homopolymer, and
increases to more than 100% in the copolymers with 4.3 mol% of ethylene co-units, as reported in
Table 2. In the random butene-1/ethylene copolymers, the lamellar thickness is not affected by the
copolymer composition, but only by crystallization temperature, as quantified in Ref. 43-44.
Independently of the crystallization temperature, a higher specific RAF means that either the ratio
between the RAF layer at the top and bottom fold-surfaces and the lamellar thickness is higher or, if
the lamellar thickness is lower, that the lamellar surfaces and, as a consequence, the RAF layer is
larger. The immobilized amorphous layers include, besides iPB-1 segments, also composition-
dependent amounts of ethylene units, which are confined to the crystal-amorphous boundary upon
crystal growth.2%-2! This leads to a marked increase in the free energy of the crystal-fold surface due
to copolymerization.?

In the iPB-1 homopolymer, the RAF coupled with the Form Il mesophase completely
devitrifies around 50 °C, whereas when the RAF is coupled with Form | lamellae, it completes its
glass transition only at about 100 °C.>*® In other words, at the temperature of maximum Form 1l to
Form | transformation rate (+20 °C), in iPB-1 the RAF is partially mobilized, and only 10-15% of
the RAF is still vitrified.'>* At the amorphous/crystal interface of the butene-1/ethylene
copolymers, the RAF is made of both butene-1 and ethylene chain segments. Mobilization of the
ethylene segments can occur at a temperature much lower than that of the amorphous iPB-1
segments,*® hence it is likely that the varied chain composition affects the mobility of the rigid
amorphous portions, which in the copolymers can become fully mobilized at much lower
temperatures. The varied mobility of the amorphous chains coupled with the crystals affects the
local stress transmitted to the crystals, and may facilitate the solid-solid transformation. This may
cause a shift of the maximum transition rate to lower temperatures, probed by the data presented in
Figure 10. In other words, the temperature-dependence of the maximum Form Il to Form I

transformation rate, linked to the varied composition of the rigid amorphous portion at the lamellar
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basal planes of the crystals, suggests the hypothesis of a connection between interfaces and crystal
lamellae rearrangements, which in iPB-1-based copolymers can produce an acceleration in the
solid-solid transformation from the condis mesophase to the trigonal crystals.®® A similar influence
of the rigid amorphous fraction on the crystal rearrangements that lead to multiple melting behavior
has been recently proven for a number of semicrystalline polymers, including poly(ethylene
terephthalate),*’*®  cis-1,4-polybutadiene,”®  isotactic  polystyrene,®® and  poly[(R)-3-
hydroxybutyrate].!

Conclusions

The point-by point analysis of the kinetics of the solid-solid transformation from the tetragonal
Form Il condis modification to the trigonal Form 1 crystals in isotactic poly(butene-1) and its
random copolymers with ethylene, detailed in this contribution, allowed to identify, for the first
time, the occurrence of two maxima in the rate of transformation vs. annealing temperature. All the
previous reports indicate a single maximum rate, around room temperature, whereas the data
illustrated and discussed in this manuscript evidence the occurrence of a weaker maximum also at
lower temperatures, around -20 °C. The low-temperature maximum becomes even more evident in
the analyzed ethylene/butene-1 random copolymers, which also display a dual transformation
kinetics. The available literature studies on the irreversible tetragonal to trigonal crystals
transformation in isotactic poly(butene-1) propose a two step mechanism, made of nucleation and
growth, which seems to be supported by the data reported here.

Copolymerization with ethylene results not only in a sizably faster kinetics of the
polymorphic transformation, but also affects the maximum transformation rate. In the
ethylene/butene-1 random copolymers, not only the transformation rate becomes faster, but there is
also a shift to lower temperatures of the maximum transformation rate. This observation has been
linked to the varied composition of the amorphous layers coupled with the crystals, which becomes
increasingly more mobile and thicker with the increase of ethylene co-units in the copolymers. This
confirms the role played by rigid amorphous segments coupled with the crystals in reorganization of
the crystal phase into more stable structures, which, to date, has been probed by analysis of multiple

melting behavior in a number of semicrystalline polymers.
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