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Abstract. — Calorimetric studies of the crystallization behavior of physically and chemically
crosslinked semicrystalline polymer, polydimethylsiloxane (PDMS) are presented. Physical
crosslinks are introduced either via entanglements in high-molecular-weight PDMS, or by an-
choring chain ends to rigid polyethylene oxide (PEO) endblocks in a PEO-b-PDMS-b-PEO
triblock copolymer. Chemical end-linking of di-vinyl PDMS chains results in the formation
of a crosslinked network. Comparison of the thermograms obtained for each of these systems
at constant cooling/heating rates with their noncrosslinked analogues indicates that, contrary
to conventional wisdom, the different types of crosslinks result in an increased crystallization
tendency. We suggest that this effect is a manifestation of the enhancement of local ordering
together with reduced dynamics as compared to the non-crosslinked melt.

The effect of topological and geometrical constraints such as transient entanglements,
chemical and physical crosslinks on the crystallization of polymers from the melt is practically
important and scientifically interesting. It is well known that polymer crystallization upon
cooling of a melt is controlled by kinetic considerations [1,2]. In the framework of the classical
crystallographic models, the presence of constraints that reduce the mobility of the chains
should lead to a reduction in the crystallization rate and result in a lower degree of crystallinity
at a given cooling rate. Yet, experimental findings suggest that in several cases crystallization
from the entangled melt is more efficient than that from the non-entangled analogue [3].

Recently, a conceptually different mechanism of “spinodal-like” crystallization was sug-
gested [4-7]. In the framework of this model, crystallization is expected to occur via the
evolution of correlated density and structural fluctuations. The process is cooperative, and
crystallization proceeds via a preordered granular crystalline mesophase. These ideas have
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Fig. 1 — A schematic representation of a) entangled melt of polymers; b) a chemically crosslinked
network of polymers; c) a triblock copolymer a-b-a where the two edge blocks are glassy at room
temperature.

been supported by experimental observations [6,7]. According to these concepts, regions that
exhibit local ordering may facilitate the crystallization.

While geometrical and topological constraints are known to affect the dynamics of a melt [8,
9], it was suggested more recently that constraints can also lead to local ordering in globally
amorphous polymer melts [10-13]. Rheological [9,14], neutron scattering [15] and nuclear
magnetic resonance (NMR) spectroscopy [16-18] approaches have been used to investigate
these effects experimentally.

In this study we investigate the effect of topological and geometrical constraints on the
crystallization of a simple semicrystalline polymer, polydimethylsiloxane, PDMS. Three types
of crosslinks are examined: entanglements in PDMS homopolymers, endblocks which confine
the central PDMS block in polyethyleneoxide-b-PDMS-b-polyethyleneoxide (PEO-b-PDMS-b-
PEO) and chemical crosslinking of PDMS (fig. 1).

Differential-scanning calorimetry (DSC), which records heat flux changes as a function of
time [19, 20], was used to follow the thermal behavior and in particular the crystallization
kinetics of the different systems. Unless otherwise noted, experiments were carried at fixed
cooling/heating rates of 3 = £5 K min—!. All data are normalized with respect to the weight
fraction of the corresponding type of polymer (PDMS or PEO).

PDMS samples: 5000 g mol~! (United Chemical Technologies, denoted PDMS 5k), PDMS
16000 gmol~! (PDMS 16k), PDMS 100000 gmol~! (PDMS 100k) were prepared by living
anionic polymerization. PDMS 5k was end-linked, following Adam et al. [21], and is denoted
x-PDMS 5k. The symmetric PEO-b-PDMS-6-PEO triblock copolymer was synthesized by
Zhang [22]. The molecular weight of the PDMS center block is 12000 g mol~!, the PEO fraction
is 25% corresponding to a molecular weight of 2000 gmol~! per PEO block. PEO/PDMS
blends were prepared by mixing PDMS 12k (UTC) and PEO 2k (Clariant AG) at 100°C.
The weight fraction of PEO in the blend is similar to that in the triblock copolymer (at room
temperature the blend is in the two-phase regime).

A thermogram of PDMS 16k is presented in fig. 2 [8]. We regard PDMS 16k as effectively
unentangled [8]. In agreement with other studies (for example, [23]) we find that following
a cooling rate of 3 = —5Kmin~! the DSC thermograms of linear PDMS 16k exhibit upon
heating a glass transition, T,, and a complex melting pattern, particularly typical double
melting peaks [24].

In this study we used three features as (dependent) markers for probing the crystallization
behavior of PDMS: the presence (or absence) of the exothermal peak appearing during the
cooling cycle, Ty, and the value of AH., the phase transition enthalpy related to the cold
crystallization process.

We observed that linear non-entangled PDMS does not crystallize during the cooling se-
quence at cooling rates as low as 3 = —1 Kmin~! [25]. Upon heating, the polymer crystallizes
at Tt due to the reduction of melt viscosity. The latter enables chain rearrangements and leads
to crystallization from the amorphous phase [2].
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Fig. 2~ DSC thermograms of pure PDMS 16k, measured at a cooling/heating rate of 8 = 5 Kmin™".
The dashed line is a cooling curve, the solid line a heating curve: a) first run; b) subsequent run. In
the cooling curve we observe an exothermal peak T. and a glass transition at Ty (T, = —127.9°C,
Acp, =0.19J g™ ! Kil). In the heating curve we observe a glass transition, 7T}, an exothermic peak, the
so-called cold crystallization, T, (Tc = —98.5°C, AH. = +22.5Jg71), two melting peaks, Tm1 (@)
(Tw1 = 50.5°C, AHm1 = —4.1Jg™ ") and Tz (¢) (Tm2 = 34.0°C, AHme = —31.0Jg™ %), and a
recrystallization exotherm, T.* (b) (T.* = —47.4°C, AHr,» = +2.2Jg™ ).

At a cooling rate f = —5 Kmin~!, PDMS 100k and x-PDMS 5k exhibit a sharp crystal-
lization peak during the cooling scan (figs. 3a and b, respectively) while the non-entangled
PDMS 5k (fig. 3¢ and table I) and PDMS 16k (fig. 2) do not. The heating curve of PDMS 5k is
very similar to that of PDMS 16k (fig. 2). For both PDMS 100k and x-PDMS 5k, substantial
crystallization takes place during cooling, suggesting a higher crystallization rate than that
of PDMS 5k. Note that for PDMS 100k the presence of a shallow peak in the heating curve
indicates that crystallization is not completed during cooling. The melting sequence of the
crosslinked PDMS displays only a single melting peak: We suggest that due to the inability
of crosslinks to crystallize, the distance between adjacent crosslinks determines the thickness
of the crystalline lamellae and prevents rearrangements and crystallite thickening.

The thermal behavior of PDMS segments was also examined in three symmetric PEO-
b-PDMS-b-PEO systems with 12000 g mol~* PDMS center blocks and terminal PEO blocks

TABLE I — Numerical values of thermal transitions obtained by DSC for the PEO block as (temperatures
in celsius) endblock in PEO-b-PDMS-b-PEQ triblock copolymers (top); in PDMS/PEQ polymer blends
(bottom).

cooling T. = —28.8

PEO blocks curve AHr, = +85Jg7!

in triblocks heating Te non Tm1 = +48.3
curve AHr, non AHrm = —13.4Jg_1
cooling T = 4378

PEO in curve AHr, =+101Jg™!

blend heating Te n.o. Tm1 = +52.6

curve AHr, n.o. Hrm = —13.4Jg*1
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Fig. 3 - DSC thermograms of PDMS measured at a cooling/heating rate of 8 = +5 Kmin~'. a) PDMS
100k. b) Crosslinked polymer, x-PDMS 5k. ¢) The non-crosslinked precursor, PDMS 5k.

Fig. 4 — DSC thermograms measured at a cooling/heating rate of § = +5 Kmin™'. a) 2k-12k-2k
triblock copolymer (see numerical data in table IT). b) A blend of PDMS 12k/PEO 2k with 28% weight
fraction of PEO (table III). ¢) DSC thermogram of the 2k-12k-2k triblock copolymer measured at a
heating rate of 3 = +5K min~* following quench cooling in liquid nitrogen.

of different chain length (550 gmol~!, 2000 g mol~!, 5000 gmol~!). While the thermograms
differed with regard to the PEO behavior, the thermal features of the PDMS block were
similar. Here we focus on the 2k-12k-2k triblock copolymer. Numerical data are summarized
in tables II and III. Figure 4a shows that the PDMS blocks crystallize readily under the
applied cooling conditions. A blend of PDMS 12k/PEO 2k with a weight fraction of PEO
equal to the one present in the triblock copolymer (28%) was used as a reference, fig. 4b.
The thermogram of the PDMS/PEO blend is a simple superposition of the DSC curves of
the respective pure homopolymers indicating the absence of significant interactions between
PEO and PDMS. In particular, PDMS does not crystallize during the cooling scan at a cooling

TABLE II — Numerical values of thermal transitions obtained by DSC for the PDMS block as (tem-
peratures in celsius) center block in PEO-b-PDMS-b-PEO triblock copolymer (top); in PDMS/PEQ
polymer blends (bottom).

PDMS cooling Tg n.o. T, = —72.5

blocks in curve Acp n.o. AHr, =

triblocks +25.5Jg ¢
heating T, n.o. T. n.o. Tm1 = —42.9 T.* n.o. T2 n.o.
curve Acp n.o. AHr, n.o. AHrm = AHTC* n.o. AHpme n.o.

—27.7Jg" !

cooling Ty = —126.0

PDMS curve Acp n.o.

in blend
heating Ty = —128.0 T. = —94.3 Tm1 = —50.6 T." = —48.2 Tme = —39.4
curve Acp = AHr, = AHrm, = AHp o« = AHrgmo =

0.33Jg 'K~! +252Jg! —14.1Jg7! +1.8Jg ! -264Jg7!
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TABLE III — Numerical values of thermal transitions obtained by DSC for the PEO block as (tempera-
tures in celcius) endblock in PEO-b-PDMS-b-PEO triblock copolymers (top); in PDMS/PEO polymer
blends (bottom).

cooling T. = —28.8

PEO blocks curve AHr, =+85Jg™!

in triblocks heating T n.o. T = +48.3
curve AHrt, n.o. AHrm=—13.4 Jgf1
cooling T. = 4378
curve AHr, = +10.1 Jg*1

. heating T. n.o. Tm1 = +52.6
PEO in blend curve AHrt, n.o. Hrm = —13.4Jg*1

rate of 3 = —5 Kmin~'. Unlike the blend, PEO-b-PDMS-b-PEO exhibits two fairly sharp DSC
features in the cooling scan, the crystallization exotherms of PEO and PDMS. In the heating
scan neither a glass transition nor cold crystallization could be determined, but one melting
peak for PDMS and one melting peak for PEO were observed.

Comparison of the corresponding thermograms suggests that while linear PDMS does not
crystallize during the cooling scan down to a rate of 3 = —1Kmin~!, PEO-b-PDMS-b-PEO
crystallizes readily at a cooling rate of 3 = —5 Kmin~!. The heating run after quench cooling
(in liquid nitrogen), fig. 4c, shows that the crystallization process of the PDMS block in the
block-copolymer, can be suppressed under these conditions leading to vitrification of PDMS.
Note that the crystallization of the PEO block in the triblock-copolymer is affected as well:
During the cooling cycle the PEO block crystallizes at a lower temperature than in the blend.
Yet, the degree of crystallization is greatly enhanced in the block copolymer as manifested by
the magnitude of the crystallization and melting peaks (fig. 4, tables II, III).

The observation that topological and geometrical constraints enhance the crystallization
rate of PDMS melts, may seem surprising at first sight, as constraints are believed to inter-
fere with the crystallization process. However, polymer crystallization may be viewed as an
ordering transition in which a small set of conformations becomes energetically favored, due
to enthalpic considerations, leading to a severe reduction in conformational entropy. When
crystallization is induced by rapid cooling the flexibility of the chains seriously diminishes,
and the chains can only attain a limited ensemble of conformations separated by low acti-
vation energy barriers, rather than those of the lowest free energy. Thus, vitrification often
dominates over crystallization. When the polymer melt is cooled at a slow enough rate, the
probability of adopting the lowest-energy conformational state is increased, and some of the
material can crystallize. If locally ordered regions are present in the melt, at elevated tem-
peratures, the conformational space available to the melt chains is already reduced. While
the specific type of order may not be that of the crystalline structure, the reduction in the
total number of available conformations increases the probability of occupying the subset of
conformations relevant to crystallizations. As long as the sub-set of conformations which lead
to crystallization is not excluded, local ordering is expected to enhance crystallization. The
elevated temperatures allow the system to span the reduced conformational space, and adopt
the favored configurations over a shorter time period. In the case of PDMS, it may even be
that the local organization of chains is lamellae-like resulting in a more specific enhancement
of crystallization. This statement agrees with the key idea of the spinodal-like approach to
polymer crystallization [4,5].

In the following we discuss in detail the nature of the different constraints investigated
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Fig. 5 — A schematic description of chain segments between two adjacent crosslinks.

in this study. Entanglements are topological constraints to chain dynamics that originate
from intermolecular excluded-volume interactions [8,9]. Entanglements affect the mechanical
properties [8,14] as well as the microscopic structure of amorphous polymers in the melt [16—
18]. The reduction of the number of accessible conformations in entangled polymer melts
and in chemically crosslinked networks leads to the loss of isotropic translational motion, as
presented schematically in fig. 5. Indeed, the degree of local ordering can be quantified on
different time scales by various NMR techniques, using the concept of local dynamic order
parameter [16,26,27], defined as S;(t) = 3(3cos?6(t) — 1), where 6(t) describes the angle
between a local chain axis and the director.

Rigid endblocks in heterogeneous triblock copolymers are another type of physical cross-
links. They result from the formation of nanodomains with different solidification tempera-
tures [28]. In PEO-b-PDMS-b-PEO both chain ends of the flexible PDMS block are anchored
to rigid, glassy PEO blocks. Similar triblock copolymers were studied before by calorimetric
techniques, yet not with respect to local ordering [29]. It was observed experimentally by
Frederickson et al. [30] and later on by simulations [10,11] that in such systems elongated
chain conformations are favored. Indeed, recent NMR investigations on amorphous PS-b-
PB-b-PS triblock copolymers revealed that local order in heterogeneous block copolymers is
considerably larger and longer-lived than what is found in entangled homopolymer melts.
Order parameters are increased by 150% for diblock copolymers and even 200% for triblock
copolymers [26]. These findings were taken as evidence for considerable stabilization of the
nanoscopic order.

In this study we show that the PDMS moiety in triblock copolymers crystallizes much more
easily than in the blend. We suggest that this may be related to preordering of the triblock
copolymer chains while still in the molten state, according to the scenario described above, in
agreement with recent findings [31,32]. Similarly, Hsu et al. [33] described the facilitation of
structural evolution during crystallization by strongly interacting chains.

To conclude, we observed that crystallization is significantly enhanced by the presence of
different types of crosslinks. We attribute the findings to substantial local chain ordering in the
melt that facilitates conformational rearrangements necessary for crystallization. Although
the origin of chain ordering for each of the different types of crosslinks might differ in detail,
the outcome is similar.
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