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ABSTRACT: By means of quasielastic neutron scattering, we have studied the hydrogen dynamics in
glassy polyethersulfone, revealing the phenylene ring motions. The combination of a time-of-flight (TOF)
and a backscattering spectrometer has allowed us to cover the microscopic and mesoscopic time scales
(~10"13—107? s) in a momentum transfer region well-suited to characterize local motions (~0.4...2 A1)
After a first step reflecting the fast processes undergone by the hydrogen below ~2 ps, the decay of the
intermediate scattering function can be described by the occurrence of a combined motion of the phenylene
ring. This consists of 7-flips and an additional process, faster and more restricted in space. We have
interpreted this last motion as oscillations of increasing amplitude with temperature, which would emerge
from the fluctuation of the local phenyl ring environment. Because of the structural disorder, both motions,
n-flips and oscillations, show broadly distributed characteristic times, extending over several orders of
magnitude. The coincidence of the activation energies for 7-flips and y-relaxation on one hand and for
oscillations and d-relaxation on the other hand confirms their respective strong correlation. Discrepancies
in the absolute values of the corresponding characteristic times reflect, however, the higher complexity
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of the secondary relaxations in these kinds of systems.

1. Introduction

Polymers containing aromatic rings usually present
high values for their glass-transition temperature T
and, at room temperature, offer a wide range of applica-
tions including, e.g., gas separation or their use as
structural materials (engineering thermoplastics). The
mechanically advantageous behavior and other valuable
properties of these kinds of polymers relate to micro-
scopic relaxation mechanisms that, despite large efforts,
are not yet satisfactorily identified. The understanding
of the good application properties of these systems in
terms of microscopic features is the key to the future
design of novel materials with tailor-made properties
and, therefore, of high interest also from a technological
point of view.

The microscopic mobility in the temperature range
of utilization of engineering thermoplastics (below T%)
is reflected in the secondary relaxations that are usually
characterized by means of relaxation techniques such
as mechanical spectroscopy (MS) or dielectric spectros-
copy (DS). Since these techniques do not reveal spatial
information on the dynamics of the system, very little
is known about the molecular mechanisms giving rise
to these secondary relaxations. However, during the last
years, a great deal of effort has been made in this
direction involving numerous MS!~10 and DS!1-15 ex-
periments in a wide variety of thermoplastics, including,
e.g., substituted polycarbonates, copolymers, and blends.
The results suggest that the so-called y-relaxation
(located at about 273 K at 1 Hz) is due to the cooperative
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motion of several units and is closely related to phen-
ylene ring motion. Some p-phenylene polymers present,
in addition to the y-relaxation, another relaxation
(called 0) at even lower temperatures (~100 K and 1
Hz), which would also be attributable to motions involv-
ing phenylene rings.® We note that the rotation of one
ring itself would not lead to large dielectric and me-
chanical losses. Therefore, it seems unlikely to be at the
origin of the secondary relaxations unless it is coopera-
tively linked to the motions or is part of the mechanism
causing the relaxations and therefore monitoring them,

as it has been repeatedly suggested in the litera-
ture.1,5,11,13,15

For these reasons, a large series of investigations
during last years have been devoted to the study of the
phenylene rings present in these systems, including
dynamical aspects. The techniques employed are mainly
NMR and molecular dynamics calculations. From NMR
studies on polycarbonates, polyaryls, and epoxy resins,
it has been established that phenylene rings undergo
n-flips around the C1—C4 axis (see Figure 1), oscilla-
tions around the same axis, and some small amplitude
main-chain reorientations.16=25 A correlation between
the y-relaxation and 7-flip motions of the rings has been
found through the similarity between the corresponding
activation energies.?1-2224 On the other hand, theoretical
calculations and molecular dynamics simulations on
systems containing phenylene rings qualitatively agree
with the type of motions observed experimentally.26-35
However, the exact mechanism leading to the occur-
rence of these flips or the role of these motions on the
mechanical properties is still unclear. Thus, additional
information based on space/time-resolved techniques is
imperative to shed more light on this long-standing
problem. Neutron scattering (NS) offers such resolution
at a microscopic level.
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Figure 1. Differential neutron scattering cross sections
obtained from D7 measurements for fully protonated PES at
100 K. The full circles correspond to coherent scattering, the
empty circles to incoherent scattering, and the crosses to the
total scattering. The solid line is a DWF-like description of the
incoherent data. The dashed (dashed—dotted) line represents
the value of 0in/(47) [0con/(477)]. The insert shows the chemical
structure of PES, where the C1 and C4 atoms of one phenylene
ring have been marked with spots.

With these ideas in mind, we have started to approach
this problem applying NS techniques to the investiga-
tion of phenylene ring dynamics in different engineering
thermoplastics. The first study concerned bisphenol
A-polysulfone (BPA-PSF),36-38 for which the spatial
resolution of NS has allowed identification of two kinds
of motions of phenylene rings: n-flips and small angle
oscillations of increasing amplitude with temperature.
The flips could be related to the y-relaxation, while the
oscillations showed a mean activation energy close to
that determined for methyl group rotations by NMR and
the o-relaxation by MS. In that study, both motions
were considered statistically independent processes and
the four rings dynamically equivalent. Some prelimi-
nary NS results on bisphenol A-polycarbonate (BPA-
PC) and phenoxy (PH) have also been published by
now.39-41

Within this framework, we present here a thorough
NS study on polyethersulfone (PES), a well-known
polymer for its application as a membrane for gas
separation. Its chemical composition is shown in the
insert of Figure 1. Our NS measurements reveal the
aromatic hydrogen dynamics, thus reflecting directly the
phenylene ring motions. We will show that a phenom-
enological inspection of the spectral features points to
a similar scenario for phenylene ring dynamics to that
found in the case of BPA-PSF; consequently, PES data
are analyzed by using the same model proposed for that
polymer. The obtained microscopic information will be
compared to the data available in the literature con-
cerning secondary relaxations in this polymer, trying
to contribute to the understanding of the molecular
motions behind its good properties. On the other hand,
it is noteworthy that the BPA-PSF monomer consists
of the same group contained in PES but linked to an
isopropylidene group. Therefore, with this study, we will
have in addition the opportunity to check the validity
of the scenario proposed for BPA-PSF phenylene ring
dynamics by answering the question: do diphenylsul-
fone rings move in a similar way to that globally
observed for all rings in BPA-PSF?

The NS measurements presented here are the result
of a combination of two different spectrometers to cover
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the microscopic and mesoscopic time scales (~0.1 ps to
1 ns) and a wide momentum transfer (§) range (0.4 <
Q@ < 2A1). These exper1ments have allowed us to unveil
the phenylene ring dynamics in the polymer membrane
under study, PES. A preliminary analysis of the micro-
scopic data can be found in a recent publication.*? In
addition, we show a diffraction measurement with
polarization analysis, revealing structural features of
PES.

II. Experimental Section

A. Sample. The chemical composition of polyethersulfone,
PES, is shown in Figure 1. Molecular weight and polydisper-
sity of the sample supplied by Aldrich Chemical Co. Inc. were
M, = 16 900 g/mol and M,/M, = 1.45. Differential scanning
calorimetry measurements lead to a T, of 500 K. Samples were
vacuum heated near T, for 24 h prior to the NS experiments.
The samples were subjected to the same thermal treatment
for the experiments with the different instruments.

B. Neutron Scattering Experiments. Except for neutron
spin—echo techniques, the quantity assessed in a neutron
scattering (NS) experiment focused on dynamical aspects of
the system is the double-differential cross section: the number
of scattered neutrons into a solid angle between Q and Q +
dQ, after having exchanged an energy between E and E + dE
with the sample, relative to the number of incident neutrons.
It has an incoherent and a coherent contribution:

?o _( ?o ) ( o%o )
Q0E - 0QOE /inc + 0Q0IE/ con (1)

The incoherent contribution can be expressed in terms of
the incoherent scattering function S5.(@, w) of the different
kinds of nuclei o in the sample weighed by their corresponding

incoherent cross sections o, as:
¥ o k Oir
=—3% N,—S(@Q, w) (2)
(893E)inc kOZ ne

Here the sum ranges over all the different atomic species
(a: H,C,0,8,...) and N, is the number of nuclei of the o type.
ko, and k are the momenta of the incident and scattered
neutrons, @ is the modulus of the momentum transfer @ = %

— ko and o = E/f. S (Q, w) is the Fourier transform of the
intermediate incoherent scattering function S; (@, t)

S0Q 0) = 5= [S5(Q, 1) ¢ dt (3)

The double Fourier transform of Sj, (@, ) yields the self-
part of the Van Hove correlation function, Godr, 1), which
gives the probability of a given nucleus of the o type to be at
distance r from the position where it was located at a time ¢
before. Thus, incoherent scattering looks at correlations
between the positions of the same nucleus at different times.
The relation between scattering function and Van Hove
function allows a straightforward data interpretation within
the framework of the neutron scattering theory.*3-46

The coherent part in eq 1 deals with relative positions of
atomic pairs, i.e., collective dynamics:

o NoNg
0o oo . - -
—iwt _1Q[T(t)—Tis(0)]
E coh coh e € ! dtD
0QIE o1k, TpikTs

4

Here, bcgﬁ) is the scattering length of isotopes of the o(j)

type and Tihap denotes the position of the atom i(j) of the a ()
type. The brackets mean thermal average. With all, we can
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define a function I(®, w) as

Po _

k
s0uF 5 1@ @) (5)

o

that in general contains incoherent and coherent contributions.
These are weighed by the total incoherent ¢i,. = ZaNuo?nc/
SNy and coherent geh = ZaNaog/Za N cross sections re-
spectively [o%, = 47(b;,)?.4" In the case of protonated poly-
mers, and in particular for PES, the double-differential
scattering cross section is usually clearly dominated by the
incoherent contribution corresponding to the hydrogens in the
sample. This is due to the high value of O’EC (80.27 barns) as
compared to the other scattering cross sections: o55° = 0,

H.0S0 < 5.6 barns. For PES, the ratio between the intensity
of the incoherent scattering oi,. = 26.757 barns/atom (entirely
because of its H) and the total scattered intensity Ginc + Ocoh =
30.693 barns/atom amounts to 0.872. Therefore, I(Q, w) O
Si}fw(Q, ) to a good approximation.

We have to note that as NS spectrometers offer a limited
energy resolution, the measured functions are affected by the
instrumental resolution function R(®, ). Therefore, the
magnitude experimentally accessed is:

I.,(@ ») =1Q, ») ® R@Q, w) ®)

R(Q, w) is the obtained spectrum when purely elastic (hw =
0) scattering events take place in the sample [i.e., it is the
“image” of O(w)l. It can usually be determined from the
scattering of the sample at very low temperature, where all
the dynamical processes are frozen and, consequently, Lex(Q,
) is proportional to R(®, w). Thus, it can be approximated
by:

I T—0
R@, ) = — @170 %

j:mm I, @, 0, T—0)do

Under the condition of elastic scattering, the modulus of the
momentum transfer is simply given by @ = Qe = 4 sin(6/2)/
A, where 6 is the scattering angle and A the wavelength of the
incoming neutrons (and, as E = 0, also that of the scattered
ones). However, when inelastic events take place, neutrons
scattered within a given solid angle have experienced different
momentum transfers with the sample, depending on the
amount of energy interchanged. The relation between scat-
tering angle 6 and scattering vector @ turns out to be strongly
energy dependent for high values of E.

1. Diffraction with Polarization Analysis. In a diffraction
experiment, an integration over all E is performed, and the
obtained magnitude is the so-called differential scattering cross
section 90/0Q.

2
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In an ideal case, the incoherent contribution in eq 8 is
@-independent, given by oin/(47), and the coherent contribu-
tion reveals the corresponding partial static structure factor
(eq 4 with ¢ = 0). We note, however, that because of the
occurrence of the above-mentioned inelastic events, the inte-
gration experimentally performed in the detector (constant
angle) of different energy transfers is not identical to the
integral at constant @, which would be the desired result.

If the incoherent scattering arises solely from spin disorder,
it flips the neutron spin with probability %3, while coherent
scattering leaves the spin unchanged. This allows experimen-
tal separation of the coherent and incoherent contributions to
the scattering by using a spin-polarized neutron beam and
polarization analysis (see, e.g., refs 45, 46). With the incident
beam polarized (“up”), the number of neutrons scattered within
a given solid angle with spin orientations “up” and “down” are:
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where A is a proportionality factor that depends on the
experimental conditions (amount of sample in the beam,
primary beam intensity, detector efficiencies, etc.). It is worthy
of remark that in the absence of inelasticity and multiple
scattering, the value of A can easily be obtained from the
“down” measurement and the simple calculation of gi,c; then
the partial structure factor can be determined in a straight-
forward way from the “up” measurement in absolute units.
The @ — o limit of the coherent differential cross section is
Ocoh/(477).

In this work, we used the diffuse scattering spectrometer
D7 at the Institut Laue-Langevin (ILL) in Grenoble (France)
on the basis of this principle in its diffraction mode. The
incident wavelength was set to 3.1 A, enabling a range of
scattering vectors @ up to 4.0 A~ The experiment was
performed at 100 K. The correction for background scattering
was done by the measurement of the scattering from the empty
cell.

2. Time-of-Flight: Microscopic Time Scales. The study on
PES dynamics in the microscopic time scale (~0.1—10 ps) was
carried out by means of the time-of-flight (TOF) spectrometer
G6—2 MIBEMOL at the Laboratoire Léon Brillouin, in Saclay
(France). An incident wavelength value of 1 = 5.2 A was used,
yielding an energy resolution 0E of 0E = 85 ueV (half width
at half-maximum, hwhm). The angular range of the detectors
in MIBEMOL is 23.5° < 26 < 141.8°, which corresponds to a
Q-range of 0.53—2.24 A~ for elastic scattering at the wave-
length used.

The sample (thickness 0.2 mm) was placed into a flat
aluminum container and put at an angle of 135° with respect
to the incident beam to avoid self-shielding and self-absorption
effects. The high value of the transmission of the sample
(92.5%) allows the neglect of multiple scattering effects. The
measuring times were of ~12 h. We investigated temperatures
from 50—450 K every 50 K. The instrumental resolution was
determined from a measurement at 10 K. Detector efficiency
was corrected by vanadium calibration. The scattering from
the sample container was determined at two temperatures and
properly subtracted from the spectra. Data corresponding to
different detectors were grouped to improve the statistics,
resulting in 10 grouped spectra. It is important to note that,
as mentioned above, the actual @-value for one detector
strongly deviates from its “elastic” value for energy transfers
on the order of some meVs. Therefore, a constant @-interpola-
tion of the Ipy(0, w) functions to obtain I.(Q, w) was
indispensable, leading to a restriction of the energy transfer
ranges accessible for small @-values.

3. Backscattering: Mesoscopic Time Scales. In a backscat-
tering (BS) experiment, perfect crystals are used as mono-
chromators and analyzers, and the instrumental resolution is
optimized by using backscattering geometry at both crystals.*8
These spectrometers work under inverse geometry conditions,
i.e., the energy of the detected neutrons is fixed to a given value
E¢, while the energy of the incident neutrons is varied around
E:. As the energy transfers involved in these experiments are
small as compared with the energy of the neutrons, the
constant angle spectra correspond to a good approximation to
constant @ = Q.. In this work, we used the backscattering
instrument IN16 at the ILL*° to explore the mesoscopic time
scales (~40 ps to 1 ns).

At IN16, both the monochromator and the analyzers used
are made of Si(111) crystals. The energy variation is performed
by moving the monochromator and exploiting the Doppler
effect. The energy window of the experiment was set to —15
ueV < ho < 15 ueV at an energy resolution of 0E(hwhm) ~
0.4 ueV. Using 1 = 6.271 A, the data were grouped to have 17
different @-values in the range between 0.43 and 1.81 A~
The flat-shaped sample (thickness 0.35 mm) was positioned
at 140° with respect to the incident beam. The temperatures
investigated were from 50—400 K every 50, 440, and 480 K.
Measuring times were of the order of 12 h. The experimental
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resolution function was obtained from a measurement at 10
K. Background corrections were performed for the scattering
of the empty cell, which was subtracted with the proper
transmission factor. The detector efficiency was corrected by
a vanadium measurement. The data reduction was performed
by the standard ILL program SQW.

III. Results

A. Incoherent Contribution and Partial Static
Structure Factor. Figure 1 shows the differential
neutron scattering cross sections of PES obtained by D7.
As expected from the values of 0ine and ocon, the
incoherent contribution (originated by the hydrogens in
the aromatic rings) is by far the dominant one. It shows
a clear @-dependence due to inelasticity effects that can
approximately be described by

0.057Q?
e e

In the limit @ — 0, the incoherent scattering should
be entirely elastic, and the prefactor I in eq 10 should
coincide with op./(47). This has been the criterion
adopted to define the absolute scale in Figure 1 [i.e., to
determine the value of A in eq 9]. The horizontal dashed
line shows the expected incoherent differential cross
section in the absence of inelasticity effects. As we will
see below, the measured signal in the diffractometer is
closer to that obtained when only the elastic scattering
is considered.

We now move to the coherent contribution, calculated
from eq 9. We observe broad maxima in the partial
structure factor, reflecting the amorphous character of
the polymer. Considering the values of the scattering
lengths and the relative abundance of the different
nuclei in the sample, the most strongly highlighted
correlations are those corresponding to (C, C) pairs,
followed by those between (C, H) and (C, O). The main
maximum is located at about 1.3 A~1, as it is usually
found in glass-forming polymers; a second peak centered
at ~3 A1 is also universal for these kinds of systems,
and its origin is attributed to intrachain correlations.5%:51
We note that the calculated value of o.n/(47) lies in the
range of the average value of the obtained coherent
differential cross section and would be a reasonable
asymptotic value for its high @-limit. This supports the
consistency of the measurements and the considerations
for the estimation of the absolute scale.

Thus, this diffraction study confirms: (i) the glassy
character of our sample, and (ii) that the NS signal from
protonated PES is practically due to incoherent scat-
tering. Even at the maximum of the partial structure
factor, the coherent contribution amounts only to ~20%
of the signal. In the complete analysis of the quasielastic
data, the coherent contributions will be taken into
account, then the information obtained from this D7
study will be used. )

B. Microscopic Time Scales. For @ = 1.12 A1
Figure 2a shows the spectra obtained by means of
MIBEMOL for all temperatures investigated. With
increasing temperature, the elastic intensity decreases
(insert), while in the inelastic and quasielastic regions,
the intensity increases. A contribution of vibrational
nature is evident for 7'~ 150 K and below. This feature
appears as the well-known Boson peak5253 centered at
hw ~ 1 meV. As usually found in glass-forming sys-
tems,5253 for higher 7, the presence of additional
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Figure 2. MIBEMOL results on PES. (a) Scattering function
at @ = 1.12 A1, (b) Spectra at @ = 1.71 A™! scaled by the
Bose and DWFh,,, factors (reference 7: 150 K). The tempera-
tures are: 50, 100, 150, 200, 250, 300, 350, 400, and 450 K
(bottom to top). The dotted lines show the resolution function
measured at 10 K. Insets: (a) T dependence of the spectra in
the elastic region at @ = 1.12 A~! (same temperatures, now
from top to bottom). (b) @2(T)Oobtained from the elastic
intensities of the MIBEMOL (full circles) and IN16 (squares)
spectra and from DWFy,, (diamonds) (see the text). The
effective value obtained from the D7 data at 100 K (eq 10) is
also shown (cross). The dotted line is a linear regression fit of
the MIBEMOL data for T' < 150 K.

intensity is observed, which seems to have a predomi-
nantly quasielastic origin.

In the harmonic approximation, the spectra obey the
scaling law:

Shar(Q, w) —

mc

mz 2 2
exp(_ ﬂ)[é(w) + SgM—g(ww)[n(w) +11| a1

Here, @}, (T)is the mean-squared displacement of
the atom around its equilibrium position, g(w) the
density of states (T-independent in this approximation),
n(w) + 1 the Bose factor (O T, approximately), and M
the atom mass. The decay of the elastic intensity
due to harmonic vibrations is thus driven by the
harmonic Debye—Waller factor, defined as DWFy,, =
exp(— @ 2pa(T)RQY3).

In the general case, a mean-squared displacement
[@2(T)Ocan be deduced by applying an analogous expres-
sion to the decay of the measured elastic intensity:

@M [_ mZ(T)EQZ]
3

DWF,  =—"———=¢x
exp Ii(p(Q7 T~ 0) P

12)

We note that the results for DWFey, and [@2(T)might
depend on the instrument considered. If the dynamical
process leading to the decay of the elastic intensity takes
place at much shorter times than the longest one
accessed by the spectrometer, as it is the case of the
vibrational modes, the deduced values are independent
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of the instrumental resolution, but otherwise (e.g.,
rotational or diffusive motions) a stronger decrease for
the elastic scattering is observed for the higher-resolving
instrument. The values for [@%(T)Oobtained from the
MIBEMOL spectra are displayed in the inset of Figure
2b (full circles). We have plotted here also the “effective”
value deduced for this magnitude from the description
through eq 10 of the incoherent intensity measured by
D7 (cross). It lies slightly below the value obtained from
MIBEMOL data at the same temperature. This result
is consistent, since on D7, no discrimination in energy
transfer is made for the detected neutrons, and there-
fore, the intensity measured is higher than the purely
elastic one, and this might lead to an apparently lower
value of [@%(T)[]On the other hand, we observe that only
for T < 100 K the T-dependence of @*T)Ois ap-
proximately linear (dotted line), indicating harmonicity.
We will consider the values along this dotted line as
those characteristic for harmonic vibrations at each T,
@;, (1)) leading to DWFha,. At temperatures close to
150 K and higher, @2T)Osystematically bends above
@;, ()0 This indicates the setting up of additional
contributions in this temperature range. A higher
mobility than that due to pure harmonic vibrations is
observed.

To enhance the emergence of nonharmonic contribu-
tions, we have scaled the data with the Bose and DWFY,,,
factors (eq 11). If the harmonic approximation holds, the
scaled spectra should fall into a single curve. As an
example, for @ = 1.71 A~1, Figure 2b shows that already
at temperatures as low as 150 K, no superposition is
achieved. The additional contributions appear in the
low-frequency range and are negligible for energies
above ~3 meV. Similar features have been found for
TOF spectra corresponding to glass-forming systems of
different natures during recent years.?253 The occur-
rence of the so-called “fast process” has been invoked
to explain this kind of behavior. The origin of such a
process is still the subject of debate, and it has been
attributed to different phenomena as, for instance, the
pB-relaxation in the framework of the mode-coupling
theory (MCT)%* or the early stages of the structural
relaxation in glass-forming polymers reflecting confor-
mational transitions.?® The “fast process” would be the
mechanism responsible (in addition to the harmonic
vibrations) for the decay of the correlations at times
below ~2 ps.56:57

To deconvolute the spectra from the instrumental
resolution and resolve possible additional contributions
different from harmonic vibrations and the “fast pro-
cess”, we have Fourier transformed the MIBEMOL
spectra to the time domain. The intermediate scattering
function has thus been obtained as:

L@ , T) cos(wt) dho
[710(Q, w, T — 0) cos(wt) dhw

S@, 1) = (13)

If the coherent contribution to the scattering can be
neglected or if the structure factor does not appreciably
change with temperature, this function should be
properly normalized, i.e., S(Q, ¢ = 0) = 1. Figure 3 shows
the result of this deconvolution procedure for @ = 1.71
A~! and the different temperatures investigated and for
T = 400 K at different @-values. The main decay of the
correlations in this dynamical window takes place at
times below ~2 ps, i.e., through vibrations and the “fast
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Figure 3. Intermediate scattering function of PES at @ =
1.71 A7 for different temperatures (a) and at 7' = 400 K for
different @-values (b). The continuous lines are the descrip-
tions obtained with the proposed model, for which a short time
limit is indicated by the vertical dashed arrow.

process”. After this time, the function stays constant for
the lowest temperatures, while a smooth decay can be
distinguished at high temperatures. Taking into account
that the sample is in the glassy state, the process
leading to the decay of the correlations at ¢t > 2 ps should
be related to localized motions, probably contributing
to some of the secondary relaxations identified in these
kinds of systems.

Since the full characterization of the dynamics leading
to the decay of the correlations at ¢ < 2 ps is beyond
the scope of this work, we will consider the contribution
of this global fast process as a prefactor for the function
describing the temporal evolution of the correlations at
longer times. This prefactor, that we will consider the
“effective” DWF, can be taken in a first approximation
as the value of S(Q, t) at t = 2 ps, DWF ~ DWFy,s =
S(Q, t = 2 ps). The mean-squared displacement associ-
ated with this fast motion is very close to that obtained
from the decay of the elastic intensity in MIBEMOL [see
diamonds in the insert of Figure 2b]. This reflects the
fact that almost the totality of the dynamics observed
in this window is driven by the fast motional processes
parametrized by the DWF. Any further decrease of the
DFW.y, obtained in other dynamical windows with
better resolution has to be associated with slower
relaxations. We note at this point the importance of the
DWF in the NS measurements, since it reduces the
amplitude of the decay of the correlations (equivalently,
the amplitude of the signal, both elastic and quasielas-
tic, of the spectra in the frequency domain) for any
process slower than the fast motion causing the DWF.

Because of the weakness of the decay observed
between ¢t > 2 ps and the limit imposed by the TOF
resolution, it is advisable to scrutinize the 7T- and
®-dependencies of S(®, ¢) in terms of the following
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Figure 4. (a) T-dependence for selected @-values of B(Q, T)
(eq 14) and (b) @-dependence of b(Q, T) = B(Q, T)/DWF for
the indicated temperatures. Solid lines show the results of the
model proposed. For clarity, the data corresponding to 1.47
and 1.71 A! in (a) have been shifted by 0.02 and 0.04,
respectively, and the horizontal dotted lines show their “0”
level. For comparison, the modulation of the quasielastic
intensity determined by (1 — EISFy) is displayed in (b) for two
values of the jump distance: d = 4.3 A (dashed) and d = 1.5
A (dotted line).

function: the apparent slope of S(Q, t) with respect to
the variable logt in such time interval,

dS(@, t)

IWgtlt>2ps (14)

B@,T)=

This function is very sensitive to the appearance of
dynamical processes in the dynamical window. Figure
4a shows the T-dependence of B(®, T) obtained from
PES S(Q, ¢) data. From it, an incipient contribution of
the relaxational process can be noticed at 7' ~ 200 K
that increases with 7. Dividing by the DWF, the
influence of the existence of the first decay in S(Q, ?) is
removed; therefore, we have displayed in Figure 4b the
function b(Q, T) = B(Q, T)/DWFys as a function of Q.
We observe that (@, T) monotonically increases with
increasing @ in the @-range accessible in this TOF
investigation.

C. Mesoscopic Time Scales. Figure 5 shows that
for @-values close to 1 A1 a clear quasielastic broaden-
ing can be observed in the IN16 spectra at 7'~ 300 K
and above. The quasielastic intensity increases with
increasing 7. Moreover, at constant temperature, it
shows a maximum at around @ ~ 1 A~! (see Figure 6).
We have to note that, though detectable, the quasielastic
intensities are quite weak. In both figures, the scales
have been displayed at 1% of the intensities at the
maxima of the resolution spectra. Therefore, despite the
long measuring times employed, the data in the
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Figure 5. IN16 spectra obtained for PES at @ = 0.96 A™!
and 300 (a), 400 (b), and 480 K (c) (solid circles). The 10 K
data are also shown (empty circles). The dotted line is a
description of the low 7T-data with a Lorentzian plus a
Gaussian function. Solid lines show the descriptions in terms
of the model proposed. The maximum of the scale is the 1% of
the maximum value of the 10 K spectrum.

quasielastic region might show a relatively high disper-
sion.

The Q- and T-dependencies of the intensities, espe-
cially of the quasielastic ones, can be better appreciated
if integrals of the spectra are calculated:

Ly @ D= [, 1@ 0 Ddw (15

We have obtained this function for different energy
windows on IN16. For |[Ahw| < 0.4 ueV, eq 15 delivers
the elastic intensity I\ '6(Q, T). Its T-dependence is
shown in Figure 7 for different @-values. The observa-
tion that its values for T'— 0 do not exactly coincide is
due to the contribution of coherent scattering to the
spectra; this is consistent with the D7 results. The
description of the decay of the elastic intensity in terms
of eq 12 leads to the values for the mean-squared
displacement shown in the inset of Figure 2b. The
slightly higher values obtained from the BS instrument
with respect to those deduced from the TOF spectrom-
eter for T'~ 300 K and above indicate the occurrence at
these temperatures of dynamical processes with char-
acteristic time scales intermediate between the resolu-
tion of both instruments.

For 2 ueV < |Ahw| < 5 ueV, we obtain from eq 15 what

we will call Ig\illf(Q, T). Its T-dependence is shown in
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Figure 6. IN16 spectra obtained for PES at 400 K (full circles)
and 10 K (empty circles) for @ = 0.65 A1 (a), @ = 1.06 A™!
(b), and @ = 1.76 A1 (¢). Lines as in Figure 5. The scales are
shown at the 1% of the maximum values of the respective 10
K data.
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Figure 7. T-dependence of the elastic intensities obtained
from IN16 for the @-values indicated. The lines show the
results of the model proposed.

Figure 8 for different @-values. While for the lower
Q-values, Igillf(Q, T) monotonically increases with T,
at the highest @’s, a sort of plateau is found after an
increase between 200 and 300 K. This plateau reflects
the strong influence of the DWF' at high @-values. As it
was done for B(Q, T) in Figure 4b, the renormalization
by division with the DWF removes the decay of the
intensity in the spectra because of the occurrence of the
fastest processes below ~2 ps. This procedure leads to
the results displayed in Figure 9. At first sight, a
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Figure 8. T-dependence of the quasielastic intensities ob-
tained from IN16 for 2 ueV < |Ahw| < 5 ueV for @ = 0.65 A1
(a),0.96 A1 (b), 1.33 A1 (c), and 1.76 A1 (d). Solid lines show
the results of the model proposed; the contributions from the
flips, oscillations, and mixed term are displayed as dashed,
dotted, and dashed—dotted lines, respectively.

striking feature is found from this figure: for the highest
temperatures, Igﬂf(@, T)DWF shows a marked peak
in the @-range ~1 A~1. However, at T ~ 200 K, the
highest quasielastic contributions seem to occur at the
highest @-values accessible by this instrument. The
same features pointed out for I&illf(Q, T) can be found
in the quasielastic region corresponding to higher-
energy transfers. This is shown in Figure 10, where
Ious(@, T) calculated for —15 eV < |Aho| < =5 ueV is
displayed as a function of both variables, T' (a) and @
(b). The overall observations made considering both
instruments, IN16 and MIBEMOL, point then to the
presence of at least two different relaxational processes
involving different geometrical features.

Thus, the dynamical behavior of aromatic hydrogens
in glassy PES seems to show a certain degree of
complexity. To describe it, a model recently developed
for phenylene ring dynamics in BPA-PSF36 will be
applied. It is presented in the next section.

IV. Model for Phenylene Ring Dynamics

A. Proposed Scenario. The occurrence of 7-flips of
the phenylene rings in aromatic polymers such as PES
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Figure 9. Q-dependence of the quasielastic intensities ob-
tained from IN16 for 2 ueV =< |Ahw| < 5 ueV and divided by
DWFyp,s at 200, 300, 400, and 480 K (symbols, bottom to top).
Dashed—dotted line represents the intensity of the resolution
function (low T-data). Solid lines show the results of the model
proposed. For comparison, the modulation of the quasielastic
intensity determined by (1 — EISFy) is displayed for d = 4.3
A (dashed) and d = 1.5 A (dotted line).
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Figure 10. (a) T-dependence for selected @-values of the
quasielastic intensities obtained from IN16 for 5 ueV < |Ahw|
< 15 ueV and (b) @-dependence of the same quantities divided
by the DWF for the indicated temperatures. Solid lines show
the results of the model proposed. For clarity, the data
corresponding to 0.96 and 0.65 A™! in (a) have been shifted by
0.01 and 0.02, respectively, and the horizontal dotted lines
show their “0” level. For comparison, the modulation of the
quasmlastlc intensity determined by (1 — EISFy) is displayed
in (b) ford = 4.3 A (dashed) and d = 1.5 A (dotted line). The
dashed—dotted line represents the intensity of the resolution
function (low 7T-data).

has been repeatedly invoked in the literature from
NMR16-25 and molecular mechanics calculations.26-35
Recent NS studies on BPA-PSF,36:38 BPA-PC,39:40,58 and
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PH?8 reveal such flips as well. As NS follows aromatic
hydrogen dynamics, the manifestation of this motion
consists of a jump of the proton over a distance of 4.3

For the general case of jumps of an atom between two
equivalent sites separated by a distance d, the incoher-
ent scattering function can be expressed as:*344

S¢ (@, t) = EISF, + (1 — EISF,) exp(— —) (16)
LF)

or, in the frequency domain, as:

Tgq

(U)Td)
am

S4.4Q, ) = EISF ,0(w) + (1 — EISFd)

The label “d” refers to the nature of the motion
considered (until now, it designates a generic jump over
a such a distance). Here, 7 is the characteristic time
[1/(274) is the transition rate], usually T-dependent but
Q-independent because of the localized nature of the
motion. For thermally activated processes it follows an
Arrhenius-like dependence

d
(18)

E;
7,(T) = 7, exp|5— T

B

with 7, ~ 10713 s, E! the corresponding activation
energy and kg the Boltzmann constant. The so-called
elastic incoherent structure factor EISF,; determines the
elastic intensity and carries the information on the
geometry of the motion. In the case considered here of
two site jumps, it is given by:

sin @d
Qd

EISF, is an oscillatory function around 0.5 with the
first minimum located at @ = 37/2d. In a complemen-
tary way, (1 — EISF;) modulates the quasielastic
intensity [see eq 17] and also the log ¢-derivative of the
intermediate scattering function, i.e., what we have
defined as B(®, 7). In the general case, the total
scattering function has, in addition, the DWF on the top.

For a n-flip of the r1ng, the first minimum of EISF,
happens at @ ~ 1 A1 for the hydrogen-scattering
function. There, the quasielastic intensity, once the
DWEF influence is removed, should show its maximum
value. Can such a type of motion be inferred from our
experimental results in the different windows?

The high-temperature data collected on IN16 indis-
putably mirror the occurrence of such a sz-flip of the
rings (see Figures 9 and 10b). This is, however, clearly
not the case for the data in the microscopic window.
Figure 4 shows that the variation of 6(®, T) with @ does
not resemble the (1 — EISF) for a n-flip of the ring at
all, but rather that corresponding to a jump over a much
shorter distance, d ~ 1.5 A. This would indicate a
motion more restricted in space than the s-flip of the
ring. Coming back to IN16 and focusing on low temper-
atures, the difference of the quasielastic intensity rela-
tive to the resolution signal seems also to monotonically
increase toward high @-values, reminiscent of the
®-dependence observed in the microscopic window [see
Figures 9 and 10b].

EISF, =11 + (19)
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Thus, from the scrutiny of the experimental results,
the need to consider a third kind of movement for the
aromatic hydrogens, apart from the fast processes and
the n-flips of the rings, becomes imperative. Such motion
would lead mainly to the decay of the intermediate
scattering function in the MIBEMOL dynamic window
above 2 ps, though it can also be detected at relatively
low temperatures on IN16. From these observations and
the @-dependence found, it should correspond to a
motion involving the rings with characteristic times
intermediate between the fast processes and the 7z-flips
and with smaller amplitude than the last. Thus, all
these three motions have to be considered to reproduce
the experimental observations.

In our scenario, we consider the combined occurrence
of 7-flips and small-amplitude oscillations (characterized
by the rotational angle ¢) of the rings around their
equilibrium positions. The motion of the hydrogen that
what we follow with NS is the consequence of these two
ring motions and the rapid vibrations and other fast
processes contributing at very short times. Our first
assumption is to consider that the decay of the correla-
tions through the fast processes can be effectively
described above 2 ps by an effective DWF. The second
one is to assume the two ring motions as statistically
independent processes. Then the scattering function of
a given hydrogen for ¢ > 2 ps reads:

Sin@, 1) = DWF-S1.(Q, 1)S4.(Q, ©)  (20)

mc

The scattering functions ST, (@, ) and S%,.(@, t) are
given by eq 16 with eq 19, where for the case of the
ni-flips d = 4.3 A and for the oscillations d = 2 sin(¢/2).

This leads to the following expression:

SinC(Q’ t) = Sel(Q) + SQeln(Qa t, Trr) + SQEld)(Q’ t’ T¢>) +
SQelmp(Q’ Z T T¢) (21

where the elastic and quasielastic contributions are
defined as:

S.(@) = DWF-EISF -EISF, (22)

SquA@, 1, 7,) = DWF[(l ~ EISF)EISF, exp(— Ti)]

(23)
t
Sqas@, ¢, 7)) = DWF[(I — EISF)EISF | exp(— r_¢)]
(24)
SQelmp(Q’ t’ tm T¢) =
DWF[(l — EISF,)(1 - EISF,) exp(— Ti) exp(— Ti)]
I, @
(25)
Figure 11 shows as an example the @-dependence of
the quasielastic contributions in comparison with those
corresponding to the simple motions. We observe that
the mixed term shows similar strength to that of the
oscillations. We note that such a term is a consequence
of the assumption of statistically independent processes
and would reflect in some way how one of the motions
is altered by the occurrence of the other. On the other
hand, the characteristic time for each of the motions (z,
7,) would obey the Arrhenius law (eq 18) with the
respective activation energy (E7 and E?); there, both
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Figure 11. Quasielastic intensities (DWF corrected) of the
contributions corresponding to the 7-flips (eq 23, dashed thick
line), oscillations (eq 24, dotted thick line), and mixed term
(eq 25, dashed—dotted line) in the model. The thin lines show
the equivalent intensities for the individual motions. For the
oscillations, the function corresponding to the obtained results
for 440 K has been chosen.

prefactors have been assumed to be 10713 s. We point
out that, in the proposed scenario, the apparent activa-
tion energy for flips would represent a real potential
barrier over which the phenylene ring jumps. In con-
trast, oscillations would take place (probably correlated
with other fast motions with small associated spatial
scales) as a result of rapid fluctuations of the single
particle potential seen by the phenylene ring and
produced by the surrounding atoms. In this case, the
apparent activation energy for oscillations would only
reflect the characteristic time of such fluctuations.

At this point, we add to the model the essential
ingredient of the disorder present in glassy systems.
Nowadays, it is well-known that the packing heteroge-
neity characteristic for the amorphous character of
polymers leads to broad distributions of the dynamical
parameters. A clear example is the distribution appear-
ing for rotational barriers in methyl groups that leads
to well-known classical and quantum effects.?*~62 Here,
the fact that (at least) the oscillation motion contributes
in the same temperature range (around and above 200
K) to both dynamical windows indicates that such broad
distributions have to be present.

Depending on the local packing, the contribution of
the intermolecular interactions to the local potential
seen by an atom or group of atoms would vary from
point to point. Different local potentials would lead to
different characteristic times for a particular motion.
As a consequence, the incoherent scattering reflects the
heterogeneity in the system and will be given by the
sum of several scattering functions coming from differ-
ent environments holding different characteristic times

Sine@, 1) = Zkai;?(Q, £) (26)

where Zpi = 1, and each of the S5(Q, ) functions is
defined as in eq 20. The index % determines the
characteristic times of the motions performed by the
atom, as we will see below. The weight px would be
determined by the distribution of a certain undefined
structural parameter £ driving the single particle

dynamics

P = [, 8 d& 27)
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The relation between & and the local potential defin-
ing the characteristic time of the motion would be
different for different motions depending on their spe-
cific nature, since some motions are more influenced by
inter/intramolecular interactions than others. As a
consequence, the functional relation between & and the
local potential for oscillations and between & and the
local potential for flips might not be the same. In any
case, if the characteristic time of the motion in a certain
local environment is parametrized by an activation
energy Eff (where d corresponds to either ¢ or x), the
activation energies will be distributed as well (via eq
18) as a result of the intermolecular packing, so that

Pe= fo o EDAEL = [1p hED AET  (28)

The interpretation of the distribution in eq 26 in
terms of packing effects implies that long characteristic
times for flips occur in a local environment with long
characteristic times for oscillation, and otherwise, short
characteristic times for flips occur together with short
characteristic times for oscillations. That is, although
the two motions have been considered statistically
independent, the activation energies for both motions
in a certain local environment are assumed to be
correlated.

B. Application to the NS Results. To compare the
model function with the experimental data, several
considerations have to be made. First of all, in addition
to the incoherent scattering from the aromatic hydro-
gens, the measured scattering contains other contribu-
tions that have to be taken into account. As mentioned
above, these are purely coherent, and their global
amount has been characterized by D7. Since motions
yielding identical initial and final atomic configurations,
as in the case of the s-flips, do not give rise to coherent
quasielastic scattering, we may consider in a first
approximation that the coherent contribution to the
spectra is just elastic and assume for it the same DWF
as the incoherent scattering of the aromatic hydrogens.
Then, the model function has an additional elastic
contribution weighed by DWF and the partial structure
factor. In the frequency domain at mesoscopic scales,
the whole model function reads as:

Imodel(Q’ w) =
do
Z N ’—Smc(Q, ) + (a_) DWF(w)

coh

(29)

and has to be convoluted with the resolution function
(eq 6) to be compared with the experimental IN16
results. To prevent dispersion, an analytical approach
to R(Q, w) is used. It consists of the addition of a
Gaussian and a Lorentzian function that provides a
good description of the low-temperature experimental
data shown in Figures 5 and 6 (dotted lines). On the
other hand, and in an analogous way, the Fourier
transform of eq 29 to the time domain normalized to
its static value is to be compared with the experimental
S(Q, t) obtained from the TOF data through eq 13. We
recall that the range of validity of the model function is
restricted to ¢ > 2 ps. In addition to the proper scattering
functions, we have calculated the predictions for the
quantities in terms in which the main features of the
dynamics have been characterized: B(Q, T) for ¢t > 2 ps
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in the TOF window and the different integrated intensi-
ties in the IN16 window.

Though at first sight a large number of parameters
seem to be involved in the model function, most of them
are actually fixed or known from the D7 measurements.
Apart from refining the DWF values, the distribution
functions of activation energies for both processes,
hAE7) and hyE?), and the geometry of the motion
involved in the oscillations are to be determined. For
the activation energies of the n-flips, a Gaussian dis-
tribution with average value [E;and variance o, was
assumed:

(BT — B
exp|—

1
N 2mo 207

Ja

h(ET) = (30)

Since a symmetric distribution of E.¢ extends to
negative values of E?, we have used a two-parameter
(m and the average E?, [E’D) asymmetric distribution

function for E?,
E¢ m—1 E¢
|]3]_Z exp —mm—: (3 1)

where I'(m) is the Gamma function. The so-defined A 4(
E?) is zero for E? < 0.

Concerning the geometrical parameters involved in
the oscillations, we have assumed that the associated
amplitudes are distributed around an average value
(that in principle could be temperature dependent)
according to a Gaussian function:

mm

hy(EY) = ———
o BT (m)

1 ¢*
EﬁD Ty

where by definition the oscillation angle ¢ assumes only
values between 0 and . No coupling between energy
and amplitude of motion was assumed.

The determination of the values of the fitting param-
eters ((E () 0, m, EE‘flEI and [¢[7T)) was possible by the
following procedure:

o A first approach to the parameters corresponding
to the oscillations is obtained by using the TOF infor-
mation. No maximum is visible at @ ~ 1 A~ for 5(Q, T)
(Figure 4). This implies that in the T-range investigated,
the s-flip contributions are still too weak to be detected
in the TOF window. If we consider the highest Q-Value
accessible by these measurements (@ = 1.93 A1), it is
even less probable to observe any z-flip contribution
since the function Sqe-(®) [mirroring (1 — EISF,), see
eq 23] reaches a minimum for this @-value [see Figures
4b and 11]. Then, m, UE?D and [@T) can be fitted by
considering that the only process that causes the decay
of the intermediate scattering function under these
conditions are the oscillations. The value for [¢T) could
only be determined for the two highest temperatures
investigated, and the consequent linear extrapolation
was used for lower temperatures.

e Turning to the mesoscopic window, for the highest
temperatures, the strongest contribution is that of the
7-flips [see the maximum intensity close to @ ~ 1 A-1
in Figures 9 and 10b]. By thus neglecting the oscillations
contribution at these temperatures in the @-region close
to 1 A1, a first approach to the values of (E70and o,
can be obtained.
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Figure 12. Distribution functions of activation energies for
oscillations (dotted lines) and 7-flips (solid lines) of phenylene
rings obtained for PES (thick lines) and BPA-PSF with
deuterated methyl groups (PSFd6) (thin lines).3%37 The chemi-
cal structures of both polymers are also shown.

e Once the two motions are characterized in an
independent way, the whole scattering function is
considered and the parameters are refined by compari-
son with the experimental results for all @-values and
temperatures investigated in each window. First, in the
microscopic window, tuning also the DWF, and there-
after, in the mesoscopic window. This step is repeated
until a stable set of values for the parameters is
achieved.

This refinement procedure only led to a minor change
in the values of the initial parameters. A maximum
error of 5% for the values obtained can be estimated.
The values finally obtained were: [E.[J= 0.46 eV and
0, = 0.12 eV for the energy distribution of 7-flips, [E[]
= 0.215 eV, and m = 6 for that of oscillation energies
(corresponding to a hwhm of 0.095 eV) and [$[T)[rad]
= 0.0691TK] ([¢[450 K) = 31°, [¢[1400 K) = 28°). Figure
12 displays the corresponding distribution functions of
activation energies. They give rise to temperature-
dependent distributions of characteristic times, for
which the average values are plotted in Figure 13 as
solid lines. To give an idea of the width of these
functions, we have shaded in this Arrhenius plot the
areas covering the time scales corresponding to the most
probable characteristic times; the criterion adopted was
to consider the region of energies where hd(EZ) (d <,
¢) shows values higher than its half-maximum. Finally,
Figure 14 shows the distribution functions of angles of
oscillation for three temperatures.

V. Discussion

Within the range of applicability of the model pro-
posed (¢ =2 ps), a very good agreement is found between
its predictions and experiment. In the microscopic
window, the model function perfectly describes the
decay of the intermediate scattering function for the
different @-values and temperatures investigated (see
Figure 3). Consequently, the T- and @-dependences of
the calculated slopes B(®, T) are fairly reproduced, as
can be appreciated in Figure 4. Only a small discrepancy
might be found for @ ~ 1.3 A1, where the theoretical
value for b(Q, T) is systematically smaller than that of
the experimental one. We will come later to this point.
With all, we can claim that our model delivers a very
satisfactory description of the microscopic data. On the
other hand, the model also captures all the features
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Figure 13. Temperature dependence of the characteristic
(average) times obtained from this study for the two motions
identified for PES phenylene rings, oscillations, and z-flips
(solid lines). The shadowed areas around them represent the
width of the distributions (regions of characteristic times
corresponding to energies for which the distribution functions
present values higher than their half maxima). The charac-
teristic times deduced from mechanical spectroscopy for the
three relaxations observed by L. David et al.® are displayed
for comparison as dashed lines and those obtained from
dielectric spectroscopy as a dashed—dotted line. The rectangles
delimit the dynamical regions explored by the NS spectrom-
eters in this work.
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Figure 14. Distribution functions of oscillation angles at the
three temperatures indicated. The insert shows the temper-
ature dependence obtained for the width of the distribution
(full circles); the solid line through the points is a linear
regression fit. The dotted line shows the T-dependence used
in the case of BPA-PSF.%637 The empty circles show the average
amplitude of rotational angles obtained from the populations
of rotational angles around their average values from the MD
simulations of Shi et al.”

shown by the mesoscopic results, as shown in Figures
5-10.

In the following, we analyze the contributions of the
different processes in the two dynamic windows inves-
tigated. Starting with the microscopic window, most of
the decay of the correlations there (correspondingly,
most of the quasielastic/inelastic intensity in the TOF
window) is due to the “fast processes” parametrized by
the DWF. As already mentioned, the origin of this
process is still a matter of strong debate. In seeking a
plausible molecular picture of this process, we could
think that it comprises some motions the hydrogen
performs relative to the carbon to which it is linked.
Such contributions can be inferred from the comparative
study of the microscopic dynamics of C and H from MD-
simulations.%3 Also, the interpretation of NMR spectra
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in different polymers required the consideration of some
kind of fast librations.%4~70 In those works, anisotropic
reorientations occurring with a fast correlation time
inside a cone of half-angle 6, the axis of which is the
rest position of the CH bond, were assumed. Values
between 20° and 40° were obtained for 6, depending on
the type of H and polymer investigated. A correlation
between this angle and the steric hindrance was found,;
furthermore, as identical amplitudes were observed in
bulk and solution, an entirely intramolecular origin was
deduced for this reorientation. The spatial extent of the
fast motions observed by NS is revealed by [@*(T)[see
insert in Figure 2b]. The values obtained for PES would
lead in this kind of scenario to a cone semiangle for
H-librations of 6 ~ 33° at room temperature, compatible
with those values reported so far from the NMR studies.
On the other hand, the associated characteristic time
would be in fact very fast, on the order of ~0.3 ps (see
Figure 3).

Still within the microscopic window, let us now turn
to longer times (above 2 ps). From Figure 13, it becomes
clear that in the whole T-range investigated, the 7-flips
are much too slow to be detected in the MIBEMOL
window and basically only oscillations are active there.
Even for these faster motions, the average time of the
distribution function does not become fast enough to
match the TOF window below T,. The observed decay
for the intermediate scattering function above 2 ps is
thus due to the fastest oscillations of the rings [low-
energy wing of h4(E?)]. At this point, we note that for
oscillations of the rings with amplitudes as those we
have obtained ([¢pJ~ 20°..0.30°), the coherent contribu-
tion is not purely elastic anymore as it was assumed
and contributes to increase the slope of the intermediate
scattering function. This explains the small discrepancy
between model and experiment observed for b(Q, T),
close to the first maximum of the partial structure
factor.

The mesoscopic window is sensitive to both oscilla-
tions and z-flips (see Figure 13), their respective vis-
ibilities being distinctly highlighted in different @- and
T-ranges. From Figure 11, we can deduce that the
n-flips still dominate the quasielastic signal in the
Q-range around 1 A~1, while in the highest @-region,
the contributions of all three terms (;z-flips, oscillations,
mixed) are important. In the measured spectra, the
intensities of the different contributions are of course
affected also by the dynamic terms (intensity of the
corresponding Lorentzians), which vary with tempera-
ture, reflecting how the time scales of the processes
enter in the dynamic window of IN16. In Figure 8, we
have plotted the different contributions to the quasielas-
tic intensity corresponding to the three terms in eqs 23,
24, and 25. The oscillations and mixed term dominate
at low temperatures, showing a broad maximum for the
intensity at about 400 K (this maximum is apparently
shifted toward lower temperatures at high @-values
because of the influence of the DWF). This behavior
reflects that around this temperature the distribution
of relaxation times is centered in the instrumental
window. We observe that the mixed contribution shows
similar importance to that of the oscillations, a signa-
ture of the fact that the relaxation times associated to
the n-flips are quite slow and the dynamic contribution
to the mixed term is most influenced by the oscillations.
Finally, we can see that above ~400 K, the z-flips take
the dominant role in the quasielastic contribution.
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It thus becomes clear that the combination of different
NS spectrometers accessing both dynamic windows is
imperative to fully describe the dynamics of phenylene
rings in these systems; this is due not only to the
occurrence of more than one single motion but also to
the broad character of the distribution functions of
relaxation times.

Now we discuss in detail the two motions observed
for PES rings. The occurrence of zz-flips of phenylene
rings in a large number of aromatic polymers has been
repeatedly reported from NMR studies. For different
polycarbonates,16:17.20-22 hroadly distributed associated
characteristic times with a mean activation energy of
0.52 eV have been found. A similar 7-dependence is
reported for phenoxy?> and a series of epoxy resins.?*
Finally, NMR investigations on poly(arylene ether sul-
fones)!® and PEEK?23 show also the existence of phen-
ylene z-flips. Although to our knowledge, no NMR
results on PES phenylene ring dynamics have yet been
published, we note that the value obtained in this work
for the activation energy of the 7-flips is similar to those
reported from NMR for the other systems. On the other
hand, up to now, the only NS work where this motion
has been quantitatively analyzed, that on BPA-PSF,36-38
delivers a distribution function of activation energies
for the zz-flips very similar to that found here for PES
(see Figure 12). As we can appreciate in the insert, in
addition to the two phenylene rings present in PES,
BPA-PSF contains in its monomer the two phenylene
rings of the bisphenol-A group. In principle, one could
think that the dynamics of these two kinds of rings could
be different; for simplicity, in the cited work,36-38 it was
assumed that all rings in BPA-PES behave in the same
way. The agreement found here for the distributions of
activation energies of both polymers strongly supports
the hypothesis made for BPA-PSF rings. Different
behaviors for diphenylsulfone and isopropylidene rings
would have given rise to at least a much broader
distribution function of activation energies in the case
of BPA-PSF. Finally, we want to underline another
nontrivial result offered by these NS studies: to deliver
an independent microscopic confirmation of the geom-
etry of these rotations, supporting the NMR studies.

Concerning the other motion, we can find experimen-
tal evidence of oscillations of the phenylene rings in
NMR studies on PC17 and on PEEK.23 In both works,
in addition to the z-flips, oscillations around the same
axes are found, of 30° for PC and of “small amplitude”
for PEEK. We note that the reported angle for PC
oscillations would be very much compatible with our
PES results (see insert in Figure 14). Moving to calcula-
tions and simulations, such oscillatory motions have also
been reported; complete neglect of differential overlap
(CNDO) calculations on PC28 yield “small-amplitude
oscillations” together with distributed barrier heights
for the n-flips. “Small-angle oscillations” for which
amplitudes are also not specified are found from MD-
simulations on PC3! in their 80 ps window. Molecular
mechanics calculations on parasubstituted polyaryls
(including PES) show that crankshaft rotations intro-
duce “small oscillations” of aromatic rings superimposed
on the global rotation of the chain portion.8 Unfortu-
nately, the information offered in all those works with
respect to this motion is very qualitative, preventing a
direct comparison with our results. To our knowledge,
there is only one work dealing with MD-simulations on
PES." Those simulations showed that the paired dihe-
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dral angles of successive phenylene rigs in PES change
simultaneously following an in-phase rotation. From the
trajectories shown at 400 K in that work (up to a
maximum time of 30 ps), no evidence for 180° jumps of
the rings can be inferred but instead some very rapid
motion with a reported average amplitude of about 50°.
The average values of the populations of rotational
angles obtained by those authors are almost double
those deduced in this work for the oscillations (see the
insert in Figure 14). On the other hand, the activation
energy deduced for the calculated rotational diffusion
coefficient Dg (~0.1 V) is about half of thate found here
for the oscillations of the rings. These results prevent
the identification of the rotations found by Shi et al.
either with the oscillations or with the z-flips of the
rings observed by QENS. The results obtained here
could be used as a reference for refining the force field
used in that work. We may also note that much longer
simulation runs are necessary, even at the highest
temperature simulated (500 K), to identify and charac-
terize the n-flips by MD-simulations; the time window
should reach about the nanosecond scale (see Figure 13).
Finally, the comparison of the parameters found for
describing PES and BPA-PSF ring oscillations367 are
very similar, those determining the distribution function
of activation energies (see Figure 12) as well as those
concerning the geometry of the motion (see Figure 14).
This finding again supports the assumptions made for
PES about the dynamical equivalence of the rings.
Moreover, the good description obtained for both sys-
tems supports the scenario proposed for phenylene rings
motion.

We note again the broad character of both processes
reflected in the widths of the distribution functions
(Figure 12 and, correspondingly, Figure 13). This fea-
ture is presumably due to the packing heterogeneity
produced by the amorphous character of polymers. The
fact that not only the characteristic time of the sz-flip
process is broadly distributed but also that of the
oscillatory motion is noteworthy. A purely intrachain
origin of the small amplitude fast motion should in
principle lead to a narrow characteristic time distribu-
tion.%! In the scenario proposed, the activation energies
in a local environment relate to each other through eq
28. Experimentally, we can thus obtain the ratio R = ¢
E7/OE? that is equivalent to the ratio between the
derivatives of the activation energies with respect to the
structural parameter &,

dE;
OE;
R=—2= s (33)
OE? dE?
dé

(see also eq 27). The direct mapping of the two distribu-
tion functions through eq 28 allows also for the relation-
ship between the activation energies E] and E ? in a
local environment, which turns out to be nonlinear.
Figure 15 shows the dependence of both magnitudes,
E? and R, on the activation energy of the z-flip. Since
R is higher than 1, E] depends in a stronger way on
the local packing than does E?. The biggest difference
between these dependencies occurs for small values of
the local potential (presumably for low packing), while
for larger potentials (higher packing degree), the oscil-
latory motion is also clearly affected by packing and R
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Figure 15. n-flip activation energy dependence of the oscil-
lation energy (dashed line) and the ratio R defined in eq 33
(solid line).

tends to unity. Thus, the broad distribution of charac-
teristic times obtained points to some degree of coop-
erativity or interchain contribution also for the small-
amplitude motion. It is worthy to note at this point the
different physical meaning of the activation energies
obtained in the proposed framework. Whereas the
activation energy for z-flip E] represents a real poten-
tial barrier over which the phenylene ring jumps, E?
does not. Oscillations would be caused by rapid fluctua-
tions of the single particle potential; E? would then
measure the barrier of the molecular motions perturbing
the single particle potential for phenylene rings. There-
fore, the broadening of the distribution would reflect the
correlation between ring oscillations and other molec-
ular motions through fast fluctuations of the local
potential. Unfortunately, to our knowledge no data are
available in the literature concerning dynamic param-
eters characterizing the motions of, e.g., the SOy group
in PES that could be used to check this hypothesis.
However, it has to be noticed that, in the case of BPA-
PSF, it was possible to relate the activation energy of
the ring oscillations with that of the methyl group
rotation,!87273 for which time scales are also distrib-
uted.59-60:62,72,73 This suggests some correlation between
the two motions, supporting the interpretation proposed
for the origin of the oscillations. Finally, regarding the
geometry of the oscillatory motion, we comment that a
detailed knowledge of the potential landscape could give
the key to relate the amplitude of the motion with its
activation energy.

As mentioned in the Introduction, in a large number
of studies, the connection of the secondary relaxa-
tions in aromatic polymers with phenylene ring
motions,376:11,12,15.21,22.2471 gnd in particular, of the
y-relaxation with the z-flips, has been invoked.21:22:24
What about the relation of the reported secondary
relaxations in PES and the molecular motions identified
here? The observation of a y-process in PES by means
of dynamical mechanical analysis was reported by
Aitken et al. in 1992.4 A transition temperature of 193
K was assigned to this relaxation with measurements
at 110 Hz. More recently, a MS study on PES by David
et al.® reveals three different secondary relaxations
denoted by those authors as f1, B2, and y; in adopting
the usual nomenclature for the secondary processes, we
will refer to those relaxations as y, 5, and 0, respectively.
The reported apparent activation energies for those
processes are 0.52 eV (y), 1.04 eV (), and 0.186 eV ().
We immediately realize the good agreement between the
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apparent activation of the MS y-relaxation and that of
the n-flips on one hand and between the apparent
activation energy of the oO-process and that of the
oscillations of the phenylene rings on the other hand.
In this last case, also, the widths of the distribution
functions are very similar [hwhm of about 0.083 eV for
the O-relaxation (see Figure 8 in that work)]. No
information was offered for the width of the y-relax-
ation. The characteristic times associated with the
different processes identified by MS are displayed in
Figure 13. As can be seen in this figure, the y-process
shows almost identical relaxation times as those de-
duced in this work for the phenylene n-flips. The
o-relaxation characteristic times are, however, slower
than those observed for the oscillations.

On the other hand, by means of dielectric spectros-
copy, Schartel and Wendorff!? investigated the second-
ary () relaxation of a set of polyarylates, including PES
and the corresponding model systems composed of a
single repeat unit and end groups. They found a
common activation energy for the y-relaxation in all
systems. The value reported for PES, 0.46 eV, perfectly
agrees with that found here for the average activation
energy of z-flips. The values of the associated charac-
teristic times [defined as usually as 1/(2avnay)] are,
however, 2 orders of magnitude faster than those
obtained for the n-flips, as can be seen in Figure 13.

From the agreements found above for the correspond-
ing activation energies, we can deduce that: (i) the
hypothesis of a direct correlation between the y-relax-
ation and phenylene s-flips is strongly supported also
in PES, and (ii) there is a relation between the d-process
and the oscillations. The discrepancies in the absolute
values of the relaxation times might be a consequence
of the fact that the relaxations involve not only the
respective phenylene motions but also other motions
carried out by other components in the polymer. The
higher complexity, beyond simple rotations, of the
motions behind the secondary relaxations in these kinds
of systems has been suggested in a large number of
investigations.1%-12:21.2224 Cooperative and interchain
packing effects are thought to strongly influence the
sub-Ts-observed relaxations.®” Concerning the connec-
tion of the oscillations of the phenylene rings with the
mechanical d-relaxation, we may comment that David
et al.® interpret the widely distributed d-processes as
involving a variety of motions/events, probably local
rearrangements of a few rings such as crankshaft-like
motions, with possibly a small influence of neighboring
chain portions. This is suggested by the low value of
the average activation energy of this relaxation and the
results of their molecular dynamics calculations. It is
important to notice that they explicitly mention the
appearance of small oscillations of the aromatic rings
introduced by crankshaft rotations. The experimentally
observed oscillations might thus be explained in that
scenario.

Finally, it is worthy to remark on the importance of
identifying the molecular mechanisms taking place in
these kinds of systems also for their application as
separation membranes. PES is widely used for such
purposes. Nowadays, it is believed that gas transport
depends on quite a number of ingredients: free volume,
chemical affinity between gas and polymer matrix,
intermolecular structure, monomeric structure, etc.
However, almost nothing is known about the relation-
ship between the polymer structure and mobility at a
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microscopic level and the parameters characterizing the
transport properties as the diffusion coefficient or its
associated activation energy. In a recent work,” on the
basis of results for 46 different glassy polymers with
aromatic backbones belonging to four different families
(polysulfones, polyarylates, and two kinds of polyim-
ides), a correlation has been found between the gas
permeability and the dynamic-mechanical y-relaxation
temperature. This finding, together with the connection
established here between s-flips of phenylene rings and
the y-process in PES, implies that such molecular
motions might be a key ingredient controlling the gas
transport properties in these kinds of systems.

VI. Conclusions

By combining two NS spectrometers covering the
microscopic and mesoscopic time scales, we have studied
the hydrogen dynamics in glassy PES, revealing the
phenylene ring motions.

e At very short times below some picoseconds, a high
mobility of the hydrogens is found that might be
interpreted in terms of fast librations.

e In addition to z-flips of the aromatic rings, we have
observed an additional motion, faster and more re-
stricted in space.

e Because of the structural disorder, both motions
show broadly distributed characteristic times, extending
over several orders of magnitude.

e The data have been interpreted in terms of a
combined motion of the phenylene rings, including
n-flips and faster oscillations around the same axis.
These last would emerge from the fluctuation of the
local phenyl ring environment, and their amplitude
increases with temperature.

e The results obtained for the dynamic and geo-
metrical parameters of both motions are very close to
those obtained for BPA-PSF.36:37 This agreement vali-
dates the hypothesis made in those works about the
dynamical equivalence of isopropylidene and diphenyl-
sulfone rings.

e The coincidence of the activation energies for zz-flips
and y-relaxation on one hand and for oscillations and
O-relaxation on the other hand confirms their respective
strong correlation. Discrepancies in the absolute values
of the corresponding characteristic times reflect the
higher complexity of the secondary relaxations.
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