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Effect of Interfaces on the Crystallization Behavior of PDMS
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Abstract. The reversible thermal behavior of a non-entangled semicrystalline polymer, poly(dimethylsiloxane),
PDMS, was investigated in the presence of sub-micron particles. Filled polymer systems of this type are character-
ized by a large surface-to-volume ratio but lack the external confinement that is typical for a thin film geometry.
Differential-scanning calorimetry (DSC) measurements indicate that the presence of the nanometric solid additives
enhances the crystallization rate as compared to native PDMS melts. Different types of additives and surface in-
teractions resulted in a similar effect, suggesting that the origin of the enhanced crystallinity is non-specific. The
effect is attributed to entropic interactions in the boundary layer.
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1. Introduction

Surfaces are known to affect the physical properties of
polymers and modify their dynamic behavior [1–7]. In
particular, first order thermal transitions (crystalliza-
tion or melting) and second order relaxation processes
(glass formation) of polymers deviate significantly
in the vicinity of a surface from their bulk behavior
[8–11].

Most polymers form amorphous solids as crystal-
lization requires extensive regularity on a chemical
(e.g., tacticity) and topological (branching, crosslink-
ing) level. In a crystallizable polymer, the degree
of crystallinity is limited by the presence of topo-
logical constraints and disparity in chain lengths.
The class of polymers that embodies crystalline do-
mains is known as semi-crystalline polymers [12].
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The degree of crystallinty as well as the crystal habit:
Structure, size and orientation of the crystals, affect
bulk properties of the polymeric materials, and are
therefore important parameters for most applications
[13].

Polymer crystallization from the melt involves order-
ing at different length scales: It is often observed that
aggregates of crystals, originating from a common cen-
ter, form spherulites (Fig. 1(a)). Each of the crystallites
is constructed of lamellar layers (Fig. 1(b)), formed
by chain folding along the short direction of the layer.
Chain folding is the essential step in the transformation
of a polymer liquid (the melt) into a crystal.

Along the normal to the lamellar layer crystalline
and amorphous regions alternate. The amorphous re-
gions incorporate chain entanglements, branches, side-
chains, and chain ends.

When crystallization is induced by cooling of a high
molecular-weight polymer melt at a finite rate, the ideal
crystalline structure can not be realized, due to the
typically slow dynamics of polymer re-organization
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Figure 1. A schematic drawing of polymeric crystallites on two dif-
ferent length scales. (a) Spherulites—the diameter of fully developed
spherulites ranges from several microns to centimeters. Throughout
the spherulite amorphous (white) and crystalline (black) regions al-
ternate. (b) Typical lamellar structure. The thickness is in the order
of 10 nm.

and topological constraints. The latter is often much
longer than the experimental time-scale. As a conse-
quence, the structures that develop at a given temper-
ature, and a given cooling rate, are the fastest ones to
assemble and grow, rather than those of the lowest free
energy. Being dominantly controlled by kinetics, struc-
ture, properties, and the degree of crystallinity, are af-
fected by the crystallization temperature, cooling rate,
and last, but not-least, the initial conformational state
of the chains [12].1

Classical theories of polymer crystallization such
as the Hoffman-Lauritzen model [14, 15], describe
the process as a sequence of two steps: Primary nu-
cleation and growth, with nucleation being the rate-
determining step [16]. Nucleation is classified as either
homogeneous [17] or heterogeneous. Crystal growth
takes place by piecewise incorporation of macromolec-
ular chains on a pre-existing crystal surface, known as
secondary nucleation [15].

A different model for the growth mechanism of crys-
tals was suggested by Sadler [18]: In his model the
elementary step leading to crystallization is reversible
attachment and detachment of chain sequences. The
model suggests that the growth process evolves by natu-
ral selection of the configurations which lead to growth
of the crystalline face. Both models assume that the
lamellar crystallites grow into the melt, and there ex-
ists a well-defined interface between the ordered phase
and the melt, in a similar manner to crystallization of
small molecules.

A conceptually different model was recently de-
scribed by Strobl and coworkers [19, 20]. They sug-
gested that in some cases, polymer crystallization from
the melt evolves by cooperative ordering over large re-
gions. Here mesoscopic domains of preordered molten
chains separate regions of crystalline and non-oriented

molten material. In this approach crystallization is
viewed as a disorder-order transition, similar to that ob-
served in two-dimensional monolayers [21]. The pro-
cess involves the formation of a novel phase referred
to as granular crystalline phase characterized by local
ordering. It should be noted that the concept of weakly
ordered phases was discussed in the context of linear
chains crystallization (see for example ref. 22).

The effect of solid micro-particles such as dispersed
granular filler on polymer crystallization was investi-
gated in a considerable number of calorimetric studies
[13]. It was observed that the presence of particles af-
fect the resulting crystallite size, degree of crystallinity
as well as crystallization temperature, Tc, and melting
temperature, Tm [23]. These observations are of techni-
cal importance in the field of composites and reinforced
materials.

In the framework of the classical models of crystal-
lization it was suggested that solid surfaces enhance
crystallinity by locally reducing the critical enthalpy
for nucleation, an effect known as heterogeneous nu-
cleation [16]. Yet many of the observations cannot be
explained by a local reduction of enthalpy.

In the study described here we examine the ef-
fect of surfaces on the calorimetric response of
a practically non-entangled semicrystalline polymer,
poly(dimethylsiloxane), PDMS [24]. Particles are dis-
persed in a melt, therefore exhibit a large surface-to-
volume ratio which emphasizes the effect of interfa-
cial interactions. Yet, unlike a thin-film configuration,
finite size and external confinement do not play a dom-
inant role in this system. The experiments monitor
the crystallization and glass-transition characteristics
in the presence of four different types of interfaces,
some of which are enthalpically attractive. Thus, we
are able to examine the specific and general aspects
of the interfacial interaction, in the context of PDMS
crystallization.

The structure of the article is as follows: We describe
the preparation and characterization of the samples, in-
troduce the experimental technique, discuss the results
and compare them with theoretical predictions.

2. Experimental Section

Materials and Sample Preparation: PDMS from three
different sources was used: PDMS 16,000 g mol−1

(PDMS 16k) was synthesized by living ring-opening
polymerization by T. Wagner at the Max-Planck-
Institut für Polymerforschung, Mainz, Germany.
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PDMS 15,000 g mol−1 (PDMS 15k) was purchased
from Polymer Source, Dorval, Canada and PDMS
8,850 g mol−1 (PDMS 8.8k) was purchased from PSS
Germany (we report all molecular weight data in terms
of the number average, Mn; the polydispersity of all
polymers was Mw/Mn = 1.1, determined by GPC).
These molecular weights are roughly of the order of
the entanglement length, Me, of PDMS and we regard
PDMS 16k as practically non-entangled.2

Fumed silica Cab-o-Sil M7D particles (Cabot Corp.,
Boston, U.S.A.) were used. These particles form three-
dimensional aggregates of an average size of 250 nm
consisting of individual particles of 10–20 nm in di-
ameter and with a surface area of 200 ± 25 m2 g−1.
The silica aggregates were employed with three dif-
ferent modifications: (a) as dried particles, (b) satu-
rated with water (c) dried and coated by a fluorinated
silane. The first type of particles was dried by heating
at 200◦C in vacuo for 24 hours. Loss of water was mon-
itored by the decrease in the intensity of the water band
at 3440 cm−1 using FTIR spectroscopy. Fluorination
was carried out by immersion of pre-dried particles for
3 hours at ambient temperature in a solution (90% iso-
octane, Merck, 10% choroform, Frutarom, both HPLC
grade) of 1H,1H,2H,2H-perfluorodecyltrichlorosilane,
PFDTS (Lancaster). The solvent was then evaporated
and the particles were rinsed in chloroform, filtered
and dried at 100◦C in vacuo over night. Surface cov-
erage was estimated from FTIR measurements which
were carried out by mixing 5 mg of particles in 100 mg
of KBr. The IR spectra of the coated particles exhib-
ited three extra bands at 650, 700 and 900 cm−1 corre-
sponding to C-F bending vibrations and additionally a
characteristic band slightly below 3000 cm−1 reveal-
ing C-H stretching modes. No peak was observed at
3440 cm−1 indicating the absence of water on the par-
ticle surface. PDMS does not wet a surface coated with
PFDTS and forms a contact angle of 45◦ ±1 (advanc-
ing) and 35◦ ±1 (receding).

Controlled Porous Glass (CPG) [25, 26] was pur-
chased from Schott, Hofheim, Germany, in a hy-
drophilic and hydrophobic form. The hydrophilic glass
is a powder of borosilicate which carries Si-OH groups
on the surface. In the hydrophobic glass 25% of the OH-
groups are exchanged by C8H17O-groups. Both mate-
rials are characterized by an average particle size of
30–60 µm and an average pore size of about 100 nm.

The filled polymer mixtures were prepared by stir-
ring of the filler particles in a solution of PDMS in
heptane (HPLC grade, Aldrich) for at least 5 hours at

ambient temperature. The solvent was then evaporated
and the suspension was dried for 24 hours at 85◦C. In
this study we used a particle concentration of 10 wt%
in PDMS. The distribution of the filler particles in the
polymeric matrix was characterized by freeze-fracture
transmission-electron microscopy (FFTEM). Samples
were prepared by placing a filled polymer melt between
two copper disks and vitrifying the sample by plung-
ing it into liquid propane, cooled by liquid nitrogen. A
Balzers BAF 400 freeze-fracture apparatus was used
for fracturing and replication at about 130 K. For elec-
tron microscopy Pt/C was deposited at an angle of 45◦.
The PDMS was removed from the replica using a 1:1
(v/v) mixture of THF and methanol. The clean replica
was then imaged in a CEM 902 transmission-electron
microscope. In Fig. 2 we present typical images of
water-saturated M7D particles dispersed in PDMS 15k.
We observe that the particles are well dispersed, and
that the inter-aggregate distance is of the order of 1 µm.

Experimental Technique: Differential-scanning
calorimetry (DSC) served as the main experimental
tool in this study. This is a thermoanalytical technique
that records heat flux changes as a function of time
[27, 28]. First-order phase transitions like melting
or crystallization appear in the thermogram as peaks
while a glass transition shows up as a step. In this
study we performed experiments at constant rates
where the sample was nominally cooled or heated at
a constant rate, β (dT /dt = β = constant, where T is
temperature and t is time). Unless stated otherwise the
cooling rate was β = −5 K min−1 and the heating rate
β = +5 K min−1. The experiments were performed
in a Mettler Toledo Thermal Analysis System TA
8000, equipped with a DSC 820 module hooked up
to a liquid N2 cooling device. Purge gas was dry N2

(80 ml min−1). Melting temperature and enthalpy
of fusion calibration were carried out using indium
(Mettler) and heptane (HPLC grade, Aldrich). We
report glass-transition temperatures as midpoints
and first-order phase transition temperatures as peak
temperatures. All data are normalized with respect to
the mass of PDMS and for β when required.

3. Results

A thermogram of pure PDMS 15k including cool-
ing and heating scans is shown in Fig. 3(a), and
the numerical data are presented in Table 1. The
cooling curve reveals a small and broad exothermal
crystallization peak at −88.9◦C and a baseline offset at
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Figure 2. Freeze-fracture TEM micrographs of a sample containing 10 wt% of water-saturated M7D at two different magnifications. (a) M7D
particles with an effective size of ∼250 nm constist of aggregates of smaller native particles (∼20 nm). (b) Indication of a random dispersion of
M7D particles in PDMS. The measurements were carried out by Prof. Oren Regev and Mr. Klaus Horbaschek in the laboratory of Prof. Heinz
Hoffmann at Bayreuth University.
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Figure 3. DSC thermogram of pure PDMS 15k. Dashed line is a cooling curve, solid line is a heating curve: (a) first run, (b) subsequent second
run. In the cooling curve we observe an exothermal peak Tc and a glass transition at Tg. In the heating curve we observe a glass transition, Tg,
an exothermic peak, the so-called cold crystallization, Tc, two melting peaks, Tm1 (a) and Tm2 (c), and a recrystallization exotherm, Tc

∗ (b).
Numerical values are given in Table 1.

−125.0◦C that is due to a glass transition. In the heating
curve we observe, Tg, and a narrow and relatively large
exothermic peak, the so-called cold crystallization, Tc,
at −92.3◦C. At yet higher temperatures we detect two
melting peaks, labelled (a) and (c) in Fig. 3(a) and
an additional crystallization exotherm, (b), at −45.2◦C

situated just between the two melting peaks. This is in
agreement with previous studies of PDMS [29–33]. At
the given cooling rate of −5 K min−1 the crystallization
of PDMS is almost completely quenched as indicated
by the very small crystallization exotherm observed
during the cooling scan and most of the crystallizable
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Table 1. Thermal data for non-filled PDMS ob-
tained by DSC at a cooling rate of −5 K min−1 and
a heating rate of +5 K min−1. Data are given for two
subsequent runs to show reproducibility.

1st cooling 2nd cooling

Tc −88.9◦C −87.8◦C

Tg −125.0◦C −124.6◦C

1st heating 2nd heating

Tg −128.0◦C −128.0◦C

Tc −92.3◦C −92.2◦C

Tm1 −47.5◦C −47.4◦C

Tc
∗ −45.2◦C −45.3◦C

Tm2 −32.1◦C −32.1◦C

material solidifies to form an amorphous glass. In the
heating scan a step in the baseline is observed which
indicates a glass transition. The now fluid material is
in a supercooled state and eventually the viscosity be-
comes low enough that chains can rearrange to form
crystallites. This phenomenon is observed as cold crys-
tallization at Tc. The resulting crystallites melt during a
complex melting pattern [34 and references therein]. In
Fig. 3(b) we present a subsequent measurement of the
very same sample, following the cooling and heating
sequence described above. We observe that the second
thermogram is almost identical to the first, indicating
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Figure 4. DSC thermograms of PDMS 15k filled with (a) 10 wt% dried M7D silica particles and (b) 10 wt% water-saturated M7D silica
particles. Numerical values are specified in Table 2.

reproducibility and the absence of memory effects and
hysteresis. The thermograms presented in Fig. 3 and the
experimental conditions under which the experiments
were performed serve as the reference for the investi-
gation of the particle-filled PDMS systems described
below.

A thermogram of PDMS filled with 10 wt% non-
dried M7D particles is presented in Fig. 4(a) and of
PDMS filled with 10% dried M7D particles in Fig. 4(b)
(data given in Table 2). The first significant observa-
tion in the DSC curves is the appearance of a sharp
exotherm in the cooling scan. This feature is attributed
to induced crystallization since the subsequent heating
scan does not reveal a glass transition nor a cold crys-
tallization peak but exhibits melting endotherms. We
may therefore conclude that in this system crystallites
form already during the cooling scan. The loss of the
glass transition in the heating scan by itself is not a
sufficient indication for a high degree of crystallization
during the cooling curve: The initial calorimetric value
of the step-like Tg feature is rather low and broaden-
ing can easily push it down below the detection limit
of the calorimeter. The subsequent cold crystallization
exotherm (or its absence) is much easier to monitor
and evaluate. In addition, the crystallization exotherm
is easily detected during the cooling scan. Hence, both
cooling and heating scans have to be evaluated in order
to obtain a complete thermal picture.
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Table 2. Thermal data for the filled PDMS systems obtained by DSC at a cooling rate of −5 K min−1 and a heating rate of +5 K min−1.
Data are normalized with respect to the mass of PDMS.

M7D dried M7D water-saturated M7D fluorinated Hydrophilic CPG Hydrophobic CPG

Tc −72.2◦C −71.4◦C −75.6◦C −72.3◦C −72.5◦C

�Hc +28.7 J g−1 +27.5 J g−1 +25.6 J g−1 +26.6 J g−1 +25.6 J g−1

Tm −40.3◦C; −34.5◦C −40.0◦C −42.1◦C; −33.6◦C −40.6◦C; −33.5◦C −41.0◦C

�Hm −28.1 J g−1; −0.5 J g−1 −30.0 J g−1 −25.0 J g−1; −2.4 J g−1 −29.2 J g−1; −6.8 J g−1 −28.2 J g−1

To examine the effect of sample preparation on the
thermal behavior of the filled systems, a control ex-
periment was performed. Pure PDMS was subjected to
the preparation procedure used for the filled systems,
without adding filler particles, and DSC curves were
measured. No effect was observed when the thermo-
grams of the resulting samples were compared to those
of the untreated PDMS.

To test the effect of the cooling rate on the ther-
mal features introduced above, a sequence of DSC
experiments in which the cooling rate was varied
from β = −2 K min−1 to a fast quench (in liquid
nitrogen) was performed. Cooling was followed by a
constant heating rate of β = +5 K min−1. The result-
ing heating scans are presented in Fig. 5. We observe
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Figure 5. Heating scans of PDMS 16k filled with wt-10% water-saturated M7D silica particles. For the four scans the cooling rate, (a) −2 K
min−1, (b) −5 K min−1, (c) −10 K min−1, and (d) quasi-infinite (sample quenched in liquid nitrogen), prior to the heating curve was varied.
The heating rate was always +5 K min−1.

that crystallization takes place during cooling only at
the two lowest cooling rates (β = −2 K min−1 and
β = −5 K min−1, Fig. 5(a) and (b)). Consequently,
a loss of Tg and Tc during the heating scan is ob-
served. This indicates that the high degree of crystal-
lization was only achieved during the slow cooling pro-
cess. The corresponding exotherm can readily be seen
in the cooling curve (not given here). For a cooling
rate of β = −10 K min−1 (Fig. 5(c)) a small Tg can
be monitored and additionally a cold crystallization
exotherm is observed in the heating scan. This implies
that the crystallization process is partially quenched.
For the quasi-infinite cooling rate (Fig. 5(d)) the heat-
ing curve resembles that of pure PDMS at interme-
diate cooling rates, i.e., the crystallization process is
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Figure 6. DSC thermogram of PDMS 15k + wt-10% fluorinated M7D silica particles. Numerical values are specified in Table 2.

basically quenched during the cooling cycle. Similar
studies were carried out on pure PDMS. In contrast to
the filled materials pure PDMS did not exhibit signifi-
cant crystallization during the cooling cycle down to a
cooling rate of β = −2 K min−1. We note here that un-
der isothermal conditions crystallization was observed
at T ≤ −60◦ C.

In Fig. 6 we present DSC thermograms of PDMS
filled with fluorinated M7D silica particles. Data is
given in Table 2. As previously mentioned, the PDMS
melt does not wet the modified surface (contact angle of
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Figure 7. DSC thermograms of PDMS 15k filled with (a) wt-10% hydrophilic CPG and (b) wt-10% hydrophobic CPG. Numerical values are
specified in Table 2.

45±1). Yet, similar to the behavior presented in Fig. 5,
an exothermic peak is found in the cooling curve, sug-
gesting an enhanced tendency towards crystallization
in the presence of the fluorinated additives as well. In
this system subsequent cooling/heating cycles showed
also similar behavior.

The studies described above were extended to the in-
vestigation of a different filler system, namely porous
glass, CPG. The corresponding thermograms are given
in Fig. 7 (and the data in Table 2). Both hydrophilic and
hydrophobic CPG affected the crystallization behavior
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of PDMS in a manner similar to that of the silica parti-
cles. In particular, at a given cooling rate the presence
of either hydrophilic or hydrohobic CPG resulted in an
enhanced crystallization rate, as indicated by the ap-
pearance of an exotherm in the cooling curve, and the
disappearance of Tg and Tc in the heating curve.

4. Discussion

In this paper we describe an investigation of the ef-
fect of surfaces on the thermal behavior of a semicrys-
talline, practically non-entangled polymer melt. The
model system is comprised of a low concentration of
sub-micron particles or porous glass (CPG) embedded
in the polymer melt. We find that, at a given cooling rate,
solid additives regardless of their surface chemistry,
enhance the crystallization rate of PDMS as measured
in DSC experiments. The effect—within the range of
our experiments—does not depend on the nature of
the interactions between polymer chains and particle
surfaces. In the following we discuss the observations
and our interpretations starting from the pure PDMS
system.

Thermal behavior of pure PDMS: The observed
thermograms of pure PDMS are in agreement with pre-
vious observations [29–33]. In particular, the character-
istic two-peak melting pattern (Fig. 3), typical of long
chain polymers, is observed [34].

The effect of cooling rate: It is known that the cool-
ing rate strongly affects the degree of crystallinity of
semicrystalline materials [35, 36]. Crystallization is
quenched by a fast cooling rate, leading to the for-
mation of an amorphous glass while a slow cooling
process enhances the crystallinity. According to mod-
els of polymer crystallization the actual crystallization
rate, kcryst, (X−1dX /dt where X is the crystal volume
fraction), may be estimated by the following consid-
erations: Polymer crystallization is possible within a
temperature range bounded by an upper and a lower
temperature. To allow for a certain degree of super-
cooling necessary for crystallization, the upper temper-
ature has to be somewhat lower than the temperature
at which the Gibbs free energy favors crystallization.
The lower temperature is determined by the viscosity
below which chain mobility (e.g., chain diffusion, pre-
alignment, conformational changes) is hindered to the
level preventing further chain rearrangements. Com-
plete crystallization occurs in a DSC cooling experi-
ment carried out at a rate, β, only if the crystalliza-
tion rate fulfills kcryst >> β · �T −1. Here �T is the

difference between the two critical crystallization tem-
peratures. One may obtain the upper critical crystalliza-
tion temperature from the onset of the crystallization
exotherm and the lower critical temperature from the
onset of the cold-crystallization process in a heating-
scan performed at the same rate of temperature change.
In our case we find a �T of 30 K. For the given cooling
rate of β = −5 K min−1 the material has 6 min to com-
plete the crystallization process. For pure PDMS this
cooling rate is apparently too fast. The crystallization
rate has been estimated from isothermal experiments
and found to be kcryst < 0.003 s−1. Our observations in-
dicate that filled PDMS readily crystallizes under these
conditions and hence, kcryst > 0.003 s−1. PDMS turns
out to be a particularly suitable polymer for the investi-
gation of cooling rates via DSC experiments, probably
due to its exceptionally high flexibility combined with
the low crystallization temperature [37].

Surface effects: Different types of surfaces exhibiting
a range of interfacial energies, were investigated. We
studied the effect of “attractive surfaces” such as non-
coated silica particles (Fig. 4) and hydrophilic CPG
(Fig. 7(a)) that are known to adsorb PDMS from the
melt, probably due to their silanol surface groups [25].
“Non-attractive” surfaces that are not wetted by and
do not adsorb PDMS from the melt, such as the flu-
orinated silica particles, water-saturated particles, and
hydrophobic CPG were investigated as well. The key
observation of the present study is that independently
of the surface chemistry, the very presence of the sur-
faces enhances the crystallization rate of PDMS.

The effect of filler particles on the thermal behav-
ior of PDMS was investigated extensively before [22,
39–41]. In some of these studies it was found that filler
particles enhanced crystallization, and the results were
interpreted as evidence for heterogeneous nucleation.
In other studies it was concluded that the presence of
solid particles does not affect the crystallization [39],
and in others that the degree of crystallinity is reduced
[40]. In some of these studies, however, the samples
were prepared in a way as to remove non-adsorbed
polymers so that only a surface layer of adsorbed poly-
mers was present [41]. In other experiments the sam-
ples were quenched into the solid phase, rather than
cooled slowly. As was discussed above, and observed
in this study (Fig. 5), a fast quench leads to vitrification
of the melt and dominates over the tendency of solid
additives to induce crystallinity.

Although these phenomena are experimentally par-
ticularly easy to address using PDMS samples, we
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believe that our observations are not unique to PDMS
and should be considered for semicrystalline poly-
mers in general. In the systems studied here, entropic
effects obviously predominate. This, however, will
not always be the case. Indeed, as was suggested by
Cabane and coworkers a highly crystallizable polymer
such as polyethylene oxide, PEO, may be affected dif-
ferently by the presence of additives [42]. Depending
on the chemistry involved, the balance of enthalpic and
entropic effects may be different for different semicrys-
talline materials.

The fact that our results are deduced from DSC mea-
surements suggests that the effects are non-local and re-
sult in a surface-induced bulk crystallization. In Fig. 2
we presented the TEM image of M7D particles embed-
ded in a PDMS melt. In these samples, the inter-particle
distance is of the order of a micron (10 wt% filler con-
tent). It is therefore evident that the inter-particle re-
gions constitute a significant fraction of the sample.

Relation to models of crystallization: In the classical
models such as that by Lauritzen and Hoffman [14]
a description of spherulitic growth rate G (cm s−1) is
given by the expression:

G = G0 exp

(
− U ∗

R(T − T0)

)
exp

(
− Kg

T (T − Tm)

)

where T is the isothermal crystallization temperature,
G0 takes into account the geometric parameters of both
the polymer chain and the crystalline lamella. U ∗ de-
notes the free energy of activation that governs the rate
of chain segments transport to the growth front, with a
temperature dependence similar to that of the viscos-
ity. Kg is a nucleation constant, and T − Tm the de-
gree of under-cooling. In general, for this type of tem-
perature dependence, the rate of crystallization passes
through a maximum, as the temperature increases from
the glass transition temperature (where U ∗ becomes in-
finite) to the vicinity of the melting temperature, where
T − Tm = 0.

The crystallization rates, as deduced from the DSC
measurements presented here, are consistent with
the predicted acceleration of the crystallization rate
with temperature reduction (in the range between
the melting point and the glass-transition tempera-
ture), as indicated by the cold crystallization (for
example, Fig. 2). At the same time, the acceler-
ated rate of crystallization of the filled materials, as
deduced from the DSC measurements, is not con-
sistent with other aspects of the kinetic equation:
The filled PDMS is characterized by a significantly

higher viscosity than that of the native material. A
higher viscosity of the crystallizing material should
decrease the mobility, and therefore should have
caused a reduction of the crystallization rate, unlike
the observations. In addition, we recall that in some of
the systems PDMS does not wet the particles, so in the
framework of the classical theories of nucleation, we
do not expect the particles to serve as efficient centers
for epitaxial crystallization, or sites for heterogeneous
nucleation.

The role of entropy: The observations may be ra-
tionalized by realizing the important role of entropy
in polymer-surface interactions. It is known that sur-
faces act as a strong perturbation to the melt, and may
modify the free energy landscape of the system. Two
of the specific mechanisms by which entropic interac-
tions act, are enrichment of chain ends at the vicinity of
the surface [43], and the enhancement of orientational
ordering of polymeric coils due to the presence of a
surface [44–48]. Indeed, filler-induced deformation of
polymer chains has recently been detected by small-
angle neutron scattering (SANS) in polysilicate filled
PDMS [49]. When the chain dimensions were approx-
imately the same magnitude as the filler particle diam-
eters, the scattering results showed a decrease in the
radius of gyration, Rg for all filler concentrations. For
longer chains and low filler concentration an increase
in chain dimension was observed, in semi-quantitative
agreement with the results of Monte Carlo simulations
[50]. In our study, the filler particles are much larger in
diameter than the coil dimensions with Rg in the range
of 3.5 nm [49]. However, a recent molecular dynamic
computer simulation by Starr et al. [47] suggested that
in the vicinity of a surface (either attractive or non-
attractive) polymer coils become slightly elongated and
significantly flattened.

Local ordering at the molecular level as result of the
hindered dynamics, was recently observed by solid-
state NMR measurements. At temperatures between
Tg + 50 K and Tg + 150 K it was demonstrated that
on time scales of a few tens of milliseconds up to the
terminal relaxation time, polymer melts that experience
other types of constraints such as entanglements [50]
exhibit substantial long-lived ordering, which increase
in the presence of confinement such as rigid blocks in
block copolymers [51].

The experimental and theoretical results described
in these studies were concerned with amorphous poly-
mers and are related to the effect of surfaces on
the glass-transition temperature. Yet, we believe that
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similar effects, of pure entropic nature, are important
for crystallization: In line with the experimental obser-
vations presented in this work, we suggest that regions
of non-random chain conformations on intermediate
length scales [52] may play an important role in the
early stages of crystallization, even if the orientational
ordering of these regions does not match that of the
lowest energy crystalline phase. These regions may of-
fer a different pathway for crystallization by allowing
the system to bypass kinetic barriers that delay crystal-
lization in a native melt.

Finally, we address the issue of adsorbing surfaces.
In this case short range interactions (hydrogen bonding
in our system) lead to adsorption of a polymeric mono-
layer. The solid/melt interface is replaced by a surface
coated by a fluffy polymeric layer resulting in entropic
repulsion at the interface between the melt and the ad-
sorbed layer. This type of interaction is consistent with
the effect of the non-adsorbing surfaces.

5. Summary and Conclusions

To summarize, we found that particles and porous glass
with a high surface area and different types of surface
interactions accelerate the crystallization rate of non-
entangled PDMS melts, as observed in DSC experi-
ments. The effect does not depend on the specific type
of interfacial interaction between the additives and the
polymer, but is rather affected by the presence of a
surface. We suggest that the origins of the effect are
entropic, i.e. the conformational space of the chains
is modified by the presence of the surface. The mech-
anism how this change affects crystallization and in
particular the role of chain ends and/or the distortion
of the chain dimensions in boundary layers remains to
be clarified in the future.
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Notes

1. This idea is utilized in industrial processing of polymers such poly
(ethylene terephthalate) PET, poly (vinyldene fluoride) (PVDF),
and Nylon. During the fiber spinning process crystalline fibers are
formed by extrusion of the melt through a set of small circular
dies, drawing and fast cooling. The pre-ordered melt forms upon
cooling highly crystalline materials.

2. We note that the Me for PDMS as determined from dynamic
mechanical analysis is usually reported to be in the range between
11,300 and 16,600 g mol−1 depending on the evaluation details.
Since quite a few entanglements per chain are required to yield an
observable entanglement effect, the PDMS 16k can be regarded
as non-entangled material [38].
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