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ABSTRACT: The structure and dynamics of a hyperbranched polyester-
amide (Hybrane S 1200) polymer and its nanocomposites with natural
montmorillonite (Na+−MMT) are investigated to offer a detailed picture of
its behavior in bulk and under confinement. In bulk, the behavior is probed
by quasi-elastic neutron scattering (QENS) with molecular dynamics
simulations employed for a better insight into the relevant relaxation
processes. The energy-resolved elastically scattered intensity from the
polymer exhibits two distinct relaxation steps, one attributed to sub-Tg
motions and one observed at temperatures above the glass transition, Tg.
The QENS spectra measured over the complete temperature range are
consistent with the elastic measurements and can be correlated to the
results emerging from the detailed description afforded by the atomistic
simulations, which cover a broad time range and predict the existence of
three relaxation processes. The nanocomposites are investigated by X-ray diffraction (XRD), differential scanning calorimetry
(DSC) and QENS. XRD reveals an intercalated nanocomposite structure with the polymer chains residing within the galleries of
the Na+−MMT. The polymer chains confined within the galleries show similarities in the behavior with that of the polymer in
the bulk for temperatures below the bulk polymer Tg, whereas they exhibit frozen dynamics under confinement at temperatures
higher than that.

I. INTRODUCTION

The investigation of the dynamics of polymeric systems has
attracted the scientific interest because of the complexity it
exhibits over many length- and time-scales which affects greatly
many of their macroscopic properties.1 A number of recent
review articles highlight the general trends in the experimental
data as well as in the theoretical models and simulation
results.2−8 Polymer dynamics, which includes vibrational
motions, rotations of side groups, the segmental α-process as
well as the overall chain dynamics, covers a very broad temporal
regime of more than 10 decades from the picosecond (ps) to
the second (s) regime;9 each mode of dynamics may exhibit a
different length-scale dependence that needs to be investigated.
A number of experimental techniques (neutron and light
scattering, dielectric relaxation spectroscopy, nuclear magnetic
resonance and others) have been utilized for the investigation
of the temporal and/or spatial dependence of polymer
dynamics.
One of the simplest types of motion is the methyl group,

−CH3, rotation, which can be identified at temperatures lower
than the polymer glass transition, Tg;

10 at those temperatures
the backbone dynamics is completely frozen and only small side

groups may move. The methyl group dynamics has been
investigated for several polymers, like poly(methyl methacry-
late),11,12 poly(vinyl methyl ether),13 polyisoprene,14 poly-
(isobutylene),15 poly(methyl phenyl siloxane),16 etc. All
amorphous systems, on the other hand, exhibit the segmental
dynamics or α-relaxation process, which is related to the glass
transition. Characteristic features of this process are the
nonexponentiality of the respective relaxation function and
the non-Arrhenius temperature dependence of its relaxation
rate when approaching the Tg. The nonexponential character of
the α-relaxation is expressed via the Kohlrausch−Williams−
Watts, KWW, relaxation function Φ(t) = exp[−(t/τ)β], whereas
the temperature dependence of its characteristic time, τ, is
empirically described by the Vogel−Fulcher−Tammann
expression τ ∝ exp[A/(T − T0)]. A large number of
investigations exist on the segmental relaxation of polymer
glasses utilizing a variety of experimental techniques and the
main results are summarized in a series of review articles.2−8
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The static and dynamic behavior of polymers close to
interfaces can be very different from that in the bulk, especially
when the molecules are confined to dimensions comparable to
their sizes. The dynamics of polymers confined in thin films or
within porous media has been attracting the interest of the
scientific community for more than a decade; the general trends
in the data and the outstanding issues have been highlighted in
recent reviews.17,18 The equivalence in the behavior between
polymer nanocomposites and thin polymer films has been
quantitatively verified for silica/polystyrene nanocomposites,19

and studies of the effect of confinement on the glass transition
temperature and polymer dynamics have been extended to
polymer nanocomposites.16,19−23

Polymer nanocomposites containing layered silicates have
been widely investigated because of a number of promising
applications due to the improvement of mechanical, barrier,
flammability, blend compatibilizing, optoelectronic, and other
properties. Among the three different types of structures24,25

(the phase separated, the intercalated and the exfoliated), which
exist in such systems depending on the interactions between
the polymer and the inorganic surfaces,26 the intercalated one is
of most interest for the studies of structure and dynamics in
confinement. In such nanocomposites, a 0.8−2.5 nm polymer
film resides between parallel inorganic layers in a well-ordered
multilayer with a repeat distance of a few nanometers; this
allows the investigation of the effects of nanoconfinement on
polymer structure, conformation and dynamics by utilizing
conventional analytical techniques on macroscopic specimens.
A recent study in intercalated PEO/layered silicate nano-
composites revealed that the polymer chains that are either
confined within the galleries of the inorganic material or are
adsorbed on the outer surfaces are completely amorphous but
possess significantly different conformations than those of the
polymer in the melt.27

There have been numerous investigations of the dynamics in
polymer/layered silicate nanocomposites with results illustrat-
ing the influence of both the confinement and the polymer−
inorganic interactions on the dynamics. Significantly faster
dynamics have been observed for weakly interacting polymers
intercalated within inorganic silicate layers in polymer/clay
nanocomposites.16,20,28−31 The significantly faster dynamics
within the galleries has been attributed to the suppression of
cooperativity,32 which inherently slows down the dynamics as
the glass transition is approached by decreasing temperature, or
to enhanced monomeric mobility33 in an “interphase” region
with thickness that can increase with supercooling due to the
preferential parallel orientation of the chains near the wall.
Alternatively, slower dynamics has been observed as well34−37

attributed to a 2−9 nm glassy interfacial layer formed when
strong attractive interactions exist between the polymer and the
solid surfaces. Additionally, poly(ethylene oxide), PEO,
confined in hydrophilic layered silicates29 shows orders of
magnitude faster dynamics, which extend below the Tg of the
bulk polymer and exhibit a weak Arrhenius temperature
dependence. PEO in graphite oxide shows complete
suppression of the dielectric α-relaxation,38 whereas a slowing
down of segmental relaxation has been observed in PEO/
laponite systems.35 Moreover, the more local motions like the
methyl group rotation or the β-relaxation mode seem to be
unaffected by the severe confinement.16,29

A new class of versatile materials introduced recently, which
hold promise for a broad range of applications, are the
hyperbranched polymers (HBPs).39 HBPs are highly branched

macromolecules with three-dimensional almost spherical
architecture.40 They exhibit a tree-like structure (although not
as perfect as that of dendrimers) with many branch points
emanating from a central core and ending to a large number of
functional end-groups per molecule.41 Therefore, they possess
the essential characteristics of dendrimers (globular shape and
high end-group functionality) but, at the same time, they are
easier and more economical to produce in larger quantities.
HBPs are already being utilized as key components in several
high-added-value applications (e.g., in nanolithography,42 as
dispersion agents,43 surface modifiers,44 processing aids,45,46

etc.) while they appear as promising candidates for cost-
effective pharmaceutical formulations (e.g., drug delivery47).
However, despite their great industrial importance, only few
experimental studies have addressed issues related to their
detailed characterization and their structure−property relation-
ships.48,49 Atomistic molecular dynamics simulations (MD)
have been recently performed to probe the behavior of a HBP
molecule in the melt, examining certain characteristic static and
dynamic properties over different length and time scales.50 In
the case of hyperbranched polymers/layered silicate nano-
composites, very few works have appeared showing that the
HBPs with their globular conformations and large number of
polar end-groups promote exfoliation for low concentration of
clay whereas an intercalated structure is obtained for higher
additive concentrations.51 The nanocomposites show changes
in the rheological behavior and an increase in the strength,
stiffness and strain at break especially when they exhibit an
exfoliated morphology.
In this paper, we investigate the dynamic properties of a

hyperbranched polymer, Hybrane S 1200, together with its
layered silicate nanocomposites. The dynamics of the systems
are experimentally studied by quasi-elastic neutron scattering
(QENS). The energy-resolved elastic scattering measurements
of the Hybrane show that the elastic intensity relaxes via two
steps one below and one above the polymer Tg. Quasi-elastic
spectra measured at both temperature regimes probe the
characteristics of the sub-Tg and of the segmental relaxation.
Deeper insight on the nature of the dynamic processes of the
bulk polymer is obtained when the experimental data are
quantitatively compared to atomistic molecular dynamics
computer simulations performed over a broad temporal
range. Further than the investigation of the bulk polymer
dynamics, a series of nanohybrids with polymer concentration
that covered the whole range from pure polymer to pure clay
are synthesized. X-ray diffraction (XRD) measurements show
that intercalated structures are formed; nevertheless, achieving
this equilibrium structure requires long annealing at elevated
temperatures. Differential scanning calorimetry (DSC) results
indicate that the glass transition of Hybrane is suppressed when
all polymer chains are confined within the inorganic galleries,
while the presence of the silicate layers seems to affect the glass
transition temperature of the unconfined chains leading to its
increase. Moreover, the dynamics of the polymer chains
residing within the inorganic galleries is very similar to that
of the bulk polymer for temperatures below the bulk Tg;
however, the intercalated chains possess completely frozen
dynamics at higher temperatures even when all dynamics of the
Hybrane in bulk has fully relaxed.

II. EXPERIMENTAL SECTION
Materials. Hybrane S 1200, a hyperbranched polyesteramide49

with a number-average molecular weight Mn = 1200 g/mol, was kindly
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supplied by DSM. The nominal chemical structure of the examined
polymer is shown in Scheme 1. The radius of gyration, Rg, of the
polymer was calculated utilizing molecular dynamics simulations to be
7.6−8.0 Å with the variation being due to its temperature dependence
in the range 350 to 800 K.50 Hybrane is amorphous with a glass
transition temperature, Tg, of 315−320 K (DSM Hybrane Safety
Data). The value from our experimental differential scanning
calorimetry investigation (to be discussed later) is 315.6K, in
agreement with the values in the Safety Data. The specific
hyperbranched polymer was chosen because of its hydrophilic
character that renders its interactions with the natural hydrophilic
clay favorable without the need of surfactant chains, which would
complicate the investigation. The inorganic material used in the
investigation is sodium montmorillonite, Na+−MMT (Southern Clay
Products, Inc., www.scprod.com). Na+−MMT exhibits a cation
exchange capacity, CEC, of 92.6 mmol/100g and is used after being
heated at 120 °C overnight, so that the excess water molecules residing
within the hydrophilic galleries are removed. The presence of the Na+

cations inside the galleries renders them hydrophilic, so that Na+−
MMT can be mixed with hydrophilic polymers such as Hybrane
without the need of any surface modifications.
The nanocomposites were prepared using the solution intercalation

method. Hybrane was first dissolved in water, which is a good solvent
for the polymer whereas it allows swelling of the clay as well. Then, the
inorganic component was added, and the suspension was stirred for 1
day. In all cases, special care was taken to ensure that the polymer
would be in a dilute solution so that it could be fully dissolved and that
the clay would be fully dispersed in the water. The solvent was
evaporated in a vacuum oven at room temperature until no further
weight reduction could be measured. Finally, all samples were
annealed for 24 h at 200 °C under vacuum to erase any metastable
structure formed during solvent evaporation and achieve equilibrium.
Fourier transform infrared spectroscopy in the attenuated total
reflection mode (FTIR-ATR) and thermogravimetric analysis (TGA)
measurements are consistent with no degradation occurring during the
annealing process under vacuum. Samples with different polymer
concentration covering the whole range from pure polymer to pure
clay were prepared.
Experimental Techniques. X-ray Diffraction (XRD). The

structure of the nanocomposites was investigated by X-ray diffraction
utilizing a RINT-2000 Rigaku Diffractometer. The X-rays are
produced by a 12 kW rotating anode generator with a Cu anode
equipped with a secondary pyrolytic graphite monochromator. The
wavelength of the Cu Kα radiation used is λ = λCuKα = 1.54 Å.

Measurements were performed for diffraction angles, 2θ, from 1.5° to
30° with step of 0.02°. The layered silicate has a periodic structure, so
its XRD pattern is expected to show the characteristic (00l) diffraction
peaks, which are related to the spacing of the layers according to
Bragg’s law, nλ = 2d00l sin θ, where λ is the wavelength of the radiation,
d00l the interlayer distance, n the order of diffraction, and 2θ the
diffraction angle. In the case of an intercalated system, in which the
polymer has entered the inorganic galleries causing an increase of the
interlayer distance, this main peak is found shifted toward lower
angles. If the structure is exfoliated, however, the ordered structure of
the silicate is destroyed and, thus, no peaks are observed in the XRD
diffractograms.

Differential Scanning Calorimetry (DSC). The thermal properties
of the Hybrane polymer and its nanocomposites were measured with a
PL-DSC (Polymer Laboratories) differential scanning calorimeter. The
temperature range from −120 to 120 °C was covered with a heating/
cooling rate of 10 °C/min. Two heating/cooling cycles were
performed in every case and the glass transition temperature, Tg,
was obtained from the second cycle to ensure the elimination of any
thermal history effects and the removal of any remaining humidity. All
the measurements were performed under nitrogen flow to prevent
degradation of the samples. Controlled cooling was achieved using
liquid nitrogen.

Quasi-Elastic Neutron Scattering (QENS). QENS measures the
sum of the coherent, Scoh(q,ω), and the incoherent, Sinc(q,ω), structure
factors52,8 as a function of scattering wavevector, q, and frequency, ω.
The measured incoherent and coherent scattering contributions are
weighted by the corresponding neutron scattering cross sections. Since
the incoherent cross section of hydrogen (σinc

H =79.9 barns) is much
higher than both the incoherent and the coherent cross sections, σinc
and σcoh, of all other elements, the scattering is predominately
incoherent53 and is due to the hydrogen atoms in the specimen. The
incoherent structure factor, Sinc(q,ω), is the time-Fourier transform of
the intermediate incoherent scattering function, Sinc(q,t), which is the
space−Fourier transform of the Van Hove self-correlation function
Gself(r,t) that expresses the probability that a considered particle j has
experienced a displacement r during a time interval t. In the present
paper, we omit the subscript in the notation and limit the discussion
concerning the dynamics only to the incoherent contribution.

Quasi-elastic high-resolution neutron backscattering experiments
were performed at the IN10 backscattering spectrometer of Institut
Laue Langevin (ILL) in Grenoble, France. The energy variation is
performed by moving the monochromator and exploring the Doppler
effect; the range of energy transfer is set to −13 < ΔE = ℏω < 13 μeV.

Scheme 1. Chemical structure of Hybrane S 1200
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The incident wavelength is λ = 6.271 Å, and the scattering vector, q,
range was set to 0.5 ≤ q ≤ 2.0 Å−1 utilizing two small-angle detectors
and a two-dimensional curved multidetector.54 The samples were
contained in flat aluminum holders with sample thicknesses 0.2 ≤ d ≤
1 mm. The holders were mounted in a standard ILL cryofurnace. The
resulting transmission of the samples is larger than 0.9 and multiple
scattering corrections are neglected. The data are corrected for
instrumental background by subtraction of an empty sample cell
measurement and by taking all shielding contributions into account.
The experimental resolution function, R(q,ω) is obtained by
performing measurements at 1.5 K, when the scattering of the
samples within the observation window of the instrument is entirely
elastic.
The measured dynamic structure factor Sexp(q,ω) is analyzed using a

function that includes an elastic and a quasi-elastic contribution to the
scattering. The latter is represented by a KWW stretched exponential
relaxation function convoluted with the instrumental resolution:

ω ω
π

τ

= + −

− β

⎜

⎟

⎛
⎝

⎞
⎠

S q A q A q R q A q

FT t R q t

( , ) ( ) ( ) ( , ) [1 ( )]
1

{exp( ( / ) ) ( , )}

exp 1 2 2

(1)

A2(q) is the elastic contribution, τ the relaxation time whereas R(q,t)
was obtained analytically by fitting the instrumental resolution
function R(q,ω) with a sum of a Gaussian and a Lorenzian function.55

FT{...} signifies the Fourier transform of the term in {...} and A1(q) is a
multiplication factor which accounts for the uncertainty in the exact
composition of the silicates and, thus, in their scattering length density.
In addition to the quasi-elastic spectra, the energy-resolved

elastically scattered intensity from the samples was measured as a
function of temperature in the range 1.5 ≤ T ≤ 500 K with a heating
rate 0.3 K/min, using an identical setup of monochromator and
analyzer. The elastic intensity Iel(q, ω ≈ 0) = ∫ −∞

+∞S(q, ω)R(q, ω) dω
was recorded with the Doppler monochromator at rest corresponding
to a resolution of 0.9 μeV. At 1.5K, the samples consist of essentially
elastic scatterers; increasing the temperature causes an enhancement of
the molecular dynamics, which leads to a decrease of the elastically
scattered intensity. The wavevector dependence of the elastically
scattered intensity at each temperature can be utilized to extract the
mean square displacement, ⟨u2⟩, assuming a Gaussian behavior in
space, according to the equation

= −⟨ ⟩ω ω≈ = ≈I I u qexp( /6)el q el q( , 0) ( 0, 0)
2 2

(2)

Note that, in many cases, the expression above is utilized with a 3
instead of the 6 in the denominator of the exponential for the
calculation of the mean square displacement.

III. MOLECULAR DYNAMICS SIMULATIONS (MD)

Fully atomistic models comprised by 40 Hybrane molecules in
the bulk state are generated through the use of the Amorphous
Cell algorithm (Materials Studio, Accelrys Inc.). For the
description of bonded and nonbonded interactions, energetic
parameters according to the AMBER force-field have been
utilized;56 this includes terms corresponding to bond-
stretching, angle-bending, torsional rotation, van der Waals,
hydrogen-bonding and electrostatic interactions, resulting to a
potential energy function of the form
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This force-field has been shown to describe satisfactorily
hyperbranched compounds of similar chemical composition.57

Electrostatic interactions are calculated by means of a full Ewald
summation. An initial configuration of the melt sample is
constructed at an elevated temperature (about 400 K above the
expected glass transition temperature) in order to allow a better
sampling of the molecular conformations. The system is, then,
subjected to cooling MD steps of 50K in the isobaric−
isothermal (NPT) ensemble. Ensuing the end of each NPT
molecular dynamics run, the total energy is minimized through
successive steepest descent and conjugate gradient cycles. The
cooling process is followed by further equilibration runs in the
NPT ensemble, after which the total energy, density and radius
of gyration are stabilized. Production runs of 8 ns were
generated in the microcanonical (NVE) ensemble employing
periodic boundary conditions. The integration time step was 1
fs while the frame-saving frequency was 1 ps. The dimensions
of the cubic simulation cell at NVE molecular dynamics runs at
the temperatures examined for this work were approximately 47
Å. Validation of the simulation model was performed by
comparing static, dynamic and thermodynamic quantities to
pertinent experimental results. The density at ambient
temperature was found to be 1.15 g/cm3 which lies within a
2% deviation from the experimental value of 1.18 g/cm3,50

while the glass transition temperature as determined from the
temperature dependence of the specific volume agrees well with
the experimental result.47 In addition the temperature depend-
ence of the zero shear viscosity as derived from relevant
dynamic quantities reproduced the rheologically determined
values.50 Finally, the solubility parameter calculated from the
cohesive energy density obtained from the simulations, was in
good agreement with pertinent experiments from inverse gas
chromatography.58 For more details concerning the simulation
protocol and the validation of the models used, the interested
reader is referred to our earlier work.50

For a direct comparison to QENS data, the intermediate
incoherent dynamic function arising from the scattering of
individual atoms was calculated directly in the inverse space,
according to

∑= ⟨ · − ⟩S q t
N

i tq r r( , )
1

exp[ ( ( ) (0))]inc
n

n n
(4)

Here, q represents the scattering vector whose magnitude is
equal to q, and rn(t) the position vector of the nth scatterer at
time t. Since, in incoherent scattering, the observed intensity
arises mostly by the motion of individual hydrogen atoms,53

solely hydrogen atoms have been considered in the calculation
of S(q,t) (note that from now on the subscript inc is dropped).
To shed more light to the origin of the different dynamic
processes associated with the diffusive behavior of hydrogens,
we have either distinguished between the different sets of
hydrogen atoms, i.e., hydrogens belonging to methyl groups, to
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hydroxyl groups and to the backbone (see Scheme 1), or have
taken all hydrogens into account without making any
distinction between them. The so-calculated dynamic spectra
are analyzed by determining the distribution of relaxation times
(DRT) assuming a continuous superposition of single
exponential processes59

∫ τ τ= τ

−∞

+∞
−C t F( ) (ln( ))e d[ln ]t/

(5)

where F(ln(τ)) is the obtained DRT; the calculated S(q,t) were
analyzed utilizing the CONTIN routine of analysis of dynamic
light scattering data59 to obtain the F(ln(τ)). Characteristic
relaxation times corresponding to different motional mecha-
nisms (the latter appearing as different peaks in the
distribution) are estimated via the first moment of the
calculated distribution function F(ln(τ)) over the pertinent
time range. If the entire time window is taken into account an
overall average relaxation time is calculated, instead. For
dynamic processes represented by symmetric peaks in the
distribution, the time corresponding to the maximum of the
examined peak provides a good estimation of the characteristic
relaxation time of that process.

IV. RESULTS AND DISCUSSION

Dynamics of Bulk Hybrane. The dynamics of the bulk
hyperbranched polymer was investigated using quasi-elastic
neutron scattering (QENS). Figure 1a shows the elastic
temperature scans for Hybrane at various wavevectors; in
such a measurement, only the energy-resolved elastically
scattered neutrons are detected and their intensity is measured

as a function of temperature. All the curves are shown
normalized to the respective data at the lowest temperature
where all motions are expected to be frozen. The elastic
intensity for the bulk polymer shows two distinct relaxation
steps: the first step is a broad decrease at temperatures between
∼80 and 220 K. At those temperatures the main chain is still
frozen, so the intensity drop should be attributed to local sub-
Tg dynamic processes. The most common origin of such sub-Tg
motions can be attributed to the more mobile end- and/or side
groups, which, in this specific case, are the methyl and the
hydroxyl groups attached to the polymer backbone.16 Addi-
tional mechanisms associated with characteristic conforma-
tional changes or specific interactions which can give rise to
local sub-Tg processes, have also been reported for linear60 or
branched61 polymers in the past. If this behavior of the elastic
intensity is compared to the typical intensity drop associated
with the methyl group rotation in the literature,14,16 it is noticed
that the elastic intensity decrease has been usually observed
over a narrower temperature range (when measured at
spectrometers with similar resolution). This deviation from
the anticipated behavior for the −CH3 group rotation indicates
that additional dynamic mechanisms could be involved at these
length-scales and/or constraints for the motion exist for this
particular system. The second step of the elastic intensity for
the bulk polymer is observed at temperatures higher than the
calorimetric Tg and is caused by the motions of the polymer
segments, which become unfrozen above the glass transition
temperature. This intensity drop is larger compared to the one
attributed to the methyl group rotation, due to the smaller
fraction of protons in the methyl groups (48) over their total
number (134). Above 420 K, the elastic intensity of the
polymer has dropped to values close to zero, indicating that all
motions have become too fast for the experimental resolution
of the specific instrument. The data in Figure 1, parts b and c,
will be discussed in the section describing the dynamics of the
Hybrane nanocomposites.
The behavior described above is also reflected in the mean

square displacement values, msd, that are extracted from the
wavevector dependence of the elastically scattered intensity at
each temperature, according to eq 2. Figure 2 shows the msd of
the bulk polymer, ⟨u2⟩, as a function of temperature as well as
the respective msd of the layered silicate and the nano-
composite (to be discussed later in the text). The msd of the

Figure 1. Temperature dependence of the energy-resolved elastically
scattered intensity for wavevectors q = 0.5, 0.86, 1.18, 1.45, 1.68, 1.85,
and 1.96 Å−1 of (a) the Hybrane S 1200, (b) the Na+−MMT, and (c)
the 30% Hybrane −70% Na+−MMT nanocomposite. The intensities
are shown normalized to those at the lowest temperature for each
wavevector.

Figure 2. Temperature dependence of the mean square displacement,
⟨u2⟩, for the Hybrane (○), the Na+−MMT (□) and the 30%
Hybrane−70% Na+−MMT nanocomposite (Δ).
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polymer is almost insensitive to temperature between T∼2−
100 K, it then weakly increases as the sub-Tg dynamic motions
set in, it reaches a plateau and then it increases abruptly above
the Tg, when the segmental motion becomes active.
QENS measurements have been performed at temperatures

covering both the low- and high-temperature regimes, in order
to study both the sub-Tg and the segmental motions. Figure 3a

shows the temperature dependence of the incoherent dynamic
structure factor S(q,ω) of the polymer for a wavevector q = 1.68
Å−1 at temperatures below the glass transition temperature of
the polymer. The y-axis is shown at 10% of the maximum
intensity at the lowest temperature in order to highlight the
spectral wings. The lines for each temperature denote the total
fit and the individual elastic and quasi-elastic contributions. In
all cases, the stretching parameter β of the KWW was kept
constant to the value of β = 0.6; this value gives the best fit
simultaneously for all wavevectors and temperatures in good

agreement with previous works for the methyl group rotation in
polymeric systems.11,12,14,16 Only a weak temperature effect on
the quasi-elastic broadening (expressed as the full-width-at-half-
maximum, fwhm, of the curves) can be observed. Figure 3b
shows the incoherent structure factor, S(q,ω), for Hybrane at T
= 180 K for different wavevectors with the lines representing
the total fits and the elastic and quasi-elastic contributions. The
curves are shown at 20% of the maximum intensity at the
lowest wavevector. For all wavevectors at this temperature the
spectra show a quasi-elastic broadening; nevertheless, this
broadening (expressed as the fwhm of the curves) does not
show any wavevector dependence. The β parameter that was
found to give the best fit for all wavevectors was β = 0.6 as
well.16 Since this temperature as well as the temperatures
shown in Figure 3a is below the polymer glass transition
temperature, the motion that corresponds to this broadening
should be associated with a very local motion, as one would
expect for the motion of the end- and/or side groups of the
Hybrane molecules, i.e., the methyl and/or the hydroxyl
groups.
The analysis of the experimentally measured incoherent

structure factor, S(q,ω), according to eq 1 leads to the
determination of the relaxation times of the respective
processes. Figure 4 shows the average relaxation times as a

function of the wavevector for Hybrane at all temperatures
measured below Tg. The average relaxation time, τave, is
calculated using the estimated characteristic time of the KWW
function used in eq 1, τ = τKWW, as τave = ∫ 0

∞ exp[−(t/τKWW)
β]

dt = (τKWW/β)Γ(1/β), where β is the stretching exponent and
Γ(x) the Gamma function with argument x. It is clear that there
is no wavevector dependence for any of the measured
temperatures and if there is a temperature dependence, it is
at best very weak. The absence of any wavevector dependence
confirms the presumption that this is a more local relaxation
process compared to the length-scale probed in the examined
wavevector range.
Taking as a working hypothesis that this motion arises

exclusively from hydrogens belonging to end groups and
comparing the observed time scales with those describing the
methyl group rotation in other polymers with a less
complicated structure, certain deviations are observed. As
mentioned earlier, methyl group rotation most often sets in at

Figure 3. Incoherent structure factor of Hybrane (a) at wavevector q =
1.68 Å−1 and at temperatures 150 (◇), 180 (○), and 200 K (Δ),
below the polymer glass transition temperature and (b) at T = 180 K
for wavevectors q = 0.86 (◇), 1.18 (∇), 1.45 (Δ), 1.68 (○), and 1.96
Å−1 (□). The scale of the y-axes corresponds to 10% or 20% of the
maximum intensity at the lowest temperature (a) or wavevector (b),
respectively. The lines represent the total fit (solid lines) together with
the elastic (dotted lines) and the quasi-elastic (dashed lines)
contributions to the spectra. The insets shows the respective quasi-
elastic part of the spectra for the same temperatures and wavevectors
as in the main figures.

Figure 4. Wavevector dependence of the average relaxation time, τave,
of Hybrane (open symbols) and of the nanocomposite with 30%
Hybrane (solid symbols) for the temperatures indicated, which are
lower than the bulk polymer Tg.
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lower temperatures (less than 100 K), it is usually observed
over a narrower temperature range compared to the present
Hybrane case, whereas the temperature dependence of the
average relaxation times related to its motion is much stronger.
More specifically, if the temperature dependence of the
relaxation times in Figure 4 is analyzed with an Arrhenius
equation, the extracted activation energy is estimated as E =
0.49 ± 0.25 kJ/mol, which is very much smaller than the values
quoted for methyl rotation in other systems.16,62 This deviation
from the anticipated behavior might be related to other types of
motion that contribute to the dynamics at these low
temperatures and/or to constraints that can modify the
mechanism of motion(s), both due to the Hybrane structure.
As it is shown in Scheme 1 depicting the nominal structure,

apart from the ten −CH3 groups at the end of the branches,
Hybrane has six more −CH3 groups, closer to the molecular
core. A possible reason for the observed deviations may be
related to the fact that the hydrogens of those methyl groups
also contribute to the dynamics, but are less mobile than the
ones belonging to the terminal groups. Actually, such a
possibility is in accord with computational and experimental
results on the dynamics of poly(methyl methacrylate) where
the motion of the ester methyl groups was found to be
significantly faster than the respective motion of the α-methyls
of the molecule.12,63 Additionally, there are ten −OH end
groups, whose hydrogen atoms also contribute to the dynamics
at the specific temperature range. Those atoms can act as
donors or acceptors in hydrogen bond pairs that are formed
between groups of the same molecule (intramolecular) or of
neighboring molecules (intermolecular).50 The existence of
hydrogen bonding has been verified experimentally by infrared
spectroscopy, via the shifts of the characteristic absorption
bands of the carbonyl and hydroxyl groups.47,64 Moreover, the
formation of hydrogen bonds in this system has been studied in
detail by molecular simulations in our earlier work.50 The
hydrogen bond survival time correlation functions were
calculated and the corresponding time distributions were
obtained. Those exhibited two dynamic processes, one
associated with the local formation/breaking of the hydrogen-
bonded pairs (time range of O(10−2) picoseconds, activation
energy 5.1 ± 1.1 kJ/mol) and a slower one related to the
combined dynamics of the intramolecular hydrogen-bonding
network (time range of O(1) to O(103) picoseconds depending
on the temperature, activation energy of 12.1 ± 0.2 kJ/mol). It
was clearly demonstrated that the motion of the hydroxyl
groups in Hybrane is drastically affected by the connectivity
constraints imposed by the highly branched topology, which
results in the formation of a rather firm network of
intramolecular hydrogen bonds, quite unlikely to be found in
linear polymers. These constraints may influence not only the
motion of the hydrogens of the hydroxyl groups but, even more
importantly, may hinder the motion of the methyl groups.
Thus, it is suggested that it is not simply the motion of the
hydroxyl groups that affect the dynamics (their contribution to
the intensity would only be 18% of the total) but it is the
restrictions that the intramolecular and intermolecular hydro-
gen bonds (that the hydroxyls form) impose on the motion of
the methyl hydrogens as well, which, together with the coupling
of the motion of hydrogens belonging to different local groups,
could explain the deviations of the present sub-Tg processes
from the anticipated behavior for the sub-Tg methyl or hydroxyl
group motion. Such restrictions may eventually lead to a
change in the mechanism of the usual methyl and/or hydroxyl-

group motion, so that a tumbling motion involving local
hopping of hydrogens belonging to these spatially restricted
groups can be envisaged; such motions result in low apparent
activation energies as observed before.65

The incoherent structure factor S(q,ω) for the bulk polymer
was measured at temperatures higher than the glass transition
temperature as well, i.e., at temperatures above 330 K. Figure 5a

shows the temperature dependence of the S(q,ω), the wings of
which show a weak broadening with temperature that is
accompanied by a drop of the elastic intensity. Figure 5b shows
the wavevector dependence of the incoherent structure factor
S(q,ω) for Hybrane at T = 390 K and the analysis of the
experimental data for each q-value, along with the elastic and
quasielastic contributions. The stretching parameter β of the
KWW was kept constant at β = 0.3 for all curves; this value
provided the best fit for all wavevectors whereas it is at the low
limit but within the 0.3−0.55 range of β values obtained both
experimentally and computationally for the segmental
relaxation of different polymers.66 The incoherent structure
factor for the bulk polymer shows a strong wavevector

Figure 5. Incoherent structure factor S(q,ω) of Hybrane (a) at
wavevector q = 1.45 Å−1 and at temperatures 330 (◇), 350 (∇), 370
(○), and 390 K (Δ), above the polymer Tg, and (b) at T = 390 K for
wavevectors q = 0.86 (◊), 1.18 (∇), 1.45 (Δ), 1.68 (○), and 1.96
Å−1(□). The lines represent the total fit (solid lines) together with the
elastic (dotted lines) and the quasi-elastic (dashed lines) contributions
to the spectra. The insets show the respective quasi-elastic part of the
spectra for the same temperatures and wavevectors as in the main
figures.
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dependence with the total as well as the elastic intensity
decreasing with increasing wavevector (Figure 5b).
In the following, we describe MD simulations, which would

assist the interpretation of the QENS data. The MD
simulations50 were carried out at temperatures above Tg so
that the S(q,t) spectra will correspond to thermodynamically
equilibrated states of the model, which will be sufficiently

relaxed within the simulation window so that reliable analysis
can be performed. Because of the weak temperature depend-
ence of the broadening of the QENS data over a wide
temperature range (both for the local process of Figure 3a and
for the relaxation of Figure 5a), it is anticipated that the
dynamic information present at lower temperatures will still
survive at higher temperatures. To examine dynamic processes

Figure 6. Calculated incoherent structure factor S(q,t) (top row) at temperatures 370 (a) and 405 K (c) for different wavevectors together with the
corresponding distributions of relaxation times, F(ln(τ)) (bottom row), for temperatures 370 (b) and 405 K (d). The lines through the points in the
S(q,t) spectra denote the corresponding fits resulted from the DRT analysis (eq 5).

Figure 7. Calculated incoherent structure factor S(q,t) (left column) and corresponding distributions of relaxation times, F(ln(τ)) (right column),
arising from backbone hydrogens (a, b), methyl hydrogens (c, d) and hydroxyl hydrogens (e, f). The lines through the S(q,t) data denote the fits
according to the DRT analysis of eq 5. In the case of hydroxyl hydrogens (e), the data are connected with a thinner line as a guide for the eye with
the vertical line denoting the time scale of the formation/breaking of the hydrogen bonds (see text).
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at different time-scales, and at length-scales comparable to
those explored experimentally, we have calculated S(q,t) over a
broad time-window spanning 6 orders of magnitude (ranging
from 10 fs to approximately 10 ns) and for wavevector
magnitudes similar to those examined by the neutron scattering
experiments described above.
As a first step, to comply with the QENS observables, all

hydrogen atoms of every Hybrane molecule were taken into
account. The calculated S(q,t) spectra, together with the
corresponding distribution of relaxation times, F(ln(τ)), are
presented in Figure 6. One can readily see that the intermediate
scattering functions have relaxed almost entirely within the
simulation window (to about 80% and 90% for 370 and 405 K,
respectively), and the analysis performed (eq 5) provided an
excellent fit to the S(q,t) data. Moreover, at both temperatures,
the S(q,t) spectra and the corresponding distributions are
qualitatively very similar despite the 45 degrees difference in
temperature. As the magnitude of the wavevector increases (i.e.,
the length-scale decreases) the spectra relax faster, as
anticipated.
Three peaks characterize the spectra of the DRTs at both

temperatures. One at the ps-time scale, which gains amplitude
as q increases, a second peak of lower amplitude extending from
10 to 100 ps, which shows no significant dependence of its
amplitude on q, and a slower process at the ns-time scale, which
loses amplitude upon increasing wavevector (i.e, upon
decreasing the examined length-scale). From those spectral
characteristics, one can already obtain a first picture regarding
the nature of each dynamic process. The features characterizing
the faster (leftmost) peak, i.e., the almost wavevector- and
temperature-independent time scale at the ps range and its
increasing amplitude as q increases, suggest that it should be
related to a very local process; it should be at least more local
than the length-scale of 2π/q, since, by increasing the
magnitude of q, its amplitude continues to increase, implying
that the examined length-scale approaches the nominal length-
scale of the relevant motional mechanism. Such features are
consistent with the very fast tumbling motion of the bond (i.e.,
C−H or H−O) through which a hydrogen atom is attached to
the backbone, to a methyl or to a hydroxyl group. This process
characterizes not only the hydrogen motion, but that of more
massive atoms, as well.50 The slower process, described by a
temperature-dependent amplitude and characteristic time,
which resides at the ns range, bears the characteristics of the
polymer α-relaxation. This mechanism reflects the segmental
motion of the polymer backbone, which has also been observed
in the bond-reorientational motion for the hybrane.50

The most intriguing dynamic process, which actually resides
within the experimentally accessible window, is that bearing a
low-amplitude and almost wavevector- and temperature-
independent characteristic time. To further elaborate on the
origin of this process, we have examined separately the
scattering arising from the different sets of hydrogens present
in Hybrane, namely the hydrogens attached to the backbone,
the hydrogens of the methyl groups and those of the hydroxyl
groups. Figure 7 displays the scattering spectra and the
corresponding DRTs for the different kinds of hydrogens, at
T = 405 K. Focusing on the DRT spectra (right column of
Figure 7), one notices that the slower process associated with
the α-relaxation displays similar features for all the different sets
of hydrogens as those described earlier in Figure 6 when all
hydrogens were taken into account. Distinct differences,
however, can be noted in the spectral characteristics of the

intermediate process. For the backbone hydrogens (Figure 7b),
it appears that the low-amplitude process remains insensitive to
variations of the magnitude of the wavevector throughout the
examined q-range. In contrast, a rather strong q-dependence of
its amplitude is observed when the methyl hydrogens are
examined, while an analogous but weaker q-dependence can be
seen (at q-values higher than 1.45 to 1.68 Å−1) in the behavior
of the hydroxyl hydrogens. Since this intermediate process is
observed for all sets of hydrogens, it is possible to associate it
with a process that is intimately related to a motion involving
the polymer branches, because both the methyl and the
hydroxyl groups stem from a polymeric branch and are, thus,
directly affected by its motion. A characteristic length-scale for
the intermediate process can be inferred approximately by the
q-range (i.e., 1.45−1.68 Å−1) at which a q-dependence of its
amplitude commences, which yields a length of l* = 2π/q ∼ 4
Å. The fact that for the backbone hydrogens its amplitude
remains less sensitive to q (Figure 7b) implies that backbone
hydrogens undergo a somewhat more restricted motion
compared to those belonging to the side groups. Finally, in
the case of hydroxyl hydrogens, an additional sub-ps process
appears in the distribution. This mode can be attributed to the
fast hydrogen bond formation/breaking, which was found to be
realized at this time scale.50 This process can be discerned in
the scattering function data of Figure 7e at the time scale
indicated by the vertical line.
Such very local relaxation mechanisms associated with

conformational changes in the polymer backbone, which are
active below as well as above the glass transition temperature,
have been reported in the literature.60 Particularly in hyper-
branched systems, where strong hydrogen bonding interactions
are present, local dynamic processes may arise due to the
formed hydrogen-bonding network, which affects the relaxa-
tional characteristics of bond and angle reorientation.61 It is,
therefore, reasonable to assume that the strong intramolecular
hydrogen-bonding network present in Hybrane plays a
significant role in the appearance of the intermediate process.50

Moreover, since hydrogens attached to side groups are also
sensitive to this relaxation mechanism, it can account for the
deviations from a typical methyl rotation, as was observed
experimentally in the elastically scattered intensity depicted in
Figure 4.
The average relaxation times obtained from the analysis of

the experimentally measured S(q, ω) of Hybrane (Figure 5) at
temperatures above Tg as well as from the analysis of the
corresponding computationally calculated S(q, t) that take into
account all the hydrogens of the molecule (Figure 6) are shown
in Figure 8, as a function of the wavevector q. The relaxation
times obtained from the MD simulation show different
wavevector dependencies with the slower segmental relaxation
exhibiting the stronger one, as was discussed above. The
experimentally measured τave values (shown at all three
temperatures T = 330 K, T = 370 K, and T = 390 K) lie
between the intermediate and the slow processes of the
simulation, whereas they exhibit different wavevector depend-
encies and show an apparent peculiar temperature dependence.
At T = 330 K, the experimental relaxation times are q-
independent and faster than those at T = 370 K and T = 390 K,
with the data at 390 K showing a strong wavevector
dependence τave ∼ q−2.2±0.3 that resembles the one anticipated
for the segmental dynamics. It is noted that for a Gaussian
correlation function, for example for a simple diffusive motion,
the relaxation times should follow a τ ∼ q−2/β wavevector
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dependence; however, complex heterogeneous dynamics may
introduce deviations from this behavior and smaller exponents
as well as a crossover from τ ∼ q−2/β to τ ∼ q−2 have been
observed.16,67 The results concerning the intermediate temper-
ature of 370 K show intermediate behavior as far as the q-
dependence is concerned. Moreover, the experimentally
measured τave at 370 and 390 K are in a good agreement
with the results of MD simulation concerning the segmental
motion. Thus, it can be concluded that at the lowest
temperature the measured spectra are strongly affected by the
intermediate process predicted by MD, at intermediate
temperatures they are influenced by both processes, and it is
only at 390 K that the pure segmental motion is actually
observed.
Structure and Dynamics of Hybrane Nanocomposite.

A series of Hybrane/Na+−MMT nanocomposites with polymer
compositions that cover the complete composition range have
been synthesized utilizing solution intercalation in water
followed by slow solvent evaporation and annealing. Figure 9
shows the X-ray diffraction patterns for the inorganic material
and the nanocomposites with varying polymer concentration.
All samples have been previously annealed for 24h at 200 °C in
a vacuum oven to erase any metastable structure formed during
solvent evaporation and achieve equilibrium.31 The high
annealing temperature was chosen since attempts for melt
intercalation were unsuccessful even at 150 °C whereas lower
annealing temperatures did not result in equilibrium.68 The
inorganic material was heated as well to remove any traces of
water present in the galleries due to its hydrophilic character.
Na+−MMT shows a main (001) diffraction peak at 2θ = 8.7° ±
0.1° due to its layered structure, which corresponds to an
interlayer distance of d001 = 1.05 ± 0.05 nm, in agreement with
the value given by the supplier. Hybrane is amorphous and its
diffraction pattern exhibits only a weak amorphous halo. The
results of the XRD measurements for the nanocomposites
indicate that intercalated structures with discrete interlayer
distances are formed for all polymer compositions. However,
the final structure depends on the polymer content. Upon
addition of 5 wt % Hybrane, the silicate main peak shifts to 2θ
= 6.7° ± 0.1°, that corresponds to an interlayer distance of d001
= 1.30 ± 0.05 nm, which is a result of the polymer chains

intercalating within the inorganic galleries. Further increase of
the polymer content up to 90 wt % results in the formation of a
multilayered polymer structure inside the galleries. The hybrids
with 10, 15, 20, and 25 wt % polymer show double peaks
corresponding to d001 = 1.50 ± 0.05 nm and d001 = 1.90 ± 0.05
nm. Further addition of polymer chains forms a third layer
inside the galleries increasing the interlayer distance to d001 =
2.30 ± 0.05 nm. Note that the second order diffraction peak is
clearly visible for high Hybrane concentrations at ∼8°,
indicating the good coherence of the structure. An intercalated
structure with mono- and bilayers of polymer chains inside the
galleries of Na+−MMT was previously observed in PEO/clay
nanocomposites.29 Moreover, a layer-by-layer intercalation that
showed the existence of even four layers of flattened
hyperbranched polyester (Boltorn polyols) in montmorillonite
was also observed in the past for composites with polymer
composition up to 90 wt % whereas partial exfoliation was
reported when the polymer was more than 95 wt %.69 Previous
studies on the intercalation behavior of HBPs with different
hydroxyl end-groups in polymer/clay nanocomposites have
shown a gradual increase of the interlayer distance with the
polymer content, leading finally to exfoliation.51 Depending on
the specific interfacial interactions, the confined polymers
undergo significant shape changes, they spread out on the
surface and adopt flattened conformations.69,70 Molecular
dynamics simulations of dendrimer adsorption on surfaces
have predicted that such molecules substantially flatten and
spread out onto a surface and generally tend to deform;70,71 the
basic reason for this spreading is the high interaction strength
(ionic and/or chemical bonding) between the terminal groups
and the substrate surface.
The thermal properties of the polymer nanocomposites were

investigated by differential scanning calorimetry (DSC). Figure
10 shows the DSC thermograms of the pure polymer and the
intercalated nanocomposites expressed as a heat capacity, for
the calculation of which only the polymer mass in considered

Figure 8. Wavevector dependence of the average relaxation times
obtained from the QENS experiments at 330, 370, and 390 K (half-
filled symbols) and from the molecular dynamics simulation (T = 370
K solid symbols, T = 405 K open symbols) at temperatures greater
than the bulk polymer Tg.

Figure 9. X-ray diffractograms of Na+−MMT and nanocomposites
with varying polymer content prepared by solution mixing and
annealed at 200 °C. The wavelength of the Cu Kα radiation λ = λCuKα
= 1.54 Å has been utilized whereas the curves have been shifted
vertically for clarity.
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since the contribution of the inorganic material to the Cp is a
constant factor that would not influence the step of the glass
transition. The glass transition temperature of the pure polymer
is clearly observed at 42.6 °C. However, it is only the
nanocomposites with the higher polymer concentrations (>50
wt %) that show a clear glass transition. Hybrids with lower
polymer concentrations do not show any step suggesting that
the transition is either too weak or too broad to be detected by
the technique or that it is suppressed. Similar thermal behavior
has been observed in glassy polystyrene/organoclay nano-
hybrids72 as well, where there was no trace of the glass
transition in the composites in which the polymer chains were
intercalated within the inorganic layers. Dielectric spectroscopy
measurements in PMPS/organoclay20 or in PEO/Na+−MMT29

hybrids, on the other hand, showed that, when all the chains are
intercalated, the segmental motion related to the glass
transition becomes very fast and shows an almost Arrhenius
temperature dependence. Moreover, the step of the specific
heat, ΔCp, of polymers confined in porous media exhibits a
decrease with decreasing pore size; extrapolation to zero ΔCp,
which would indicate a complete suppression of the glass
transition, results in a cooperativity length of the order of 1.6−
5.0 nm depending on the confined polymer.73 In the case of
Hybrane/Na+−MMT nanocomposites, the confining length is
always the same (smaller than 1 nm) and it is only the polymer
concentration that differs between the various samples. The
ΔCp that is calculated taking into account the polymer mass
decreases as the polymer content decreases and goes suddenly
to zero for polymer concentrations lower than ∼40 wt %.
An explanation that has been proposed for similar hydro-

philic systems31 suggests that for the low polymer content
(here less than ∼40 wt %), the majority of chains are
intercalated within the inorganic layers and, thus, confinement
causes a suppression of the transition. For higher polymer
content, there is polymer partially immobilized close to the
inorganic surfaces74 as well as excess polymer away from the
surfaces that can undergo a glass transition. Furthermore, the
Tg of excess Hybrane (for the composites with high polymer
content) is by almost 10 °C higher than that of the pure
polymer, indicating that the transition of the nonintercalated
chains is affected by the presence of the inorganic surfaces.
Particularly for hyperbranched polymers, it has been found that
the glass transition depends strongly on the mobility of their

terminal groups.75 Their partial immobilization due to the
interaction with the inorganic surface would, therefore, result to
a shift of the apparent glass transition to higher temperatures, in
line with the experimental findings. This increase of the
polymer Tg in the presence of the inorganic galleries has been
observed in other hydrophilic polymer/Na+−MMT nano-
composites as well.31

The dynamic behavior of the nanohybrids was investigated
utilizing QENS. In order to study the effect of the severe
confinement on polymer dynamics the hybrid with 30 wt %
polymer was chosen, for which it can be safely assumed that all
polymer chains are confined within the galleries of the
inorganic material. The energy-resolved elastic scattering for
the nanocomposite as a function of temperature is shown in
Figure 1c in comparison with the data for the pure polymer
(Figure 1a) and those for the pure silicate (Figure 1b). The two
steps corresponding to sub-Tg motions and to the segmental
relaxation of the polymer have been discussed in the previous
section. The elastic intensity of the nanocomposite with 30 wt
% Hybrane shows a step-like decrease similar to the respective
one of the bulk polymer for low temperatures that once more
signifies the insensitivity of the very local end- and/or side-
group motion to the present confinement similarly to what has
been found for the methyl group rotation of poly(methyl
phenyl siloxane)16 or the dielectrically active β-process of
PEO.29 Nevertheless, for temperatures higher than the Hybrane
Tg, the elastic intensity does not drop to zero but shows a
continuous decrease that is very similar for all wavevectors. This
means that after all sub-Tg motions have relaxed, there is no
motion within the experimental window at these temperatures;
i.e., the segmental dynamics of the polymer for some reason is
suppressed in the proximity of the inorganic surfaces within the
galleries. It is noted that the energy-resolved elastic intensity of
the pure silicate (Figure 1b) is constant at the lower
temperatures and exhibits a step-like decrease around the
melting temperature of water. This is attributed to the mobility
of water molecules that remain within the galleries, since Na+−
MMT is hydrophilic and contains bound water molecules that
are very difficult to escape; those molecules become mobile
around 273 K and cause the intensity drop observed in the
elastic scattering. As the temperature further increases, this
dynamics becomes too fast for the specific frequency resolution
and the intensity finally reaches a plateau.
The behavior of the elastic intensities is reflected in the mean

square displacement, msd, values that are extracted from their
wavevector dependencies, according to eq 2. Figure 2 shows the
msd as a function of temperature for the bulk polymer
(discussed in the previous section), the silicate and the
nanocomposite. It is clear that the msd of the inorganic
material is quite small and almost constant throughout the
whole temperature range. The corresponding msd of the hybrid
shows an initial increase that is very similar to that of the
polymer showing the same temperature dependence at the low
temperature range (T < Tg). Nevertheless, for temperatures
above the bulk polymer Tg, the msd does not show any further
increase but remains almost constant indicating the absence of
any dynamics within the experimental time window of IN10;
this indicates that very few, if any, protons participate in the
segmental motion of the confined polymer and leads to the
conclusion that the majority of the polymer segments must be
immobilized onto the inorganic surfaces of the silicate. Such an
assumption could justify the absence of any measurable glass

Figure 10. DSC heating curves of Hybrane and of the nanocomposites
with varying polymer composition expressed as specific heat, Cp. The
curves are shown shifted for clarity.
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transition for the specific nanohybrid in the DSC measurement
of Figure 10.
QENS measurements for the nanohybrid were performed for

temperatures both below and above the pure polymer Tg.
Figure 11a shows the temperature dependence of the S(q,ω) of

the nanocomposite at wavevector q = 1.45 Å−1 at temperatures
below the polymer glass transition temperature. The weak
changes in the broadening of the quasi-elastic wings (dashed
lines, inset), expressed as the fwhm of the curves, indicate even
weaker temperature dependence than the one of the pure
polymer at the corresponding temperaturesespecially if all
wavevectors are considered. Moreover, the dynamic structure
factor of the nanocomposite is almost q-independent; for all
wavevectors at 180 K, the spectra (Figure 11b) show quasi-
elastic broadening, expressed as the fwhm of the curves, which
is almost the same independently of the q value. This behavior
is reflected on the relaxation times that can be deduced from
the analysis of the data with eq 1 and are shown in Figure 4
together with the results for the pure polymer (the stretching

parameter β was kept constant at β = 0.6 as in the bulk
polymer). It is clear that there is no wavevector dependence for
the average relaxation times, which, for the specific temper-
ature, is found to be somewhat faster for the confined system
than for the bulk polymer. The absence of any wavevector
dependence in conjunction with the similarity of the relaxation
times at temperatures well below the polymer glass transition
temperature confirms the assumption that this is a very local
relaxation process that is not seriously affected by the
confinement of the O(1 nm) between the inorganic layers.
The faster dynamics observed in the nanocomposites can be
attributed to a reduced number of hydrogen bonds that are
formed under confinement, since the molecule does not have
the space to retain all possible bulk conformations; this
potentially leads to reducing the effects of the constraints on
the motion.
Figure 12 shows the experimental S(q,ω) for the nano-

composite over a broad range of temperatures above the bulk

polymer glass transition temperature. It is clear that the data do
not show any temperature dependence even at the highest
temperature measured and that all spectra almost coincide with
the instrumental resolution function, indicating frozen dynam-
ics at least for the experimental time range that is accessible by
IN10. This result illustrates the effect of both the confinement
and the Hybrane/Na+−MMT interactions on the polymer
dynamics. This agrees with previous works, where slower
dynamics was observed when strong attractive interactions exist
between the polymer and the solid surfaces34−37 as well as with
works that obtained a reduction of free volume with the
incorporation of layered silicates in polypropylene and
polystyrene nanocomposites due to the “solidification” on the
clay platelets.76,77

V. CONCLUDING REMARKS
The dynamics of a hyperbranched polyesteramide in the bulk
and under confinement in polymer/layered silicate nano-
composites has been investigated utilizing quasi-elastic neutron
scattering. The energy-resolved elastic intensity for the bulk
polymer reveal two relaxation processes one below and one
above the polymer glass transition temperature. The quasi-
elastic measurements show a sub-Tg process with no wave-

Figure 11. Incoherent structure factor, S(q,ω), of the nanocomposite
with 30% Hybrane (a) at wavevector q = 1.45 Å−1 and at temperatures
150 (◊) and 180 K (Δ), below the bulk polymer Tg, and (b) at 180 K
for wavevectors q = 0.86 (◊), 1.18 (∇), 1.45 (Δ), 1.68 (○), and 1.96
Å−1(□). The lines represent the total fit (solid lines) together with the
elastic (dotted lines) and the quasi-elastic (dashed lines) contributions
to the spectra. The scale of the y-axes corresponds to 10% of the
maximum intensity at the lowest temperature (a) or wavevector (b).
The insets show the respective quasi-elastic part of the spectra for the
same temperatures and wavevectors as in the main figures.

Figure 12. Incoherent structure factor, S(q,ω), of the nanocomposite
with 30% Hybrane for various temperatures above the bulk polymer
Tg. The line is the instrumental resolution measured at temperature 2
K. The y-axis is shown at 10% of the intensity of the data for the
temperature of 350 K.
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vector dependence and a very weak temperature dependence of
its relaxation time. Above Tg, the observed process exhibits
peculiar behavior relative to the anticipated segmental mode.
Molecular dynamics simulations, performed at high temper-
atures to understand the dynamic behavior of the bulk polymer,
reveal three relaxation processes with different characteristics.
The faster is a local motion attributed to the tumbling of the
C−H or the O−H bond, the intermediate is related to a motion
involving the polymer branches that is influenced by the strong
intermolecular hydrogen bonding network existing in hyper-
branched polymers whereas the slowest is related to the pure
segmental relaxation. The experimentally estimated τave values
lie between the intermediate and the slow process predicted by
MD, being affected by both of these processes and it is only at
the highest measured temperature that the segmental behavior
is recovered. In the case of the Hybrane/layered silicate
nanocomposites, X-ray diffraction measurements show that all
hybrids possess intercalated structure (following the necessary
thermal annealing), whereas DSC shows no trace of a glass
transition when all polymer chains are either intercalated or in
the close proximity of the inorganic surfaces. In a nanohybrid,
where all chains are strongly confined within the 1.5 nm
spacing between the inorganic platelets, both the elastic and
quasi-elastic measurements show that, at temperatures below
the bulk polymer Tg, the pure and the confined polymer show
very similar dynamic behavior whereas, at temperatures above
Tg, the confined chains exhibit almost frozen dynamics.
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