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Abstract The reorientation of a small paramagnetic tracer in poly(dimethyl-
siloxane) (PDMS) has been investigated by high-field electron paramagnetic
resonance spectroscopy at a Larmor frequency of 285 GHz. The tracer is
confined in the disordered phase of the semicrystalline PDMS. A sudden change
of the rotational dynamics is observed close to the melting point (213 K) of the
crystallites. This points to strong coupling between the crystalline and the
disordered fractions of PDMS. Below the glass transition (7Tg~ 150K), the
tracer reorientation occurs via small angle jumps, with no apparent distribution of
the correlation times. Above T'g, a power-law distribution of correlation times is
evidenced.
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1 Introduction

In a semicrystalline polymer (SCP), the macromolecules pack together in ordered
regions called crystallites which are separated by disordered regions [1]. In fact, due
to the severe constraints of the connectivity, ordering in SCPs is very rarely
complete. The disordered domains are amorphous solids below the glass transition
temperature 7' g, whereas on heating and crossing 7'g, they gain increased mobility
and transform to rubbers or viscoelastic liquids. By further heating, crystallites melt.
Melting first involves the smallest crystallites, whereas thicker and more ordered
ones become unstable at higher temperatures. Above the melting temperature, if the
polymeric chains are not cross-linked, molecular flow is possible.

Relaxation processes in SCPs are complicated. If relaxation below T'g is hardly
sensitive to crystallization due to the very local character, above T'g the viscoelastic
liquid is largely affected by the confinement due to the presence of the crystallites.
This is particularly apparent in the elastic properties of SPCs in that they tend to
form very tough plastics because of the strong intermolecular forces associated with
close chain packing in the crystallites. It is seen that below T'g the elastic modulus
of SCPs depends weakly on the crystallinity, whereas above T'g the increase of the
degree of crystallinity enhances the modulus [1, 2]. Furthermore, transport
properties, such as diffusion and permeability, are also markedly affected by the
crystallinity degree since the crystallites are very often impermeable even to small
molecules which are expelled by the ordered regions during the crystallization [2—
4]. Notice that such a phenomenon is well known to chemists, who commonly use
crystallization as a purification technique.

The confinement of small tracer molecules in the disordered fraction offers the
possibility of selective studies of such regions in semicrystalline materials. One
viable approach is provided by electron paramagnetic resonance (EPR) which is
able to investigate the reorientation of spin probes, such as nitroxide molecules,
dissolved in the host matrix of interest at very low concentration (<1 mM) [5]. EPR
investigations of polymeric materials using spin probes are widely reported [6—11].
Use of spin probes in semicrystalline materials is reported in ice—water mixtures
[12-17] whereas, as far as we know, it is quite limited in SCPs [18, 19]. It is worth
noting that EPR studies of irradiated SCPs are quite common, especially to study
fracture [20, 21]. However, this approach is unable to discriminate in an easy and
reliable way the contributions to the overall signal coming from the crystalline and
the disordered fractions of SCPs. This drawback is shared with several other
techniques usually used in the investigation of polymeric materials, e.g. NMR,
dielectric relaxation, neutron scattering.

Here, we demonstrate the technique of using spin probe in SCPs in a study of
poly(dimethylsiloxane) (PDMS) by means of high-field electron paramagnetic
resonance (HF EPR) spectroscopy at a Larmor frequency of 285 GHz. The strong
influence of the melting of the crystalline fraction on the disordered one is
evidenced. This is completely different from what is observed in polycrystalline ice,
where spin probes confined in intergranular water are unable to detect ice melting
[15-17]. This points to the conclusion that the disordered and the ordered fraction in
SCPs are more strongly coupled, most probably due to the connectivity.
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2 Materials and Methods
2.1 Sample

2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO) paramagnetic tracer and PDMS,
characterized by a weight-average molecular weight (Mw) of 90,200 g/mol and by a
polydispersity (Mw/Mn) of 1.96, were purchased from Aldrich and used as
received. The sample was prepared by dissolving TEMPO and PDMS in chloroform
according to the solution method [22]. Then, the solution was heated at about 330 K
for 24 h and no residual chloroform was detected by NMR. TEMPO concentration
was <0.04 % in weight. The sample (about 0.5 cm?) was put in a Teflon holder,
which was then placed in a single-pass probe cell. Differential scanning calorimetry
(DSC) analysis, performed on a Seiko SII Exstar DSC 7020 calorimeter, equipped
with liquid nitrogen cooling unit, at a heating rate of 3 K/min after a cooling scan at
the same rate, gave the following transitions: 7g = 147K, cold crystallization at 183
K, and melting onset at about 209 K with endothermic peaks at 228 and 234 K. For
similar systems, the crystallinity fraction was found to be 0.3-0.4 [23, 24].

2.2 EPR Measurements and Lineshape Analysis

The EPR measurements were carried out on the ultrawideband EPR spectrometer
detailed elsewhere [25]. The spectrometer was operated at 285 GHz. The sample
was cooled in situ from room temperature to 124 K at an average rate of 1 K/min
and spectra were recorded stepwise at increasing temperatures. In these conditions,
when the glass transition is reached, crystallization should be complete, according to
the crystallization rates reported in the literature for similar systems [23, 24, 26, 27].
The sample was kept about one hour at each temperature before the measurement.

TEMPO has one unpaired electron with spin S = 1/2 subject to hyperfine
coupling to "*N nucleus with spin 7 = 1. For the calculation of the lineshapes, we
used numerical routines described elsewhere [28]. The g and hyperfine A tensor
interactions were considered and assumed to have the same principal axes. The
x axis is parallel to the N-O bond, the z axis is parallel to the nitrogen and oxygen
2n orbitals, and the y axis is perpendicular to the other two. The principal
components of the two tensors (gxr, &yy» &zz» Axx» Ayy and A;;) are input parameters to
calculate the EPR lineshape. They were carefully measured by simulating the
“powder” spectrum, i. e. that recorded at very low temperature, where the lineshape
is not influenced by the tracer reorientation (Fig. 1). A, and A,, values are affected
by a large uncertainty because they are small compared to the linewidth. To obtain
more reliable values, we used the additional constraint %(Axx +A, +Az) = Aisos
with Ajs being the hyperfine splitting observed in the melt at 280 K and assumed
that A, = A,,. The best-fit magnetic parameters, which were not adjusted in the
simulations of the HF EPR signal, are g,, = 2.0095, g,, = 2.0058, g,, = 2.0017,
Ay =047 mT, A, = 0.47 mT and A,; = 3.40 mT.

The tracer rotation is assumed to occur by sudden jumps of angular width ¢
around isotropically distributed rotation axes after a mean residence time t* in each
orientation. The corresponding rotational correlation time 7 (the area below the
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Fig. 1 Experimental (black line) and simulated (red line) HF EPR spectra at 285 GHz of TEMPO in
PDMS at 124 K (color figure online)

correlation function of the spherical harmonic Y,p) is ©*/[1 — sin(5¢y/2)/
(5sin(ep/2))] [29, 30]. In the presence of jump dynamics, t* and t do not differ
too much, hence t may be identified with the waiting time before an activated jump
takes place [30-36].

The theoretical lineshape was convoluted with a Gaussian function with a width
of 0.1 mT to account for the residual broadening.

The spectra in the presence of a distribution of correlation times p(t) were
calculated by summing up about 150 spectra characterized by correlation times in
the range 0.003-165 ns, each spectrum being weighted according to the distribution
parameters. The best-fit parameters and the related uncertainties were obtained by
routine procedures. Only two parameters were adjusted at most, as it will be detailed
below.

3 Results and Discussion
3.1 EPR Lineshapes

Figure 2 shows selected first-derivative HF EPR spectra at 285 GHz of TEMPO in
PDMS in the temperature range 124-280 K. The spectra markedly change with the
temperature above Tg = 147K. In particular, one notices that the changes are quite
apparent also at lower temperatures than the melting onset at about 209 K. This is
consistent with the expectation that TEMPO is mostly dissolved in the disordered
fraction of PDMS.

The lineshape at 124 K is that expected for a “powder” sample, independent of
the rotational dynamics (see Sect. 2.2). As the temperature is increased, the
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difference between the resonating magnetic fields of the outermost peaks AB (see
Fig. 2) decreases and the linewidth of the peaks increases, until the features
reminding those of the “powder” sample are lost around 211 K. Above that
temperature, the motional narrowing of the EPR lineshape becomes strong and a
triplet structure starts appearing, which is more and more sharpening as the
temperature is increased. It should be noticed that the appearance of the three-peak
pattern mentioned above occurs in a very narrow temperature range (about 3 K),
suggesting a dramatic increase of the rotational rate of the spin probe.

Figure 3 plots the quantity AB (see Fig. 2) and the average linewidth of the three
outermost lines on the right hand side of the spectra in the glass transition region.
Both quantities signal the increasing mobility of TEMPO above the glass transition.
The linewidth increases with the temperature. The decrease of AB with the
temperature is comparable to that observed in other polymers [11]. Neither AB nor
the width shows any discontinuity at 7'g.

3.2 Molecular Motion: Single Correlation Time and Distribution of Correlation
Times

To gain quantitative information on the tracer dynamics, we adopted the jump
model described in Sect. 2.2, which depends on the adjustable parameters ¢ and T,
the jump angular width and the correlation time, respectively. Initially, dynamical
homogeneity is assumed, namely the reorientation of all the TEMPO molecules is
accounted for by a single correlation time. This will be referred to as single
correlation time (SCT) model.

The spectra below T g ~ 150K were successfully simulated using the SCT model.
At such slow rotational rates, the lineshape is weakly sensitive to the jump angle
size. In fact, the quality of the simulation does not change if ¢, spans the range of
5°-20°. On the other hand, the remarkable change of AB with temperature, shown in
Fig. 3, rules out that the jump angle size ¢, is large [10]. Henceforth, with the
purpose of limiting the number of adjustable parameters, one sets ¢y = 10°. Figure 4
proves the effectiveness of the SCT model below Tg. The small discrepancy
between the simulation and the peak at low magnetic field was already noted [11].

In the temperature region above T'g, the SCT model is rather poor. This is
exemplified in Fig. 5, showing a comparison with the experimental spectrum at 189
K. In fact, it is known that polymeric materials exhibit heterogeneous dynamics
above Tg [6-8]. Then, the assumption of a single correlation time for all the
TEMPO molecules is not justified. Therefore, we considered the EPR lineshape
L(By) as a weighted superposition of contributions:

[o.¢]

L(Bo):/ L(By, 1) p(1)dz, (1)

0

where L(By, 1) and p(t) are the EPR lineshape of the spin probes with correlation
time 7 and the distribution of correlation times, respectively. To get an adequate
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form of p(t), some alternatives were compared. First, we considered the log-Gauss
distribution (LGD):

1 1 T\
prop(7) Nere exp[ 202 < nTLGD> ] a ()

which depends on the two adjustable parameters t gp and ¢. This distribution
implies a Gaussian distribution of barrier heights and was employed in EPR [8],
NMR [37] and quasi-elastic neutron scattering studies [38, 39]. Figure 5 shows the
spectrum calculated using LGD at 189 K. The linewidth of the three outermost lines
at high field is clearly overestimated and marked deviations are observed at about
10.17 T.

As an alternative, we employed the power-law distribution (PD) [9-11]:

0 if t<tpp
_ 3
ppp (1) {x g - 70D if > tpp, ©)

Tpp and x are the shortest correlation time and a width parameter, respectively. Such
a distribution significantly improves the simulation, as shown in Fig. 5. A similar
analysis was repeated at the other temperatures and led us to the conclusion to adopt
the PD model. Notice that the PD model yields the SCT model in the limit x > 1. It
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Fig. 3 Temperature dependence of the quantity AB (see Fig. 2 for definition) and the linewidth of the
three outermost lines on the right-hand side of the spectra (filled squares and empty circles, respectively).
The superimposed line is the linear fit AB = a + bT, with @ = 454+ 0.27 mT and b = —0.0211 £ 0.0018
mT/K. The vertical dashed line marks the glass transition temperature

1014 1045 1016 1017 1018 1019  10.20
Bo(T)

Fig. 4 Experimental (black line) and simulated (red line) HF EPR spectra at 285 GHz of TEMPO in
PDMS at 142 K. The simulation was performed using the SCT model with tscr = 80 ns and jump angle
€p = 10° (color figure online)

is worth noting that the PD model interprets the width parameter as x = kBT /E
where kB and E are the Boltzmann constant and the average energy barrier,
respectively [9]. Thus, on increasing the temperature, x increases and the PD
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Fig. 5 Experimental HF EPR spectrum of TEMPO in PDMS at 189 K (black line) compared to spectra
calculated using SCT (blue short dot line), LGD (blue short dashed line) and PD (red solid line) models.
The dynamic parameters used are: tsct = 12 ns, t.gp = 1.0 ns, ¢ = 1.3 and tpp = 0.14 ns and x = 0.45
(color figure online)

distribution narrows. This is expected due to the more effective average of the local
surroundings of TEMPO by the faster host fluctuations.

Figure 6 shows a comparison of the experimental and the calculated lineshapes at
different temperatures above T g using the PD model or its SCT limit at the higher
temperatures. A nice agreement with the experimental spectra is observed. The use
of the SCT model at higher temperatures follows by the fact that the x width
parameter of the PD model increases with the temperature. The decreasing
difference between the PD and SCT models on increasing the temperature is shown
in Fig. 7.

3.3 Temperature Dependence of the Average Rotational Correlation Time (t)
and Distribution Width

A proper account of the reorientation of TEMPO is provided by the average
reorientation time (t):

@ = [ woa(eyae. @)
0

Figure 8 shows that (1) decreases with the temperature, with no anomaly at the glass
transition. This indicates that the probe dynamics is decoupled from the structural
relaxation of the disordered fraction, which is too slow to be detected by EPR. For
temperatures below 180 K, the temperature dependence of (t) is described by an
Arrhenius law, with an activation energy of 3.5 £ 0.4 kJ/mol. A close value, 4.6 kJ/
mol, was found for PDMS investigated by quasi-elastic neutron scattering in the
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Fig. 6 Experimental (black
line) and simulated (red line) HF
EPR spectra of TEMPO in
PDMS at different temperatures
above T'g. The simulations are
performed by the PD model
apart from the two higher
temperatures where the SCT
model is used. The best-fit
parameters are (from bottom to
top): x = 0.45 and tpp = 0.14 ns;
x =0.63 and tpp = 0.10 ns; x =
0.70 and 7pp = 0.10 ns; x = 0.75
and tpp = 0.08 ns; tscr = 0.06
ns; tscr = 0.007 ns
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«Fig. 7 Experimental (black) and simulated (red solid line and red dashed line for PD and SCT model,
respectively) spectra in the temperature region close to the melting of PDMS crystallites. The simulation
parameters are: at 214 K, tscr = 0.065 ns; at 211 K, tscr = 0.15 ns and tpp = 0.08 ns, x = 0.75; at 206 K,
Tscr = 0.15 ns and 7pp = 0.10 ns, x = 0.70
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Fig. 8 Temperature dependence of (t) derived from Eq. 4 and the best-fit parameters of the spectral
simulations

range 100-200 K and attributed to CHj reorientation [38] thus suggesting a good
coupling between the probe and local motions.

At about 213 K, where the EPR lineshape exhibits a dramatic change (see Fig. 2),
a steep decrease of (r) by about one order of magnitude is found. At this
temperature, the polymer starts melting according to DSC measurements. We
speculate that the chains of the amorphous phase tethered to the crystal fronts and/or
restricted by the crystal lamellas increase their mobility at the melt of the ordered
domains. As a result, the reorientation rate of the spin probe, which is located in the
amorphous phase, speeds up.

The temperature dependence of (t) of TEMPO in the PDMS melt is described by
an Arrhenius law, with an activation energy of 18.8 + 0.9 kJ/mol, which is
comparable to 14.6 kJ/mol observed for PDMS segmental dynamics [38]. It is worth
noting that, differently from lower temperatures, a much stronger coupling to the
structural relaxation is now observed which is ascribed to the similarity of the time
scales of the relaxation and the TEMPO reorientation. Notice that the cooperative
nature of the structural relaxation yields a larger activation energy of the TEMPO
reorientation in the PDMS melt with respect to the one observed close to Tg
ascribed to the coupling between TEMPO and local processes.

The temperature dependence of the width parameter x, as drawn by the best-fit
procedure, is shown in Fig. 9. The x parameter shows a smooth increase with the
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Fig.9 Temperature dependence of the width parameter of the PD distribution, Eq. 3. The dashed vertical
lines mark the glass and the melt transition temperatures, while the grey area identifies the region of the
melting onset

temperature. The subsequent narrowing of ppp(7), Eq. 3, at high temperature is in
qualitative agreement with both the remarks in Sect. 3.2 concerning the PD model
and other relaxation models [40]. Above 213 K, x is much larger than 1, and the PD
model approaches the SCT limit.

It seems proper to point out the difference between the narrowing of ppp(t) at
high temperature and the apparent narrowing observed below 159 K, see Sect. 3.2.
The latter is not due to a change in the dynamical heterogeneity as at high
temperature, but to the finite range of correlation times accessible to EPR. In fact, on
decreasing the temperature, the correlation times increase, approaching the longest
value detectable by EPR (~ 0.1 ps). As a consequence, an increasingly larger part
of the actual distribution of the reorientation times of TEMPO in PDMS yields a
nearly identical powder-like spectrum. This results in an apparent narrowing of the
distribution.

4 Conclusions

The reorientation of TEMPO confined in the disordered fraction of the semi-
crystalline PDMS has been investigated by HF EPR. Below Tg, the tracer
reorientation occurs via small angle jumps, with no apparent distribution of the
correlation times, whereas above 7'g a power-law distribution of correlation times
is evidenced. On increasing the temperature, the distribution narrows. Evidence of
the accelerated dynamics of TEMPO at the melting point of the crystallites is
given. The results suggest that the crystalline and the disordered fractions of
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PDMS are strongly coupled, in contrast with the case of ice—water mixtures where
spin probes dissolved in water do not detect melting. This suggests the strong role
by the chain connectivity. The reorientation of TEMPO close to T'g is limited by
local processes and weakly coupled to the structural relaxation. Instead, TEMPO
is more strongly coupled to the cooperative structural relaxation of the PDMS
melt.
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