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We have investigated the dynamics of phenylene rings in the engineering thermoplastic bisphenol-A
poly�hydroxyether�—phenoxy—below its glass transition temperature by means of neutron scattering tech-
niques. A relatively wide dynamic range has been covered thanks to the combination of two different types of
neutron spectrometers, time of flight and backscattering. Partially deuterated samples have been used in order
to isolate the phenylene ring dynamics. The resulting neutron scattering signal of phenoxy has been described
by a model that considers � flips and oscillation motions for phenylene rings. The associated time scales are
broadly distributed with mean activation energies equal to 0.41 and 0.21 eV, respectively. Finally, a compara-
tive study with the literature shows that the dielectric and mechanical � relaxation in phenoxy exhibit good
correlation with the characteristic times of the aliphatic chain published elsewhere and with the characteristic
times observed for the motion of phenylene rings by neutron scattering. These findings are discussed in a more
general framework that considers, in addition, previous results on other polymers, which also contain the
bisphenol-A unit.
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I. INTRODUCTION

Engineering thermoplastics based on the bisphenol-A
moiety �BPA� have an important technological significance.
Their excellent mechanical and thermal properties make
them suitable for a huge number of applications. Although
the microscopic origin of these interesting mechanical prop-
erties is not completely elucidated yet, it has been long be-
lieved that they are closely related with the so-called second-
ary relaxation processes, i.e., with those dynamic processes
observed by spectroscopic conventional techniques such as
dielectric �DS� or mechanical �MS� spectroscopy. These
techniques allow a good characterization of the shape and
characteristic frequency of secondary relaxations in a broad
frequency range ��10−3–�109 Hz with standard techniques�
�1,2�. However, such measurements do not provide micro-
scopic spatial information of the molecular motions in-
volved. As a consequence, some technique allowing the char-
acterization of the motions at a molecular level is needed in
order to identify the molecular origin of the secondary relax-
ations. To the present date most of the advances in the field
were obtained by means of nuclear magnetic resonance
�NMR� �3–8�. In recent years, however, we have also been
approaching the problem from a different point of view using
neutron scattering �NS� to characterize the molecular mo-
tions below the glass transition temperature Tg �9–17�. NS
techniques perfectly suit this task as they offer the possibility
of selective labeling through deuteration, and provide spatial
information at a molecular level. A deep knowledge of the
mechanisms and specific nature of the molecular motions
behind the secondary relaxations will remarkably contribute
to the understanding of the structure /dynamics / properties
relationship, which would ultimately enable tailoring the
polymer properties for demanding applications.

In this work, we have focused on a widely used polymer
also containing the BPA unit, poly�hydroxyether�-phenoxy,
PH-. The range of applications of PH comprises, e.g., adhe-
sives, coatings, plastics, or composites. The linking group
between the BPA moieties is an aliphatic chain �see Fig. 1�.
Our previous NS studies on other thermoplastics have evi-
denced the very close relation between the BPA phenylene
rings and the secondary relaxations �13,14,18�. For this rea-
son, here we have investigated the sub-Tg phenylene ring
dynamics of phenoxy in different time scales combining time
of flight �TOF, �3�10−13–3�10−11 s� and backscattering
�BS, �10−10–10−9 s� NS techniques. The selectivity of NS
when combined with isotopic substitution has been exploited
using selective protonation for phenylene rings. In this way,
the scattered intensity mainly reveals the dynamics of these
groups through the incoherent scattering function of hydro-
gen. To account for the coherent contributions to the scat-
tered intensity we have also performed diffraction measure-
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FIG. 1. Molecular formula for PH, PSF, and PC with deuterated
methyl groups �d6�, and PH with both methyl groups and aliphatic
chain deuterated �d11�.
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ments with polarization analysis, which in addition provide
information on the short range order of this system.

In the first part of this paper new results concerning the
diffraction experiments and the phenylene ring dynamics in
PH by NS will be exposed. Next, a summary of phenylene
ring dynamics in PH together with previous results for
polysulfone �PSF� and polycarbonate �PC�, which also con-
tain the BPA unit, will be presented. Finally, we discuss the
connection between phenylene ring dynamics and the sec-
ondary relaxations observed by spectroscopic techniques in
these polymers.

II. EXPERIMENTAL

A. Samples

In Fig. 1 the chemical formula of the repeating units of
PH samples investigated in this work, with methyl groups
and aliphatic chain deuterated �d11�, and with only methyl
groups deuterated �d6� are shown. Molecular weight and
polydispersity of the samples supplied by Polymer Source
were Mn=20.9 kg/mol and Mn=7.7 kg/mol, and Mw /Mn
=2.76 and Mw /Mn=1.76 for PHd11 and PHd6, respectively.
Differential scanning calorimetry measurements lead to Tg
values for both samples around 360 K. We note that samples
were vacuum heated near Tg for 48 hours prior to the NS
experiments.

B. NS experiments

The quantity assessed in a neutron scattering experiment
is the double differential cross section �2�

���E : the number of
neutrons scattered into a solid angle between � and �+d�,
after having exchanged an energy between E and E+dE with
the sample, relative to the number of incident neutrons per
unit area. The double scattering cross section can be sepa-
rated in a sum of incoherent and coherent contributions com-
ing from the scattering of different nuclei within the sample,
and having the information of the individual and collective
motion and arrangement of the atoms, respectively �19�.
Each of these contributions is weighted by the incoherent
��inc� and coherent ��coh� scattering cross sections of the
atoms. The incoherent scattering cross section of hydrogen is
much bigger than the cross sections of the rest of the typical
nuclei within a polymeric sample, therefore, generally the
incoherent scattering from hydrogen dominates the measured
intensity in samples that contain it. We note that incoherent
contributions coming from atoms other than hydrogen
amount only to at most 3% of the signal, which can be safely
neglected within the accuracy of the data.

1. Diffraction with polarization analysis

Experimentally, it is possible to separate the coherent and
incoherent contributions to the scattering by using a spin-
polarized neutron beam and polarization analysis �19�. The
experiments with polarization analysis reported here were
carried out by means of the D7 spectrometer at the Institute
Laue Langevin �ILL, Grenoble, France�. Measurements were
conducted at 10 and 300 K without energy analysis for struc-
tural characterization and quantification of the relative con-

tribution of the coherent and incoherent components to the
total intensity. The wavelength used was 4.84 Å, allowing us
to cover a Q range between 0.16 and 2.51 Å−1.

2. Quasielastic neutron scattering

We have investigated the dynamics of phenylene rings in
glassy PH by means of quasielastic neutron scattering. As in
our previous works on PC and PSF �13–16� two different
types of neutron spectrometers, TOF and BS, were used in
order to cover a wide dynamic range that extends from mi-
croscopic ��10−13 s� to mesoscopic ��10−9 s� times. TOF
measurements �microscopic time scale� were conducted on
the PHd6 sample in the instrument IN6 at the ILL. BS mea-
surements �mesoscopic time scale� were performed on both
PH samples in the instrument IN16 also at the ILL. In all the
cases spectra were recorded at 10 K and from 50 K up to Tg
every 50 K. The transmission of the samples was close to
�90% in order to achieve a compromise between reasonable
statistics and negligible multiple scattering effects. The study
of PH was completely analogous to those performed earlier
on PSF and PC. Therefore, further details on the experiments
can be found in Refs. �13–16�.

III. RESULTS

A. D7 measurements: Structure

Figure 2 shows the results of the diffraction experiments.
The partial structure factors revealing the structural informa-
tion reflect the different pair correlations dominating the co-
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FIG. 2. Total �10 K�, incoherent �10 K�, and coherent �black
and gray lines at 10 and 300 K, respectively� differential cross sec-
tions measured for PHd11 and PHd6 by D7 at ILL. The error is less
than 3% for all the lines shown.
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herent intensity for each sample. Partial structure factors �co-
herent intensity� present different maxima and shoulder at
around 0.5, 1.25, and 1.6 Å−1. Due to the different deutera-
tion of the samples, the relative weights of the pair correla-
tion functions involving these isotopes are different in
PHd11 and PHd6 and so are the intensities of the mentioned
shoulder and maxima. As can be deduced from other studies
of the short range order in polymers �20,21�, the assignation
of a specific correlation to the observed peaks is uncertain in
systems with complex microstructure like PH. Based on the
T-dependence of the maximum position, the peaks in the
region between 1 and 1.5 Å−1 are usually ascribed to have a
predominantly intermolecular character �see, e.g., Refs.
�22,23��. Therefore, the peak at �1.25 Å−1, Q /2��5 Å
may probably reflect interchain correlations. In this case, as
measurements have been performed in the glassy state, ef-
fects of thermal expansion might be negligible to lead to an
appreciable shift of the main peak with T. We note that this
peak appears in all the samples investigated here and also in
the previous works on PC and PSF �13,14�. Unfortunately,
the precise characterization of the local structural properties
in these kind of systems is very complicated and demands
the combination of diffraction experiments and MD simula-
tions, which is beyond the scope of this work.

On the other hand, as expected from the ratio between
incoherent and total scattering cross sections � �inc

�tot
=0.86 for

PHd6 and 0.79 for PHd11� the incoherent scattering domi-
nates the total scattered intensity in both samples. In the case
of PHd6 the Q modulation of the total intensity coming from
the coherent contribution is weak, whereas it is more notice-
able in PHd11. These results will be used later for the analy-
sis and characterization of the NS measurements with energy
or time resolution.

B. Dynamics

1. TOF measurements: The microscopic time scale

The experimental scattering functions Iexpt�Q ,�� obtained
by means of IN6 in the microscopic time scale for PHd6
show increasing quasielastic �see Fig. 3� and decreasing elas-
tic intensity with temperature. The good statistics of the data
�error less than 3%� allows one to clearly distinguish the
boson peak at energies �2 meV. With increasing tempera-
ture, a quasielastic contribution in Iexpt�Q ,�� fills up the re-
gion between the boson peak and the elastic line. This quasi-
elastic broadening can be produced by the onset of
anharmonic vibrations, by the so-called “fast dynamics,”
and/or by some molecular motion related to relaxation pro-
cesses. From the decrease of the elastic intensity with in-
creasing Q a mean square displacement ��u2��T�� can be de-
fined at each temperature by Imax�Q ,T� / Imax�Q ,T=10 K�
= P�T�exp�−�u2��T�Q2 /3�. The so obtained mean square dis-
placement, which may depend on the resolution, is plotted in
the inset of Fig. 3 together with those previously obtained
under analogous conditions and in the same way for PSF and
PC. We note that the results on �u2��T� from IN6 data are
indistinguishable if instead of the maximum value of the
scattered intensity Imax�Q ,T� the integral over ±HWHM is

considered. On the other hand, values close to 1 have been
found for the prefactor P�T� in all cases.

In order to uncouple phenylene ring motions from other
“fast dynamic processes” taking place at times shorter than
�1–2 ps, the Iexpt�Q ,�� spectra were Fourier transformed to
the time domain. Figure 4 shows that for PHd6 the interme-
diate scattering functions obtained from the Fourier trans-
forms of the scattering functions in the energy domain,
S�Q , t�=F�Iexpt�Q ,� ,T�� /F�Iexpt�Q ,� ,10 K�� �57�, present
the two well separated regions that were also previously ob-
served in NS experiments on PC and PSF. As in those stud-
ies, the first steep decay at t�2 ps in PHd6 would be as-
cribed to vibrational and “fast” processes. As the
interpretation of these processes is beyond the scope of this
work, we have characterized the decay at times shorter than
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FIG. 3. Experimental scattering functions Iexpt�Q ,�� of PHd6 in
the microscopic time scale at Q=1.94 Å−1 and at temperatures from
50 �bottom� to 350 K �top� every 50 K. For clearness only error
bars for the 350 K spectrum have been depicted but they are repre-
sentative of the error at all temperatures. The 10 K spectrum is
shown by the dotted line. Inset: mean square displacement obtained
from TOF experiments in PSF, PC, and PHd6. The size of the
symbols is indicative of the error. The line represents the expected
harmonic T dependence for PH.
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�2 ps by an effective Debye-Waller factor �Def f�. For a first
characterization of the second step at t	2 ps, we have cal-
culated the slope of the S�Q , t� /Def f function vs log10 t at t

2 ps for different temperatures �i.e., essentially the slopes
of the curves at t�2 ps in Fig. 4�,

	 dS�Q,t�
d log10 t

	 1

Def f
= B�Q,T� . �1�

For a localized motion this quantity is nearly proportional to
the �1−A�Q�� function, being A�Q� the elastic incoherent
structure factor �24�. For jumps between two equivalent po-
sitions separated by a distance d, �1−A�Q��=1/2
−sin�Qd� /2d, so that the position of the first maximum lo-
cates at Qd=3� /2. The experimental B�Q ,T� values for dif-
ferent temperatures depicted in Fig. 5 show no maxima be-
low Q=2 Å−1 indicating predominant small amplitude
motion for aromatic and aliphatic hydrogens in this time
scale. This question will be addressed later in Sec. IV.

2. IN16 measurements: The mesoscopic time scale

The spectra measured for PHd11 and PHd6 in the meso-
scopic time scale by means of the BS IN16 instrument also

exhibit increasing quasielastic intensity as the temperature
increases indicating the occurrence of some motion within
this time scale �see Fig. 6�. The increase of the quasielastic
broadening with temperature can better be noticed looking at
the integrated quasielastic intensity in a given energy win-
dow. The Q dependence of the quasielastic intensity inte-
grated between 2 and 5 �eV �shadowed area in Fig. 6�,
a2�Q ,T�, normalized to the whole area of the spectra a�Q ,T�
is depicted in Fig. 7 for PHd11 and PHd6. Double scale is
such that quasielastic intensities normalized to

�inc

�tot
are com-

pared. As can be seen, the quasielastic scattering of PHd11
and PHd6 in the IN16 window are very similar. The quasi-
elastic intensity �also normalized to

�inc

�tot
� for PSF at 300 K is

also represented by crosses for comparison.

IV. PHENYLENE RING DYNAMICS IN PH

Based on the qualitative analysis of the NS data in both
microscopic and mesoscopic time scales and taking advan-
tage of the experience acquired in the description of phe-
nylene ring dynamics on PSF and PC together with previous
literature results, we will in the following build up a model
scattering function describing PH’s neutron scattering. Ac-
cording to previous NS results the phenylene rings of both
PSF and PC perform fast oscillation with such characteristic
times that this motion is the main �but not the only� contri-
bution to the TOF window signal at t�2 ps, and also con-
tributes to IN16 quasielastic intensity at low temperatures.
Deuterium NMR measurements also indicate �7� that there
exists a librational motion of phenylene rings in PH but, to
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our knowledge, no quantitative characterization of the fre-
quency of this motion has been performed. On the other
hand, and regarding slower motions, D-NMR measurements
�7� indicate that phenylene rings in PH perform �-flip mo-
tion with characteristic times, which are in very good agree-
ment with those observed for the �-flip motion of phenylene
rings in PSF and PC by NS �see below�. In addition, and also
according to D-NMR measurements, trans-gauche isomeriza-
tion of methylene units occurs with mean characteristic time
�=1/2�f� 10−6 s at 300 K.

As mentioned before, TOF measurements were performed
in a PH sample with d6 deuteration, while IN16 measure-
ments were conducted on both deuterations d6 and d11. Con-
cerning the study of phenylene ring dynamics the PHd11
sample would be the most appropriate one. At the moment
we have no data available in the microscopic time scale for
PHd11, but taking advantage of the selective deuteration of
PHd6 and PHd11 additional information can be obtained
from the comparison of the corresponding scattered intensi-
ties. While the motion of all hydrogens except those in me-
thyl groups is manifested in the quasielastic scattering of
PHd6, the quasielastic signal in PHd11 is predominantly due
to the motion of aromatic hydrogens Har. Comparing
a2�Q ,T� /a for the two samples �Fig. 7�, it is concluded that
hydrogen atoms in the aliphatic chain Hc also move. The
reason is the following. The magnitude of the a2�Q ,T� /a
function is approximately proportional to the moving hydro-

gen’s scattering cross section relative to the total scattering
cross section �H

�tot . If only Har were mobile, �H

�tot would be
around 0.49 and 0.68 for PHd6 and PHd11, respectively im-
plying more quasielastic intensity for the PHd11 sample.
This is not experimentally observed �note the double scale in
Fig. 7�. Regarding short-time motion of Har and Hc, even if
we have no PHd11 data in the TOF window to directly com-
pare both samples, previous experience shows us that some
information can be inferred from the low temperature
�200–300 K� quasielastic intensity in the mesoscopic time
scale �13,14,17�. At the lowest temperatures, the contribu-
tions of slower motions to the IN16 window are still small or
even negligible, so that the quasielastic intensity measured is
mainly produced by the short-time motion observed in the
microscopic time scale. As a consequence, and following the
same reasoning as before, both Har and Hc move in the mi-
croscopic time scale and contribute to the PHd6’s TOF quasi-
elastic signal at t�2 ps. Moreover, at the lowest tempera-
tures the IN16 quasielastic intensities of PHd6 and PHd11
normalized to �H

�tot are very similar �see Fig. 7�, indicating that
the short-time motion of hydrogens in aromatic and aliphatic
positions is similar �see Appendix A�. As a result, in the
following section we will assume the short-time motion of
Har and Hc to be the same. We want to emphasize that,
according to the low temperature BS data, Hc must move,
and its short-time motion cannot be considerably “slower”
than that of Har, or PHd11 would have higher IN16 quasi-
elastic intensity at low temperatures than PHd6.

Analyzing the experimental data, from Figs. 4–7 it is
clear that in PH some motion �of one type or more� takes
place at the time scales and temperatures indicated. The Q
dependence in Fig. 5 is similar to that found for PC and PSF
in the same time scale and is evidence that the main contrib-
uting motion in the TOF window at t�2 ps is of small am-
plitude, as was the case for PSF and PC. On the other hand,
the quasielastic intensity of PHd11 in the IN16 window at
300 K is very similar to that of PSF �see the crosses in Fig.
7�. We note that the results obtained above from the qualita-
tive analysis of PHd6 and PHd11 neutron scattering are com-
patible with the information in the literature. In principle, the
short-time motion of Har and Hc observed in the TOF win-
dow would be consistent with the oscillation motion of phe-
nylene rings in Refs. �13,14,17� and with the fast librations
of methylene groups in Ref. �7�. On the other hand, the
slower �high temperature� contributions of Har and Hc to the
quasielastic intensity in IN16 could be due to phenylene ring
� flips and trans-gauche isomerization, respectively.

Quantitative description of the data

The experimental scattered intensities of PH, both in the
microscopic and mesoscopic time scales, have been de-
scribed by means of a model scattering function, which con-
siders short-time and slow motions for its hydrogens. In the
construction of the model, motions are considered statisti-
cally independent and to have distributed characteristic
times, which originate from the packing heterogeneity pro-
duced by the amorphous character of polymers. Accordingly,
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SH
inc�Q,t� = 


k

pkSslow
k �Q,t�Sfast

k �Q,t� , �2�

where



k

pk = 1, �3�

and

S�
k �Q,t� = A� + �1 − A��e−t/�, �4�

with �=slow or fast. The weight pk would be determined by
the distribution of certain undefined structural parameter �
driving H dynamics. It is also to be expected that both the
characteristic time ��� and the activation energy �Ea

�� de-
pend on such structural parameter �, and therefore, pk can
also be formally parametrized in terms of a distribution of �

or Ea
� �see Refs. �13,14� for further details�,

pk = �
��

g���d� = �
��

f���d� = �
�Ea

�
f�Ea

��dEa
�. �5�

Regarding the T dependence of the characteristic times, ac-
cording to what is established for sub-Tg processes an
Arrhenius type T dependence has been assumed,

� = �eEa
�/KBT, �6�

with a preexponential factor �=10−13 s. Finally, although
the incoherent scattering of H dominates the measured scat-
tering cross section, all the coherent scattering and the inco-
herent scattering of atoms other than H have also been taken
into account in the model function by adding the contribution
of these signals as elastic terms in a first approximation,

Imodel�Q,t� = Def f� d�

d�
�

coh
+ �inc

other� + �inc
HarSHar

inc �Q,t�

+ �inc
Hc SHc

inc�Q,t� � , �7�

where SHar

inc �Q , t� and SHc

inc�Q , t� are defined as in Eq. �2�, and
� d�

d�
�
coh is taken from D7 measurements results. In order to

compare the model and experimental functions, Imodel�Q , t�
has been normalized to its static �low T� value, whereas in
the energy domain Imodel�Q ,�� �the energy counterpart of
Eq. �7�� has been convoluted with the experimental resolu-
tion.

In line with the previous PSF and PC studies, first we
checked that also in PH the short-time motion dominating
the TOF signal at t�2 ps notably contributes to the quasi-
elastic intensity in the IN16 window, but cannot by itself
give account for the whole IN16 quasielastic intensity �espe-
cially at high temperatures�. This result indicates the pres-
ence of an additional slower motion for H. When a single
motion model is used to fit the data in the TOF window at
t�2 ps, the amplitude of the motion ��2 Å� and the mean
activation energy giving a satisfactory description are com-
paratively higher than those reported in the literature for phe-
nylene ring fast oscillations in PSF and PC. The consider-
ation of amplitudes similar to those in the literature for this
short-time motion results in deficient intensities �slopes� at
intermediate Q values �see the �1−A� function for d=1 Å in

Fig. 5�. The lack of TOF intensity in such a Q range when
using short-time motion amplitudes similar to those in the
literature, suggests that the additional motion could be �
flips of phenylene rings. The reason is that due to the maxi-
mum of the �1−A� function for � flips at Q�1 Å−1, they are
a good candidate to, together with fast motions of small am-
plitude, reproduce the experimentally observed Q depen-
dence in the microscopic time scale. The approximated Q
dependence �see Appendix B and Ref. �13�� for such a case is
depicted in Fig. 5 with a solid line. The fact that this was also
the situation when we tried to fit the PSF data in terms of
only one motion, and that the IN16 quasielastic signal for
PHd11 and PSF at 300 K are almost indistinguishable �see
the crosses in Fig. 7� support the presence of � flips also for
PH phenylene rings.

Based on these results and according to the literature we
assumed the extra slow motion to be � flips of phenylene
rings. Thus, on a second approach two different motions with
distinct mean characteristic times were considered: �i� fast
small amplitude motions of phenylene rings and aliphatic
hydrogens, and �ii� � flips of phenylene rings. In principle,
by means of Eq. �7� and taking into account that the contri-
bution of the �-flip motion to the TOF window at high Qs is
small and the contribution of short-time motion to the IN16
window at intermediate Qs is minimized �13�, it would be
possible to determine the dynamic parameters for the short-
time and �-flip motions for PH, as was previously done for
PSF. However, in practice, the determination of �-flip acti-
vation energy distribution from PHd11 IN16 data is to some
extent uncertain, because the low Tg of the polymer together
with the slow character of � flips reduce the number of mea-
sured temperatures where the �-flip motion contribution
starts to be noticeable to a single one, i.e., 300 K. As a con-
sequence, the fitting procedure in order to analyze the data in
terms of two motions was similar to that explained in Ref.
�13�, but fixing the parameters for the �-flip motion to values
close to those in the literature. In any case, even if the fitting
of the PHd11 data per se cannot give an accurate activation
energy for �-flip motion, not all the conceivable activation
energy distributions produce a satisfactory description of the
experimental data, and therefore, the condition of consis-
tence between the calculated and measured scattering will be
an additional test and support for the validity of the fixed
parameters.

Figures 4–7 show the predictions of the short-time plus
�-flip motion model for PHd11 BS and PHd6 TOF data. As
can be seen, the calculated magnitudes satisfactorily describe
the experimental features observed. At the highest tempera-
ture measured, calorimetric data indicate that glass transition
has already begun. This, together with the lack of a proper
model for Hc slow motion �see below�, is the reason for the
slightly lower calculated intensities at 350 K. The mean
value and width �HWHM� of the distribution of activation
energies for the short-time motion providing the mentioned
good description of the experimental data are �Ea

osc�
=0.21 eV and HWHMosc=0.081 eV, respectively. The mean
amplitude of the short-time motion is found to increase with
temperature. Parametrized in terms of oscillations around the
equilibrium position, the mean oscillation angle ��� was 6°,
12°, and 20° at 200, 250, and 300 K, respectively.
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When the short-time plus �-flip motion model is used to
predict the quasielastic signal of PHd6 in the IN16 window
the calculated intensities lie slightly below the experimen-
tally observed values �especially at high temperatures�. This
suggests the presence of an additional slow motion for Hc,
which would be in agreement with the trans-gauche isomer-
ization of methylene units proposed by Jones et al. �7�. As
was the case for �-flip motion, the determination of the ac-
tivation energy distribution and geometry for this Hc slow
motion is not feasible from our NS data. The lack of this
information prevented us from calculating the whole PHd6
quasielastic signal in the IN16 window. We may ask what
would be the influence of considering this Hc slow motion on
the results obtained for the other motions. The low relative
scattering weight of the single Hc in PHd11, and the small
contribution to the TOF window of the slow motion of Hc,
indicate that the results obtained from PHd6 TOF and PHd11
IN16 data by the �-flip plus short-time motion model should
be quite good. Nevertheless, in order to evaluate this influ-
ence we have modeled the Hc slow motion with more or less
realistic parameters such that the calculated quasielastic in-
tensities for PHd6 in the IN16 window are well compatible
with the experimental ones shown in Fig. 7. Figures 5 and 7
show the results of considering now this Hc slow motion in
the description of PHd6 TOF and PHd11 IN16 data. As can
be seen, the influence is small and below the error in both
cases. Either the increment of the mean oscillation angle ���
of short-time motion in 1° or the consideration of the Hc
slow motion, have approximately the same influence on the
calculated B�Q ,T� intensity at 300 K. Therefore, to take into
account the Hc slow motion would modify the results for the
mean oscillation angle ��� of short-time motion at T

300 K just by 1°.

V. DISCUSSION

One of the reasons to perform a detailed study of the
molecular motions of phenylene rings was to shed new light
on the presumed relation between their dynamics and the �
relaxation, and to try to answer the question about the mo-
lecular origin of the � relaxation in this type of polymer. Our
approach is to �i� characterize phenylene ring dynamics by
NS in PSF, PH, and PC looking for differences and similari-
ties, and �ii� try to relate the molecular motions identified by
NS with the secondary relaxations observed by spectroscopic
techniques published throughout the literature for these three

systems. These two steps will be given in the next sections.
As we will see, there exists a good correlation between the �
relaxation �both mechanical and dielectric� of PH, PSF, and
PC and the motion of their constituent molecular groups.

A. Motions identified for phenylene rings

In this section, a summary of phenylene ring dynamics in
PH, PSF, and PC will be presented with emphasis on the
differences and similarities found between the sub-Tg dy-
namics of the three polymers.

1. Oscillations

In the three polymers considered a relatively fast motion
of small amplitude and broadly distributed characteristic
times has been identified. This motion is mainly responsible
for the observed second decay of the S�Q , t� functions in the
microscopic range. Though it is mainly centered in the mi-
croscopic time scale at T�300 K, its contribution to the me-
soscopic scale at low temperatures has also been proved to
be important. The mean activation energies obtained for this
motion, characterized as oscillations of phenylene rings
�Ea

osc�, were essentially the same for the three polymers,
0.20±0.01 eV for PSF and PC, and 0.21±0.01 eV for PH
�see Table I�. The obtained values are within the range
0.16–0.23 eV estimated by deuterium NMR in PC �25� and
also agree well with the activation energy obtained by NS for
phenylene ring oscillations in polyethersulfone �17�. As al-
ready mentioned in our previous works �13–15�, �Ea

osc�
would not represent a real potential barrier over which a
phenylene ring jumps, but a measure of the rapid fluctuations
of the local rotational phenylene ring potential. These fluc-
tuations would arise as a consequence of small amplitude
motions provoked by bond motions, thermal fluctuations,
and small atomic rearrangements �accommodations� in re-
sponse to larger molecular motions. Thereby, the distribution
of activation energies or equivalently, the distribution of
characteristic times for oscillations would reflect the charac-
teristic times of all the fluctuations perturbing the rotational
potential of phenylene rings. We note that the distribution of
activation energies for methyl group rotation in these sys-
tems covers a notable portion of the distribution of Ea

osc �26�.
This would be indicative of a significant contribution of me-
thyl group motion to the fluctuations of the local rotational
potential in the particular case of phenylene rings within

TABLE I. Mean activation energies and widths �HWHM� of the distributions obtained by NS for oscillation, � flip, and extra motion
�only PC� in PH, PSF, and PC. The jump distance for phenylene ring flips is imposed by the geometry of the molecule and is d=4.3 Å. �*�
stands for phenylene ring oscillations mean jump distance �d�=4.3 sin���� /2� being ��� the mean amplitude of the oscillation. Estimated
error for HWHM and d are ±0.005 eV and ±0.1 Å, respectively.

�Ea�osc HWHMosc �Ea� flip HWHMflip �Ea�rot HWHMrot dshort
* �300 K� dshort

* �250 K�
�eV� �eV� �eV� �eV� �eV� �eV� �Å� �Å�

PH 0.21±0.01 0.081 0.41±0.02 0.013 0.7 0.4

PSF 0.20±0.01 0.086 0.43±0.02 0.012 0.8 0.70

PSF 0.21±0.01 0.086 0.41±0.02 0.013 0.32±0.01 0.09 0.8 0.70
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BPA units, in agreement with previous suggestions in the
literature �27,28�.

Though the value of �Ea
osc�, or mean characteristic times,

obtained from the analysis are similar for the three polymers,
differences have been found in the amplitude of these oscil-
lations around the equilibrium position, i.e., on ���. The ���
values in PC and PSF are very similar, whereas in PH they
are slightly smaller at low temperatures: ��� is equal to 6°,
12°, and 20° at 200, 250, and 300 K in PH, in contrast to
18°, 19°, and 21° in PSF or PC. The smaller amplitude of
oscillations in PH would indicate more restricted mobility
for this polymer in comparison with the two others. A better
packing of the local structure in PH due to the higher flex-
ibility of the linking group between BPA units, the aliphatic
chain, could be the origin of this reduced amplitude.

It is interesting to note that the mean square displacement,
associated to the amplitude of the fast motions in the micro-
scopic time scale �see the inset of Fig. 3� also exhibits
marked differences between PH on the one hand, and PC and
PSF on the other �29�, showing smaller amplitude in PH. In
addition, we observe a higher characteristic frequency for the
boson peak in PH as compared with those observed for PC
and PSF, and a lower density of states in the low frequency
range for PH than for PSF or PC �see Fig. 8�. These results
would also support more restricted mobility and better pack-
ing of the structure in PH in light of recent researches
�30–33�. Frick et al. showed that an increase of pressure �and
presumably of packing� in glass-forming systems produces a
shift of the boson peak to higher frequencies and a subse-
quent decrease of the low frequency modes in the density of
states, together with a decrease of the mean square displace-

ment �30–32�. Soles et al. on the other hand, found an in-
verse correlation between the size of the free volume mea-
sured by means of positron annihilation lifetime
spectroscopy, and the boson peak, so that the frequency of
the peak increases as the free volume decreases �33�. At the
sight of these results, the effect of the aliphatic chain as a
linking group between BPA units resembles the plastization
and antiplastization of polymers by the addition of low mo-
lecular compounds or blending. On the one hand, the higher
flexibility of the aliphatic chain in PH makes its Tg consid-
erably lower than those of PC or PSF, in some sort of “plas-
tization” effect. On the other hand however, the mobility
below Tg is restricted resulting in an “antiplastization” of the
polymer.

2. � flips

The �-flip motion, observed in the three polymers inves-
tigated, would be quite similar in all cases: a motion mainly
detected in the mesoscopic window at high T with character-
istic times distributed over several orders of magnitude. The
mean activation energies for �-flip motion �Ea

flip� were
0.43±0.01 eV for PSF, and 0.41±0.01 eV for PC and PH.
These values are in good agreement with those obtained for
�-flip motion by NMR �3,4,7,8�. Phenylene rings in PC and
PH are equivalent �they are within the same molecular
group, the BPA moiety�, whereas PSF contains two types of
rings �within the BPA group and within the sulphone group�,
which were assumed to be equivalent in the analysis of the
NS data. The fact that the activation energies obtained for all
the polymers are essentially the same supports the results in
Ref. �5�, where evidence of indistinguishable motion for all
phenylene rings in PSF by NMR was given. In any case,
little differences could be attributed to different intramolecu-
lar and intermolecular environments for the rings. It is
known that PR-X-PR- �PR�phenylene ring� type structures
involve relatively high intramolecular coupling between the
motion of the rings surrounding X, providing X is simple
enough �35–42�. A higher concentration of phenylene rings
along the chain in PSF could be the reason for the slightly
higher energy observed, via the mentioned higher intramo-
lecular correlation. This idea is additionally supported by the
likewise slightly higher �Ea

flip�=0.46 eV found in polyether-
sulfone, a polymer that consists of the repetition of diphenyl-
sulfone and diphenylether groups �17�.

3. Additional motion in PC

Our NS investigations on PC showed that phenylene rings
in the PC exhibit, in addition to � flips and oscillations, extra
quasielastic intensity at T�300 K associated to a motion of
amplitude around 3 Å �see Fig. 9 and Refs. �14,16��. Like-
wise, extra motion of the rms amplitude of ±35° at 380 K has
also been reported from NMR studies �3�. We interpreted this
additional motion as rotations of about 90° likely linked to
the motion of the carbonate group �14,16,18,38,43�. The
mean activation energy for this extra motion lays between
the values for oscillations and � flips, and is equal to
0.32±0.01 eV. This value would be in agreement with the
simulations of Hutnik et al. �37� and Chen et al. �44�, which
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FIG. 8. �a� Experimental spectra normalized to the maxima of
the elastic intensity in the TOF window for PSF, PC, and PH, at
50 K, Q�1 Å−1, and at logarithmic scale. �b� H-weighted density
of states normalized to the high energy value, by TOSCA �26,34�.
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predict slightly more frequent rotations for the carbonate
group �likely linked to the extra motion of phenylene rings in
PC� than for phenylene � flips. The higher mobility of phe-
nylene rings in PC in comparison to rings in PSF or PH
constitutes a good example of the possible effect of a specific
linking group between BPA units on ring dynamics.

B. Relation between ring dynamics and � relaxation

The comparison of the results for phenylene ring dynam-
ics by NS and � relaxation in PC were already published in
previous communications �14,16,18,45�. In those works we
showed how the characteristic times for phenylene ring �
flips and for the extra motion correlate with the times for the
two components observed in PC’s dielectric relaxation,
which addresses the carbonate group motions. In addition,
the significant difference observed between the position of
the maxima of the � relaxation seen by dielectric and me-
chanical spectroscopy could be easily explained arguing that,
among the two processes composing the relaxation, DS is
more sensitive to the “fast” component �related to the extra
motion times�, while the motions responsible for the “slow”
component �related to the ring �-flip times� would be more
coupled to a mechanical field. Consistently, the characteristic
times for the maxima of the mechanical � relaxation of PC
correspond to the mean characteristic times for � flips,
whereas the characteristic times for the maxima of the di-
electric � relaxation relate to those for the extra motion of
PC rings. Additional work on the dielectric � relaxation of
PC shows that as a result of cold drawing the fast component
of the � relaxation related to the extra motion is more mark-

edly reduced than that reflecting the �-flip motion �18�,
which allowed one to unambiguously separate the different
components of the relaxation. This effect has been tested and
supported by NS measurements, which studied the effect of
cold drawing on the motion of phenylene rings in BPA-PC
�46�.

Regarding the � relaxation in PH, as in PC, it would also
consist of more than one molecular process. On the one
hand, the positions of the maxima of the � relaxation ob-
served in PH by dielectric and mechanical spectroscopy also
differ from each other �see Fig. 10�. Moreover, the mechani-
cal relaxation quite clearly exhibits a “shoulder” at the posi-
tion of the dielectric maximum and at the same time, the
dielectric relaxation presents another “shoulder” around the
position of the mechanical relaxation maximum �see Fig.
10�. Takahama et al. in Ref. �48� proposed that the main peak
in the mechanical relaxation of PH is due to aliphatic chain
motions, and that the shoulder is due to motions of the diphe-
nylpropane group. This is deduced from the observation that
the intensity of the maximum decreases while that of the
shoulder remains almost the same as a result of diminishing
the concentration of hydroxiether groups �through acetyla-
tion�. The idea of Takahama et al. is consistent with the
NMR work of Jones et al. about the motion of the aliphatic
chain in PH �7�. Figure 11 shows the characteristic times
obtained by Jones et al. for the motion of the aliphatic chain
�diamonds �7��, together with the times for the position of the
maxima in the dielectric and mechanical relaxation, and the
times for �-flip motion found by NS �58�. The extrapolation
of the NMR times for the motion of the aliphatic chain �con-
tinuous line� coincides with the position of the maximum of
the mechanical relaxation �full square �47��. On the other
hand, the characteristic times of the maxima of the dielectric
relaxation �empty squares�, which would also represent the
“shoulder” of the mechanical relaxation, are very close to
those for ring � flips �broken line�, at least at low tempera-
tures. In summary, the results are consistent with the idea
that the � relaxation in PH consists of at least two processes,
among which the slower one would be associated to the mo-
tion of the aliphatic chain, and the faster one to phenylene
ring � flips. The mechanical relaxation would be more sen-
sitive to the motion of the aliphatic chain, whereas the di-
electric relaxation would couple more efficiently to the mo-
tion of the rings.
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Finally, the � relaxation in PSF presents some peculiarity,
as the intensity of the relaxation �both mechanical and di-
electric� notably depends on the humidity degree of the
sample, and can even disappear �in the case of dielectric
relaxation� when samples are subjected to severe drying
treatment �see Fig. 12� �50�. In PSF the maxima of the me-
chanical and dielectric �in the presence of humidity� loss
tangent do not differ from each other and coincide with �i�
the position of the maxima of PC’s mechanical loss, �ii� the
position of the shoulder of PH’s mechanical loss, and �iii� the
position of the maxima of PH’s dielectric loss. As a conse-
quence, and as it was expected, the position of the maxima
for the � relaxation in PSF is consistent with the mean char-
acteristic times for � flips �see the filled circle and dotted
line in Fig. 11�.

C. Molecular motions in the secondary relaxation

As we have seen, the various features of the � relaxation
of PC, PH, and PSF can be well rationalized in terms of the
addition of different contributions that are closely related to
the motion of their constituent molecular groups. We want to
emphasize the consistency of this analysis, which involves
the results from various different techniques: NS, NMR, DS,
and MS. Similarities in the phenylene ring dynamics of these
systems are accompanied by similarities in their � relaxation.
From a molecular point of view the three polymers exhibit
nearly equal ring � flips, while from a spectroscopic point of
view they all have a common relaxation component at 170 K
at 1 Hz. Besides, the comparison of the experimental data
from the two points of view leads to the result that both
phenylene � flips and the 170 K at 1 Hz component of the
relaxation have the same mean characteristic times. Although
phenylene ring � flip itself cannot be the primary source of
the relaxation, this is a clear indication �recurrent through
literature� of the close relation existing between the two pro-
cesses. The results reported here constitute an independent
experimental evidence of the coincidence between � relax-
ation and phenylene ring motion times, which up to now was
only revealed by NMR measurements. However, � flips are
not the only molecular motion reflected in the relaxation, and
differences on the molecular motions in these three polymers
also have their counterpart in the � relaxation. Thus, for each
polymer the relaxation process also reflects the nature of the
linking group between BPA units. A second relaxation com-
ponent matches the characteristic time of �i� the aliphatic
chain motion of PH, and �ii� that of phenylene ring extra
motion coupled to the motion of the carbonate group in PC.
Consistently, the � relaxation in PSF, which has a PR-X-PR
structure as a linking group between BPA units, does not
seem to be composed of more than one process. In other
words, the contribution of the linking group in PSF to the �
relaxation would be indistinguishable from that of the BPA
unit itself within the experimental accuracy of the technique.
This is quite reasonable bearing in mind that we do not ex-
pect the behavior of the two PR-X-PR structures to differ
considerably. Summarizing, we have seen that the nature of
the linking group between BPA units influences the � relax-
ation so that new relaxation components arise that can be
related to the motion of the linking group. Nevertheless, de-
tailed information about the possible different in-chain coop-
erativity in these systems has not been obtained.

Yaris et al. �51,52� explained the relation between second-
ary relaxation and phenylene ring �-flip times by interchain
cooperative effects. The argument is that a � flip occurs
when there is an increase in the separation distance between
the ring and its nearest neighbor ring on another chain, al-
lowing the ring to rotate. The simulations performed by Chen
et al. show that a ring repels the neighboring rings to gener-
ate free volume for rotation and thereafter rings move closer
to take the vacancy produced by the rotation �38,44�. This
idea is well supported also by the experimental NMR work
of Schaefer et al. �53–55� and by the interpretation of DS
results of stretched PC recently reported by Mitxelena et al.
�18�. Based on Yaris et al.’s idea, Horii et al. proposed an
“open gate model” in which phenylene ring motions activate

flip NS,PC-PH

Max. PSF MSc

flip NMR

-12

-10

-8

-6

-4

-2

0

0 0.002 0.004 0.006 0.008

flip NS, PSF
chain NMRb

Max. PH MSa

Max. PH DS

1/T(K-1)

lo
g 10

τ

FIG. 11. Arrhenius plot for several characteristic times in PH
and PSF. Broken line: times for � flips in PH and PC obtained by
NS. Dotted line: times for � flips in PSF obtained by NS. Filled
square: maxima of the mechanical relaxation in PH from Ref. �47�.
Diamonds and empty circles: times for the motion of the aliphatic
chain and phenylene ring � flips by means of NMR from Ref. �7�.
Continuous line: extrapolation of the times for aliphatic chain mo-
tion in PH. Empty squares: maxima of the dielectric relaxation in
PH. Filled circle: maxima of the mechanical relaxation in PSF from
Ref. �49�.

1

1.4

1.8

2.2

-1 0 1 2 3 4 5 6
log

10
f (Hz)

10
3

Ta
n

δ

DS

0

0.5

1.0

1.5

2.0

2.5

0

20

40

60

50 150 250 350

DS
100%RH-MS
50%RH-MS
%0RH-MS

T(K)

10
3

Ta
n

δ

(a) (b)

FIG. 12. �a� Dielectric �circles� and mechanical �squares and
lines from Ref. �49�, RH�relative humidity� loss tangent of PSF as
a function of temperature at 1 Hz. �b� Dielectric loss tangent of PSF
as a function of frequency at 200 K for several humidity degrees
�circles� and after desiccation �squares�.

ARRESE-IGOR et al. PHYSICAL REVIEW E 75, 051801 �2007�

051801-10



the main-chain motions, and the main-chain motions in turn
make the rings � flip �56�. According to them, the character-
istic frequencies of main-chain fluctuations and phenylene
ring motion coincide explaining the correlation between me-
chanic � relaxation and �-flip times. However, we have seen
that secondary relaxation reflects the characteristic times of
different molecular motions rather than only a single charac-
teristic time for main-chain fluctuation. From our point of
view, both main-chain fluctuations and the rest of the mo-
lecular motions identified �whose characteristic times relate
to the � relaxation� are part of a complex and indivisible
concerted mechanism leading to the observed � relaxation.
The fact that some of the molecular motions identified,
which are dielectrically or mechanically inactive �like sym-
metric � flips� can leave their fingerprint on the secondary
relaxation supports the above mentioned interpretation.

Regarding the amplitude of main-chain fluctuations in the
systems studied, some conclusions can be drawn from the
NS data. For a given characteristic time NS gives an upper
bound to the length scale of main-chain fluctuations as they
cannot be larger than the largest motion detected. The ob-
served amplitude of ring oscillations was between 0.7 and
0.8 Å at 300 K, so main-chain fluctuations with times simi-
lar to phenylene ring oscillations should be smaller than or
equal to those values. On the other hand, according to our
NS results main-chain fluctuations with characteristic times
similar to � flips should be equal to or lower than �0.8 Å.
The reason is that motions with such a slow characteristic
time should manifest in the high temperature Q dependence
of the quasielastic intensity in backscattering experiments,
where fast oscillations no longer significantly contribute to
the measured quasielastic scattering �13�. However, the Q
dependence of the high temperature PSF data in the IN16
window is in very good agreement with a �-flip geometry,
i.e., with the �1−A� function for � flips, so that the maxi-
mum amplitude for the main-chain motion compatible with
the observed experimental Q dependence is around 0.8 Å.
This value is compatible with the 0.5 Å increase in the inter-
ring distance observed by Yaris et al. �52� and with the
�0.7 Å displacement predicted by Chen et al. during a ring
� flip �38�. Both results were obtained by simulation tech-
niques.

VI. CONCLUSIONS

The NS of PHd6 and PHd11 in the microscopic and me-
soscopic time scales, respectively, can be well described by a
model that considers � flips and oscillation motions for phe-
nylene rings. The values of the mean activation energies for
�-flip and oscillation motion, which provide the mentioned
good description, are in good agreement with previous val-
ues obtained by NS for PSF and PC, and with those obtained
by NMR for PH and PC. The smaller amplitude of the oscil-
lation motion for phenylene rings in PH at low temperatures,
the lower mean square displacement associated to the fast
dynamics, and the higher energy of the boson peak, suggest
more restricted mobility for this polymer in comparison with
PSF and PC. A better packing of the local structure in PH
due to the higher flexibility of the linking group between

BPA units �the aliphatic chain� could be the origin of this
reduced mobility at lower temperatures. On the other hand,
the hydrogens in the aliphatic chain also perform fast mo-
tions of small amplitude similar to those observed for the
oscillations of phenylene rings. Moreover, experimental data
of PHd6 support the presence of additional slow motion for
these hydrogens.

As in the case of PC, the secondary relaxation in PH does
not correspond to a single process but compresses different
contributions that couple to dielectric or mechanical fields
with different strengths. The characteristic times of the mo-
tions of different molecular groups within PH �phenylene
ring and aliphatic chain motions� match those found for dif-
ferent components in DS and MS relaxations. The conclu-
sion is that secondary �-relaxation processes are not due to
thermally activated single molecular motions, but to a more
complicated mechanism probably involving the concerted
occurrence of several motions.
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APPENDIX A

Neglecting the contribution of the single Hc in PHd11, the
quasielastic contribution can be approximated by

Iqelas
d11 �Q,�� �

�Har

�tot
d11 SHar

qel �Q,�� . �A1�

On the other hand, for the PHd6 sample we have

Iqelas
d6 �Q,�� �

�Har

�tot
d6 SHar

qel �Q,�� +
�Hc

�tot
d6 SHc

qel�Q,�� . �A2�

If, as shown in Fig. 7, it holds that

Iqelas
d11 �Q,��

�tot
d11

�Har
� Iqelas

d6 �Q,��
�tot

d6

�Har + �Hc
, �A3�

by using the expressions �A1� and �A2� it follows that

SHar
qel �Q,�� � SHc

qel�Q,�� . �A4�

This implies that the quasielastic contribution for the local-
ized motions involved, Sqel�Q ,��= �1−A�*��� ,��, are
similar. It could happen that a balance between a very large
displacement and a long characteristic time led to a similar
quasielastic contribution rather than a small displacement
and a shorter characteristic time. However, large displace-
ments at very short times seem unrealistic and it is more
reasonable to think that fast motions of Har and Hc will not
considerably differ in amplitude. That is, their �1−A� func-
tions will be similar.

APPENDIX B

For two statistically independent motions � and �,
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Iqelas�Q,t� = A��Q��1 − A��Q��e−t/� + A��Q��1

− A��Q��e−t/� + �1 − A��Q���1

− A��Q��e−t/�e−t/�. �B1�

When ���, then

e−t/�e−t/� � e−t/�, �B2�

and

Iqelas�Q,t� � �1 − A��Q��e−t/� + A��Q��1 − A��Q��e−t/�.

�B3�

If the distribution of characteristic times originates from
the packing heterogeneity of polymers then, for a H atom in
a certain environment with a given packing degree, � and �

will be related so that low values for � will be accompanied
by low values for � and the other way around. As a conse-
quence,

Iqelas�Q,t� � �1 − A��Q�� 
 f���e−t/� + A��Q��1

− A��Q�� 
 f���e−t/�. �B4�

As an illustration, Fig. 5 shows the Q dependence for the
case


 f� flip�
d�e−t/flip�
d log10 t

= 0.08 
 f�short�
d�e−t/short�
d log10 t

.
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