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ABSTRACT: A detailed study of the dynamical and structural aspects of the cold crystallization behavior of
highly flexible poly(dimethylsiloxane)(PDMS) is presented. In order to understand the complete behavior, before,
under and after crystallization, a wide range of experimental techniques have been employed. A particular emphasis
is made on the interplay between dynamical and structural effects and how the properties of the amorphous
phase evolve during the crystallization. This is highlighted by combining mobility sensitive techniques, involving
broadband dielectric spectroscopy (BDS) and differential scanning calorimetry, with neutron scattering: wide
and small-angle neutron scattering (WANS/SANS) which are sensitive to the relative ordering of the atoms. In
this way, we are able to compare the structure associated with crystal formation with the evolution and modification
of the amorphous phase. The kinetics deduced from WANS points toward a classical nucleation and growth
behavior closely following a Avrami-like growth with an exponent of abst 3 which is expected for athermal
nucleation from fixed centers followed by three-dimensional crystal growth. Furthermore, the amorphous phase
(deduced from BDS) decays in parallel with the emergence of the crystalline phase (from WANS/SANS) without
any shift in the characteristic relaxation time. However a careful comparison of the crystallization at short times
indicates that the amorphous phase seems to be affected before any measurable crystallization is detected by
WANS. Although this might be compatible with the existence of mesomorphic phase, it may also be attributed
to more simple precursors as initial crystalline “baby-like” nuclei. In this picture, these crystalline nuclei may be
formed homogeneously in the system which in turn causes a constraint on the surrounding chains connected to
these crystalline nuclei. This is manifested as a distinct relaxation contribution that is drastically slower and
heterogeneous than the conventional amorplereaxation of the melt. It would also explain a signal in SANS
before any accompanying crystallization signal in WANS. Once the crystal starts developing, the fraction of the
slower amorphous phase (constrained amorphous phase, CAP) grows and the conventional amorphous phase
gradually disappears. At the very end the growing crystalline fronts start to overlap and some of the remaining
CAP becomes even more constrained due to cross-link strongly manifested in both the dielectric response and
the heat capacity.

1. Introduction substructure mediated by more constrained amorphous like

Despite being one of the most extensively studied branchesnterfacial regiong:®
of polymer physics, the complete physical picture of the A very important issue associated with the polymer crystal-
crystallization process of polymers is far from compfeteThis lization is the dynamical and structural properties of the
is mostly related to the fact that crystallization involves a subtle amorphous phase and how it is modified by the crystallization.
combination of equilibrium (thermodynamic) and nonequilib- Concerning dynamics, this question is of strong general interest
rium (kinetic) effects which are particular complex for polymers. in itself as the lamellar structures act as confining templates of
Given the connectivity between segments, the dynamics of the polymer chains in the nanometer range. From a more
polymers is inherently slow which complicates and kinetically practical point of view, the amorphous phase is essential for
counteracts the crystal formation. This results in a rather the stability as well as for the structural and mechanical
complex hierarchically ordered structure which generally con- properties of the final semicrystalline material. This is because
sists of a lamellar substructure having alternating amorphous the mediating amorphous chains would act as cross-links through
and crystalline layers (interlayer distance of the order of tethering, lamellar spanning, and entanglements. Concerning
nanometers) which then, on a larger scale, add up to form kinetics of crystallization, mesomorphic structures may be an
interpenetrated spherulité®Recently, strong evidence has been important intermediate pre-ordering step having a much smaller

provided suggesting that the lamellar structure display a granularactivation energy which according to Ostwald step rule will
eventually transform into the stable cryst&f Some approaches
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picture where the crystals initially grow from a critical nucleus

Cold Crystallization of Poly(dimethylsiloxane)1365

polymers have revealed that the confinement of PDMS into

ignoring any restructuring processes or intermediate steps.lamellar phases has qualitatively the same effect as crystalliza-
Mesomorphic structures have indeed been directly observedtion??leading to an extra well-separated CAP related relaxation

experimentally in certain systeftssuch as in poly(ethylene)

at low frequencies which we may call thg-process. This was

(PE) where a thermotropic hexagonal phase is observed priorattributed to a tethering/anchoring effect rather than a geo-

to the formation of the most stable ortorhombic crystalline phase.

Using wide-angle X-ray scattering (WAXS) and careful data

metrical finite size and confinement effect.
The rather clear separation in time scale of the dielectric

modeling, it has also been demonstrated directly that the contributions from the conventional AP and CAP provides a
amorphous phase of PE undergoes strong modifications undefconvenient way to investigate in detail the evolution of the
crystallization which cannot properly be described unless a third dynamics of both disordered amorphous parts during crystal-

intermediate phase is introductd.On the other hand, a
combined study of simultaneous small and wide-angle X-ray
scattering (SWAXS) of isotactic poly(propylene) has favored
the classical nucleation and growth picture, at least for this

lization. Thus, we here combine various experimental techniques
to simultaneously look on the dynamical and structural features
of PDMS undergoing crystallization. The aim is twofold: first,
further elucidate the effect of confinement and restriction of

polymer. The same more classical view has also been favoredthe amorphous phase, and second, understand the role of the

from computer simulation13

Apart from structural techniques as X-ray/neutron scattering,
a very powerful way to study crystallization and the associated

constrained amorphous phase (CAP) during crystallization with
particular reference to potential mesomorphic/precursor phases.
The structural properties have been investigated using small and

modification of the amorphous phase is via techniques sensitiveWide angle neutron scattering (SANS/WANS) allowing a direct
to the local mobility such as broadband dielectric spectroscopy determination of the crystallinity and details about molecular
(BDS)5which provides a better sensitivity to the amorphous and mesoscopic crystal parameters (lattice and lamellar param-

phase. A recent BDS study has shown that by investigating both€ters). In turn these results are combined with independent

the segmentaln and the localf process simultaneously,
conclusion can be drawn indicating a sort of modified amor-

results of the dynamics obtained from broadband dielectric
spectroscopy and differential scanning calorimetry (DSC). BDS

phous phase acting as precursor state before polymer crystalds particular useful for PDMS as the large dipole moment of

are formed®> Combining BDS and SAXS simultaneously, a
recent study on the warm crystallization of poly(caprolactéhe)

the monomer units provides a strong dielectric signal. As this
technique provides detailed information about segmental mobil-

has indeed shown that the amorphous phase is modified befordty, DSC provides insight into the overall degree of freedom of

any associated change in the SAXS curves can be detected. Thi

the chains as well of the general thermodynamical behavior.

has been interpreted as a signature of a pre-ordering proces§peCia| emphasis has been made to the isothermal crystallization

preluding the crystal formation. Other studies on another

kinetics, which has been determined in situ using all the above-

polymer system, poly(ethylene terephthalate)(PET), employing Mentioned techniques.

both BDS and SWAXS simultaneously*®have shown that the

mobility of the amorphous phase is not significantly affected
during primary crystallization but the strongest effect appears
after the onset of the secondary crystallization. It is interesting
to note that, in BDS, a continuous broadening and shifting of

2. Experimental Section

In this section, we present the essential experimental details
concerning the material and the techniques employed in this study.

2.1. Materials. The deuterated PDMS sample (d-PDMS) sample

the relaxation loss peak toward lower frequencies are usually €mployed in this work was purchased from Polymer Source Inc.
observed®-22 However in some cases the position and shape (Product ID: P3413-dDMS) and used as received without any

of the o-relaxation peak remains constant and just decays in

intensity while it is gradually replaced by a second slower peak
at lower frequencies. It has been sugge¥ttwht such behavior

is associated with polymers with high intrinsic chain flexibility
such as poly(-lactic acid) (PLLA)L® poly(3-hydroxybutysrate)-
(PHB) 20 etc.

In this study we present a detailed study of the cold
crystallization process of one of the most flexible polymers
known: poly(dimethylsiloxane) (PDMS). Because of the mo-
lecular symmetry and small side groups PDMS crystallizes
easily, but owing to the high flexibility, this occurs only at low
temperatures below the melting region (below 2280 K). As

further treatments. The sample was characterized by gel permeation
chromatography (GPC) using 4 columns of the type PLgelr(b
Mixed D) from Polymer Laboratories (now Varian), toluene as
solvent and a flow rate of 1 mL/min. The results demonstrate a
number-average molecular weigM, of 74 000 g/mol and a
polydispersity M,/M, = 1.76 (M,, denotes the weight-average
molecular weight).

2.2. Differential Scanning Calorimetry. The calorimetric
measurements were carried out using a Q1000 TMDSC from TA
Instruments. The sample mass for these measurements was about
8—10 mg. Samples were encapsulated in standard hermetic
aluminum pans and a gas flow (He) was used for thermalization.
Correction of asymmetry relative to reference pan, difference in
aluminum pan weight, etc. was performed using the standard

a consequence there have only been few studies on theprocedure of online correction for the DSC Q1000 (“TzeroTM

crystallization behavior of this polymer. Previous studies have
mainly been focused on the structural propeffie® of PDMS

method”). For the temperature modulated DSC measurements, used
for the investigation of the kinetics of crystallization, the sample

while only some few studies have been devoted to the kinetical capsule was quenched in liquid nitrogen outside the instrument and

properties under crystallization from solutfdmand in bulk282°
Concerning dynamics, it is well establisiéd? that crystal-
lization of PDMS leads to a modified amorphous phase that
due to its slower dynamics, can be designated as “rigid
amorphous phase” (RAP) or more precisely “constrained
amorphous phase” (CAP). However the evolution of the
behavior and its role during crystallization have not been
investigated so far. Recently a study of pure PDMS and
nanosegregated poly(styrene)-PDMS FPFDMS) diblock co-

rapidly inserted into the sample holder of the instrument once the
temperature had stabilized at 123 K.

2.3. Wide Angle Neutron Scattering (WANS).The wide angle
neutron scattering experiments were performed using the D1B two-
axis powder diffractometer at Institute Laue Langevin (ILL),
Grenoble, France. D1B is equipped with a position sensitive detector
consisting of 400 detector element units located’@ 2part along
the 6 scattering angle. The instrument is operated in a high flux
mode with medium resolution allowing a simultaneous recording
of the diffraction spectra over a wide interval ®frange of 10<
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6 < 90°. The optimal flux was achieved using an incoming neutron IR
beam with wave length of = 2.522 A monochromated using a
pyrolytic graphite single crystal. This setup allowed a rather broad
Qrange of 0.26s Q < 3.39 A1 (Q = 4« sin(9/2)/A) whered is

the scattering angle.

The sample was prequenched in liquid nitrogen before loaded
cold into the cryostat that allowed a temperature regulation better
than+0.2 K. In order to achieve a good comparison with the other
experiments, the temperature was calibrated with carbon disulfide,
CS,, which shows a sharp melting temperature at 161.6 K. The
results show that for the current cylindrical vanadium sample holder, -0.14+ 7
the temperature off-set wasT ~ 1 K relative to the nominal sample 140 150 160 170 180 190 200 210 220 230 240
temperature read-off.

2.4. Small-Angle Neutron Scattering (SANS).The SANS- TIK]
measurements were carried out at the D-11 instrument at ILL in Figure 1. Differential scanning calorimetry (DSC) trace of d-PDMS
Grenoble, France. The measurements were performed at severashowing the specific heat flow as a function of temperature. The heating
detector-to-sample distances and collimation lengths covering ancurve shows a clear glass transition temperature at around 146.5 K, a
extended) range. As the investigated samples are relatively weak €0ld crystallization temperaturd., at around 181 K, and finally a
scatterers and the primarily focus of this work concerns kinetics, "ather broad melting region in between 218 and 238 K.
the resolution conditions were relaxed in order to gain in flux. This
was achieved by choosing a rather large circular beam with a
diameter of 13 mm and collimation distance of 10.5lm= 10 m
detector distance), 5.5 E5m), 25 m =25, andL = 1.1
m). The wave length was chosen to be= 5 A (A1/1 ~ 0.09).

The modulus of the wave-vectoQ thereby takes values in the
range of approximately: 8.8 103A-1 < Q < 0.4 A1 detector
sensitivity corrections were made using water. Water was also used
as secondary standard after being precalibrated with vanadium.
Background noise on the detector was measured using a piece of
solid cadmium (Cd) to block the primary beam. All background
substraction was done directly pixel by pixel on the two- dimen- 0 &
sional detector intensity image. After radial averaging the intensities 0004 0.8 1.2 1.6 2.0 24 28 3.2 »
were treated for dead time effects using standard approaches in Q [A'1]

order to yield the absolute normalized macroscopic differential
scattering cross sectionZiQ(Q). For more detailed description
see for example Chapter 2 of ref 34.

In order to calibrate the temperature, the scattered intensity of . .
the sample itself or, more precisely, the count rate of the detector 146.5 K. Further increasing the temperatures we observe a
monitor was observed over all the temperature range. The temper-Crystallization peak at about 181 K before a rather broad melting
ature where most of the small angle scattering vanishes, was takertransition with multiple peaks which is observed in the tem-
as the melting temperature. Comparison of the value from DSC perature range between 218 and 238 K. In the following we
revealed an apparent offset of approximat&lyy ~ 2 K. will focus on the temperature range between the glass transition

~2.5. Broad Band Dielectric Spectroscopy (BDS)The complex  and the cold crystallization temperature. Here the crystallization
dle|eCtI’IC pel’mlttIVItye* =€ — €' vs frequency was measured n of the supercooled amorphous ||qu|d |s thermodynamlca"y

a frequency range between£(and 10 Hz using a Novocontrol gyronqly favored but kinetically inhibited (cold crystallization
high-resolution dielectric analyzer (Alpha-S analyzer). The PDMS ange%y y ( y

sample has a low viscosity at room temperature and can be prepareé ) .
directly between two gold-plated electrodes of diameter: 20 and  3.2. Wide Angle Neutron Scattering (WANS).The evolu-

30 mm, respectively. Subsequently the samples were degassed antion of crystals from a fully amorphous state can be directly
dried by placing them in a vacuum oven and then squeezed betweerseen by time-resolved WANS under isothermal conditions
the plates using a finely cut 0.1 mm star-formed Teflon piece as sufficiently aboveTg. This is demonstrated in Figure 2 which
spacer. Finally before being inserted into the instrument, the samplesdisplays the time evolution of the WANS pattern as a function
were briefly placed under vacuum for some minutes to avoid any of time obtained at 163.4 K after heating from an initial glassy
trapped air bubbles. , amorphous state. As seen the scattering evolves from a rather
The data were measured in a temperature range between 14Qit e broad scattering pattern at short times to well-defined

and 240 K and the temperature was controlled withih= +0.1 . .
K using a Novocontrol Quatro cryostat. In order to avoid crystal- ,I[?rrnagsg peaks visible above the amorphous scattering at longer

lization upon cooling, the samples were quenched in liquid nitrogen
before placed in the cryostat prethermostated at 140 K. Subse- The scattering of the amorphous and crystalline part is
quently, for the kinetic measurements, the temperature was raisedpresented in more detail in Figure 3. Comparing the data of the
slowly avoiding any overshoot until reaching the crystallization semicrystalline state shown in Figure 3b, with the results of
temperature. Albouy 25> we see a very good coincidence of all peak positions
except the first reflection (0.1.1) at approximaté)y~ 0.91
A-1 which is not present in our data. This may simply come
3.1. Differential Scanning Calorimetry (DSC).In order to from the fact that in the former study the sample has been
characterize the thermal properties of the system, standardstretched and partially aligned using silica fillers whereas the
differential scanning calorimetry (DSC) was first used. Figure current sample is quenched into disorder and let crystallized
1 shows a typical scan of the heat flow as a function of from cold temperatures. Accordingly we may assign the
temperature upon heating with a rate of 2 K/min. As seen the crystalline structure of PDMS to be a fourfold helical config-
data demonstrate a clear glass transition temperattifg =t uration ordered in a tetragonal lattice which was recently

0.004 1

-0.07 4 1

Heat flow [W/g]

| [arb. units]

Figure 2. Time evolution of wide angle neutron scattering patterns of
d-PDMS undergoing crystallization at 163.4 K.

3. Results
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1.0 Crystal Figure 4. Time dependence of the crystallinity using the area and
— — - Amorphous b) deconvolution methods. The first “area method” (filled squares) display
— 084 —-—-Intra the results using only the integrated intensity under the second and
L . Baseline third peaks ((1.2.1) and (0.1.3) reflections respectively following ref
S 25) The open squares represent the results from the analysis using a
g deconvolution of the total scattering signal into an amorphous and a
5, crystalline part (see eqs 1 and 2). The former data from the area analysis
> method, which gives only the relative crystallinity, have been scaled
g to the absolute crystallinity determined from the deconvolution method
ko) to facilitate a comparison.
[
to change from the crystal to the amorphous state. It is therefore
reasonable to fix the third peak functiohhs(Q)) as common

in both the amorphous and semicrystal phase. In addition the
QIlA] background scatteringgg) originating from parasitic scattering,

Figure 3. Scattering of the amorphous and semicrystalline state at 9@mma particles/unmoderated fast neutron, electronic noise etc.

162.4 K: (a) scattering of the initial fully amorphous state (symbols) has to be added. As a second step, the crystal scattésfg)(

and the fuly semicrystalline state (full lines). Dotted lines correspond was described by adding seven additional Gaussian peak

to the individual Gaussian peaks used to describe the amorphous phas : i :
The broad peak at highesd was designated the intramolecular %unctions describing the Bragg reflections of the crystal and

contribution. Broken line displays the fit to the sum of all three peaks. fittéd to the final state by a simple superposition with the
(b) Components of the scattering of the semicrystalline structure at the amorphous part. Thus, in the following way we can describe
final stage. Total crystal contribution (solid line) together with the the scattering of the semicrystalline state in terms of the
individual contributions of the amorphous fraction (dashed line) and crystallinity fractionX. and write the total scattering as

the intramolecular part (dash-dotted line). Baseline is represented by
1(Q) = (1 = X®O)Nam(Q) + XO1(Q) + linra(Q) + g (2)

the short dashed lines.
The resulting fit together with the individual contributions

tion, the relative degree of crystallinity was estimated evaluating of the amorphous and crystalline phase are depicted in Figure
’ . 3. In th lysis of the kineti f tallization, th I
the area under the second and third peaks ((1.2.1) and (0.1.3)p n e anayysis of e Kineties of crystatization, the onty

reflections respectively following ref 25). This was done by arameter allowed to vary was(t). The parameters of the
; . X ) amorphous and crystal scattering were fitted using the initial
directly calculating the area in the ran@e= 1.6008-1.9344 b y g 9

A-1for all ti Th its of th Vsi . i Fi and final state respectively, and at all intermediate times the
4 oraffimes. The results ot tn€ analysis areé given In FIgure.  igtns, relative amplitudes and peak positions were held fixed.

) . . The excellent quality of the fits implies that neither the
In order to estimate the absolute degree of crystallization and d y b

id d h h d i individual amorphous nor the crystalline structure seem to
provide more accurate data, the amorphous and crysta Inechange significantly with time or temperature. The time evalu-
scattering have to be deconvoluted and fitted over a lagger

. ation of the crystallinity fractionX(t) is compared with the
range. As the peaks of the amorphous and the crystalline part s method” in Figure 4. As seen both methods show the same

greatly overlap, the da_ta were fitted to the simplest P°$S'b'e functional behavior, but the deconvolution method yields data
two p.hase model. A. simple but robust way to do this is to with better precision, and, very importantly, in terms of absolute
descrlt_)e the scattering of each part as a sum of Standarq/alues. Subsequently, the second, latter method was used at all
Gaussian functions: other temperatures and the results are displayed in Figure 5a .
It should be noted that the description of the scattering of the
Q) = z amorphous phase is a qualitative one and not an accurate
" w27

proposeé® to replace the originally accepted monoclinic
structure?* As a first step to analyze the kinetics of crystalliza-

exp(—(Q — Q)72w?) 1)

physical description. Concerning the description of the crystal-
line fraction, the intramolecular component is not well-defined,
and care must be taken in order to not introduce systematic
whereg; is the relative amplitude ang; is the width and}; is errors in the absolute crystallinity. In order to avoid any
the center of the individual Gaussian peaks. First, the scatteringambiguity, the intensity curves were evaluated by fitting the
of the fully amorphous phasé.{Q)) was parametrized using  first 200 points in the reduce® range of 0.26-1.96 A1,

a sum of three Gaussian functions as depicted in Figure 3a).However, as exemplified fof = 158.4 K in Figure 5a, this
Note that both the amorphous and semicrystalline sample has only a minor impact on the data. Furthermore, we also here
coincide at large& which must be related to a scattering term assume that the amorphous local conformation is unaffected by
originating from intramolecular correlations that do not seem the crystallization and can be described by the constant set of



1368 Lund et al.

0.36 T
0.30-
0.25-
020
%°0.15]
0.10-
0.05-

0.00- T T T T T —
0 100 200 300 400 500 600 700

time [min]

0.30+
0
(&)

<0251,

!
A OO N

*
X%
N W

0.20 T T T T T
158 160 162 164 166 168 170

temperature [K]
Figure 5. (a) Time evolution of the crystallinity fractiorXVANS(t),

for different temperatures as determined by WANS. From left to
right: 169.4 K (triangles), 162.4 K (filled circles), 159.4 K (stars),

and 158.4 K (squares). For the latter temperature, the results from fitting

the completeQ range and the first 200 points have been included as

crossed and open squares respectively (see text for details). The solid
lines display fits to the Avrami equation. (b) Temperature dependence

of the power exponenty (right), and the final crystalline fractiaVANS-
(o) (left) deduced by the fitting the Avrami equation (eq 3) to the
experimental data. The lines only serve as a guide for the eye.

three Gaussian functions. However given the limited resolution 91Ven byPiam(Q) =
of this experiment and the excellent description of data, shown
in Figure 3, the data analysis can be safely regarded as very®
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Figure 6. Small angle scattering curves of d-PDMS at different
temperatures. The data has been obtained after first quenching the
sample in liquidN, and subsequently gradually heated to the indicated
temperatures. The inset plot display the inter lamellar spacing distance,
dam, (filled squares), and the coherence length of the lamellar structure,
deon (Open squares), as a function of temperature (see text for details).

The latter is approximately given by the product of the individual
lamellar form factor and the lattice structure factor divided by
the factorQ? taking into account the random orientation of the
crystallites. By considering a simple power law for the 1Qw
scattering, we end up with the following expressién:

d=/dQ(Q) = AQ *+ BP,(Q)San(Q/Q° + lgs  (4)

where A and B are numerical prefactors arfelan(Q) is the
form factor for a one-dimensional lamella with widtv
|sin(wQ/2)/(wQ/2)|2. For sake of simplicity
we approximate the structure factor of the periodic lamellar
tructure by a Gaussian function with a widtiym: Sam(Q) =

satisfactorily. Hence a three phase model which has been used*PC (Q — Qoead?20an?).

in the case of PEQ where the amorphous and crystalline peaks
are more well-separated, is not justified in this case.

In order to quantify the kinetics the classical Avrami equation
was fitted to the experimental data:

X(t) = X(20)(1 — exp(=(kp)") ®)

The results of the fits are given in Figure 5a and the corre-
sponding fit parametersX,(«) andn are given in Figure 5b.
As seen, the Avrami exponent, takes values of about 3, in
the range of 2.#3.2 which is compatible with values reported
for PDMS in crystallization from solution and bulk & 1.7—
3.1)%3

3.3. Small-Angle Neutron Scattering (SANS)The small
angle scattering curves of d-PDMS obtained at different

In order to minimize the amount of variableswere first
fitted and kept constant tgs = 2.8, which corresponds to a
typical near three-dimensional mass-fractal that could be
particles arising from impurities etc. Because of the limited
resolution of the experiment, finer structural features such as
the lamellar thickness cannot be determined with accuracy.
However values were found in the regionwf~ 10—25 A,
and display some indication to increase with temperature. From
the width of the Gaussian structure factor peak we find a value
of aboutoiam &~ 0.05-0.03 A1 which is significantly larger
than the width corresponding to the experimental resolution:
0q~ 6 x 1073 A~13536However, since the resolution function
essentially is a Gaussian, the corrected width can be calculated
as: o}, = oam® — 002 Using these values we can can
calculate the coherence length of the crysthb, = 27/AQ

temperatures after quenching the sample in liquid nitrogen areWhereAQ is the total width of the peak (fwhm (full width at

depicted in Figure 6.
As seen all curves, including the data at 248 K, which is

above the melting point, display a strong low Q scattering that

approximately follows a power-law lik€* dispersion with
exponentx of about 2.8. This probably results from large scale

heterogeneities that can be related to impurities, air bubbles,
aggregates, microvoids etc. More importantly, as seen in the

half-maximum) value). For a Gaussian peak function we thus
obtaind.on according to

-
N g J/8In2

Inserting the values obtained, we calculdig, ~ 59—67 A-

d )

intermediateQ range, a correlation peak develops in the spectra values which are comparable to the typical inter lamellar

above 160 K. This is a typical signature of periodic lamellar
structures where the mean lamellar spacing is gived fy—=
27/Qpeak Where Qpeak is the position of the peak maximum. In
order to describe the data over the wh@eange we fitted the
data to a similar phenomenological function as by Wang &t al.
Here we consider three terms: a constant backgrogadthe
contribution from the large scale impuritids(Q) and the

scattering from the assembly of alternating lamellar structures.

periodic distances, as shown in the inset plot in Figure 6.

In analogy with WANS, the crystallization kinetics was also
monitored using SANS. However, at 160 K and below, the
kinetics was unpractically slow and significant structural changes
could only be followed at 162 K. The results are shown below
in Figure 7 for selected times.

It is interesting to note that the correlation peak between the
lamellar regions (at about 0.174) seems to grow uniformly in
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Figure 7. (a) Evolution of the small angle scattering curves of d-PDMS TIK]

at 162+ 1 K. The reference curve displays the scattering before any
significant crystallization has taken place. (b) Normalized invariant as
a function of time. The line represents a fit to an Avrami-like growth
law (see text for details.)

Figure 8. Dielectric loss permittivitye"” of d-PDMS as a function of
frequency after: (&) quenching the sample to lighidemperature and
progressive heating in the range of 1566 K with a 2 Kincrement-
(from left to right) and (b) temperature range between 156 and 180 K
. . o . L o with 4 K increments (from left to right) obtained upon gradually cooling
intensity with time without any significant shift iQ. In order the sample down from 180 K. Part c displays the temperature
to obtain a more quantitative description, the time evolution of dependence of the characteristic tinfefor the amorphous phase prior

the “invariant”,Z was calculated over the experimental Q range 1o crystallization (solid squares), and the “CAP" phase upon progressive

: : o — heating (open stars) as well as the “CAP” after completed crystallization
Zt_tlhls detector settingQmin = 0.028=< Q = Qmax = 0.183 at 180 K and subsequent cooling (open triangles). The solid lines display
: fits to the Voget-Fulcher-Tamman (VFT) equation (eq 7).
= _ [Qmax Q2| (Q) dQ (6) Table 1. Characteristic Parameters of theo-Relaxation of the
=7 Jmn Conventional and Restricted Amorphous Phase (AP/CAP) of PDMS
phase B To/K Ty (r =100 s)/K m

The time evolution of the normalized invarianE(f) — =-
— - I S AP 482+ 43 13142 145+ 1 154
())/(E(t = 0) — E())) is displayed in Figure 7b. For a two- CAP 707+ 51 128+ 2 150+ 1 95

phase system the invariant should ideally scale itkehere=

- _ ; aThe glass transition temperatufg, is estimated based on the condition
(1 = X(t))X(t) when we assume that the difference of the 7 = 100 s. The fragility indexm is calculated based on eq 8 (see text for

scattering length density (or equivalently the density) between details). The value foro was fixed toro = 5.5+ 1013 s according to R&?
the crystal and amorphous phase is constant during the crystal-

lization which indeed is supported by the WANS result. We

can thus using eq 3 fit the data on the fornE(t(= 0) — =- and 180 K obtained upon gradual cooling from 180 K where
O)(E(t = 0) — E(»)) = a(1 — exp((k)M)(1 — (1 — exp(= the cold crystallization process is complete. As seen,athe
(ktM)), wherea is a numerical constant close to 1. After fixing process is here very broad and much slower than the conven-
this latter value to 1, we obtaim~ 1.5 and a rate constant of tional a-relaxation. Following earlier experimental work we may

k ~ 0.012 mirrL. Using a plain Avrami function, we obtain  associate this relaxation with a “constrained amorphous phase”
similar n. In any case we see valuesmfhat are much lower ~ (CAP) which is related to more restricted amorphous chains
than that was found from WANS which may indicate that the confined and connected between polymer crystalfté8:32

implicitly assumed two-phase model is not valid. The temperature dependence of the most probable time
3.4. Broad Band Dielectric Spectroscopy (BDS)The (corresponding to the maximum of the distribution function),
frequency dependency of the dielectric loss permittivityjs ™ = 1/(2nf*), is determined from the position of the maxima

depicted in Figure 8 at different temperatures for two different (*) of the dielectric loss permittivity and is given for the two
thermal histories. Focusing on Figure 8a, which shows the processes in Figure 8c.

behavior upon heating starting from fully amorphous glass, we  The temperature dependence can in both cases be described
observe a well-defined loss peak associated with the structuralby a typical Voget-Fulcher-Tamman (VFT) law:

alpha relaxation time strongly moving toward higher frequencies

with the temperature. At temperatures above about 158 K, we T = 1, eXpB/(T — Ty)) (7)
observe a low-frequency tail that gradually gets more pro-

nounced and finally at 164 K develops into a broad peak whereTy is the characteristic temperature, whetealues tend
coexisting with the conventional-relaxation peak. At the same  to diverge,ro is the characteristic shortest time in the system,
time, the conventionadi-relaxation decreases in intensity. At andB is a parameter describing the temperature dependence.
166 K the conventionabi-relaxation vanishes and only this The obtained values are listed in Table 1.

slower and very broad process, which we may agliremains. As seen in Figure 8c* can be excellently described with
The emergence of this process is clearly associated with thethe VFT equation for both the relaxation in the conventional
crystallization and can bee seen more clearly in Figure 8b. This amorphous phase as well as the “constrained amorphous phase”.
shows the temperature evolution of theprocess between 156  As is customary in the general concept of glass forming liquids,
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T Table 2. Parameters from the Fitting Procedure of the Data from

0154 & Smn a) 1 Dielectric Spectroscopy
0.104 Z ;g g:: T/IK Aepp (08 v ‘L'Ap/].(res AGCAP OAP Tc/\p/lUGS
. | & %mn 162 0.60 0.89 0.44 6 031 20 800
bt o 1096 min 160 0.66 094 042 21 0.31 2.1 4400
0.05- 158 070 0.98 0.41 79 035 22 25300
0.00-5 ; aThe parameters from the-relaxation from the amorphous phase and
' 10" 10° 10" 10% 10° 10° 10° 10° the ones obtained from fitting the modified CAde-relaxation in the
e i B e semicrystalline phase have been fitted separately. The exprreemt the
b) amplitude of the power law have been determined ta 5€0.06 andA =
0.04+ 7 6.86 x 1073 respectively and were fixed to these values for the three
temperatures.
" 0.024# . 114 i Here A is an amplitudex is a power exponent ang is the
« 218 min relative contribution (amplitude) of each dynamic phase. The
o 1096 min

CAP contribution is written as

10" 10° 10" 10* 10° 10* 10° 10°
frequency [Hz] T §ﬂ | 2262y (10
e(w)cap= 7 0-—In10 exp(-log(wrcap) 720cpp7) (10)
Figure 9. (a) Time evolution of the dielectric loss permittivity!, as CAP
a function of frequency at 162 K. The solid lines corresponds to the fit
using a linear superposition of the response of the amorphous phasewhere tcap and ocap is the mean time and the width of the
and the CAP (for details, see text). (b) Same data corresponding to thelognormal function respectively. The amorphous part is de-

large times as in part a, where the most of the relaxation stems from .~ ; PR,
L ' . ri he following HN ion:
the CAP. Vertical lines are meant as guides for the eye only. scribed by the following equatio

we can also calculate the fragility inder, defined by AngelP8 e(w)yo=Im —Aépp (11)
Assuming the validity of the VFT law, this value is given by AP L+ (iw7,p)%)
m= 'IE 1 5 (8) wherea andy are the parameters describing the symmetric and
gIn (10)(1 - TyTy) asymmetric broadening respectively ang is the characteristic
) ] o time.
Inserting the values from the VFT fits and definifigas the As already mentioned above, each term was separately fitted

temperature of which(Tg) = 100 s, we see that the index of  tg the experimental data corresponding to initial amorphous state
the amorphous PDMS(~ 154) is considerably larger than  and the semicrystalline state of which the conventional amor-
that for the CAP phaser(~ 95). This demonstrates a “stronger” phous response completely vanishasab = 0 andase = 0
character of the latter CAP phase suggesting a more constraineqespective|y)_ Thus, in egs 10 and Weap and Aecap are the
local environment. dielectric strength obtained of the initial fully amorphous phase

The effect of crystallization on the dielectric response is also and that obtained after completed crystallization, respectively.
evident in a real time experiment under isothermal conditions. The relevant data parameters are listed in Table 2.

The result of such an experiment at 162 K, where the  gecond, the superposition in eq 9 was used to fit data at all
crystallization process proceeds relatively fast, is given in Figure jhtermediate times by letting onBap(t) andacap(t) vary. This
9. worked well under the crystallization process until the conven-

As seen, the spectra consist of practically one peak at shorttjgnal amorphous part completely vanistes = 0, after that
times and as the time evolves, a second much broader peak afye observe a slow evolution of the CAP contribution where
lower frequency develops. Finally, the high frequency amor- the peak slightly moves toward slower frequencies (see Figure
phous peak completely disappears, and only the broad relaxatiorgb). Consequently, at longer timessap and ocap Were also
peak characterizing the CAP is visible. Surprisingly, during zjjowed to vary.
crystallization, it seems that both peaks approximately keep their - The normalized total dielectric strength as a function of time
shape as well as peak positioanly their respective amplitudes s piotted in Figure 10a . The data was normalizedebyin
seem to vary. Consequently, at all times during crystallization, grder to cancel small differences in the sample geometry
the €"(w, t) can be described by a sum of two contributions, (thickness, etc.) and thereby facilitating a quantitative compari-
one for the ordinary.-relaxation of the conventional amorphous  gon of the different temperatures. The extracted amplituaies,
phase and one for the.-relaxation of CAP. andacap, are depicted in Figure 10b.

In order to parametrize the data, we chose to describe the | order to extract information about the kinetics, the decay
“CAP” response, after complete disappearance of the conven-of the conventional amorphous phase, representegiiywas
tional o-relaxation, using a sum of a general lognormal function, fitted using a general Avrami equatiap = a exp(—(kt").
as this contribution is broad and symmetric. In addition we As seen in Figure 10b, the data could not be described
added a power law describing a small contribution that only completely satisfactorily by this equation, especially at short
occurs at very low frequencies and that cannot be resolvedtjmes.
properly even at high€F. Theo-relaxation before any signature The above data demonstrate, as expected, a strong anti
of crystallization was described by a Havriliaklegami (H- correlation between the disappearance of the conventional
N) function. At all intermediate times, we describe the total amorphous phase and the emergence of the CAP part. This
dielectric loss signal as a linear superposition of the contributions jndicates that the CAP is associated with the tethering of chains
of these two phases and the power-law term: to the crystal fronts and/or the restrictions imposed by the crystal

. o ., lamellas. This correlation becomes evident when observing that
€(w, 1)" = acap()(Aw " + €ap(®)) + anp(terp(@) (9) the sumacap + aap indeed remains essentially constant in time



Macromolecules, Vol. 41, No. 4, 2008 Cold Crystallization of Poly(dimethylsiloxane)1371

1.2
Q 1.14
2
E 1.04
g 0091
(=%
© o8] .-
07—
120 135 150 165 180 195 210
TIK]
1.20
X 115
2
' : ' ' >, 1.10-
c =
c ) o DDDI:l:\:\:EEEEDDDED]]TEEEI&Fg §Q105
v%10_2_ W_ O B
2 # P e i 1.00 : .
10 100
107+ e i e i )
. : : ime [min
10° 10’ 107 10° . fin} ; ;
8 . Figure 11. (a) Temperature dependence of the reversible heat capacity
time [min] C, " starting from the glass (solid line) and the semicrystal (broken

Figure 10. (a) Total normalized dielectric strength of d-PDMS as a line) respectively. The data were obtained by cooling (20 K/min) down
function of time.Ae = anpAeap + acapAccap. The data have been 0 93 K (glassy state) and then heated (2 K/min) up to 230 K allowing
normalized to the completely unrelaxed dielectric permittivityy) in crystallization to the final state. The sample was then cooled (20 K/min)
order to correct for minor geometrical effects. (b) Amplitudes corre- down to 93 K and then slowly heated (2 K/min). The dotted and dash-
sponding to the individual contributions to the dielectric strength of dotted lines display the extrapolated heat capacities from the glass and
the amorphous phaseast) (open symbols) and the “constrained the high-temperature side of the semicrystalline state respectively. (b)

amorphous phaseicap (closed symbols). The solid lines represent fits Quasi-isothermal crystallization kinetics of d-PDMS obtained from
of a general Avrami equation (see text for details). (c) Evolution of TM—DSC. Time dependence of the reversible part of the specific heat

the characteristic mean relaxation time (corresponding to the mean timecapacity,Crpe", obtained under a temperature modulationt@f.5 °C/

of the lognormal function)zcar, of the a. relaxation. Note that these ~ min under quasi-isothermal conditions at 162 K. The solid line displays
values were fixed to be constant until approximately the times indicated a fit using an Avrami equation (see text for details).

by arrows. Temperatures: 162 K (triangles), 160 K (stars), and 158 K

(squares). Vertical lines are meant as guides for the eye only. crystallization kinetics can be determined. This is demon-
strated in Figure 11b fof = 162 K. As before, the data can be

over this range. However, at large times, whaxg is already analyzed using a Avrami like Iaw:C[,e"(t) _ (C;f"(O) -

0, we observe a peak Brap followed by slow decay showin i
that there is a slof/)v evolution where a Zmall fractiox of the CgAP Cp () exp(=(kt)) + C;*(xo). The results show that this
part is additionally immobilized and possibly a small fraction d€scription is working reasonably well yielding a growth
converted into the crystalline phase. Interestingly, as indicated 8XPonentn, resulting in a value oh ~ 2.1 which is not far
in Figure 10 by arrows, this occurs in the zone wheretthe from what has been found before using WANS.

increases significantly (see Figure 10c). These issues will be
discussed more thoroughly in the Discussion section.

3.5. Temperature Modulated Differential Scanning Cal- Crystalline Structure. WANS shows that, on the local scale,
orimetry (TMDSC). In order to investigate the crystallization the final crystalline structure essentially does not depend on
behavior and the accompanying CAP phase in more detail, wethe temperature. In all cases, the crystal reflections remain
also employed temperature modulated differential scanning essentially on the same position and correspond very nicely with
calorimeter (TMDSC) which provides thermal information under the work of Albouy® where the structure proposed is a 4-fold
quasi equilibrium conditions. helices organized in a tetragonal crystal lattice. The final degree

Figure 11a shows the reversible part of the specific heat of crystallinity was found to vary very slightly with the
capacityCLev of two subsequent heating ramps of d-PDMS crystallization temperature, increasing from approximately 29
obtained under a temperature modulation £0.5 °C/min to 33% when the temperature is changed from 158.4 to 169.4
superimposed 0 a 2 K/min heating ramp. The first ramp K. This could simply be related to very slow secondary
represents the thermal behavior of the supercooled liquid (glass)crystallization processes which hinder the observation of the
demonstrating the typical abrupt glass transition transition maximum degree of crystallinity within the experimental time
followed by a sharp decrease at about 180 K associated withscale. The small dependence on temperature may also be an
the onset of crystallization. The subsequent heating ramp is thenindication of an intrinsic crystal thickening process driven by
obtained after cooling the sample down to 93 K from 228 K the reduction in the interfacial free energy. Indeed comparing
(before the melting transition) and represents the semicrystallinewith the data from SANS, we see that the lamellar spacing
material. As observed, the heat capacity is much lower than increases from approximately 50 A at 162 K to 59 A at 168 K.
that of the supercooled amorphous liquid but still a small broad This is accompanied by an apparent increase in the lamellar
jump is observed between 145 and 175 K. This is another coherence length from about 59 to 67 A for the same
evidence of the modified amorphous phase (CAP) which is in temperatures. This might indicate a slight perfection of the
agreement with the dielectric data showing a slower relaxation crystal structure. Note that the coherence length is comparable
and a very broad relaxation spectrum (see Figure 8b). with the lamellar spacing itself which means that only a few

Furthermore, by applying a sinusoidal modulation of lamellar repetitions occurs within each crystal grain domain. It
+0.5 °C/min on a constant temperature, the quasi-isothermal is worth mentioning that this is compatible with recent sugges-

4, Discussion
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tions of Strobl proposing a general blocky substructure of temperature are identic®Using values available from Wunder-
polymer lamellag. lich and co-workers in the literatuféwe obtainmh ~ 9.3 for

It is also interesting to address the local structure of the the fully amorphous material. These values can be compared
amorphous phase. The dielectric data have shown a dramaticfrom the values of the dynamics (eq 8 and Table 1) using the
effect of the dynamics of this phase upon crystallization, relatiorf? m = log(z(Tg)/7)mrp Which gives according to the
however no deviation from the conventional amorphous scat- definition 7(Tg) = 100s,m*F ~ 133 and*" ~ 100. Considering
tering has been seen by WANS. This means that the local the values obtained before®® ~ 154 andmtAP ~ 95), we
differences of CAP and AP are small, and effects such that assee a rather good agreement demonstrating once again that the
small density differences are not detectable within the accuracy CAP has a “stronger” nature than that of the conventional
of WANS which is sensitive up to about a5 A. It also might amorphous phase.
mean that the large effects shown in BDS are caused by More comparison can be made using the dielectric data.
anchoring of some random chain segments to small crystal Figure 8b has clearly shown that upon crystallization the
nuclei without involving any strong reorganization processes. relaxation features of the conventional amorphous phase disap-
Such scenario would also exclude a distinct mesomorphic phasepear and are replaced by a very braagrelaxation process
acting as a precursor for crystallization. This is different than extending over about 7 orders of magnitude in frequency.
observed for PE where a distinct intermediate phase have beerconsidering the dielectric strength values, our results show that,
seen by WAXS!? A more detailed discussion of this subjectis ypon crystallization at 158 KA decreases from 0.62 in the
given later below. fully amorphous phase to about 0.26 in the final semicrystalline

Dynamics and Crystallization. According to the previous  state. If the reduction only were due to crystallization, i.e., where
discussion, the crystallinity of PDMS obtained in the cold segments implemented into the crystal were completely im-
crystallization range amounts to about 30%. This would imply mobilized while the others keep their amorphous mobility, this
a corresponding reduction of the excess heat capacity when theyould suggest a crystallinity of about 60%. Thus, it is evident
supercooled liquid is transformed into the semicrystalline that the contribution of CAP to the dielectric strength is smaller
material. This can be calculated by the rati@;e(’(liquid) - than that of AP. Because the lack of a good microscopic model
C, ‘(semicrystal))/C*(liquid) — C;¥(crystal)) which, using  for the dielectric relaxation around the glass transition the
the data in Figure 1la at 162 K, gives a value of about 0.8 interpretation of this comparison is not obvious. Nevertheless,
which is much larger than the expected value of approximately one could consider that the observed reduction is directly
0.33 from WANS. Here we have used the valuegt(crystal) connected with the reduction of the effective dipole moment
as the extrapolated value of the experimental data from the reorientation due to the more restricted environment. In this
glassy state (see dotted line in Figure 11a). Even by using theinterpretation we can estimate the effective dipole moment
value of C[*'(semicrystal) determined from the high-tempera- reduction according tae ~ u2N/V, whereN/V is the density
ture behavior (see dottedlashed line in Figure 11a), we still  of dipoles. Assuming that the density is not changing and using
obtain a value larger than 0.7, which is clearly not the case. the degree of crystallization from the WANS measurements,

A way to understand this apparent discrepancy is by noting we can calculateucapluap ~ \/ Accapl(Aeap(1—XAN%)) ~
that the amorphous-like regions connected to crystal lamellasQ.g, i.e., the effective dipole moment reduction in the CAP
are much more constrained than in the amorphous bulk phaseamounts to about 20%.

(hence the name CAP) and therefore do not equally contribute  The dynamic experiments have shown that the crystallization
to Cp. In other words, the heat capacity measurements are notis accompanied by a disappearance of the conventional amor-
able to separate the reduction of the specific heat capacity duephous phase and simultaneously emergence of a different more
to the formation of a crystal lattice and the reduced mobility of astricted amorphous phase. This is manifested in much slower
the intermediating amorphous like chains. A crude estimate of nolecular motions and a very heterogeneous character. It is
this reduced mobility can be done by calculati@j{(CAP) — reasonable to consider two main potential effects responsible
C, (crystal))/(C,(AP) — C;¥(crystal))(1— X)) = 0.35,i.e.,  for this behavior: (i) geometric confinement and (ii) grafting/
the reduced mobility leads to decreaseﬂﬁ[f" of about 65% cross-linking of amorphous chain segments on the crystal
relative to the value of the pure ordinary amorphous phase. interfaces.

In this connection it is also interesting to compare the  Considering the first effect, SANS measurements have
properties of the ordinary amorphous phase and the CAP inindicated that the confining region, i.e., the inter lamellar
terms of the fragility, this time in using the thermodynamic thicknesd, would be of the order of about 31 A (| ~ (1 —
fragility defined as follows*?? Xo)diam). Recent studies have shown that the effects of confine-

ment are not expected to be observed before approaching a
AC™V(T) characteristic length scale of cooperativity which for typical
mp=1+ —rP_ ¢ (12) flexible polymers takes a value much smaller of about18
SdTy) A'in the region around the glass transitidh= Ty — 1.25T,.3°
Additionally, in this framework, the dynamics would be faster
whereACLe"(Tg) and S;(Ty) are the excess heat capacity and if the cooperativity length is approacheth this case rather
configurational entropy at the glass transition. Even though thesethe contrary is observed.
values are not easily deduced for the conventional amorphous  This leads us to the second point concerning chain pinning/
phase due to the crystallization, we can use the current data tografting of chains and even cross-linking between small
evaluate the values of the CAP. Using the extrapolated lines crystalline nuclei/ crystalline structures. This naturally leads to
from the glass and semicrystal in Figure 11la, we ob#@in  much slower dynamics as the fluctuations of the chains is
C,(Tg) ~ 0.048 J/gK andi(Tg) ~ 7.07 x 1073 J/gK, which severely damped, and for chains fixed in more than one point,
givesmip® ~ 6.8. Here we have usel(Ty) ~ /1°AC, d(In T) the chain is effectively forced to fluctuate only between two
and then assumed that for simple polymers, such as PDMS,linkage points and therefore much more constrained. As PDMS
the Vogel temperature (see Table 1) and the Kauzm@gn, is very flexible, the frequency of folding is large which is likely
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to lead to effective short strands between the anchoring points
without necessarily forming ties between adjacent crystal
lamellas. In addition since the dynamics is very fast, any
obstruction point would drastically affect the effective time
scales. This is likely to be the reason for the large decoupling,
i.e., separation in the time scale between the AP and CAP.
Similar features have been seen for other flexible polymers such
as poly(-lactic acid) (PLLA}*22and poly(3-hydroxybutyrate)-
(PHB)2%21 but in the case of more rigid polymers like poly-
(ethylene terephthalate)(PETY® and poly(propylene succi-
nate)® a more gradual change in the characteristic relaxation
time and broadening is observed. It is interesting to compare
this behavior with the reduction in the effective dipole moment
deduced from BDS. Using our results we have obtained an
effective dipole reduction ofAu/u ~ 20% which can be
compared using the results of PET from Alvarez etl&l.,
essentially the sam&u/u ~ 20% is observed. In this connec- .
tion, we note that in terms of the fragility index, it is generally 10 100 1000

observed that for more stiff polymers, the amorphous phase time [min]

undergoes a significant “fragitestrong” transition whereas for  gigure 12. Crystallization kinetics deduced from structural measure-
flexible polymers the reduction is much smaltéHowever as ments (WANS, filled symbols) and local mobility measurements (BDS,
the discussion above shows, this cannot simply be related toopen symbols). (a) Loglog plot of the relative crystallinity deduced

i i i i from the loss of the conventional amorphous phagé)(Xc(e) ~ 1 —
the change in the dipole momefst: alone but likely is related An(§/ane(t — 0)) and WANS measurements. Temperaiures are 158 K

also to the statistics of the polymer. (squares), 160 K (triangles) and 162 K (circles). The temperatures of
It also worth mentioning that the appearance of a distinct WANS are systematically about 0.4 K above those of the WANS. (b)

i i same data as in part a but in the so-called Avrami representation, i.e.,
slower amorphous dynamics may also be induced by a sort ofWhere INEIn(L — X(t)/%(e)) is plotted on a log time scale. Note

precrystalline order o_r mesomorphi_c phase Whi‘_:h acts as athat even though data is obtained after approximately the same thermal
precursor to crystallization. Such ideas have indeed beenhistory was applied, the measurements were not performed simulta-
proposed although along different lines, proposing bundle-like neously.
structures, and a spinodal liquietliquid transition (isotropie-

Relative Crystallinity

T T T
10 100 1000

nematic) preluding the formation of real crystals. Although such 1.04 ' ' fﬂ: ' |
scenarios cannot be excluded from the BDS alone, the WANS T
structural results show no indication of such entities where the g, 081 - ]
scattering at all times can be described by a sum of a (fixed) § 0,64 - ]
amorphous and crystalline contribution. However as such g ’ g';’
structures should be more apparent from a combination of Q 044 ;;v"; o WANS 1624 K 1
kinetic data, we postpone the discussion of this to the next S « 7§ - BDSCAP162K
section. % 0.2 o7 = TMDSC162K -
Crystallization Kinetics. In the analysis above using eq 9, < * . E'q.'mj_ﬁ v SANS 162K
the dielectric response was shown to be described well with a 004 v = . . .
linear superposition of two relaxation contributions, we therefore 0.1 1 10
might expect that the loss of the amorphous part is directly t,

related to the crystalline fraction given by WANS. In Figure Figure 13. Comparison of the apparent crystallization kinetics as
12, the relative crystallinity, deduced directly from the WANS deduced from SANS, WANS, BDS, and TMDSC on a linear-

; g, . logarithmic presentation. Please note that in order to facilitate the
experiments and indirectly from the loss of the conventional comparison, the horizontal time axis has been rescaled using the

amorphous phase from BDS is compared. characteristic crystallization time, determined from the inflection point
Even hough the data displayed are not abtaned Under S K s ot aen
precisely the same cond_ltlons and_ the_temperature 1S r.]Ot eXaCtIy?Jbtainetfi)punder ide};ltical conditions and the)r/éfore most notably the
the same, the curves displayed in Figure 12a coincide ratheriemperature may be subject to systematic variations.
well, especially at lower temperatures and longer times. The
evident time shift observable for the highest temperature amorphous phase which undergoes a more complicated trans-
investigated, can be attributed to the difficulties in defining the formation. Additionally, in the simple analysis of the dielectric
initial time when the crystallization occurs somehow on a time dataAe of each process was taken as constant which is true if
scale comparable to the time needed to record a single curvethe phases are uncoupled and the jump in the dielectric strength
When plotting the same data on an Avrami representation is discrete. Furthermore, as already commented above, the
(Figure 12b), i.e. when IrfIn(1 — X(t)/X()) is plotted vs disappearance of the conventional amorphous phase is coupled
logarithmic time axis, a systematic difference is observed. First with the emergence of the CAP signal as well as the crystalline
of all, the data from WANS display a clear linear behavior in phase.
the primary crystallization regime, while the BDS data show a  These features are compared in more detail in Figure 13,
distinct curvature. In order to rationalize the differences, one where the time evolution of the properties associated with the
has to take into account that whereas the WANS data directly crystalline formation is displayed for all three techniques:
give the amount of crystals and are therefore initially described normalized fraction of CAP seen by BDS, the relative crystal-
by an Avrami-like nucleation and growth mechanism, the BDS linity measured by WANS, the normalized change in the
results display a progressive disappearance of the conventionalnvariant from SANS (eq 6) and the normalized heat capacity
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change deduced from TMDSC. For direct comparison the data Following up the discussions in the sections above, it is also
have been plotted on a time scale normalized to the characteristidempting to consider inherent effects as precursors such a slight
crystallization time,z,, which has been deduced from the pre-ordering effect acting as a sort of precursor for the
inflection points of the kinetic curves (maximum of the first nucleation. Although the crystalline nodules discussed above
derivative). can be regarded as a precursor state in relation to the fully
developed crystal, one could also imagine more distinct meso-
morphic structures/states suggested eali€iePrecursors have
been reported to be seen directly during crystallization by
edielectric spectroscopy in another system where the CAP and
AP are not as strongly decouplédand also indirectly by
measuring the crystallization kinetics of initial fully amorphous
PET samples having different thermal historiéslowever, in

As seen the DSC and the WANS curves seem to evolve in
parallel following the same behavior except at long times.
However, when comparing with BDS, it seems that at the very
early stages the increase in the BDS signal is substantial befor
any significant increase in the crystalline phase is observed by
WANS. Such effect could not simply come from the differences
in conditions (temperature), as this is effectively normalized -
out via 7, but must be an intrinsic behavior. Essentially the the latter study, an Avrami exponent of about 3 was found,

same picture has been seen on another polymer system by Wurnxf"hlc.h Is close to W.h.at has been found in this work, Wh.'Ch can
16 : : : be viewed as traditional nucleation and growth favoring that
et al.;!* where this behavior was taken as a signature of some

. . . the precursors are essentially small prevailing crystalline nuclei
preordering of the amorphous phase. Another possible picture .~ e ) -

L : entities that cannot be resolved within the detection limit of

to account for such behavior is to consider that at the early stages

of crystallization only small crystalline-like nodules/aggregates Wide angle scattering techniques. Similar ideas have been made
(also termed “baby-nuclei®13 appear. Although these nodules by Wang et al. where in a simultaneous study of WAXS/SAXS

I dt It t of ali terial the appearance of a correlation peak in the SAXS data before
woulld correspond o a very smafl amount ot crystatiine matena, appearance of WAXS signal was attributed to a lower sensitivity
they would act as anchoring points of the PDMS chains and

S . . of the latter technique. It is also evident from the current data
therefore affect significantly the mobility of the surrounding

in Figure 13 that the SANS signal appears to be closer to the
segments. These anchorage-affected segments would not IongeéDS data than the WANS showing that nuclei for the crystal-

contribute to the dielectric signal as in the conventional AP but lization seriously affecting the BDS data also is observed by
to that identified as originated in the CAP. The further growing gans pefore WANS.

of these nodules to form the lamella-like crystals detectable by
WANS will increase the amount of the CAP phase and made
the conventional AP to finally disappear at long enough times.
In this view, the effect of the chain anchorage would extend
over a relative large number of interconnected chain segments.

Now, focusing on the long time behavior of the crystallization
process, we observe a significant drop in the fraction of CAP
which is to a certain degree accompanied by a very slight
increase of the crystalline fraction as observed by WANS. This
) T ) occurs in the secondary crystallization regime, where most of

At this point, it is interesting to compare these results of @ the crystallization have occurred and most of the conventional
lamellar diblock polymer PDMSPS where the anchorage  amorphous phase is consumed. Recalling Figure 10, we see that
effects indeed were found to be noticeable up to about 2 nm tyjs js accompanied by an increase in the characteristic relaxation
from the lamellar walP® Using this value, we can estimate an  time of theac-process. This may be interpreted as folloves
upper limit of the signal that would be detectable by BDS but the |amellas start to overlap in the secondary crystallization
not by WANS. Assuming that the crystal growth occurs from regime—the dynamics is so restricted that further growth can
point like randomly distributed centers (i.e., essentially zero only come from some loose chains located at the crystal fronts.
crystallinity) with a mean distance which is identical with the  These chains may attach and form cross-link to the next evolving
periodicity of the later developed crystal lamellas. Ustg, crystal, leading to a slightly larger crystallinity but mostly a
~ 5 nm from SANS at 162 K, we obtain a fraction of about even slower overall mobility and consequently lower. This
~2%/5* which gives a value of approximately 6% of CAP which s predominantly most likely to happen to chains that are loose
comparing with the finak70% of CAP implies of about 10%  and hence fastest, which would explain the slight shift in the
of the dielectric signal of the CAP in the initial stage of the ac-process observed in Figure 9b and the consequent increase
crystallization. Now considering the comparison already dis- of 7* (Figure 10c). However comparing the increase in e
played in Figure 12, we see that this value corresponds ratherwith the decrease of the CAP fraction, it is likely that most of
closely with the observed differences in the kinetics of crystal- the CAP does not incorporate into the crystal but become further
lization by BDS. It is tempting to conclude that this is also seen restricted and slower such thAt is reduced. Similar results
by SANS where the signal shows a tendency to appear beforehave been found for PET in a simultaneous X-ray and dielectric
the WANS perhaps suggesting that the CAP formation gives a spectroscopy study. This phenomenon can be further inves-
sufficient contrast at large scales in terms of density fluctuations tigated using the TMDSC data displayed in Figure 13. At long
already at these short times. However, as the data at short timegimes, an extremely slow evolution Gfge" is observed which
as well as the data normalization at short times in SANS is is qualitatively similar to the behavior observed for the CAP
difficult, a final conclusion cannot be reached at this point. In response by BDS. Hence it is likely that the slow decag]
any case, it should be pointed out that the SANS curves during at long times also reflects modifications in the CAP which due
the kinetic experiments (see Figure 7a) show an increase of theto its slow dynamics experiences an increasingly difficulty to
intensity without any displacement of the correlation peak, which move between lamellar fronts. It is noteworthy that the TMSDC
seems to indicate that the crystals grow from fixed nuclei and curve does not show significant differences respect to the WANS
no significant nucleation occurs during crystallization. Such a data at fast times, contrary to the CAP behavior. This finding
scenario would be compatible with athermal nucleation and is likely originated by the fact that the TMDSC data normaliza-
growth mechanism which would predict a Avrami growth law tion were performed using as initiﬁI;,ev value that obtained
with exponentn = 3 which indeed is very close to what has from the Avrami fitting, due to the experimental difficulties in
been found from the fitting of the WANS results seen in Figure determining it directly. Therefore, the small but systematic
5b, where values between 2.7 and 3.2 were found. deviations of the initial part of the dielectric kinetic data from
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crystallization. In this way we obtain a similar power law
exponent:y = 0.62 4+ 0.05. Similar values have earlier been
obtained in both polymeric and low molecular weight materials
deduced from the scaling between the self-diffusion and the

viscosity coefficient$? between the kinetic part of crystallization
rate and viscosity? and also between the crystallization rate
and the characteristic time of therelaxation?! However, in
order to conclude more on this matter in a consistent quantitative
way, the thermodynamic driving force needed to be determined
and decoupled from the kinetic part of the crystallization rate
as has been done in ref 44 for low molecular weight compounds.
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5. Conclusion
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In this paper an extensive study of the crystallization behavior
of an archetypical flexible model polymer has been presented.
A special emphasis has been made to understand the relationship
between dynamics and structure evolution. This has been done
using a range of techniques, WANS and SANS to study the

CAP local and mesoscopic structure before, under and after crystal-
Figure 14. Correlation between the characteristic normalized crystal- |ization. This is compared with the local dynamical mobility

lization time, /T, and g‘? the typical time scale of teerelaxation of using broadband dielectric spectroscopy and temperature modu-
the conventional APz, and (b) the relaxation associated with the lated differential scanning calorimetry

CAP, ac-relaxation,rgﬁp. Note that the data are presented on a-og .

log scale. The straight lines displayed represent a power law with ~ The data seem to support the usual nucleation and growth

exponenty = 0.77 and 0.62 in (a) (AP) and (b) (CAP), respectively. mechanism showing a typical Avrami like growth curves

displaying a exponenh ~ 3 which is compatible with an

the Avrami equation could not be detectable in the TMDSC athermal nucleation and three-dimensional growth mechanism.

data. This is also compatible with the SANS data where the
Correlation between Crystallization Kinetics and Seg-  correlation peak seem to be growing homogeneously in time

mental Dynamics.The WANS data show that PDMS starts to  without any shift in the position of the maxima.

cold crystallize on practical time scales in a region of about 10 Combining results from BDS and WANS we see that the
K aboveT,. The characteristic crystallization time is found to amorphous phase decays in parallel with the appearance of a
be drastically dependent on the temperature and change bYe|-defined crystalline phase. However, at short times, we
nearly 1 order of magnitude by changing the temperature someghserve a slight indication that the amorphous phase, seen by
few degrees. This suggests a strong correlation between thegpg s altered before any significant crystallinity is detected
crystallization time, 7, and the typical time scale of the , \WANS. This can be attributed to the presence of a small
o-relaxation,z; being the main dynamic process aroufyl fraction of crystalline point-like centers/nuclei that predomi-
Indeed it has been claimed that the kinetic part of crystallization nantly act as attachment point of chain segments. Such restric-
rate scales with the self-diffusion of the molecutédt is tions would clearly affect the dynamics without any strong
therefore interesting to check the validity of the StekBfstein  associated change in crystallinity which explains the stronger
equation which in this case would imply an inverse linear gependence of the dielectric constants as a function of time. It
relationship between the crystallization timeand the friction could also mean a signature of a slight pre-ordering process or
coefficient,f. However, as the crystal ordering do not necessarily mesomorphic phase preluding the final crystalline phase;
involve large scale organizational processes, it is reasonable tohgwever, no such phenomena seem to be absolutely necessary
assume thatcan be more accurately estimated by the segmental tg explain the current data. At longer crystallization times, these
diffusion characterized by the alpha relaxation, ifes; /7. restrictions imposed on the remaining mobile amorphous
On the other hand, it is known that, close to the glass transition, become more and more evident with an increasing amount of
this relationship generally faif$,and the equation needs to be  a modified “constrained amorphous phase” (CAP) which finally,
modified to yield a more general fractional law, which in this  at the end of the crystallization process, contains all of the
case we may write as followsz; ~ T(z})Y, wherey is constant uncrystallized chains. The resulting dynamics of CAP is about
andy < 1. However, here it should be pointed out that the cold 3 orders of magnitude slower than the ordinaryelaxation.
crystallization is a driven diffusion process subject to a This slow and heterogeneous dynamics cannot be attributed to
thermodynamic gradient in terms of the degree of supercooling confinement effects as the confining lamellar thickness length
relative to the crystallization temperature. is relatively large (about 3541 A) and such effects would be

In any case the correlation between the typical reduced expected to enhance the relaxation times. Instead it can be
crystallization timezJ/T, and the characteristic relaxation time associated with the amorphous chains grafted to the emerging
of the AP,rSE, and the CAPrg,EP is given for temperatureg, crystalline parts. A characteristic behavior of the current system,
< 1.15T, in Figure 14. The formerg, can be deduced from  which is shared with other flexible polymetsis the apparent
the first derivative of the kinetic curves. Extracting the correla- decoupling of the ordinary amorphous phase and the CAP. This
tion exponent, a value of about= 0.77+ 0.07 is obtained for is reflected in a well-separated constant characteristic time of
the conventional amorphous phase which indeed suggest ahe two processes during the primary crystallization regime. We
decoupling of the local friction and the segmental diffusion and attribute this behavior to the high flexibility of the PDMS
thus a breakdown of the StokeEinstein law. backbone, giving rise to large probability to form loops which

Alternatively, according with the previous discussion, one will have different well-separated dynamics induced by the
could consider that the CAP dynamics that controls the junctions points in comparison with the more free chains
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displaying bulk behavior. It is also interesting to note that after (12) Muthukumar, M.; Welch, PPolymer200Q 41, 8833.

most of the crystallization has occurred, in the secondary (13) Welch, P.; Muthukumar, MRhys. Re. Lett.2001, 87, Art.No. 218302.
llizati . f . f the diel . AP si | (14) Ezquerra, T. A.; Majszczyk, J.; Bal@alleja, F. J.; Lpez-Cabarcos,

crystallization regime, a fraction of the die ectrlc.C P signa E.. Gardner, K. H.; Hsiao, B. Shys. Scr1994 T55 212.

very slowly decays and the most probable relaxation time shifts (15) Soccio, M.; Nogales, A.; Lotti, N.; Munari, A.; Ezquerra, T.Rhys.

toward longer times. The change of the dynamics can be Rev. Lett. 2007 98, 037801.

attributed to a very slow conversion of the faster (free ends) (6 ,\\’l\g”nr_rg’ryAét; Ss‘y;irgggbgégfgﬁzns' J. G. P.; Bras, W.; Schick, C. J.

fraction of CAP attaching to other emerging crystal and (17) Ezquerra, T. A.; Sics, I.; Nogales, A.; Denchev, Z.; Baleja, F.
consequently may form trans-lamellar cross-links. J. Polymer2004 45, 3953. ‘
In summary, the results point toward the following picture. (18) Alvarez C. i iogales, A.; Denchev, .; Funari, S. S.; Ezquerra,
. . . o . . A. Polymer , .
At very early tlmes,. crystalline ( baby.-llke ) nuclei are homo- (19) Mijovié, J.; Sy, J.-WMacromolecule002 35, 6370.
geneously formed in the system. This causes a constraint on(20) Napolitano, S.; Whbenhorst, MMacromolecule2006 39, 5967.
the surrounding chains connected to these crystalline nuclei.(21) Napolitano, S.; Wobenhorst, MJ. Phys. Chem. 2007 111, 5775.
This is manifested as a distinct relaxation contribution that is (22) Br&, A. R.; Viciosa, M. T.; Wang, .; Diofis, M.; Mano, J. F.
. . Macromolecule2006 39, 6513.
drastically Slower and hewmgeneous than the Ord!nary.amor'(ZS) Lorthioir, C.; Alegfa, A.; Colmenero, J.; Deloche, Blacromolecules
phousa-relaxation of the melt. This would also explain a signal 2004 37, 7808. _
in SANS before any accompanying crystallization signal in ggg Rﬁ‘)rgjjcgurk %325-2203863?312&35.
WANS. Once the_crystal starts developing, the CAP_ fraction (26) SundaEarajan, P HP.onmerZOdZ 43, 1691,
grows and the ordinary amorphous phase gradually disappears(27) Feio, G.; Cohen-Addad, J. P.; Buntinx, &.Polym. Sci., B: Polym.
At the very end, the growing crystalline fronts start to overlap Phys.1989 27, 1. _ o _
and some of the remaining CAP becomes even more constrained28) Maus, A. Ph.D. Thesis, University of Freiburg; 2005; p 65.
. . . . - 29) Dollase, T.; Spiess, H. W.; Gottlieb, M.; Yerushalmi-RozenE&ro.
due to cross-link strongly manifested in the dielectric response

: Phys. Lett2002 60, 390.
and the heat capacity. (30) Adachi, H.; Adachi, K.; Ishida, Y.; Kotak& Polym. Sci. B: Polym.

Phys.1979 17, 851. o
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