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Isothermal crystallization kinetics
in bulk of olefin-based
multiblock copolymers

Gaia Urciuoli*?*, Odda Ruiz de Ballesteros'?,
Giuseppe Femina'? and Finizia Auriemma®?*

Dipartimento di Scienze Chimiche, Universita di Napoli Federico Il, Complesso Monte Sant’Angelo,
Napoli, Italy, 2Dutch Polymer Institute (DPI), Eindhoven, Netherlands

Isothermal crystallization kinetics of ethylene/1-octene (C2/C8) multiblock
copolymers synthesized by chain shuttling technology is investigated. The
samples are a reactor blend of segmented chains characterized by
alternating crystalline and amorphous blocks with C8 content of 0.5 and
20 mol%, respectively, and statistical distribution of block number/chain and
block length. The analysis is carried out after complete removal of a fraction
(5-12 wt%), namely consisting of C8-rich blocks, through Kumagawa extraction
with boiling diethyl ether. The resultant diethyl ether-insoluble fractions have
similar average content of C8 units (=13-14 mol%) and of crystalline blocks
(=23-27 wt%) but different molecular mass (the number average molecular
mass M, is = 60-70 kDa for the samples 1,2 and =38 and =21 kDa for the
samples 3 and 4, respectively). An additional sample with M,, = 93 kDa, but a
greater average content of C8 units (=15 mol%) and a smaller content of
crystalline blocks (15wt%) is also analyzed. The crystallization half time of
the samples increases with increase of M, and, for each sample, its
logarithm increases linearly with a decrease of the undercooling by a factor
of -0.155/°C, for the samples 1-4 and —0.031/°C, for the sample 5. Using the
classic kinetic crystallization model by Lauritzen and Hoffman, values of energy
barrier constant due to contributions from primary nucleation Ky and crystal
growth Kg are extracted. The Ky contribution is esteemed to amount to =34% of
the total barrier assuming regime Il for the sample 5 and regime lll (or I) for the
samples 1-4, to =34% for the sample 5 and 67% for the samples 1-4, assuming
regime |l for all the samples. In all the cases, regardless of the assumed regimes,
the K\ values of the sample 5 are lower than those of the samples 1-4. As a final
remark, the implications of crystallization kinetics on the solid-state
morphology are also discussed, considering that transmission electron
microscopy (TEM) images present a partially mesophase separated
morphology for the samples 1,2, and 5 and a classic lamellar morphology for
the samples 3 and 4.

KEYWORDS

statistical multiblock copolymers, mesophase separation, crystallization kinetics,
mixing state of the melt, chain microstructure

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/frsfm.2022.1021006/full
https://www.frontiersin.org/articles/10.3389/frsfm.2022.1021006/full
https://www.frontiersin.org/articles/10.3389/frsfm.2022.1021006/full
https://crossmark.crossref.org/dialog/?doi=10.3389/frsfm.2022.1021006&domain=pdf&date_stamp=2022-10-25
mailto:gaia.urciuoli@unina.it
mailto:finizia.auriemma@unina.it
https://doi.org/10.3389/frsfm.2022.1021006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org
https://www.frontiersin.org/journals/soft-matter
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://www.frontiersin.org/journals/soft-matter#editorial-board
https://doi.org/10.3389/frsfm.2022.1021006

Urciuoli et al.

Introduction

The
copolymers (BCs) is generally dependent on the complex

solid-state morphology of semicrystalline block

interplay between the compatibility of the blocks and their
crystallization properties (Hamley, 1999; Loo and Register,
2004; Miiller et al., 2005a; Li and Register, 2013; Van Horn
etal., 2018). In particular, for monodisperse di-block copolymers
constituted by a crystallizable block covalently linked to an
amorphous block, crystallization modes ranging from neat
confinement of the crystals within the nanosized domains to
complete disruption (break-out) of the phase separated
morphology of the melt may occur depending on the inter-
block segregation strength, the crystallization temperature T, the
order to disorder transition temperature T,q,, the glass transition
of the amorphous blocks, the volume fractions of the blocks, and
the relative kinetics of mesophase separation vs. crystallization
rate (Loo et al., 2002; Nandan et al., 2006; Castillo and Miiller,
2009; He and Xu, 2012).

Olefin multiblock copolymers (OBCs) by chain shuttling
technology (CST) are a class of semicrystalline BCs with non-
uniform chain microstructure synthesized by using two
organometallic catalysts and a chain shuttling agent (CSA)
(Arriola et al., 2006; Chum and Swogger, 2008; Zhang et al,
2013). They consist in the alternation of high density
polyethylene (HDPE)-like blocks with very low concentration
of 1-octene units that are thus able to crystallize (hard blocks),
and octene-rich random ethylene/1-octene copolymers (soft
blocks), which are substantially amorphous. The multiblock
chain architecture arises from the repetition of reversible
trans-alkylation events between two catalysts which differ
significantly in their comonomer incorporation ability,
through the mediation of a CSA (ie., diethylzinc). The non-
uniform chain microstructure is the result of a stochastic chain
shuttling process that involves exchanges of the growing
polymeryl chains between catalytic centers of the same or
different catalyst type, determining homo- and hetero-
shuttling events. As a consequence, OBCs feature a statistical
distribution of block length and number of blocks/chain (Arriola
et al., 2006; Chum and Swogger, 2008; Zhang et al., 2013). They
can be considered really intriguing materials given their high
performances as thermoplastic elastomers with high melting
temperatures and low densities (Wang et al., 2007; Wang et
al., 2009a). Their properties are clearly ascribable to their
the
implications of the chain microstructure on the inter-block

intrinsic chain microstructure and to consequent
segregation strength, phase separation of the blocks in
different domains and crystallization.

The role of chain microstructure on the OBCs properties
(Wang et al.,, 2007, Wang et al., 2009a, Wang et al., 2009b; Zuo
etal, 2010, Zuo etal., 2011; Tong et al., 2013a, Tong et al., 2013b),
phase separation in the melt, solid-state morphology, and

crystallization (Khariwala et al., 2008; Jin et al, 2010; Park
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et al., 2010; Liu et al., 2011; Wen et al., 2012a, Wen et al.,
2012b; Liet al., 2012; He et al., 2014; Tong et al., 2014; Auriemma
et al., 2018a, Auriemma et al., 2018b, Auriemma et al., 2019,
Auriemma et al., 2020; Urciuoli et al., 2021, Urciuoli et al., 2022)
has been extensively investigated so far. Typical features of
polydisperse BC systems characterized by low miscibility of
the blocks are an increase of the order-to-disorder transition
temperature Toq;, and of domain spacings compared to
conventional monodisperse BCs (Matsen, 2007; Lynd et al,
2008). For OBCs, in particular, domains spacings on the order
of 100 nm have been observed (Hustad et al., 2009; Park et al.,
20105 Li et al., 2012; Auriemma et al.,, 2018a, Auriemma et al,,
2020; Urciuoli et al., 2022; Vittoria et al., 2022). Hence the term
mesophase separation has been coined to address the resultant
phase separated morphologies (Park et al., 2010).

Mesophase separation in OBCs melts has been revealed
by
superimposition failure at low frequencies (Park et al., 2010;
Li et al,, 2012; Auriemma et al., 2020). It has been reported that
melt heterogeneities are dependent on the difference in
comonomer (C8) content between the hard (H) and soft (S)
blocks AC8. With increasing the AC8 value, the Flory interaction
parameter ) increases. As a consequence, for a given average
length of HS repetition units N, also the segregation strength xN
and the tendency toward mesophase separation in the melt

through  rheology —measurements time-temperature-

increase. The crystallization behavior of OBCs may be greatly
influenced by the state of melt. In particular, because of the
partial miscibility of the hard and soft blocks and the weak inter-
block segregation strength, the crystals formed upon cooling may
either crystallize undisturbed from a homogeneous melt, or
disrupt completely the mesophase separated morphology of
the melt (break-out crystallization) giving rise to an isotropic
lamellar morphology similar to that one which sets in by cooling
from a homogeneous melt, or end up in confined domains
namely populated by the hard blocks, even though this
confinement may be only partial (Li et al, 2010; Liu et al,
2011; Wen et al., 2012a; Wen et al., 2012b; Li et al., 2012;
Auriemma et al., 2018a, Auriemma et al., 2020; Urciuoli et al.,
2022). In the latter case, since the hard blocks dissolved in the
surrounding matrix populated by soft blocks crystallize, the
crystals confined inside the hard-block domains tend to cross
the
interconnected web-like meso-structures (Li et al., 2010; Liu
et al., 2011; Wen et al., 2012a, Wen et al., 2012b; Li et al.,
2012; Auriemma et al., 2018a, Auriemma et al., 2020; Urciuoli

et al,, 2022). The term “pass-through” crystallization has been

the boundaries in outside regions, forming well

coined to address this peculiar crystallization mode (Li et al.,
2010).

In general, the crystallization kinetics of OBCs is expected to
be affected by several factors, including: 1) the chain
microstructure, ie., the distribution of block length, the inter-
and intra-chain compositional heterogeneity, the fraction of hard
blocks; 2) the relative inter-block segregation strength, that is the
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ratio between N at T. and at T,4;; 3) the molecular mass; 4) the
state of mixing in the melt. The implications between chain
microstructure, mixing state of the melt, and crystallization
kinetics of OBCs are aspects that have been comparatively less
intensively investigated, so far. As an example, the effect of hard
block content (from 18 to 100 wt%) on the crystallization kinetics
of OBCs was investigated by Khariwala et al. (2008). Samples
sharing the same C8 content of 0.5 and 18.9 mol% in the hard
and soft blocks, respectively, have been considered. It has been
shown that the bulk crystallization rate, measured by DSC, as well
as the linear growth rate, measured by polarized optical
microscopy, decrease only slightly with a decrease of the hard
block content. This decrease has been attributed to an increase of
the fold surface energy, entailing some increase of disorder at fold
surface of the lamellar crystals, with increase of soft block
content. In contrast, for random copolymers, even a small
amount of comonomeric units is able to induce a high
increase of fold surface energy and remarkable decrease of
crystallization rate. In another study (Tong et al., 2014), the
crystallization kinetics of two OBC samples characterized by
different segregation strength and different hard block content
has
temperatures, starting from both a mesophase separated and a

been investigated at low and high crystallization
homogeneous melt. The most important result of this study
consists in having highlighted that the crystallization rate
depends not only on the state of the melt, but also from the
chain microstructure.

The present work is focused on the study of the
of a set of well characterized
that have

properties such as comonomer content in the hard and soft

crystallization  kinetics

commercial OBC samples, similar molecular
blocks, similar hard block content, but different molecular mass
(Auriemma et al., 2020; Urciuoli et al., 2021, Urciuoli et al., 2022).
An additional sample with high molecular mass, but a greater
average content of C8 units and a smaller content of hard blocks
is also analyzed. The samples are reactor blends of chains having
different block length and number of blocks per chain (Urciuoli
2021, 2022).

heterogeneity holds also at intra-chain level, since the block

et al, Urciuoli et al, This constitutional
length changes not only from chain to chain but also within
the same chain. The aim is to shed light on how this complexity
affects the bulk crystallization kinetics of OBCs. The possible
implications between crystallization kinetics and solid-state

morphology are also discussed.

Materials and methods

The analyzed OBC samples, synthesized through chain
shuttling polymerization technology, were supplied by the
Dow Chemical Company. The samples share the same
C8 content equal to 0.5 and 20 mol% for the hard and soft
blocks, respectively. The analysis was carried out on the fraction

Frontiers in Soft Matter

03

10.3389/frsfm.2022.1021006

insoluble in diethyl ether (EE) obtained after subjecting the
samples to exhaustive fractionation in boiling solvent in an
inert Ar atmosphere, to eliminate the EE soluble fraction,
namely constituted by soft blocks (Auriemma et al., 2018b,
Auriemma et al, 2020; Urciuoli et al, 2021, Urciuoli et al.,
2022). About 1 g of the pellets of each sample was reduced to
powders by milling in liquid N, and then placed in a Kumagawa
extracting apparatus with 250 ml of EE (T, = 34.6°C). The
solvent was heated to the boiling point and then the system
was left under reflux conditions for at least 8 h. The insoluble
fraction (iEE) obtained at the end of the protocol was dried under
vacuum at = 40°C and then weighed. In all cases the EE soluble
fraction results less than 12 wt%. The procedure was repeated on
three independent aliquots of each sample, doubling at least in
one of the three tests the extraction time, in order to ensure
reproducibility of the extracting protocol. The weight loss of the
samples after the extracting protocol was less than 2%. In Table 1,
the values of the relative weight percentage of the iEE fractions
together with the values of molecular parameters such as the
average content of C8 units (xcg), the weight fraction of hard
blocks (wyy), the number average and mass average molecular
masses (M, and M,,, respectively), and the polydispersity index
(b = M,,/M,) of the iEE fractions are collected. The resultant EE
insoluble fractions of the samples 1-4 (sample x-iEE with x =
1-4) have similar average content of C8 units (xcg ~13-14 mol%)
and of hard blocks (wy =23-27 wt%) but different molecular
mass (the values of the number average molecular mass M, are
~68 and 60 kDa for the samples 1-iEE and 2-iEE, respectively and
=38 and =21 kDa for the samples 3-iEE and 4-iEE, respectively).
The iEE fraction of the sample 5 (5-iEE) presents a high
molecular mass (M,, = 93 kDa), but a greater average content
of C8 units (=15 mol%) and a smaller content of hard blocks
(15 wt%).

DSC thermograms of iEE fractions were recorded with a
Mettler Toledo DSC 822 apparatus, in a N, atmosphere, at
scanning rate of 10°C/min (Supplementary Figures S1, S3, S5,
S7, S9). The values of glass transition, crystallization and melting
temperatures are reported in Table 1. The melting temperatures
are relative to the second heating scan. The values of the degree of
crystallinity, calculated from the melting enthalpy measured in
the second heating scan AH,;, as x.(DSC) = 100 AH,,,/AH,,’, are
also reported in Table 1, where AH,,," = 280 ]/g is the melting
enthalpy of 100% crystalline polyethylene (PE) (Brandrup and
Immuergut, 1989; Crist, 2007). The numbers in parenthesis
indicate the crystallinity degree evaluated with respect to the
sole hard blocks as 100 x.(DSC)/wy.

In situ isothermal crystallization were performed in a Mettler
Toledo DSC 822 apparatus. The following thermal program was
applied to all the samples: the sample was first heated from room
temperature up to 180°Cat 20°C/min and kept at this
temperature for 10 min; then, it was cooled to the selected
crystallization temperature T.(iso) at 40°C/min and kept at
T.(iso) for the needed time until

reaching complete
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TABLE 1 Weight percentage of the iEE fractions of the OBC samples and corresponding average content of 1-octene units (xcg), weight fraction of
hard blocks (wy), number average and mass average molecular masses (M,, and M,,, respectively) and polydispersity index (D = M,,/M,)>.

Sample wt Xcs Wh M,
(%) (mol%) (Wt%) (kDa)
1-iEE 925 135 269 67.8
2-EE 953 13.9 233 57.9
3-iEE 90.8 13.0 255 37.9
4-iEE 87.9 135 248 21.2
5-iEE 88.1 15.4 14.8 92.8

M, ) T, T,b T. x(DSC)*
(kDa) (0 (0 (0 (%)

155.0 23 -68 120 103 15 (56)
136.3 24 -68 121 104 15 (64)
90.6 24 -65 123 108 15 (59)
72.8 34 -70 121 113 15 (60)
190.5 21 -67 120 98 9 (61)

*Data extracted from a previous work (Urciuoli et al., 2021). The C8 content in the hard and soft blocks for all sample is 0.5 and 20 mol%, respectively. The values of the glass transition (Tg),

melting (T,,) and crystallization (T.) temperatures and of crystallinity degree (x.(DSC), extracted from DSC analysis, Supplementary Figures S1, S3, S5, §7, 89), are also reported.
"Measured from the DSC, thermograms recorded during the second heating scan (Supplementary Figures S1, S3, S5, S7, §9), at rate of 10°C/min.

“Calculated from the melting enthalpy AH,,, measured in the second heating scan AH,y, as x(DSC) = 100 AH,,,/AH,,’, where AH,,’ = 280 J/g is the melting enthalpy of 100% crystalline
polyethylene (PE) (Brandrup and Immergut, 1989; Crist, 2007); the values in parenthesis indicate the values of crystallinity degree evaluated with respect to sole hard blocks as

100 x.(DSC)/wyy.

crystallization; in the last step, the sample is heated from the
T (iso) up to 180°C. The crystallization exotherms measured at
the different values of T.(iso) as a function of time are reported in
the Supporting Information (Supplementary Figures S2, S4, S6,
S8, §10). The relative degree of crystallinity x.’(f) is defined as the
ratio between the crystallinity x.(f) achieved at time t and the
crystallinity achieved on completion time x.(co). It is
calculated as:

AH.(t)
AH, (00)

x (t)

=100 x
xc (00)

x, (t) = 100 x (1)
where AH(t) and AH.(co) are the values of crystallization
enthalpy achieved at time ¢ and on completion. The
conversion of the DSC curves recorded during isothermal
crystallization to x.(f) vs. t was performed, after having
identified a suitable baseline (see Supplementary Figures S2A,
S4A, S6A, S8A, S10A), using a specific utility available in the
STARe software of Mettler Toledo.

The Avrami exponent was estimated through non-linear
fitting of the curves x.(f) vs. t using the Avrami equation:

x;(t)/IOO =1 —exp[ —lnz<i> ]

where #;, is the half-crystallization time, that is the time at which

2

x.(t) reaches 50%, and n is the Avrami exponent.

The crystallization temperatures T (iso) were selected in-
between the crystallization and second melting temperatures of
each sample, as recorded in the standard DSC scans of
Supplementary Figures S1, S3, S5, S7, S9.

Transmission electron microscopy (TEM) bright-field
images were obtained with a FEI TECNAI G2 200kV
instrument operated at 120 kV and equipped with a 4 K Eagle
Camera. Specimens for TEM analysis were prepared as follows:
drop-cast films (thickness 50-80 nm) were deposited on glass
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slides with a 0.5wt% solution of the iEE fractions in p-xylene;
after drying, the films were quenched from 180°C in liquid
nitrogen, after an isothermal stage for 10 min at 180°C; the
films were covered with carbon, removed from the glass
slides, and transferred to 200-mesh copper grids. Prior to
TEM observation, a staining treatment with a RuO, solution
was performed, to enhance contrast between the amorphous and
the crystalline phases.

Results and discussion

As shown in Table 1, the OBC samples contain a non-
negligible fraction soluble in boiling EE. This fraction is about
5wt% for the sample 2, 8-10 wt% for the samples 1 and 3 and
10-12 wt% for the samples 4 and 5. The EE soluble fraction is
constituted by amorphous soft blocks not attached to hard blocks
and originates from self-shuttling events occurring between the
metal centers of the catalyst with a high C8 incorporation
capability (Auriemma et al, 2018b; Urciuoli et al., 2021,
Urciuoli et al., 2022). Since this EE fraction could dilute the
samples to a different extent, the bulk isothermal crystallization
kinetics of the OBCs is studied after removal of it, on the
corresponding iEE fractions. In addition, the extraction
procedure allows to remove also possible additives and/or
impurities such as talc and catalyst remnants (Urciuoli et al.,
2022), that could interfere with the crystallization.

The iEE fractions of OBC samples show a glass transition
temperatures of ~ —70°C and melting and crystallization
temperatures of =120 and =100-110°C, respectively
(Supplementary Figures S1, S3, S5, S7, S9; Table 1). The low
molecular mass samples 3-iEE and 4-iEE show the highest
crystallization temperatures (108 and 113°C, respectively),
whereas the sample 5-iEE, with the lowest concentration of
hard blocks, shows the lowest crystallization temperature,

frontiersin.org
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TABLE 2 Values of crystallization temperatures T(iso), crystallization [AH.(c0)] and melting enthalpy [AH,(c0)] and degree of crystallinity [x.(co)]
achieved at completion time of the isothermal processes and time of incipient crystallization (to) extracted from DSC thermograms of
Supplementary Figures S2A S4A, S6A, S8A, S10A. The values of the half-crystallization time (t;,,) and Avrami exponent (n) obtained by fitting the
curves of Figure 1 with the Avrami equation are also reported.

DSC Avrami parameters

Sample T, AT AH(c0) AH,,(c0) x.(00)® to ti ti n
(9] (9] (/g) (/g) (%) (s) (min) (s)

1-EE 110 317 25.05 29.45 8.9 48 438 263 2.65
111 30.7 2521 28.96 9.0 72 5.73 344 226
112 29.7 25.84 25.89 9.2 156 8.67 520 2.14

2-EE 110 317 26.87 29.42 9.6 42 1.90 114 2.56
112 29.7 26.65 28.08 9.5 58 373 224 2.70
114 27.7 2533 2547 9.0 132 823 494 243

3-iEE 114 27.7 23.97 27.87 8.6 42 235 141 2.14
116 25.7 22.98 24.02 82 57 573 344 1.73
118 23.7 24.24 24.90 8.7 120 10.02 601 1.76

4-EE 118 23.7 13.29 15.46 4.7 29 3.58 215 1.65
119 227 12.49 13.26 45 64 6.10 366 1.56
120 217 12.04 12,51 43 128 9.18 551 1.73

5-EE 110 317 10.61 11.35 3.8 77 4.70 282 1.97
112 29.7 9.10 9.69 33 108 5.67 340 1.95
114 27.7 8.43 8.55 3.0 153 625 375 1.97

“The undercooling AT, is given by the difference between the equilibrium melting temperature T;,° (=414.8K, Auriemma et al., 2018b) and the crystallization temperature T(iso).
“Calculated from the crystallization enthalpy measured at completion time AH(00) as x(00) = 100 AH(00)/AH,,°, where AH,,,” = 280 J/g is the melting enthalpy of 100% crystalline PE
(Brandrup and Immergut, 1989; Crist, 2007).

equal to 98°C. The crystallization temperatures T.(iso) were (AH,,(00)) enthalpy and degree of crystallinity (x.(c0)) achieved
selected in a quite narrow range, of =10°C, between the at completion time of the isothermal processes, extracted from
crystallization and second melting temperatures, because of the thermograms of Supplementary Figures S2A, S4A, S6A, S8A,
the need to avoid too fast or too slow crystallization rates for S10A, are collected in Table 2.
conducting the experiments in situ within the DSC apparatus From the data of Table 2 it is possible to check that, for each
(Supplementary Figures S1, S3, S5, S7, S9). This means that it was sample, the values of the crystallization enthalpy AH.(co)
not possible to select common values of T(iso) for all the measured at completion time at each T.(iso) are only slightly
samples, neither of undercooling AT, defined as the difference lower than those of melting enthalpy AH,,(00) recorded in the
between the equilibrium melting temperature Tp,° and the successive heating scan, indicating that during the cooling step
crystallization temperature T (iso), also because all iEE from 180 °C to the selected crystallization temperatures (cooling
fractions share similar T,,° values of 414.8 K (Auriemma rate of 40°C/min), the crystallization of the samples is not
et al,, 2018b). significant. Furthermore, it is apparent that, with increasing
The DSC thermograms recorded during the crystallization the crystallization temperature, the values of AH.(co) and,
isotherms as a function of time and in the successive heating scan hence, of the maximum degree of crystallinity achieved at the
are reported in Supplementary Figures S2, S4, S6, S8, S10. After a end of crystallization process x.(c0), are about constant or tend
short delay time the samples start to crystallize, showing a broad to decrease only slightly. This suggests that, for each sample, due
exothermic peak (Supplementary Figures S2A, S4A, S6A, S8A, to the narrow range of the sampled undercoolings, the
S10A). The so formed crystals melt in a relatively narrow concentration  of  ethylene  sequences available  for
temperature range in the successive heating scan crystallization at each T.(iso) decreases only slightly.
(Supplementary Figures S2B, S4B, S6B, S8B, S10B). The time The values of the relative degree of crystallinity x.(t)
of incipient crystallization (%), the width of the exothermic peaks calculated from the DSC crystallization thermograms of
and the melting temperature increase with increase of T(iso). Supplementary Figures S2A, S4A, S6A, S8A, S10A, Eq. 1 are
The values of f, and of crystallization (AH.(co)) and melting reported in Figure 1 as a function of the crystallization time ¢. In
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FIGURE 1

Relative degree of crystallinity as a function of crystallization time for the OBCs fractions 1-iEE (A), 2-iEE (B), 3-iEE (C), 4-iEE (D), and 5-iEE (E),

isothermally crystallized at the indicated temperature T.(iso). The solid lines are the fit to the data with Avrami equation Eq. 2.

all the cases, the relative crystallinity grows with time according
to a sigmoidal shape. The fit to data with the Avrami equation Eq.
2 gives the values of half crystallization time and the Avrami
exponents reported in Table 2.

Inspection of Table 2 indicates that the kinetics data of
Figure 1 conform to an Avrami exponent between 2 and 3,
for the samples 1-iEE and 2-iEE, and close to 2 for all the other
samples, consistent with a crystal growth in two-dimensions and
heterogeneous nucleation.

It is apparent too that for all the samples the half-
crystallization time t;,, increases with increase of the
crystallization temperature. If one compares the behavior of
the five samples, it becomes clear that, in order to probe the
bulk crystallization of the OBCs via DSC apparatus on a
comparable time scale, the samples 1-iEE, 2-iEE, and 5-iEE
have to access to lower crystallization temperatures, which in
turn means higher values of undercooling AT, with respect to

samples 3-iEE and 4-iEE (Figure 1; Table 2). In other terms, at
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any given crystallization temperature (undercooling), it is clear
that for the samples 1-iEE, 2-iEE, and 5-iEE crystallization is
delayed with respect to the other two iEE fractions. As an
example, if one considers the crystallization temperature T. =
114°C (AT = 27.7°C), which is shared by the samples 2-iEE, 3-iEE,
and 5-iEE, it emerges that the values of t,,, for the samples 2-iEE
and 5-iEE are 3-4 times higher than the t;,, values for the
samples 3-iEE (Table 2). These differences are clearly due to
differences in molecular parameters (vide infra).

In order to shed light on the crystallization behavior of the
OBC of the
corresponding directly compared

samples, the bulk crystallization kinetics

iEE fractions are in
Figure 2A, where the logarithm of the values of the half-
crystallization time is reported as a function of undercooling.
It is apparent from Figure 2A that within the narrow range of
the explored crystallization temperatures, the logarithmic values
of t;/, decrease with increase of undercooling with the same slope

(-0.155/°C) for the samples 1-iIEE—4-iEE and with a much lower
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(A) Crystallization half-times t;/,, as a function of undercooling for the iEE fractions of the OBC samples 1-5. Data are fit to an exponential
function. (B) Lauritzen-Hoffman plots of the bulk crystallization rate (1/t;,,) of the iEE fractions of the OBC samples 1-5 where U* is set equal to
5,736 cal/mol, corresponding to the standard value for PE (Armistead and Hoffman, 2002), and Tp is assumed equal to Tq minus 20 K (Khariwala et al.,

2008) Eq. 4. The number 2.303 corresponds to the inverse of log e.

slope (-0.031/°C) for the sample 5-iEE. The similar temperature
dependence of the crystallization rate for the iEE fractions of the
samples 1-4 is due to similar values of the average content of
C8 units and of hard blocks, as well as to the similar average
length of the soft and hard blocks (Urciuoli et al., 2021, Urciuoli
et al,, 2022). The iEE fraction of the sample 5, instead, which
shows a completely different chain microstructure and a higher
molecular mass, displays a different temperature dependence of
the crystallization rate too.

It is worth noting that the major differences in the
crystallization kinetic behavior of the iEE fractions of the
samples 1-4 consists in that, in spite of the similar shape, the
t1,-AT data of Figure 2A are clearly shifted toward lower values
of undercooling according to the sequence 1-iEE (right-most), 2-
iEE, 3-iEE, and 4-iEE (left-most). This indicates that, at any given
undercooling, the crystallization kinetics decreases, being the
highest for the sample 4-iEE and the lowest for the sample 1-iEE.
This horizontal shift is in agreement with the fact that the DSC
thermograms recorded at 10°C/min (Supplementary Figures SI,
S3, S5, §7, S9; Table 1) show that the sample 4-iEE exhibits the
highest crystallization temperature (122 °C) whereas the sample
1-iEE the lowest one (103°C). Although small differences in the
chain microstructure may play a role (vide infra), the horizontal
shift of the t;,-AT data for the iEE fractions of the samples
1-4 may also be due to differences in molecular mass. Indeed, the
molecular mass decreases from the right to the left in Figures 2A,
and is the highest for the sample 1-iEE (M,, = 68 kDa), decreases
for the sample 2-iEE (M,, = 58 kDa) and 3-iEE (M,, = 38 kDa) and
reaches the lowest value for the sample 4-iEE (M, = 21 kDa).
Therefore, although the horizontal shift effect could be ascribed
also to small differences in the chain microstructure, it seems that
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the crystallization kinetics of statistical multiblock copolymers by
chain shuttling technology showing similar average chain
microstructure is namely controlled by molecular mass. The
dependence of crystallization rate on the molecular mass at
the same undercooling has been already described for several
polymers such as PE, (Ergoz et al., 1972; Fatou and Marco. 1977),
random ethylene copolymers (Alamo and Mandelkern, 1991),
poly (ethylene oxide) (Maclaine and Booth, 1975), poly (ethylene
succinate) (Umemoto and Okui, 2005). The molecular mass
dependence of the
complicated (Okui et al,, 2007), because it depends on the

bulk crystallization rate is quite
undercooling and on the molecular mass dependence of
nucleation and growth rates and, in particular, on the
mechanism of primary, homogeneous or heterogeneous,
nucleation, and the dimensions of the crystal growth. For
instance, it has been shown that, in the case of three-
growth of the
crystallization rate (at crystallization temperature T,y Scales

dimensional crystals, the maximum
with the molecular mass M according to a power law M with y
comprised in between -1.5 and 0, depending on the contribution
from heterogeneous and homogeneous nucleation (Okui et al.,
2007). However, for crystallization temperatures different from
Temax the values of the exponent y may be well outside the
predicted range.

In Figure 2B, the bulk crystallization kinetics data are
interpreted as prescribed by the Lauritzen-Hoffman (L-H)
approach (Lambert and Phillips, 1994; Miiller et al, 2005b;
Lorenzo et al., 2007; Lorenzo and Miiller, 2008). Indeed, albeit
the L-H kinetic theory is strictly appropriate to describe the
crystal growth data only, it has been often applied to describe also
the temperature dependence of bulk crystallization rate Gy, (set
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equal to 1/t;/,), provided that the barrier energy constant for the
crystallization process Kj, is reinterpreted as the sum of an
apparent barrier energy constant for primary nucleation Ky
and the effective barrier energy constant for crystal growth Kg
(Lorenzo and Miiller, 2008), from now on addressed simply as
barrier energy for primary nucleation and growth, respectively
(Okui et al., 2007).

Therefore, for the analysis of the temperature dependence of
the bulk crystallization rate G,(T) (proportional to 1/t;/,), the
L-H formalism Eq. 3 is used:

%
Gy, (T (is0)) = Gop exp| — m] exp[ - TC(iSIZ#Tf] 3)

The main difference with the classic L-H approach stems
from the value of Ky, which, instead of being coincident with
Kg, it is assumed equal to K}, = Kg + Ky. In Eq. 3 the pre-
exponential term Gy, is a growth rate constant; U* is the
activation energy controlling the transport of the chains to the
growth front; R is the gas constant; Tp is the temperature at
which the segmental dynamics may be considered completely
blocked and f (= T(is0)/[T’ + Tc(iso)]) is a factor that
accounts for effects due to decrease in the heat of fusion
upon stem deposition.

For the plot of Figure 2B, Eq. 3 is rearranged as it follows:

U* K,
2.303R(T. (iso) — Tp) 2.303 T, (iso)AT f
(4)

—log t1/2 + = log Goh -

where 2.303 is the inverse of the decimal logarithm of e. The value
of U* is set equal to 5,736 cal/mol, corresponding to the standard
value for PE (Armistead and Hoffman, 2002), whereas Tp is
assumed equal to T, minus 20 K (see for instance Khariwala et al,,
2008).

The L-H plot of Figure 2B indicates that the iEE fractions of
the samples 1-4 share the same slope. Furthermore, as already
discussed before, the kinetics data are horizontally shifted, from
the left to the right, with increasing the molecular mass. Indeed,
the horizontal shift is reflected in an increase of the pre-exponential
term in Eq. 3, which, in the L-H theory, depends on the segmental
dynamics and the way the transport phenomena of the stems toward
the growth front are influenced by the molecular mass and chain
microstructure in general in the different regimes (see for instance
Armistead and Hoffman, 2002). Therefore, for the fractions of the
samples 1—4, with similar chain microstructure, the pre-exponential
term decreases with an increase of molecular mass, consistent with the
decrease of crystallization rate and a decrease of segmental dynamics.
For the iEE fraction of the sample 5, instead, the slope is almost halved.
The corresponding values of Kj, are equal to 1.4 10° K for the fractions
1-iEE — 4-iEE and 7.0 10* K> for the fraction 5-iEE.

In the working hypothesis that the different temperature
dependence of the sample 5-iEE with respect to the samples 1-
iEE — 4-iEE is somehow due to the nucleation step, the value of
K may be evaluated using the standard parameters of PE (Crist,
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2007), valid also for OBCs (Auriemma et al., 2018b) through
Eq. 5:

0
nboo,T),

Kg = ——m
¢~ AH%k

®)
where n is equal to 4, 2, and 4 for regimes I, II and III,
respectively, b corresponds to the lateral size of a PE stem and
it is equal to 4.15 107® cm, o and o, are the values of the lateral
surface free energy and of the fold surface free energy,
respectively, and are equal to 11.8 (Hoffman and Miller, 1997)
and 44 erg/cmz, (Crist, 2007) respectively. Finally, k is the
Boltzmann constant.

Considering that the comparatively low temperature
dependence of the crystallization rate for the sample 5-iEE
with respect to the samples 1-iEE — 4-iEE is typical of regime
I1, if one assumes n = 4 (regime I or III) for the samples 1-iEE —4-
iEE and n = 2 (regime II) for the sample 5-iEE, the value of Kg
(Eq. 5) would correspond to 9.2 10* K? for the samples 1-iEE — 4-
iEE and 4.6 10* K* for the sample 5-iEE. Hence, the calculated
values of the barrier energy constant for primary nucleation Ky
(= Ky—Kg) would be equal to 4.8 10* K* for the samples 1-iEE —
4-iEE and 2.4 10* K* for the sample 5-iEE (that is ~ 34% of Ky,).
Conversely, assuming n = 2 (regime II) for all the samples, the
value of Kg would correspond to 4.6 10* K*. This would give
values of Ky equal to 9.4 10* K* for the samples 1-iEE —4-iEE and
2.4 10*K? for the sample 5-iEE (that is = 67% of K, for the
samples 1-iEE — 4-iEE and =34% for the sample 5-iEE).
Therefore, regardless of the assumed regimes, the barrier
energy constants for primary nucleation Ky of the sample 5-
iEE would result remarkably lower than that of the samples 1-iEE
— 4-iEE.

It is worth noting that the barrier energy constant for primary
nucleation Ky of PE is about 27% of the total barrier energy
constant Kj, (Lorenzo and Miiller, 2008). Considering that the
crystallizing hard blocks of the studied OBCs consist of linear
polyethylene with a small concentration of 1-octene units
(0.5 mol%), a barrier energy constant equal to 34% of K, for
all the samples seems quite reasonable, suggesting that in the
sampled undercooling range the samples 1-iEE —4-iEE are in the
growth regime I or III, whereas the sample 5-iEE is in the growth
regime II.

The separation of the energetic barrier constants associated
to the overall crystallization phenomenon in the nucleation and
crystal growth contributions was applied also using different
kinetic crystallization theories (Lorenzo and Miiller, 2008). In
particular, it was considered that whenever crystallization occurs
near the equilibrium melting temperature T,,° two cases of
three-
dimensional nucleation for which the rate is proportional to

nucleation and crystal growth may occur: 1)
(1/(T,’-T.)*) and 2) two-dimensional nucleation, for which the
rate is proportional to 1/(T,°-T.) (Eqs 2,3 of Lorenzo and Miiller,

2008). It was shown that regardless of the theoretical approach
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—— A

FIGURE 3

Bright-field TEM images of the iEE fractions of the OBC samples 1-5:1-iEE (A), 2-iEE (B), 3-iEE (C), 4-iEE (D), and 5-iEE (E). The samples are
prepared by quenching in N(l) from the melt at 180°C. The soft-block-rich regions appear dark because of RuQ, staining. The low magnification
image E highlights that the observed morphology is uniform.

employed there, the energy barrier for nucleation of the polymer The samples 1-iEE, 2-iEE, and 5-iEE (Figures 3A,B,E) show a
under study (ie., poly (1,4-dioxan-2-one) is about the same heterogeneous morphology, in which a dark matrix appears
(45%) of the total energy barrier for the overall crystallization spotted by round-shaped bright domains with irregular size
process. and not well-defined boundaries. The circular domains appear

The remarkable difference in the crystallization kinetics of densely populated by lamellar crystals laying on edge that often
the high molecular mass samples 1, 2, and 5, with respect to cross the boundaries, passing through the surrounding phase.
the low molecular samples 3 and 4, may also be ascribed, at The lamellar crystals are clearly formed by the long ethylene
least in part, to differences in the mixing state of the melt. The sequences belonging to the hard blocks, whereas the soft blocks
mixing state of the melt was indirectly probed resorting to are rejected in the surrounding amorphous phase. This indicates
TEM analysis, on specimens that after a heat treatment at that the samples 1-iEE, 2-iEE, and 5-iEE display a phase
180°C for 10 min, were directly quenched in liquid N, (see separated morphology in the solid-state, with domain size of
Materials and methods). In this way, the mixing state achieved the order of hundred nanometers, where the rounded bright
at 180°C would be the same as that achieved by the samples motifs and the surrounding dark matrix correspond to the hard-
subjected to isothermal crystallizations and the solid-state block-rich and soft-block-rich phases, respectively. The soft-
morphologies achieved by the melt-quenched samples block-rich phase appears dark because of the higher electron
would be reminiscent of the mixing state reached in the density imparted by the RuO, staining. The “pass-through”
melt at 180°C. The bright field TEM images of melt- crystallization mode (Li et al., 2010) shown by the samples 1-
quenched specimens of the samples 1-iEE — 5-iEE are iEE, 2-iEE, and 5-iEE is typical of OBCs (Wen et al., 2012; Tong
reported in Figure 3. et al., 2014; Auriemma et al., 2020).
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The TEM images of the samples 3-iEE and 4-iEE (Figures
3C,D), instead, show a rather uniform morphology, with lamellar
crystals growing in disordered arrangement or forming bundle-
like structures all over the space.

The results of the TEM analysis performed on melt-
quenched samples (Figure 3) allow addressing the mixing
state of the melt upon crystallization. The high molecular
mass samples 1-iEE, 2-iEE, and 5-iEE most likely crystallize
from a phase separated melt and also show a slow crystallization
rate in isothermal (Figure 2) and non-isothermal (Table 1)
These
nucleation barrier and a low L-H pre-exponential factor. The

conditions. samples show also a high primary
low molecular mass samples 3-iEE and 4-iEE, instead, most likely
crystallize from a homogeneous melt and also show a fast
crystallization rate, regardless of crystallization conditions
(Figure 2; Table 1). Samples 3-iEE and 4-iEE show also a
comparatively higher L-H pre-exponential factor. Due to
partial solubility of hard and soft blocks, indeed, the
crystallization from a homogeneous melt is expected to
proceed at fast pace, because the transport of chain segments
toward the crystal growth front would result almost unhindered,
especially for low molecular mass samples. The crystallization
from a heterogeneous melt, instead, is expected to proceed at
slower pace, due to the partial segregation of the long hard blocks
in separated domains. Since long ethylene sequences are expected
to crystallize first, the simultaneous attachment to different
crystals of ethylene sequences belonging to the same chain
would greatly delay the transport phenomena of further
crystallizable sequences toward the crystal growth front. This
effect would result in a low crystallization rate, especially for high
molecular mass OBCs.

It is worth remarking that the differences in the state of the
melt for the unfractionated samples 1 and 3 are confirmed by the
results of melt rheology measurements (Auriemma et al., 2020).
In particular, the presence of heterogeneities in the melt for the
sample 1 was indicated by the dominance at low frequencies of
domain-relaxation modes, causing TTS failure in this frequency
region, whereas the homogeneous state of the melt for the sample
3 was indicated by absence of TTS failure at all the frequencies.

The remarkable differences in the solid-state morphology of
the samples 1-iEE — 4-iEE in spite of the similar average chain
microstructure (similar average content of C8 units and of hard
blocks, similar average length of the soft and hard blocks) may be
attributed to differences in the compositional heterogeneity of
these samples that occurs not only at intramolecular level but also
at intermolecular level (Urciuoli et al., 2021). These samples,
indeed, are characterized by remarkable differences in the
distributions of the length of hard and soft blocks, that vary
both from chain to chain and within the same chain. In
particular, for the iEE fractions of the samples 1 and 2, the
presence of a non-negligible fraction of chains with hard blocks
of high length (Urciuoli et al, 2021) induces a microphase
separated morphology already in the melt. On the other hand,
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for samples 3-4, the homogeneous morphology observed in the
solid-state complies with the absence of heterogeneity in the melt
(Auriemma et al., 2020) and with the presence of a non-negligible
fraction of chains with low molecular mass, and/or containing
hard and soft blocks of short and high length, respectively, acting
as diluent (Urciuoli et al., 2021). Indeed, short chains rich in soft
blocks and with short hard blocks, which are prevalent in the iEE
fraction of the samples 3 and 4, cause concentration fluctuations,
destabilization of the microphase separated melt, and no
microphase separation in the solid state. Long chains with
long hard blocks, prevalent in the iEE fraction of the samples
1 and 2 stabilize phase separation in the melt, and, upon
crystallization, induce confinement of the hard block in
separated domains.

As a further remark, we point out that the crystallization
kinetics of OBCs in comparison with that of random ethylene/1-
octene copolymers has been studied by Khariwala et al., 2008. It is
shown that the crystallization rate of OBC samples characterized
by similar molecular mass, the same C8 content of 0.5 and
18.9 mol% in the hard and soft blocks, respectively, but different
hard block content decreases only slightly with decrease of the
hard block content and it is the greatest for a random copolymer
with identical C8 content as the hard blocks.

An alternative approach for the study of crystallization
kinetics of OBCs may be envisaged in the multistage model
proposed by Strobl (Heck et al., 1999; Rabiej et al., 2004; Strobl,
2007). According to this model, the growth of the crystals occurs
through deposition on the growth front of crystalline blocks
deriving from preexisting mesomorphic aggregates (layers)
having the same thickness of the final crystals. The study of
the kinetic implications of this multiphase model describing
polymer crystallization and melting in the crystallization
process of OBCs would be intriguing. The intrinsic tendency
of the hard blocks to form aggregates already in the melt, possibly
enhanced by aging treatments at suitable temperatures (Tong
et al., 2014), indeed, comply well with the hypothesis that pre-
crystalline aggregates play a role in the crystallization process.

Conclusion

The bulk crystallization kinetic in isothermal conditions of some
(C2/C8) multiblock  copolymers —samples
synthesized by chain shuttling technology is investigated. The

ethylene/1-octene

analysis is carried out after subjecting the samples to exhaustive
Kumagawa extraction with boiling diethyl ether (EE), in order to
remove the fraction of material constituted by sole soft blocks. The
selected samples share the same characteristics as far as the 1-octene
content in the soft and hard blocks, equal to 0.5 and 20 mol%,
respectively. Four samples have similar hard block content
(=23-27 wt%) but different molecular mass, with M,, comprised in
the range from =21 to =70 kDa, whereas a fifth sample has a high
molecular mass (=93 kDa) but a lower hard block content (=15 wt%).
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In the sampled temperature range, the crystallization rate
decreases with increase of temperature, with an identical
temperature dependence for the samples with similar chain
microstructure and a significantly lower temperature
dependence for the sample with lower hard block content.
The analysis of the crystallization kinetics highlights the role
of molecular mass. In particular, it is shown that at any given
undercooling, the crystallization rate of the samples with similar
chain microstructure decreases with increase of molecular mass.
It is argued that this decrease is due to the decrease in the
segmental dynamics and to the way the mechanism underlying
transport phenomena of the stems toward the growth front are
influenced by the molecular mass.

The use of the classic model by Lauritzen and Hoffman
(L-H) to interpret the bulk crystallization kinetics of the OBC
samples has allowed to extract the values of energy barrier
constant due to contributions from primary nucleation and
crystal growth. It is shown that the contribution from primary
nucleation amounts to =34% of the total barrier, assuming
regime II for the sample 5-iEE and regime III (or I) for the
samples 1-iEE—4-iEE. In the hypothesis that regime II holds
for all the samples, the contribution from primary nucleation
amounts to =34% of the total barrier for the sample 5-iEE and
67% for the samples 1-iEE—4-iEE. It is worth noting that,
regardless of the assumed regimes, the barrier energy
constants for primary nucleation Ky of the sample 5-iEE
would result remarkably lower than that of the samples 1-
iEE—4-iEE.

The effect of the mixing state of the melt on the
crystallization rate is also analyzed by TEM, in the
hypothesis that the solid-state morphology which sets in by
quenching the melt is reminiscent of its degree of
heterogeneity. It is shown that the TEM images of the
melt-quenched samples with high molecular mass display a
phase separated morphology in the solid-state, characteristic
of pass-through crystallization mode. The TEM images of
melt-quenched samples with low molecular mass instead,
show a more homogeneous morphology. The unhindered
crystallization of the ethylene sequences belonging to the
hard blocks embedded in a homogeneous melt accounts
well for the faster crystallization rate of the low molecular
mass samples. For the high molecular mass samples, instead,
the phase separation in the melt causes major hindrance,
resulting in slower crystallization kinetics.
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