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Abstract. We show that the combination of dielectric relaxation with neutron spin echo and
incoherent neutron backscattering measurements performed in deuterated and protonated
poly(ethylene terephthalate) suggests that the intrinsic dynamics of semicrystalline polymers
occurs in an homogeneous scenario, similar to that valid to describe the dynamics of totally
amorphous polymers. The quasielastic neutron scattering data are satisfactorily described by a
theoretical model that considers that the proton mobility follows a random jump-diffusion in a
restricted environment.

1. Introduction
The physics of soft matter in confining media has attracted plenty of attention during the last decades
for its implications on nanoscience, nanotechnology and fundamental knowledge of condensed matters
[1]. The α relaxation mode is directly linked to the glass formation and becomes critically slow as
temperature approaches the glass transition [2,3]. Polymers show the ability of self-assembling mainly
through ordering processes like crystallization of homopolymers or phase separation of di-block
copolymers. In both cases, hierarchical structures are generated at different length scales and normally
one of the phases is confined by the surrounding media. The α relaxation in semicrystalline polymers
has been widely investigated as a paradigmatic case study of how the geometrical confinement at the
nanoscale influences the primary relaxation [4]. Poly(ethylene terephthalate) (PET) is a commodity
polymer that, depending of several experimental factors, may present a variable degree of crystallinity,
from the fully amorphous state to a 40 % approximately. Here, we have investigated the amorphous
chains dynamics in a semicrystalline sample of PET by quasielastic neutron scattering (QENS),
elucidating in this way how the confining crystals that surround the amorphous domains affect their
mobility. To tackle this problem, quasielastic coherent Neutron Spin Echo (NSE) and incoherent
neutron backscattering (BS) have been used on deuterated and protonated PET respectively.
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2. Experimental section
Deuterated and semicrystalline poly(ethylene terephthalate) d-PET (degree of crystallinity X = 32 %)
was specifically utilized for the NSE measurements. For the BS measurements, films of protonated
poly(ethylene terephthalate) (X = 33 %) were used. Differential scanning calorimetry was utilized to
estimate the glass transition temperature Tg of semicrystalline PET, located at 348 K.
2.1. Coherent scattering: Neutron spin echo
By using neutron spin echo spectroscopy (NSE), we report on a direct observation of the intermediate
scattering function, or the dynamic structure factor, on a fully deuterated sample of poly(ethylene
terephthalate) [5]. The dynamics of the density fluctuations in the proximity of the structure factor
maximum is governed by the α-relaxation. Considering that the functional form for this process is a
KWW (Kohkrausch-Williams-Watts) function [6], then for the NSE intermediate scattering function
the following time dependence can be written:
β ⎤
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⎛ t ⎞ ⎥
⎝
⎠
⎢
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(1)

where fQ(T) is related to the Debye-Waller factor, τs(T) is the structural or α relaxation time and β is
the stretching parameter [14]. Neutron spin echo (NSE) experiments were performed at the RESEDA
instrument at the FRM II Munich, Germany, at a Q value for the scattering vector of 1.38 Å-1.
2.2. Incoherent scattering: Neutron backscattering
The scattering law for quasielastic processes is generally expressed by a lorentzian function with a half
width at half maximum that provides the time scale of the microscopic dynamics. The lorentzian
function is modulated by the term (1-EISF), where EISF is the elastic incoherent structure factor, in
such a way that the model used to fit the experimental data is the following:
⎡
1
Γ(ω ) ⎤
⎥ .
Sinc (Q, ω ) = EISF (Q)δ (ω ) + ⎢(1 − EISF (Q) )
π Γ 2 (ω ) + ω 2 ⎥
⎢⎣
⎦

(2)

The convolution of this model function to the experimental resolution data for each value of Q is what
we actually fit to the experimental data in order to extract the half width at half maximum Γ (time
scale of the motion) of the quasielastic component and the elastic incoherent structure factor EISF. BS
experiments were performed at the backscattering spectrometer IN10, at the ILL (Grenoble, France).
The incident neutron wavelength was set at 6.28 Å and the Q range was extended from 0.5 to 2 Å-1,
with an energy resolution at half maximum of 0.45 µeV.
3. Results and discussion
The dynamic behavior of semicrystalline PET has been investigated above its Tg by carrying out in
parallel NSE and BS measurements. To illustrate the response of semicrystalline PET in time and
frequency domain, figures 1 and 2 shows NSE and BS data respectively at 500 K.
Figures 1 and 2 nicely describe how the decay of the density correlations in the time domain,
characterized by an exponential decay function, is on the contrary represented by a lorentzian function
in the frequency domain [6]. The NSE data have been described by using the equation (1) where f(Q),
τ and β where adjustable parameters. The values of τ are included in the relaxation map represented in
figure 4, supporting our initial assumption that the dynamics observed in NSE is truly the α relaxation
[5]. While the stretching parameter β for the α relaxation in semicrystalline PET, for instance obtained
by dielectric spectroscopy, show values around 0.2, here NSE data present decay functions with values
of β equal to 0.5. Values of the parameter β close to 0.5 are typical for fully amorphous polymers.
Consequently, we can propose that the dynamic scenario for the α-relaxation, studied by NSE, of a
semicrystalline polymer is that of the homogeneous case. In order to extract additional information,
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BS data were analyzed by using the formalisms described in equation 2, where the spectrum contains
an elastic peak and the corresponding quasielastic broadening. As an example, figure 2 shows the best
fit of the experimental BS data to equation 2 at 500 K and 1.45 Å-1. Following this approach, a good
description of the data was obtained also at 400 and 450 K in a Q range between 0.5 and 2 Å-1. Unique
information on the geometry of the motion is obtained through the Q evolution of the so called elastic
incoherent structure factor EISF (ratio of the elastic intensity to the total scattered intensity). Two
different approaches have been followed to interpret our EISF data, one in which the mobile species
diffuse in a restricted environment defined by impermeable walls (DRE model) [7], and another where
the confining elements behave like soft and permeable walls (Gaussian Model, GM) [8]. Fits of the
GM and DRE models to our EISF experimental data are included in figure 3 as dashed and continuous
lines respectively.
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Figure 1. Dynamics of semicrystalline PET at
500 K. NSE relaxation decay at 1.38 Å-1.
Dashed line corresponds to the best fit of the
experimental data to a KWW function.

Figure 2. Dynamics of semicrystalline PET at
500 K. BS spectrum at 1.45 Å-1.

If one checks carefully the fits in figure 3, it seems that a better description of the experimental data
is received when the DRE model is considered. Under the framework of this model, the confining size
remains unchanged for the whole temperature at a constant value of 6 Å, while the fraction of mobile
protons increases with temperature. From the half width at half maximum Γ of the quasielastic
component is possible to extract the time scale of the underlying motions. A detailed description of the
data analysis procedure to estimate the relaxation time of particles diffusing in a restricted
environment can be found elsewhere [9]. The relaxation times derived from both NSE and BS data are
collected in figure 4, together to dielectric spectroscopy (DS) data. In figure 4, we have only included
the 500 K data from the BS measurements considering that at lower temperatures the α relaxation time
scale should fall far away from the IN10 time window. The dotted line in Fig. 4 corresponds to the
empirical Vogel-Fulcher-Tamman VFT equation that nicely reproduces the cooperative nature of the
α relaxation of glass forming systems. We see that the NSE data () fall into the VFT line, indicating
that the collective dynamics observed through the coherent dynamic structure factor is actually the α
relaxation. Interestingly, the data at 500 K obtained from the backscattering data almost coincide with
NSE values.
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Figure 3. EISF data for semicrystalline PET.
Solid lines represent the DRE model. Dotted
lines correspond to the GM model. Read text for
details.

Figure 4. Relaxation times as a function of
reciprocal temperature for semicrystalline PET.
The graph collects data from different
techniques.

Conclusions
The dynamics of semicrystalline PET at the mesoscopic level has been studied by quasielastic neutron
scattering (QENS) using Neutron Spin Echo (NSE) and Neutron Backscattering (BS) techniques. Our
EISF data have been modelled assuming that the scattering particles diffuse within a restricted
environment (confining distance 6 Å). In addition to that, we observe an increase of the fraction of the
mobile protons when temperature rises up. By doing NSE measurements above the Tg of deuterated
semicrystalline poly(ethylene terephthalate), we were able to have access to the dynamics governed by
the α relaxation, revealing that the intermolecular cooperativity is expected to be rather similar in both
amorphous and semicrystalline polymers, suggesting that the dynamics of semicrystalline polymers
occurs in an homogeneous scenario, similar to that valid to describe the dynamics of totally
amorphous polymers [5].
To conclude, the inclusion of the BS data at 500 K into the relaxation map of semicrystalline PET
indicates that the dynamics observed in this spectrometer is connected to the genuine α relaxation of
semicrystalline PET. We demonstrate that the combination of coherent (NSE) with incoherent (BS)
neutron scattering allows a complete description of the confined dynamics on a paradigmatic
semicrystalline polymer like poly(ethylene terephthalate).
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