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Abstract
We review past and recent work carried out on viscous liquids, amorphous and sem-
icrystalline polymers by multifrequency high-field electron paramagnetic resonance 
(HF-EPR) facility in Pisa. The emphasis is on the enhanced ability to provide fine 
details of the reorientation process of the paramagnetic guest, the spin probe, reveal-
ing features driving the dynamics of the host system, including the energy-barrier 
distribution of glassy polymers, the dynamical heterogeneity of semicrystalline pol-
ymers, and the dynamical changes occurring at the critical temperature predicted by 
the ideal mode-coupling theory.

PACS 64.70.Pf · 76.30.-v · 61.25.Hq

1 Introduction

Many disordered systems, like glasses, liquids, polymers, and bio-systems, which are 
of interest in physics, materials science, biology, and chemistry, have been studied 
over the years by conventional X-band (9.5 GHz) electron paramagnetic resonance 
(EPR) spectroscopy [1, 2]. However, the large variety of their local environments 
lead to wide distributions of both static and dynamical features of the paramagnetic 
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centres with subsequent poor resolution of their EPR spectra. By employing higher 
and higher magnetic fields, these limitations have increasingly less impact and this 
aspect largely motivated the development of high-field electron paramagnetic (HF-
EPR) spectroscopy at W-band (95 GHz) or higher frequencies. Comprehensive text-
books [3], reviews [4], as well as concise introductions [5] concerning HF-EPR are 
available. Current applications of HF-EPR include studies concerning proteins and 
their model systems [3, 4], lipid membranes [4, 6], polymers [7]—e.g., the com-
plex polymer lignin [8], conjugated polymers [9]—semiconductor nanocrystals [10], 
fullerenes [11], high-spin systems (S = 2) [12], and the development of new tech-
nologies for complex fluids [13].

The present paper reviews in a concise way the experimental efforts carried out 
in Pisa using the HF-EPR spectroscopy to provide novel insight into a wide class of 
disordered systems both in the solid state, i.e., amorphous polymers [14–20], and 
in the liquid state, i.e., glassforming viscous liquids [21, 22], polymer melts [21] 
and semicrystalline polymers [23, 24]. For completeness, in addition to the previ-
ous studies, we also mention other investigations employing the same equipment 
[25–31]. The latter studies are not reviewed here.

After a period of technological development started in 1999, the HF-EPR spec-
trometer setup in Pisa eventually reached the final form reported elsewhere [32], 
superseding the previous versions [33]. Ref. [32] describes the status of the HF-
EPR spectrometer in 2002 with its structure, performances, and limits (see also [34, 
35]). In the first decade of the century, attempts to implement a Quasi Optical setup 
were pursued that finally were abandoned due to the lack of appropriately consistent 
funding.

Two main issues were addressed, namely the distribution of energy barriers 
which must be overcome by the spin probe during the reorientation process [14–20] 
and the spatial distribution of microscopic mobility [23, 24]. The former aspect 
is strictly related to the features of the so-called “energy landscape” of glasses, 
whereas the latter, dubbed “dynamical heterogeneity” [36, 37] is a distinctive feature 
of viscous liquids approaching the solidification process, known as glass transition, 
and is also present in semicrystalline polymers due to coexistence of liquid and solid 
fractions.

The next section presents the background concisely.

2  Background

HF-EPR provides insight into disordered systems due to: (1) the remarkable orienta-
tion resolution of the spin probe dynamics [38], to be ascribed to the larger magni-
tude of the anisotropic Zeeman interaction which in turn leads to a wider distribu-
tion of resonance frequencies [1, 2], (2) the use of spin probes, being well coupled to 
the guest phase, e.g., see [39].
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2.1  Glasses and Liquids

The solidification of a viscous liquid in a disordered glass is a process—usually referred 
to as “glass transition” (GT)—where crystallization is largely or totally inhibited by 
suitable cooling, compression, or even chemical reaction [40–43]. On approaching GT 
from, e.g., higher temperatures, one observes in a limited range a spectacular decrease 
of the microscopic diffusivity of several orders of magnitude. The mobility loss is sig-
naled by the corresponding huge increase of the viscosity. Interestingly, the familiar 
Stokes–Einstein (SE) relationship between diffusivity and the viscosity breaks down 
close to GT [44, 45]. The SE failure is considered as one of the most prominent sig-
natures of the so-called dynamical heterogeneity (DH), i.e., the spatial distribution of 
regions with different mobility [36, 37, 46].

The development of a microscopic theory of GT based on first principles and no 
phenomenological assumption is still a subject of intense studies carried out on both 
atomic and molecular systems, including polymers [47]. A current tool providing a 
topographic view of viscous liquids and glass formation is the multidimensional land-
scape of the collective potential-energy hypersurface created when a large number of 
particles interact with one another. This potential-energy landscape (PEL) is formed 
by individual “basins”, each containing a local potential-energy minimum or “inher-
ent structure”, corresponding to some particle arrangement. Transitions between inher-
ent structures involve a series of activated jumps over energy barriers with distribution 
g(E) [48]. Depending on the temperature, different parts of PEL are sensed. At high 
temperature, the system explores the upper limit of the energy landscape, and using the 
arguments provided by the Central Limit theorem, one can expect to find a Gaussian 
shape for g(E). By cooling to the lowest temperatures, the system will begin to explore 
the deepest lower energy states which are expected to be exponentially distributed fol-
lowing the general arguments of extreme-value statistics [49].

If the particle rearrangements are thermally activated, there is an average (trapping) 
time � = �0 exp(E∕kT) before overcoming the barrier of height E at temperature T, k, 
and �0 being the Boltzmann constant and a microscopic time scale, respectively. There-
fore, the energy-barrier distribution g(E) leads to a trapping time distribution �(�) [14, 
15]. If g(E) is Gaussian, the distribution �(�) takes the form of a log-Gauss distribution 
(LGD). If the distribution of barrier heights is exponential with width E , namely:

one finds that �(�) is expressed by the power-law distribution (PD):

with x = kT∕E and �PD = �0 exp(Emin∕kT) . Note that the absence of energy barri-
ers below Emin does not change the shape of �PD(�) and allows for the temperature 
dependence of �PD . If the width of the energy-barrier distribution is vanishingly 
small, a single reorientation time (SRT) is found with:

(1)g(E) =

{
0 if E < Emin
1

E
exp(−

E−Emin

E
) if E ≥ Emin

(2)𝜌PD(𝜏) =

{
0 if 𝜏 < 𝜏PD
x𝜏x

PD
𝜏−(x+1) if 𝜏 ≥ 𝜏PD



1594 V. Bercu et al.

1 3

2.2  Semicrystalline Polymers

HF-EPR spectroscopy was used to investigate the reorientation of a spin probe in 
semicrystalline poly-(dimethylsiloxane) (PDMS) from the glassy region up to the 
melt. In semicrystalline polymers, the macromolecules pack together in ordered 
regions, the crystallites, which are separated by disordered noncrystalline regions. 
An intermediate interfacial region, usually referred to as rigid-amorphous fraction 
(RAF), is also present [50–52]. This region is a disordered constrained environment, 
whereas the rest of the noncrystalline region other than RAF is expected to exhibit 
properties like the completely amorphous bulk polymers and is usually termed as 
mobile amorphous fraction (MAF). Differently from MAF, RAF does not become 
liquid-like above the glass transition temperature Tg . The confinement of spin probes 
in the disordered fraction offers the possibility of selective studies of such regions in 
semicrystalline PDMS with EPR. This is one major advantage of this method con-
sidering that the assignment of a relaxation process to the amorphous, crystalline, or 
interfacial regions of a semicrystalline polymer is a delicate matter[53–60].

Since there is a mobility gradient from MAF to the more constrained RAF, the 
spin probes are expected to experience a heterogeneous dynamics, with apparent 
similarities with the case of viscous liquids, tracking MAF, and RAF environments. 
HF-EPR is more well suited than the usual X-band EPR to discriminate between dif-
ferent distributions of reorientation times.

We used HF-EPR to investigate another issue concerning semicrystalline poly-
mers, i.e., reversible crystallization and melting. As a matter of fact, linear and flex-
ible macromolecules exhibit local equilibria between the surfaces of the individual 
polymer crystallites and the surrounding amorphous regions which are established 
by thermodynamically reversible structure changes, usually referred to as revers-
ible crystallization and melting [51, 52, 61]. This phenomenon has been ascribed 
to the attachment and detachment of segments of partially melted macromolecules 
which are held at or in the vicinity of the crystal growth face [51, 62]. In the case 
of PDMS, we searched signatures of an equilibrium melting/freezing local process 
involving RAF and MAF. However, no distinctive spectral features associated with 
RAF were observed in slowly cooled PDMS. Thus, we adopted an improved strat-
egy to increase the amount of RAF by quench cooling the polymer and were able 
to detect an exchange process between a fraction of trapped spin probes and a more 
mobile one.

(3)�SRT(�) = �(� − �SRT)
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3  Glasses and Liquids

3.1  Glasses: Exponential Distribution of Rotational Energy Barriers in Glassy 
Polystyrene

The focus of our interest was polystyrene (PS) having energy-barrier distribution 
g(E) intensively investigated by different experimental techniques, e.g., mechani-
cal relaxation [63], Raman [64], and light and neutron scattering [65]. Our 
experiments detected the HF-EPR signal of the spin probe TEMPO [2], and the 
results were reported in a first letter [14] and a subsequent extended paper [15]. 
Notice that TEMPO and the phenyl group of PS have similar shape. TEMPO is 
stiff with almost spherical shape [66]. It has an average van der Waals radius 
rTEMPO = 3.3 ± 0.2 Å and may be sketched as an oblate ellipsoid with semiaxes 
r|| ≈ 2.7 Å and r⊥ ≈ 3.7 Å. Similar small spin probes are anticipated to undergo 
jump dynamics in glasses [67–69].

Figure 1 demonstrates that the HF-EPR line shape discriminates between dif-
ferent reorientation models. The PD model is more accurate. The consistency of 
the analysis is confirmed by Fig. 2 showing how close is the distribution of bar-
rier heights sensed, according to the PD model, by TEMPO in glassy PS with the 
distributions revealed by other techniques.

Fig. 1  Best fit of the HF-EPR 
line shape at 190 GHz of 
TEMPO spin probe in PS at 
270 K using SRT (Eq. 3), LGD, 
and PD (Eq. 2). It is assumed 
that the spin probe undergoes 
reorientation by a jump angle 
� = 20◦ . Best-fit parameters 
for PD model: �PD = 0.225 ns, 
x = 0.575 . See ref. [15] for 
further details



1596 V. Bercu et al.

1 3

3.2  Liquids: Exploring the Energy Landscape Above Tg

At temperature well above Tg , the most advanced microscopic description of the 
slowing down observed on approaching GT from above is the mode-coupling 
theory (MCT) which emphasizes the role of the cage in which the molecules are 
caught for a finite time due to packing constraints [70]. In particular, the ideal 
MCT (IMCT) predicts the existence of a sharp dynamic crossover, i.e., a transi-
tion from liquid-like to solid-like dynamics, at a critical temperature, Tc leading 
to characteristic scaling laws for density correlations and, particularly, a cusp-like 
anomaly in the temperature dependence of the non-ergodicity parameter fq . It has 
been suggested that Tc demarcates temperatures where the system explores deeper 
regions of the potential-energy landscape from those at which it has access to all 
regions [71]. Signatures of distinct dynamical regimes in the energy landscape of 
a glassforming liquid have been reported [72].

Resorting to the high angular resolution of HF-EPR spectroscopy, a model 
independent determination of the rotational analogue frot of the non-ergodicity 
parameter using suitable spin probes which couple to the glassy dynamics of 
the host was carried out [22]. The approach is based on the fact that relatively 
large spin probes in viscous liquids exhibit HF-EPR line shapes very close to the 
so-called “powder” pattern, being a distinctive feature of nearly immobile para-
magnetic molecules [1, 2]. However, a closer inspection shows that even in this 
regime, with spin probe reorientation times roughly between 1 and 10 ns, the 
line shape is highly sensitive to the specifics of the reorientation process and its 
rate [15]. In this respect, an elementary tool to appreciate the HF-EPR sensitiv-
ity is the distance �B between selected peaks of the line shape corresponding to 
specific extrema (or saddle points) of the resonating magnetic field of the three 
hyperfine components of the spectrum (turning points) [15, 20].

Fig. 2  Temperature dependence of the width E of the exponential energy-barrier distribution of TEMPO 
in glassy PS, Eq. (1), as detected by HF-EPR at 190 GHz (squares) and 285 GHz (triangles). Previous 
measurements by internal friction [63], Raman [64], and light scattering [65] yield EIF∕k = 760 ± 40 K, 
ERaman∕k = 530 ± 60 K and ELS∕k = 530 ± 40 K, respectively. Dotted lines are guides for the eye. See 
ref. [15] for further details
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Our system of interest was the archetypical glassformer o-terphenyl (OTP) 
where two sizeable spin probes, ANDRO and NONA, were dissolved. The study 
considered the temperature dependence of the spectral spacing �B�L

 recorded at 
EPR Larmor frequency �L = 95, 190 and 285 GHz. Figure  3 shows the results. 
Four regimes are observed: regime I—at low temperatures �B�L

 which shows only 
a minor change; regime II— approaching 280 K a much stronger decrease of �B�L

 
with temperature sets in which for all frequencies stops at 297.5 ± 0.5 K; regime 
III—above that temperature a plateau-like feature in �B�L

 vs T is observed; regime 
IV—at the highest temperatures, again a strong decrease of �B�L

 is observed, 
reflecting the onset of the collapse of the line shape due to the faster motion of 
the spin probe. The collapse of the line shape is expected to occur at higher tem-
peratures if higher Larmor frequency �L is employed. Consequently, the width 
of the plateau feature in �B�L

 is largest at highest frequency, and this is what is 
observed in regime III. In Fig. 3, the results for the probe molecule NONA are 
also included, showing the same qualitative behavior. Within experimental accu-
racy, the same crossover temperature 297.5 ± 0.5 K is observed as using ANDRO 
spin probe, providing evidence that the phenomenon is not driven by specific 
features of the spin probe. The crossover temperature is rather close to the one 
revealed by neutron scattering at ∼ 290 K [75]. We attribute the �B�L

 data for 
regimes I, II, and III to a pre-averaging effect due to some motion significantly 
faster than the structural relaxation. We interpret the decrease of �B�L

 as the 
decrease of pre-averaging effect due to the decreasing amplitude frot of the fast 
dynamics which stops above 298 K and thus marks the crossover temperature Tc.

Fig. 3  Temperature dependence of �B�L
 of the spin probe ANDRO ( �L = 95, 190, 285 GHz) and NONA 

( �L = 285 GHz) in OTP. Stars denote points concerning �B250 from ref. [73]. All curves (but the one 
denoted by red dots) are shifted vertically to make the comparison easier. Black curves are theoretical 
simulations [74] of �B285 approximating ANDRO to a prolate ellipsoid diffusing due to the �-process 
with either stick (continuous) or slip (dashed) boundary conditions. Notably, neutron scattering experi-
ments reveal the knee at ∼ 290 K [75], to be compared with ∼ 298 K revealed by HF-EPR. See ref. [22] 
for further details



1598 V. Bercu et al.

1 3

4  Semicrystalline Polymers: Heterogeneous Dynamics

4.1  EPR Line Shapes

The dynamics of the amorphous fraction in semicrystalline PDMS from the glassy 
region (below 147 K) up to the melt (above about 230 K) was investigated by HF-
EPR [23, 24]. Two different thermal protocols, slow and quench cooling, were 
applied to PDMS obtaining samples, PDMSsc [23] and PDMSq [24], with differ-
ent amounts of RAF. In fact, slow cooling from above the melting point ( Tm ) down 
to the temperature of interest T ( Tg < T < Tm ) leads to less polycrystallinity than 
quench cooling in the glass region and subsequent reheating to reach the tempera-
ture T [76–78]. The enhancement is understood in terms of both augmented primary 
nucleation [62] and increased disorder of the crystallite surfaces. The presence of 
a large number of small irregular crystallites results in a larger surface area of the 
crystal phase in comparison to the case of large crystallites with regular surfaces 
obtained upon slow cooling from the melt. The larger interface between melt and 
crystallites is anticipated to yield a larger amount of RAF, since the RAF thickness 
is weakly dependent on both the temperature and the crystallinity [50] and nanomet-
ric in size [79]. The dynamics of the amorphous fraction of the polymer was investi-
gated monitoring the reorientation of the spin probes TEMPO and methoxy-TEMPO 
(m-TEMPO) in PDMSsc and PDMSq, respectively. Figure  4 shows selected HF-
EPR spectra of the spin probes in PDMS at different temperatures using the irradiat-
ing frequencies of 285 and 190 GHz.

The spectra markedly change with the temperature above Tg = 147 K. Upon heat-
ing above Tg , the difference between the resonating magnetic field of the most dis-
tant peaks �B decreases and the line width of the peaks increases (see Fig. 4), until 
the features reminding those of the powder sample are lost around Tm − 20 K for 
PDMSsc. Above that temperature, the motional narrowing of the EPR line shape 
becomes strong, and a triplet structure starts appearing which sharpens as the tem-
perature is increased. A similar behavior is exhibited by PDMSq, with the exception 
that the powder features are lost at around Tm = 230 K.

4.2  Dynamical Heterogeneity of the Tracer Reorientation

To gain quantitative information on the spin probe reorientation, we adopted the 
jump model [67, 80, 81]. In PDMSsc, the spectra below Tg were successfully sim-
ulated using the SRT model, Eq. (3), whereas above Tg , a power-law distribution 
of reorientation times, Eq. (2), is necessary [23]. The failure of the SRT model is 
anticipated in that it misses any detail on the heterogeneous dynamics occurring 
in the disordered region between the crystallites. Differently, in PDMSq, the SRT 
model satisfactorily predicts the line shape up to 200 K and becomes inadequate 
in the range 200–230 K, where the analysis gives clear indications that the distri-
bution of the rotational mobility of the spin probes has a bimodal structure with 
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(1) a broad component corresponding to spin probes with fast and intermediate 
mobility, as detected in PDMSsc, and (2) a narrow component corresponding to 
spin probes with extremely low mobility, characterized by the reorientation time 
�trapped [24]. The two fractions of the spin probes are expected to be located in 
the disordered fraction far from the crystallites and trapped close to the crystal-
lites, respectively. In the melt, or even from Tm − 17 K for PDMSsc, as discussed 
below, the high PDMS fluidity averages the distribution of reorientation times 
quite effectively and narrows considerably the distribution, so that the description 
provided by the SRT model is good enough.

Fig. 4  Selected HF-EPR spectra of TEMPO in PDMSsc (top) [23] and of m-TEMPO in PDMSq (bot-
tom) [24] at different temperatures using the EPR Larmor frequencies of 285 (a, c) and 190 (b, d) GHz. 
See [23, 24] for further details
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4.3  Evidence of MAF and RAF

Figure 5 shows the temperature dependence of the average reorientation time ⟨�⟩ 
as drawn by the HF-EPR data sets recorded at 190 and 285 GHz using the reori-
entation time distribution described above. The values of ⟨�⟩ depend little on the 
frequency, signaling that the whole distribution of reorientation times is collected 
by both frequencies.

The average reorientation time ⟨�⟩ decreases slowly as the temperature is 
increased. For low temperatures, the probe reorientation is accounted for by an 
Arrhenius law with an activation energy of 4-6 kJ/mol in the two PDMS samples 
(see Fig. 5). Close activation energy values were reported for PDMS investigated 
by neutron scattering and attributed to CH3 jumps about the C3 axis [82, 83]. This 
suggests a good coupling between the probe and local motions rather than the 
structural relaxation around Tg . The absence of any signature affecting ⟨�⟩ at Tg 
suggests that around Tg RAF is larger than MAF. No signature of cold crystalliza-
tion is also found, thus indicating that the HF-EPR signal of the spin probe does 
not detect the formation of the crystals occurring on heating during data collec-
tion. In PDMSq, the trapped fraction of the spin probes is present between the 
cold crystallization and Tm , as indicated by the Arrhenius temperature depend-
ence of the reorientation time of the trapped fraction �trapped , observed up to Tm , 
which is in ideal continuation of the one of the single reorientation time �SRT 
characteristic of the spin probe reorientation at lower temperatures (see Fig. 5b). 
This is striking evidence that the probe molecules reorienting with the correlation 
time �trapped are located in RAF.

The average reorientation time ⟨�⟩ drops dramatically at about 213 K, i.e., 17 
K below Tm , for PDMSsc and at Tm for PDMSq. At these temperatures, the dis-
tribution of reorientation times disappears, signaling the softening of RAF, and 

Fig. 5  Temperature dependence of the average reorientation time ⟨�⟩ of the spin probe in PDMSsc (left-
hand side) [23] and in PDMSq (right-hand side) [24]. The dashed vertical lines mark the glass ( ≃ 147 
K) and the melting transitions ( ≃ 230 K). The gray region highlights the range of the onset of the PDMS 
melting ( ≃ 209 K) as detected by DSC. The low-temperature and the high-temperature straight lines are 
Arrhenius fits with activation energies 4.4 ± 0.3 and 18.8 ± 0.9 kJ/mol for PDMSsc and 6.2 ± 0.3 and 
20.9 ± 0.4 kJ/mol for PDMSq
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the SRT model applies. The precocious softening of RAF in PDMSsc might be 
ascribed to the melting of the thinnest lamellae releasing part of the constraints.

In the melt, the temperature dependence of ⟨�⟩ of the spin probe is described by an 
Arrhenius law with activation energy about 19 kJ/mol in both samples. The activation 
energy is comparable to the one of the PDMS segmental dynamics (14.6 kJ/mol [82]), 
i.e., the spin probe is more coupled to the structural relaxation above the melting tem-
perature than around Tg.

One should notice that the shortest reorientation time of the power distribution, �PD , 
approaches smoothly the single reorientation time found at temperatures above that 
where ⟨�⟩ drops. This is shown for PDMSq in Fig. 5b. This is evidence that the fastest 
fraction of the spin probes couples to the PDMS segmental motion, revealing the pres-
ence of MAF. This fast fraction accelerates without sensing the melting of the polymer.

4.4  Local Reversible Melting

The larger amount of RAF in PDMSq revealed signatures of reversible local melting 
[24]. The trapped and the more mobile fractions of the spin probe in the noncrystal-
line region of the polymer above Tg , described in the paragraph 4.2, are subject to a 
dynamic exchange process. We tentatively model it as a chemical reaction thermody-
namically equilibrated, and consider the trapped and the more mobile fractions of the 
spin probe as the reactant and product, respectively. This scenario is sketched in the 
inset of Fig. 6. The related reaction equilibrium constant is Keq.

Figure 6 presents the van’t Hoff plot of the equilibrium constant Keq . It is seen that 
the detrapping of the spin probe is favored; i.e., Keq is larger than 1, if T ≳ 209 K, 
namely at temperatures higher than the onset of PDMS melting as detected by DSC 
which occurs at ≃ 209 K. Reminding that Keq = e(−�G

0
r
∕RT) , one finds that the best-fit 

values of the standard Gibbs enthalpy and entropy of reaction drawn from Fig. 6 are 
�H0

r
= 18 ± 1 kJ and �S0

r
= 86 ± 5 J/K per mole of spin probe. Assuming that the spin 

probes are very diluted, it should be observed that these parameters are dominated by 
the environments of the probe close to and far from the crystalline region and much 
less affected by the coupling of the spin probe with them. Therefore, picturing the envi-
ronments as crystalline-like and liquid-like, we explore the proportionality between the 
van’t Hoff parameters �H0

r
 and �S0

r
 with the enthalpy and entropy of fusion per repeat-

ing PDMS unit, �Hm and �Sm , respectively:

where zH and zS are suitable constants depending on the microscopic features of the 
exchange process. We take �Hm = 4.619 kJ/mol and �Sm = 19.6 J/(K mol) as listed 
in [84]. These values are in good agreement with a recent NMR study ( �Hm = 4.54 
kJ/mol [85] ) and alternative sources ( �Sm = 19.1 J/(K mol) [86] ). One finds 
zH = 3.9 and zS = 4.4 from Eq.  (4) and Eq.  (5), respectively; i.e., the structural 

(4)�H0
r
= zH �Hm

(5)�S0
r
= zS �Sm,
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change of the surroundings of the spin probe from the trapped to the more mobile 
state is equivalent to the one of reversible melting of about z ≃ 4 PDMS monomers.

5  Conclusions

We have reviewed studies carried out by HF-EPR spectroscopy concerning 
amorphous polymers, glassforming viscous liquids, polymer melts, and semic-
rystalline polymers. They evidence that HF-EPR spectroscopy provides novel 
insight into two intensely investigated hallmarks of disordered systems, namely 
the topography of the energy landscape and the dynamical heterogeneity. The 
energy landscape is probed by sensing: (1) the energy barriers which must be 
overcome by the spin probe during the reorientation process in glassy polymers 
and (2) the sharp changes in the reorientation of the spin probe in the region of 
the critical temperature Tc predicted by the ideal mode-coupling theory (IMCT). 
Instead, dynamical heterogeneity is revealed by the wide distribution of reorien-
tation times of the spin probes being dissolved in semicrystalline polymers and 
located in the disordered fraction far from the crystallites and trapped close to the 
crystallites.

Fig. 6  Van’t Hoff plot of the equilibrium constant Keq between the trapped and the more mobile frac-
tions of the spin probe in semicrystalline PDMS, see ref. [24] for details. The straight red line is the 
best fit with the equation Keq = e−(�G

0
r
∕RT) and �G0

r
= �H0

r
− T�S0

r
 . Detrapping involves positive standard 

enthalpy ( �H0
r
= 18 ± 1 kJ/mol) and entropy ( �S0

r
= 86 ± 5 J/(K mol) of reaction. The gray region high-

lights the range of the onset of PDMS melting according to DSC ( ≃ 209 K). Notice that detrapping is 
favored, i.e., lnKeq is positive and �G0

r
 is negative, if T ≳ 209 K. Inset: equilibrium between the fractions 

of the spin probes trapped and more mobile, being close to and far from the crystalline region, respec-
tively
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