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We have selectively studied the component dynamics in a nano-composite where PEO [poly (ethylene oxide)]
linear chains are mixed with PMMA [poly(methyl methacrylate)] soft nano-particles by means of quasi-elastic
neutron scattering (QENS) experiments on partially deuterated samples. Regarding the nano-particles, the
α-methyl group dynamics of PMMA –to which the QENS experiments are most sensitive in the temperature
range investigated– is hardly affected by the presence of PEO, though hints for more heterogeneous envi-
ronments for methyl groups in the nano-composite than in bulk PMMA are found. The investigation of the
PEO component has been performed considering the equivalent blend of linear chains as reference. When
the systems approach their glass-transition –provoked by the slowing down of the PMMA-based component–
PEO dynamics displays the same deviations with respect to the expected equilibrium behavior independently
of the topology of the other component. This finding supports the interpretation of the motions of the fast
PEO component as confined by a surrounding rigid matrix. Contrarily, well above the glass-transition of the
slow component, PEO dynamics differ in both systems. In the blend, PEO segments move with the typi-
cal features of supercooled polymers in metastable equilibrium, while in the nano-composite PEO dynamics
develops larger and larger deviations from Gaussian behavior with increased mobility of the nano-particles.
PEO segments are seemingly trapped for a very long time –more than two orders of magnitude longer than
in bulk or surrounded by linear PMMA chains– in effective cages imposed by the nano-particles before the
subdiffusive process leading to segmental relaxation sets in. We speculate that in this trapping mechanism
the local loops in the nano-particles may play an important role.
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I. INTRODUCTION

Because of difficulties in commercializing new poly-
mers, industry has turned increasingly to blend existing
polymers to optimize their end-use (e.g., mechanical and
rheological) properties. In particular, blends based on
thermodynamically miscible polymers are one of the most
efficient and economical means to create new materials
with tailored features. An alternative route to tune poly-
mer properties is the addition of nano-particles. In this
direction, the use of single-chain polymer nano-particles
(’soft’ nano-particles) seems to be particularly promis-
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ing. Soft nano-particles obtained by intra-molecular
cross-linking of linear macromolecules (precursors) are
emerging soft nano-objects showing unique and remark-
able physicochemical, rheological and sensing properties
due to their locally collapsed structure and ultrasmall
size1–3. Intriguing nanoscale effects giving rise to a large
decrease of melt viscosity, nano-particle segregation to
interfaces and dewetting inhibition have been reported
for binary nano-composites composed of high-molecular-
weight polymer-A and polymer-A soft nano-particles
(i.e., athermal all-polymer nanocomposites)1,4,5. Nano-
composites consisting of linear polymers mixed with soft
nano-particles are in fact blends of polymers where one
of the components is internally cross-linked.

Design of tailor-made materials would be enormously
facilitated by the understanding of the phenomenon of
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mixing the components at a molecular level. Thus, in
both kinds of systems –blends of linear chains and nano-
composites of linear polymers and nano-particles– the
key question to address is: how are the dynamics of each
component modified by the presence of the other one?.
In the case of linear blends a large effort has been made
during the last decades to elucidate this problem (see, as
general references, the reviews6,7). It is noteworthy that
to face it the use of experimental techniques that can be
selective to each of the components is mandatory. NMR
on deuterium-labeled samples or dielectric spectroscopy
when only one of the components is dielectrically active
can be highly efficient methods. Quasi-Elastic Neutron
Scattering (QENS) combined with isotopic labeling is a
technique of special interest since it also provides spa-
tial information through the momentum transfer (Q)-
dependence of the measured magnitudes. From diverse
investigations by different methods on thermodynami-
cally miscible polymer blends, it has been concluded that
blending does not essentially perturb the local dynamics
relevant in the glassy state like methyl-group rotations
or motions involved in secondary relaxations. Regarding
the α-process directly related with the glass-transition
phenomenon, one well established feature is the dynamic
heterogeneity, i. e., the observation of two different char-
acteristic times for segmental relaxation, each of them
corresponding to the dynamics of one component mod-
ified by blending. This dynamic heterogeneity implic-
itly leads to the existence of two different glass transi-
tions Tg as well, which are usually called ’effective glass
transition’, Tg,eff , of each of the two components in the
blend. The consequences of the dynamic heterogeneity
are expected to be more dramatic in blends of polymers
with large difference in the homopolymer Tg-values. This
is the case of binary mixtures of poly(ethylene oxide)
(PEO) (TPEOg ≈ 220 K) and poly(methyl methacrylate)

(PMMA) (TPMMA
g ≈ 400 K). In fact, these blends have

attracted great attention in the scientific community8–53.
Due to crystallization problems already for moderate
contents of PEO, most investigations were focused on
compositions rich in the PMMA component (about 80%
in PMMA). We note that in such cases, the glass tran-
sition feature accessed e. g. by calorimetry is largely
dominated by the effective glass-transition of the PMMA
component TPMMA

g,eff . Interestingly enough, NMR experi-

ments10,12,20 revealed a strong decoupling between PEO
and PMMA dynamics. QENS results on the PEO com-
ponent pointed to a dramatically stretched relaxation dy-
namics which was accounted for by invoking very broad
distributions of relaxation times with a temperature de-
pendent width24,28. These broad distributions in the dy-
namics of the fast component were interpreted28 as a con-
sequence of the nonequilibrium situation reached by this
component in the vicinity of the effective Tg,eff of the
slow-component in the blend (PMMA). There, the chain
and segmental dynamics of the slow component (matrix)
could be considered to be completely frozen on the time
scale of the segmental motions of the fast component. In

that situation, the motions of the fast component can be
expected to be localized and rather heterogeneous. Ex-
tending this kind of investigations to blends of PEO with
other linear polymers with high Tg-values with respect
to TPEOg corroborated this scenario. Hints for similar
confinement effects were also found in a selective QENS
investigation of the blend PEO/polyvinylacetate (PVAc,
20/80%), where the glass transition temperatures of the
homopolymers differ by about 199 K (TPV Acg = 314 K)54.
In that work, a crossover in the behavior of PEO was
found around 70 K above the calorimetric Tg of the blend:
at high temperatures, PEO behaves like a ’standard’
glass-forming system in supercooled regime, whereas sig-
natures of confined dynamics can be identified when de-
creasing the temperature toward the average Tg of the
blend. Similar findings were obtained from the viscoelas-
tic and dielectric relaxation investigation of the blend
PEO/PVAc55, and from QENS on a blend of PEO with
polyethersulfone (PES) (TPESg = 382 K)56.

What happens if now the rigid component in the sys-
tem is present not as linear macromolecules but as single-
chain soft nano-particles? What is the impact of internal
cross-linking of the slow component on the confinement
effects of the fast component? These are the main ques-
tion we address in this work, moving from linear chains
to soft nano-particles of PMMA in the mixtures. With
these ideas in mind, we have performed QENS experi-
ments on nano-composites consisting of 25wt% PEO lin-
ear chains and 75wt% PMMA nano-particles (PMMA-
NPs). The PMMA-NPs were deuterated in order to min-
imize their contribution to the scattered intensity. Then,
the recorded signal reveals the incoherent scattering func-
tion of the protons in the system, accessing thereby to di-
rect information on the self-motions of PEO’s hydrogens
in the Å to nm length scale. To discuss the results in a
comparative way, we also carried out analogous measure-
ments (in a more reduced dynamic window though) on
a blend with linear PMMA chains that serves as direct
reference. In addition, we considered the problem of the
effects of the presence of PEO on the dynamics of the
nano-particles observed by QENS. To solve it, the op-
posite labeling was considered, namely a nano-composite
where PEO was deuterated and the PMMA-NPs were
protonated.

II. EXPERIMENTAL

A. Samples

Two nano-composites containing 25wt% PEO and
75wt% PMMA-NPs were prepared (dPEO/hNPs and
hPEO/dNPs, respectively, where d stands for deuterated
and h for protonated) by weighing appropriate amounts
of deuterated PEO (dPEO, Mw = 89 kDa, Mw/Mn =
1.08, Polymer Source, Inc.) and protonated PMMA-
NPs (hNPs, Mw = 72 kDa, Mw/Mn = 1.1) as well
as protonated PEO (hPEO, Mw = 94 kDa, Mw/Mn =
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1.08, Sigma-Aldrich) and deuterated PMMA-NPs (dNPs,
Mw = 71 kDa, Mw/Mn = 1.1). The dPEO/hNPs
and hPEO/dNPs mixtures were dissolved in chloroform
and further precipitated in methanol. The resulting
dPEO/hNPs and hPEO/dNPs blends were dried at 80◦C
under dynamic vacuum until constant weight. Spec-
imens for QENS experiments were prepared by press-
ing the dried dPEO/hNPs and hPEO/dNPs systems in
a hot-plate hydraulic press (Labopress 200-T, VOGT).
Both hNPs and dNPs were synthesized through Michael
addition-mediated multidirectional self-assembly of ap-
propriate individual polymeric chains at room temper-
ature in tetrahydrofuran, by following a procedure re-
cently reported in Ref.57. Ehylene glycol diacrylate
(EGDA) (90%, Sigma-Aldrich) was used as intrachain
cross-linking agent. A schematic diagram of the syn-
thesis process is depicted in Fig. 1. By means of dy-
namic light scattering in dilute solution, the average
hydrodynamic radius of the NPs was determined to
be of 7.4 nm (hNPs) and 8.1 nm (dNPs). For com-
parison of the results on the hPEO/dNPs system we
also considered a sample consisting of a blend of linear
hPEO and dPMMA chains (also 25%/75% in weight),
with Mw = 25 kDa and Mw/Mn = 1.03 (hPEO), Mw

= 27 kDa and Mw/Mn = 1.04 (dPMMA). We will
refer to this sample as hPEO/dPMMA. In all cases
the average glass-transition temperature –attributable to
the PMMA-component Tg,effPMMA– was found to be
≈ 330 K.

B. QENS

Three different spectrometers were used to carry out
the QENS measurements: (a) FOCUS at the Paul Scher-
rer Institute (PSI), (b) IRIS at the ISIS Facility and (c)
SPHERES58 at the FRM II. Among them FOCUS is a
direct-geometry spectrometer while IRIS and SPHERES
are backscattering (BS) spectrometers. Combining the
treated data from these three different spectrometers,
a wide window of correlation time (from the order of
10−13 to 10−9s) is covered where the time window for
individual spectrometer spreads as follows: ∼10−13 to
10−11s (FOCUS), ∼10−12 to 10−10s (IRIS) and ∼10−10

to 10−9s (SPHERES). Flat aluminum cells were used
as sample holder with a thickness adjusted for attaining
close to 90% transmission. Empty sample holder signal
was subtracted from the raw data followed by a correc-
tion of the detector efficiency. An incident neutron beam
with λ= 6.01Å leading to a resolution with fullwidth at
half-maximum (FWHM) of ∼42µeV was used for FO-
CUS while λ=6.27Å, FWHM=0.65µeV and λ=6.65Å,
FWHM=17.5µeV were employed for SPHERES and
IRIS, respectively. The energy range (~ω) extended from
∼-1 meV to 500 meV (FOCUS), ∼-30.64 to 30.8µeV
(SPHERES) and ∼-0.5 to 0.5 meV (IRIS). The scat-
tering angle, 2θ was transformed to momentum trans-
fer vector (Q) covering 0.4Å−1 < Q <1.8Å−1 for FO-

FIG. 1. Schematic illustration of PMMA-NP synthe-
sis through Michael addition-mediated multidirectional self-
assembly using random copolymers of methyl methacrylate
(MMA) and (2-acetoacetoxy)ethyl methacrylate (AEMA),
and ethylene glycol diacrylate (EGDA) as intrachain cross-
linking agent. The scheme shows the chemical composition
of the precursor and EGDA on the left. On the right, af-
ter the crosslinking process leading to the nano-particles,
two possible kinds of linkage are represented: that connect-
ing monomers located at a large contour distance along the
chain (filled circles, lower panel) and that bonding nearest
monomers along the chain (open circles, upper panel).

CUS, 0.2Å−1 < Q <1.9Å−1 for SPHERES and 0.5Å−1 <
Q <1.8Å−1 for IRIS. The determination of the resolution
function R(Q,ω) was performed by measurements at 5K.
Measuring times of 2.5h approximately were employed.
The experiments were carried out every 25K in the range
250K ≤ T ≤ 400K. As reference, the blend sample
hPEO/dPMMA was measured on FOCUS in the same
conditions in the temperature range 300K ≤ T ≤ 400K.

The QENS spectra were Fourier transformed and de-
convoluted from the instrumental resolution. This pro-
cedure delivers the intermediate scattering function in
the time domain I(Q, t) and allows merging data from
different instruments. The details about the procedure
followed, the assumptions made and the modelization of
the scattering functions of the different components in
the samples are fully described in Appendix A.
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III. RESULTS AND DISCUSSION

A. dPEO/hNPs-sample: α-methyl group rotations in the
NPs

Figure 2 presents the QENS results on the
dPEO/hNPs sample for selected temperatures and Q-
values. Data from the three instruments employed have
been combined, covering in this way about three decades
in time-scale. As shown in Appendix A, these functions
are dominated by the incoherent contribution from the
hydrogens in the NPs. In analogy to the case of hy-
drogens in PMMA-NPs in a nano-composite with high
content of PEO (25wt%NPs) recently investigated by
us59, the expected dynamics contributing to our spec-
tra are the rotations of the α-methyl groups in PMMA.
The dPEO/hNPs data were thus described in the frame-
work of the rotational rate distribution model60–63 (see
Appendix B) usually applied for this kind of process
in amorphous systems. This model introduces the in-
gredient of disorder through an underlying distribution
of rotational barriers. As can be seen in Fig. 2, the
data were successfully described under these assump-
tions. The parameters σ and τMG

o –width and average
value of the distribution of characteristic times for clas-
sical hopping respectively, see Eq. B5– were determined
from these fits as function of temperature. They are rep-
resented in Fig. 3. The widths σ follow well Eq. B6 [see
solid line in Fig. 3(a)], delivering a width of the under-
lying distribution of activation energies σE = σkBT

log(e)=

56 meV. For comparison, in the same figure we have
reproduced the corresponding results for bulk PMMA
(dashed-dotted line). In this case, the distribution is
narrower (σbulkPMMA

E = 39 meV)28. Such an additional
broadening of the distribution of rotational barriers could
be due to the more heterogeneous environments for MGs
in the presence of PEO chains. Conversely, within the
uncertainties, the results obtained for τMG

o in the NPs
can be described with an Arrhenius law with the same
average activation energy as that found in the bulk (solid
line in Fig. 3(b), 〈EMG

a 〉(bulkPMMA) = 290 meV). We
recall that this question was also addressed in the linear
blend with the same PEO relative content (QENS exper-
iments on a dPEO/hPMMA sample28). For such system,
the α-MG dynamics was also found to be rather insen-
sitive to the presence of PEO [see squares in Fig. 3(b)].
However, this was not the case of the nano-composite
with the opposite concentration recently investigated by
us59. In that PEO-rich sample, the characteristic times
for α-MG rotation were found to be smaller than in bulk.
This observation was interpreted as a consequence of the
plasticization induced by the surrounding PEO chains.
Apparently, such an effect only becomes important for
high contents of the fast component.

FIG. 2. Fourier transformed and deconvoluted neutron scat-
tering data of the dPEO/hNPs sample at different temper-
atures and the indicated values of Q(Å−1). Solid lines are
fitting curves considering α-MG rotation as the main process
above ≈ 2 ps.

B. PEO Dynamics

QENS results on the samples with protonated PEO
allow us accessing the dynamics of the PEO compo-
nent in both, the nano-composite and the linear blend.
The function revealed by the experiments is actually
the incoherent scattering function of the hydrogens of
PEO, SPEOinc (Q, t). Unfortunately, the number of as-
sumptions involved in the modelization of the data (see
Appendix A) and the limited dynamic window accessible
by QENS (even combining the three instruments here
employed) prevent an unbiased and univocal determina-
tion of the functional form of this function. Therefore,
we have made use of the information provided by fully
atomistic MD-simulations on the blend of linear chains
PEO/PMMA of similar composition as that here inves-
tigated, which was reported in Ref.41. In that work,
SPEOinc (Q, t) was parametrized in terms of Kohlrausch-
Williams-Watts (KWW) functions

SPEOinc (Q, t) ≈ e−( tτ )
β

. (1)

Here β is the shape parameter accounting for the devi-
ations from a single exponential function and τ is a Q-
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FIG. 3. Inverse-temperature dependence of the width σ
(a) and characteristic time (b) of the log-Gaussian distri-
butions of rotation rates for α-MGs in the PMMA-NPs in
the nano-composite (solid circles). In (a), the solid line is
a fit to Eq. B6, and the dashed-dotted line shows the result
for bulk PMMA28. Solid line in (b) is a fit of Eq. B7 with
the same activation energy as that reported for bulk PMMA,
and the squares represent the results for α-MG-rotations in
PMMA linear chains in a blend with PEO (same concentra-
tion, 75%hPMMA/25%dPEO)28.

and T -dependent characteristic time. The values of the
shape parameter β obtained for the different tempera-
tures simulated are displayed in Fig. 4(a). They con-
tinuously decrease with decreasing temperature and can
be well parametrized by the law β = 0.547 − 73.7/T [K]
(solid line in the figure).

We used these β-values (or they extrapolation) to de-
scribe SPEOinc (Q, t) for PEO in both, the nano-composite
with NPs and in the blend with linear chains. Figures 5
and 6 show the obtained fitting curves (see Appendix A
for the complete expressions used in each case). They re-
produce very well all the experimental results above 2 ps,
giving support to the choice of the shape parameter on
the basis of the MD-simulation results.

Due to the variation of the shape parameter with tem-
perature, in the following we will discuss the results ob-
tained for the characteristic time in terms of the average
time 〈τ〉, which in the case of KWW functions is related
with the parameter τ in Eq. 1 through the expression
〈τ〉 = τΓ(1/β)/β. Let us first consider the temperature
dependence of the characteristic times at a representa-
tive Q-value. This is shown in the Arrhenius represen-
tation of Fig. 7, which compiles the average character-

istic times obtained by QENS at Q = 1 Å
−1

for bulk
PEO28 and PEO in the two systems investigated in this

work. We have chosen Q = 1 Å
−1

because it is approx-

FIG. 4. (a) Inverse-temperature dependence of the shape pa-
rameter β deduced from MD-simulations (filled squares)41.
The linear description shown by the solid line has been used
to fix the β-values in this work. (b) Inverse-temperature de-
pendence of the exponent x characterizing the Q-dependence
of the average characteristic times for PEO dynamics in the
nano-composite (filled circles) and in the blend with linear

PMMA chains (empty squares) for Q . 0.8 Å
−1

. Dotted
line displays the Gaussian prediction x = 2/β.

imately at this Q-value where the QENS characteristic
times usually match those determined by other spectro-
scopic techniques like dielectric spectroscopy64,65. As can
be seen in Fig. 7, this is also the case of bulk PEO when
NMR data12 (inverted empty triangles) are considered.
The solid line through the bulk PEO data is a fit of a
Williams-Landel-Ferry (WLF) expression:

log τ(T ) = log τ(Tg)−
C1(T − Tg)
C2 + (T − Tg)

. (2)

with the parameters Tg = 221 K, C1 = 8.0 and C2 = 58 K
as determined in the NMR investigation12. Nowadays it
is well known that in a polymer blend in equilibrium
the segmental relaxation time of one of the components
is usually well described by the same WLF expression
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FIG. 5. Fourier transformed and deconvoluted neutron scat-
tering data of the hPEO/dNPs (nano-composite) sample at
different temperatures and the indicated values of Q(Å−1).
Solid lines are fitting curves considering a KWW functional
form for the intermediate scattering function of the PEO com-
ponent (see the text).

of the corresponding homopolymer but with a different
value of Tg. This new (effective) Tg,eff value can be
calculated, for instance, in the framework of the model
proposed by Lodge and McLeish66 (LMcL), based on the
concept of the ”self-concentration”, φself . The LMcL
model assumes that the mobility of a polymer segment
in a blend is determined by the chemical composition of
the region centered in this segment and within one Kuhn
length (`K) of this polymer. Within this volume the con-
centration of the polymer is enhanced over the bulk con-
centration due to chain connectivity. In the case of PEO,
φself (`K) is 0.15, leading to an effective concentration of
PEO of 0.36 instead of the average concentration of 0.25.
The consequence is a shift of the effective glass transi-
tion of this component with respect to the average blend
glass transition. From the relative variation of T blendg

predicted by the Fox12,67 equation, this shift can be esti-
mated to be of about 23 K. The insertion of the effective
Tg value (TPEOg,eff = 310 K) in Eq. 2 gives the prediction of
this model for the timescales of PEO in the blend. It is
represented by the dotted line in Fig. 7. As can be seen,

FIG. 6. Fourier transformed and deconvoluted neutron scat-
tering data of the hPEO/dPMMA (linear blend) sample at
different temperatures and the indicated values of Q(Å−1).
Solid lines are fitting curves considering a KWW functional
form for the intermediate scattering function of the PEO com-
ponent (see the text). At 400 and 375 K the decay above
≈ 2 ps is just a small tail which cannot be properly modeled

by KWW functions with realistic prefactors.

the data obtained for PEO in the blend are compatible
with this curve only at high temperatures. Approaching
the glass-transition of the system (which, as previously
commented, is dominated by the freezing of the PMMA-
component TPMMA

g,eff ), the characteristic times become
faster than the expected behavior in equilibrium. As
it has been mentioned in the Introduction, this behav-
ior has been interpreted28 as a consequence of the con-
finement effects induced by the freezing of the PMMA
component on the faster PEO segmental dynamics. The
results of PEO in the nano-composite are semiquantita-
tively the same. Close to the main glass-transition, the
characteristic times of both systems are nearly identical.
In the glassy state, they follow very similar behavior,
and the extension toward lower temperatures performed
in the nano-composite confirms the trend of the data in
the blend. The confinement effects thus seem to be very
similar in both cases. We can also see from Fig. 7 that the
dynamics of PEO at low temperatures is difficult to iden-
tify with that of secondary relaxations as taking place in
the bulk. Looking now in detail in the high-temperature
data, a slight difference can be found between the results
in both systems: in the nano-composite, the temperature
dependence of PEO dynamics seems to be weaker than
in the blend (see magnification in the figure).

Now let us analyze the Q-dependence of the charac-
teristic times –a unique information provided by QENS
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FIG. 7. (a) Inverse-temperature dependence of the average

characteristic times obtained by QENS at Q = 1 Å
−1

for
PEO in the nano-composite (filled circles), PEO in the blend
with linear PMMA (empty squares) and bulk PEO (filled dia-
monds). For bulk PEO, NMR results12 (inverted empty trian-
gles) and dielectric data on the γ-process68 (empty triangles)
are also shown. Solid line is a WLF fit of the bulk data.
Dotted line is the Lodge &McLeish prediction for segmental
relaxation time of PEO in the blend on the basis of this law.
The arrow marks the main glass-transition temperature of the
mixtures. The inset magnifies the high-temperature results in
the mixtures.

spatial resolution. This is shown for the different tem-
peratures investigated in Fig. 8(a) for PEO in the nano-
composite and in Fig. 8(b) for PEO in the linear blend.
In both kinds of environments the behavior of 〈τ〉 is qual-

itatively the same: in the low-Q range (Q . 0.8 Å
−1

)
it follows a power-law in Q

〈τ〉 = a(T )Q−x (3)

(see solid lines in the figures) and at higher Q-values
it tends to deviate from such a law, becoming larger.
The values of the x-exponent in Eq. 3 are displayed
in Fig. 4(b). For temperatures T ≤ 350 K they are,
within the uncertainties, identical for both kinds of en-
vironments. At the two highest temperatures inves-
tigated though, the x-parameter corresponding to the
nano-composite tends to dramatically decrease with in-
creasing temperature and becomes smaller values than
those found for the linear blend.

Considering explicitly the Q-dependence of the charac-
teristic times (Eq. 3) in the intermediate scattering func-
tion of PEO (Eq. 1) we obtain

SPEOinc (Q, t) ≈ e−a(T )−βQxβtβ . (4)

If xβ=2, this expression corresponds to a Gaussian func-

tion in the Q-variable [e−〈r
2(t)〉Q2/6]. Then, the mean-

squared displacement of the hydrogens would be directly

FIG. 8. Momentum transfer dependence of the average char-
acteristic times for PEO dynamics in the nano-composite (a)
and in the linear blend (b) at the temperatures indicated.
The solid lines are power laws 〈τ〉 ∝ Q−x describing the
low-Q behavior. Dotted lines are fits of the anomalous jump
diffusion model (Eq. 6).

obtained as 〈r2(t)〉 ∝ tβ , i. e., the atoms undergo sub-
linear diffusion. The condition for Gaussian behavior
x = 2/β is represented by the dotted line in Fig. 4(b).
The results obtained for PEO in the linear blend fulfill,
within the uncertainties, the Gaussian approximation in
the whole temperature range investigated. This finding
fully agrees with the MD-simulations results of Ref.41.
From the simulated atomic trajectories it is namely pos-
sible to quantify the deviations from Gaussian behavior
through the calculation of the non-Gaussian parameter
α2 (α2 = 0 in the Gaussian case). This parameter turned
out to present very small values for PEO in the blend.
Accordingly, after the decaeging regime (t & 30 ps), the
mean-squared displacement of PEO’s hydrogens in the
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simulated blend was found to increase sublinearly with
time as 〈r2(t)〉 ∝ ty with y ≈ β. Our experimental
results thus provide an additional source of validation for
those MD-simulations.

For PEO in the NPs, the exponents found in the low-Q
range also indicate close to Gaussian behavior in the tem-
perature range T ≤ 350 K. However, for the two highest
temperatures they clearly deviate from the Gaussian pre-
diction. We will discuss this result later.

As pointed out above, in the high-Q range investigated
the Q-dependence of the characteristic times tends to de-
viate from the asymptotic low-Q power law (Eq. 3) for
PEO in both systems and all the temperatures investi-
gated. These deviations consist of a kind of flattening of
〈τ〉. They occur in a rather similar way for both samples
for 325 and 300 K, but at higher temperatures they be-
come more pronounced for PEO in the nano-composite.

Deviations from the Gaussian behavior (τ ∝ Q−2/β)
can be rationalized invoking the temporary localization
of the microscopic motions underlying the sublinear dif-
fusion. For simple diffusion, this ingredient is captured
by the jump diffusion model69–71. In this model, an atom
remains in a given site for a time τo, where it vibrates
around a center of equilibrium. After τo, it moves rapidly
to a new position. These jumps are assumed to be ran-
domly orientated and their moduli ` are distributed ac-
cording to a function

fo(`) =
`

`2o
e(−

`
`o

). (5)

The parameter `o is the preferred jump distance. This
model was generalized for the case of subdiffusive motions
–which are those usually observed in glass-forming sys-
tems, in particular in polymers– by the anomalous jump
diffusion (AJD) model72,73. The intermediate scatter-
ing function in the AJD model is a stretched exponential
[Eq. 1] where the characteristic time follows the law

τAJD = τo

(
1 +

1

`2oQ
2

) 1
β

(6)

with τo(`oQ)−2/β and τo as asymptotic low-Q and high-
Q limits respectively. In the AJD model, at large length
scales / long times the resulting mean squared displace-
ment asymptotically follows a sublinear increase with
time

〈r2(t)〉 = 6`2o(t/τo)
β . (7)

The AJD model has been successfully applied to a num-
ber of polymers65,72–77, including bulk PEO59. Figure 8
shows that this model also provides very good descrip-
tions (dotted lines) of the experimentally obtained char-
acteristic times for PEO in the blend and in the nano-
composite.

Figure 9 presents the temperature dependence of the
average elementary time 〈τo〉 and the preferred jump dis-
tance `o obtained from these fits. We first discuss the re-
sults in the temperature range below the glass-transition

FIG. 9. Inverse-temperature dependence of the parameters
involved in the description of the characteristic times of bulk
PEO (empty diamonds) and PEO in the nano-composite
(filled circles) and in the linear blend (empty squares) in terms
of the anomalous jump diffusion model: average residence
time (a); preferred jump distance (b). The arrow marks the
main glass-transition temperature of the mixtures.

temperature of the slow component TPMMA
g,eff ≈ 330 K.

In this regime the values of the parameters are, within
the uncertainties, practically the same for both systems.
This means, the dynamics of PEO in a frozen environ-
ment is independent of the topology of the PMMA com-
ponent (as linear chains or in the form of nano-particles).
In this regime, the characteristic time 〈τo〉 increases
dramatically with decreasing temperature, suggesting a
rapid enhancement of the localization of the motions giv-
ing rise to the later sublinear diffusion. The preferred
jump length is, within the errors, independent of tem-
perature and system, and amounts to 〈`o〉T.TPMMAg,eff

≈
0.5 Å.
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We now focus on temperatures above
TPMMA
g,eff ≈ 330 K. In this regime, the local dy-

namics of PEO dramatically differs in both samples. In
the blend, the average residence times become faster
with increasing temperature and the distances involved
in the elementary jumps for sublinear diffusion do not
sensitively vary. On the contrary, in the nano-composite
we observe that the value of the elementary time remains
approximately the same as at the glass-transition and
the preferred jump length drastically increases with
increasing temperature. In this temperature range
we can compare the results with the corresponding
ones for bulk PEO –there are available data above
its melting point. With respect to the bulk, in the
blend the motions of PEO at local length scales are
somewhat less Gaussian: the value of the preferred
jump length is slightly larger, and consequently the
distribution of jump lengths a little bit broader [see
Fig. 10(a)]; moreover, the residence time is 3 to 5-fold
longer. The vicinity of PMMA mobile –but slower–
chain segments thus induces an additional source for
distributed environments and slows down the PEO local
dynamics. Nevertheless, the behavior displayed by PEO
in the blend is qualitatively the typical one observed
for glass-forming polymers in equilibrium65,72–77, and
these results could perfectly be rationalized in the light
of the existing knowledge on polymer blend dynamics,
invoking the concepts of dynamic heterogeneity and
concentration fluctuations6. We remind that this was
also the situation reported from the QENS studies of
the minority PEO component in blends with PVAc54

and PES56. This is not the case of PEO in the nano-
composite. The values of the average residence times
〈τo〉 are extremely long –more than 100-fold longer than
in bulk–. We note that these times are directly related
with the decaeging processes, and in the supercooled
liquid (metastable) equilibrium regime are expected to
be located typically in the pico-second region. Thus,
these results suggest that in the nano-composite PEO
segments are momentarily highly efficiently trapped by
the PMMA nano-particles –even at temperatures where
the latter are above their glass-transition temperature.
The ’effective cage’ imposed to a PEO hydrogen in a
PMMA-NPs-rich environment takes an extremely long
time to ’soften’. However, once PEO segments get rid of
this cage, the jumps can be relatively large with respect
to those taking place in the PEO or linear PMMA
chains environments, as can be seen in the distributions
of jump lengths depicted in Fig. 10. With increasing
temperature, the extent of the local motions becomes
larger in average, leading to larger values of the resulting
mean squared displacements (Eq. 7). Simultaneously,
the broader and broader distributions of relatively long
elementary jump lengths lead to larger deviations from
Gaussian behavior of PEO motions, as manifested in the
value of the x-exponent in Eq. 3 (Fig. 4).

Once the PMMA component starts to be mobile, its
topology seems thus to be a determining ingredient in the

FIG. 10. Distribution function of elementary jump distances
in the AJD model description of PEO results in the blend
with linear PMMA chains (a) and in the nano-composite (b)
at different temperatures. The solid lines correspond to the
average value of `o observed in the glassy state (0.48 Å and
0.49 Å respectively). In (a) the distribution function deduced
for bulk PEO at 400 K is shown for comparison.

dynamics of PEO segments. The presence of linkages be-
tween PMMA monomers causes the temporary blockage
of the more flexible component and, when the latter can
leave such an imposed cage, it jumps over larger distances
as those characteristic for the motions either in bulk or
in an environment of linear PMMA chains. In this trap-
ping mechanism the local loops in the nano-particles may
play an important role. As it has been shown by MD-
simulations78 and is schematically illustrated in Fig. 1, a
relatively large number of the crosslinks occur between
nearest monomers (or monomers very close in real space).
These bonds do not contribute to the collapse of the
macromolecule into a globular structure –this is con-
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trolled by crosslinks involving monomers separated by
large contour distances– but it could be expected that
they would strongly restrict the local motions of the
PMMA portions involved in the loops with respect to
those in a linear macromolecule. The local relaxation of
the such affected PMMA segments would be severely ob-
structed and this might greatly hamper the development
of PEO’s motions.

IV. SUMMARY AND CONCLUSIONS

Quasielastic neutron scattering on labeled samples has
allowed characterizing the component dynamics in a
nano-composite of PEO linear chains and PMMA-nano-
particles, with high concentration of nano-particles. The
α-methyl group dynamics of PMMA –the main process
accessed in the investigated temperature/time window–
is hardly affected by the presence of PEO, with exception
of showing a slightly broader distribution of potential
barriers. This can be attributed to more heterogeneous
environments for methyl groups in the nano-composite
than in bulk PMMA. The investigation of the PEO com-
ponent has been performed considering the equivalent
blend of linear chains as reference. We have shown that
once the blend approaches the glass-transition –provoked
by the slowing down of the slow component– PEO dy-
namics displays deviations with respect to the expected
equilibrium behavior. The freezing of the PMMA-based
component leads to a dynamical response of PEO which
shows the same features independently of the topology of
the former. This finding supports the interpretation of
the motions of the fast PEO component as confined by
a surrounding rigid matrix. Interestingly enough, the
differences in PEO dynamics emerge above the glass-
transition of the slow component, when the surround-
ing environment of PEO starts to be mobile. There
both, the blend and the nano-composite are in the su-
percooled liquid (metastable) equilibrium state. Lin-
ear PMMA motions are enough to leave PEO segments
move with the typical features of supercooled polymers
in metastable equilibrium. The presence of PMMA just
leads to more distributed environments and moderately
slows down PEO local dynamics. Contrarily, in the nano-
composite PEO dynamics develops larger and larger de-
viations from Gaussian behavior with increased mobil-
ity of the nano-particles. These enhanced deviations are
caused by an increase of the spatial extent of the ele-
mentary jumps of PEO for segmental dynamics with in-
creasing temperature. These jumps appear to be very
heterogeneous and would take place after the segment
being trapped for a very long time –more than two or-
ders of magnitude longer than in bulk or surrounded by
linear PMMA chains– in effective cages imposed by the
nano-particles. We speculate that in this trapping mech-
anism the local loops in the nano-particles may play an
important role.
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Appendix A: Neutron Scattering Data Evaluation

In neutron scattering (NS) experiments79–81 the scat-
tered intensity Iexp(Q,ω) is recorded as a function of
energy transfer (~ω) and wave vector transfer Q; in
isotropic systems, for simplicity the modulus Q of this
vector is considered. Being R(Q,ω) the normalized in-
strumental resolution function, for a monoatomic sample
Iexp(Q,ω) can be expressed as:

Iexp(Q,ω) = [IincSinc(Q,ω)

+Icoh(Q)S̃coh(Q,ω)
]
⊗R(Q,ω).

(A1)

Iinc and Icoh(Q) represent respectively the ’static’ in-
coherent and coherent intensities or differential cross-
sections –its sum Itot = Iinc + Icoh(Q) is the magni-
tude recorded in a diffraction experiment–. They can
be expressed as Iinc = Ioσinc and Icoh(Q) = IoσcohS(Q),
being Io an instrument-dependent factor, S(Q) the static
structure factor and σinc and σcoh the incoherent and co-
herent scattering cross sections of the atom. Sinc(Q,ω)

and S̃coh(Q,ω) are respectively the incoherent and the
normalized coherent scattering functions. They are the
Fourier transform of the intermediate incoherent scat-
tering function Sinc(Q, t) and the normalized dynamic

structure factor S̃coh(Q, t) = Scoh(Q, t)/Scoh(Q, t = 0) =
Scoh(Q, t)/S(Q), defined as:

Sinc(Q, t) =
1

N

N∑
i=1

〈eiQ·Ri(t)e−iQ·Ri(0)〉

Scoh(Q, t) =
1

N

N∑
i=1

N∑
j=1

〈eiQ·Ri(t)e−iQ·Rj(0)〉 (A2)

where Ri(t) is the position vector of atom i at time t
and N is the total number of atoms in the system. Thus,
incoherent scattering reveals correlations of the position
of a single atom at different times while coherent scat-
tering relates to collective features through atomic pair
correlations.

Most systems consist of different kinds of isotopes α
(e. g. α = H, D, C, O, ...). Then, the situation is
more complicated because the contributions of each iso-
tope are differently weighted –the cross sections vary
from one isotope α to another. Then, Eq. A1 can still
be used properly redefining the magnitudes involved.
The cross sections of the total sample are obtained as
σinc(coh) =

∑
αNασα,inc(coh)/N . Here Nα is the number

of nuclei of kind α, σα,inc(coh) is the incoherent (coher-
ent) cross section of isotope α and N =

∑
αNα. The

values of σα,inc(coh) for the different isotopes composing
the samples investigated in this work are listed in Table I.

isotope σinc(barns) σcoh(barns)
H 79.91 1.76
D 2.04 5.60
O 0 4.24
C 0 5.56

TABLE I. Neutron scattering cross-sections for dif-
ferent isotopes present in the samples investigated.

1. Determination of Coherent and Incoherent
Contributions

From the values of σα,inc(coh) in Table I, the theoreti-
cal values of the cross sections of the samples investigated
can be calculated. We note that in the NPs a fraction
of the hydrogen atoms nPMMA = 0.45 is located in the
PMMA monomers and the rest in the AEMA+EGDA
part of the macromolecule nX−link = nAEMA + nAEMA,
nAEMA = 0.42, nEGDA = 0.13. Such nX−link fraction
remains hydrogenated in the deuterated NPs. Taking
this into account, the obtained ratios σcoh/σtot (σtot =
σinc + σcoh) are listed in Table II. For both samples
this ratio is small, indicating that most of the scattered
intensity is expected to be incoherent in nature. How-
ever, since the coherent intensity Icoh(Q) depends on
Q through the (partial) structure factor, the value of
σcoh/σtot only corresponds to the Q → ∞ asymptotic
limit of the ratio Icoh(Q)/Itot(Q). The full information
about this function is provided by polarization analysis.
If the incoherent scattering is originated only due to the
spin disorder, the spin of the neutrons is flipped with a
probability of 2

3 , while in case of coherent scattering no
such spin flip occurs. Using a polarized incident neutron
beam, from the spin-flipped (ISF ) and non spin-flipped
(INSF ) intensities, the ratio between coherent and inco-
herent scattering cross sections Icoh(Q) and Iinc is ob-
tained as

Icoh(Q)

Iinc
=
INSF (Q)− 1

2ISF (Q)
3
2ISF (Q)

(A3)

In this work, the separation of coherent and incoher-
ent contributions to the neutron intensity scattered by
the nano-composites was carried out by diffraction ex-
periments with polarization analysis82,83 by means of
the diffuse scattering spectrometer DNS82 of Jülich
Centre of Neutron Research (JCNS) at Forschungs-
Neutronenquelle Heinz Maier-Leibnitz (FRM II). Using
an incident neutron wavelength of λ=4.2Å a reciprocal
length scale from Q=0.2Å−1 to 2.67Å−1 was covered.
Figure 11 shows the DNS results obtained on the two
nano-composite samples with complementary deutera-
tion labeling. At high Qs the DNS results agree well with
the theoretical asymptotic values. The increase in the
low-Q region arises from the contrast due to the labelled
components, revealing the form factors. In the Q-range

above ≈ 0.5Å
−1

, the coherent neutron intensity reflects
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FIG. 11. Relative fraction of coherently scattered intensity
determined by DNS for the two differently labeled nano-
composites: hPEO/dNPs (empty circles) and dPEO/hNPs
(filled circles).

the partial structure factors. There the relative coherent
contribution remains in the range ∼12%-24%. For the
linear blend, DNS results reported in Ref.28 show similar
features. This means, in all the samples the dominant
contribution is the incoherent one.

2. Analysis of QENS Spectra

The analysis of the quasielastic spectra was based on
Fourier transforming the data to the time domain and
deconvoluting them from instrumental resolution effects
applying the following procedure. A convolution product
in ω-space becomes a simple product in Fourier t-space.
Therefore, the Fourier transform of Eq. A1 into the time
domain is:

FT [Iexp(Q,ω)] = [IincSinc(Q, t)+

Icoh(Q)S̃coh(Q, t)
]
R(Q, t) (A4)

where R(Q, t) is the Fourier transform of the resolution

function. For T →0, both Sinc(Q,ω) and S̃coh(Q,ω)
are expected to be δ(ω) functions (completely elastic sig-
nal)84. Then, the low-temperature spectra can be written
as:

Iexp(Q,ω, T → 0) = [Iinc + Icoh(Q)] δ(ω)⊗R(Q,ω)

= I(Q)totδ(ω)⊗R(Q,ω). (A5)

The Fourier transform of Eq. A5 is just Itot(Q)R(Q, t).
Then, Fourier transforming the measured spectra at a
given temperature and dividing the result by the Fourier

sample σcoh
σtot

fPEOinc fPEOcoh

dPEO/hNPs 0.11 0.01 0.29
hPEO/dNPs 0.13 0.35 0.16

hPEO/dPMMA 0.27 0.94 0.17

TABLE II. Relative fraction of coherent cross section
σcoh
σtot

and relative coherent and incoherent contribu-
tions of the PEO component for the samples investi-
gated.

transformed low temperature data, we obtain the decon-
voluted intermediate scattering function I(Q, t):

I(Q, t) =
FT [Iexp(Q,ω)]

FT [Iexp(Q,ω, T → 0)]

=
Iinc

Itot(Q)
Sinc(Q, t) +

Icoh(Q)

Itot(Q)
S̃coh(Q, t). (A6)

The ratios Iinc/Itot(Q) and Icoh(Q)/Itot(Q) are known
from the DNS experiments.

The intermediate incoherent scattering function
Sinc(Q, t) can be decomposed in terms of the con-
tributions from the two components, Sinc(Q, t) =
fPEOinc SPEOinc (Q, t) + fNPsinc SSPNsinc (Q, t) for the nano-
composite and Sinc(Q, t) = fPEOinc SPEOinc (Q, t) +
fPMMA
inc SPMMA

inc (Q, t) for the blend. The fraction fxinc
(x: PEO, NPs, PMMA) is defined as

fxinc =
σxinc
σinc

(A7)

where

σxinc =
1

N

∑
i∈x

σi,inc (A8)

The index i runs over all atoms belonging to component
x. In an analogous way, the fractions fxcoh can be cal-
culated, substituting the incoherent cross sections by the
coherent ones in Eqs. A7 and A8. Table II shows the frac-
tions obtained for the PEO component fPEOinc(coh) in the

samples investigated in this work (obviously, 1−fPEOinc(coh)

is the corresponding fraction of the other component).

In the following we introduce the model functions
used to describe the deconvoluted intermediate scatter-
ing function I(Q, t) obtained for each of the samples in-
vestigated. We note that these functions are intended to
account for the behavior at times above ≈ 2 ps, i. e., after
the ’microscopic dynamic’ processes. These include e.g.
harmonic and anharmonic vibrations, the Boson peak,
librations, and the so-called ’fast process’ taking place
in glass-forming systems which origin has not yet been
clarified (see, e. g.85). These microscopic dynamics give
rise to the decay of the correlations below the picosecond
and their contribution is parametrized as a prefactor in
the intermediate scattering function.
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a. dPEO/hNPs sample

Since for the sample with deuterated PEO
(dPEO/hNPs) fNPsinc >> fPEOinc (Table II), we can
approximate the total intermediate scattering function
obtained for this sample IdPEO/hNPs(Q, t) as:

IdPEO/hNPs(Q, t) ≈ Iinc
Itot(Q)

SNPsinc (Q, t)

+
Icoh(Q)

Itot(Q)
S̃coh(Q, t). (A9)

We have assumed that the segmental dynamics of the
NPs is too slow to give rise to quasielastic scattering in
the temperature range investigated. The only process
expected to be detected in QENS dynamic window is
methyl-group (MG) rotation (see Appendix B). PMMA
contains two kinds of MGs: the α-MG, directly linked
to the main chain and the ester MG. In bulk, this group
is restricted by a very low potential barrier which gen-
erates a very fast dynamics and its contribution can be
fully characterized by the EISF (Q) (Eq. B3). This is ex-
pected to be also the case of ester-MGs in the NPs –both
in PMMA and AEMA units–. Thus, the intermediate
scattering function of hydrogens in the NPs at t ≥ 2ps
was written as:

SNPsinc (Q, t) = ANPs
[
neEISF (Q) + nαS

rot
inc(Q, t) + nC

]
(A10)

where ne, nα and nC are the relative number of the es-
ter, α and chain hydrogen atoms in the NP (ne=0.35,
nα = 0.17, nC = 0.48, taking into account the hydro-
gens located in the cross-linking moieties). Srotinc(Q, t) is
the intermediate scattering function for MG-rotation in
the RRDM model (Eq. B8) and ANPs is a prefactor ac-
counting for vibrations and fast dynamical processes –the
same vibrational microscopic dynamics was assumed for
all hydrogens for the sake of simplicity. For the coher-
ent scattering function S̃coh(Q, t) we assumed a KWW
functional form (Eq. 1) affected by the same vibrational
contribution ANPs. The resulting β and characteristic
times were found to be compatible with those found for
the incoherent scattering function of PEO as deduced
from the analysis of the hPEO/dNPs sample.

b. hPEO/dNPs sample

For the opposite labeling (hPEO/dNPs sample) the
scattered intensity is still dominated by that of the hy-
drogens in the sample. However, since part of the major-
ity component (the cross-linking moieties in the dNPs) is
not deuterated, a large fraction of such incoherent scat-
tering does not come from the PEO component but from
the remaining hydrogenated part of the NPs. This con-
tribution was assumed to be elastic in the QENS win-
dow for the temperatures investigated. Also the coherent
scattering function –which is dominated by the majority

NPs-component– was assumed to be elastic. For both,
coherent and incoherent elastic contributions of the NPs,
the same constant ANPs was chosen as representative for
the vibrational dynamics. Then,

IhPEO/dNPs(Q, t) ≈ Iinc
Itot(Q)

[
fPEOinc SPEOinc (Q, t)

+fNPsinc ANPs
]

+
Icoh(Q)

Itot(Q)
ANPs.

(A11)

The functional form for the incoherent scattering func-
tion for PEO-hydrogens was assumed to be a KWW
(Eq. 1).

c. hPEO/dPMMA sample

In the reference blend hPEO/dPMMA sample the ma-
jority PMMA component was fully deuterated. Conse-
quently fPEOinc >> fPMMA

inc and fPMMA
coh >> fPEOcoh . The

corresponding deconvoluted function IhPEO/dPMMA(Q, t)
can be approximated by:

IhPEO/dPMMA(Q, t) ≈ Iinc
Itot(Q)

SPEOinc (Q, t)

+
Icoh(Q)

Itot(Q)
S̃PMMA
coh (Q, t). (A12)

As for the PEO component in the nano-composite,
SPEOinc (Q, t) was assumed to be a KWW (Eq. 1). The co-
herent contribution due to PMMA pair correlations was
assumed to be elastic and described by a simple prefac-
tor giving account for the vibrations. For simplicity, this
was assumed to be the same as that affecting the PEO
contribution.

Appendix B: Rotational Rate Distribution Model For
Methyl-Group Dynamics

This appendix presents the elementary theoretical
background used to treat the problem of methyl group
dynamics in the manuscript. Further and more gen-
eral information about methyl-group dynamics in glass-
forming systems can be found e. g. in Ref.63.

The simplest model for methyl group rotations consid-
ers that only the first term (V3) is relevant in the Fourier
series in which the potential V (φ) can be expanded (3-
fold approximation):

V (φ) =

∞∑
n=1

V3n
2

[1− cos(3nφ+ δ3n)] . (B1)

Here φ is one characteristic coordinate, which is mea-
sured in the plane perpendicular to the C3-symmetry axis
of the methyl group. At high temperatures, the methyl
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group dynamics can be described by hopping processes
over the potential barriers. Assuming that the hopping
time between two equilibrium positions is negligible in
comparison with the residence time τR between consecu-
tive jumps in a 3-fold potential, the characteristic time is
τ = 2τR/3 and the intermediate incoherent scattering
function for a methyl group can be written as:

Sτinc(Q, t) = EISF + (1− EISF) exp

(
− t

τ

)
. (B2)

The elastic incoherent structure factor EISF carrying the
information about the geometry of the motion in the 3-
fold approximation is given by:

EISF =
1

3

(
1 + 2

sin (QrHH)

QrHH

)
. (B3)

Here rHH = 1.78 Å is the distance between the hy-
drogens in the methyl group. The temperature depen-
dence of τ is determined by the activation energy EMG

a ,
which is defined as the difference between the top of
the barrier and the ground state, by the Arrhenius law
τ = τ∞ exp[EMG

a /(KBT )].
It is well known that this simple model does not work in

glassy systems where the inherent disorder leads to distri-
butions of mobilities. This aspect was introduced by the
so-called rotation rate distribution model (RRDM)60–63.
The RRDM model introduces a distribution of poten-
tial barriers and, consequently, of activation energies
f(EMG

a ), arising from the variety of environments in the
amorphous material. This distribution is assumed to be
Gaussian:

f(EMG
a ) =

1√
2πσE

exp

[
−
(
EMG
a − 〈EMG

a 〉
)2

2σ2
E

]
(B4)

with average energy 〈EMG
a 〉 and standard deviation σE .

The preexponential factor τ∞ is assumed to be indepen-
dent of the barrier, leading to a log-Gaussian distribution
of characteristic times for classical hopping:

H(log τ) =
1√
2πσ

exp

[
−
(
log τ − log τMG

o

)2
2σ2

]
(B5)

where

σ =
σE log(e)

KBT
(B6)

is the width. H(log τ) is centered at the characteristic
time τMG

o corresponding to the average activation en-
ergy:

τMG
o = τ∞ exp

(
〈EMG

a 〉
KBT

)
. (B7)

Thus, the final scattering function is built by adding the
scattering functions of the hydrogens located in the differ-
ent environments weighted by the distribution function,

Srotinc(Q, t) =

∫ +∞

−∞
H(log τ)Sτinc(Q, t)d(log τ). (B8)
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