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Introduction

Spatial inhomogeneity, interfaces and complex
vitrification kinetics in a network forming
nanocompositet

Paulina Szymoniak, (2@ Xintong Qu,* Mozhdeh Abbasi,” Brian R. Pauw,?
Sven Henning, Zhi Li, @ £ De-Yi Wang, 29 Christoph Schick, 2 €'
Kay Saalwachter 2° and Andreas Schonhals £ *2

A detailed calorimetric study on an epoxy-based nanocomposite system was performed employing
bisphenol A diglycidyl ether (DGEBA) cured with diethylenetriamine (DETA) as the polymer matrix and a
taurine-modified MgAL layered double hydroxide (T-LDH) as the nanofiller. The —NH, group of taurine
can react with DGEBA improving the interaction of the polymer with the filler. The combined X-ray
scattering and electron microscopy data showed that the nanocomposite has a partially exfoliated
morphology. Calorimetric studies were performed using conventional DSC, temperature modulated DSC
(TMDSC) and fast scanning calorimetry (FSC) in the temperature modulated approach (TMFSC) to investigate
the vitrification and molecular mobility dependent on the filler concentration. First, TMDSC and NMR
were used to estimate the amount of the rigid amorphous fraction which consists of immobilized polymer
segments at the nanoparticle surface. It was found to be 40 wt% for the highest filler concentration, indicating
that the interface dominates the overall macroscopic properties and behavior of the material to a great
extent. Second, the relaxation rates of the a-relaxation obtained by TMDSC and TMFSC were compared
with the thermal and dielectric relaxation rates measured by static FSC. The investigation revealed that
the system shows two distinct «-relaxation processes. Furthermore, two separate vitrification mechanisms
were also found for a bulk network-former without geometrical confinement as also confirmed by NMR.
This was discussed in terms of the intrinsic spatial heterogeneity on a molecular scale, which becomes
more pronounced with increasing nanofiller content.

characteristics such as the mechanical, thermal and electrical
properties." The possibility of producing advanced tailor-made

In the field of polymer nanocomposites (PNCs), it is widely
discussed that the addition of inorganic nanoparticles (NPs) to
the polymer matrix often alters the fundamental polymer
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materials, as well as their light weight and low cost, inspired
academic and applied research towards potential applications
in the electronics, construction, and automotive industries as a
few examples.> Many of these improvements are due to the fact
that the NPs add functionality without affecting the polymer
processability* because only low nanofiller contents are required
to enhance the material properties. Nevertheless, successful
tailoring of the nanocomposites remains challenging,”® since
the property enhancement is determined not only by the nature
of the used components. It is generally accepted that the
interfacial layer between the nanofiller and the polymer matrix
substantially affects the macroscopic behavior of the PNCs as
well. Some studies suggest that tailoring of the PNC’s properties
can be improved through manipulating the interface.>”° So far,
several parameters were identified which might influence the
interfacial layer, such as the phase morphology of the nano-
composites, the size and distribution of the nanoparticles, and
the interfacial interaction between the NPs and the matrix.'*"*
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Such an interphase, for attractive polymer-particle interac-
tions denoted as the rigid amorphous fraction (RAF), is formed
by polymer segments physically adsorbed or chemically bonded
to the surface of the NPs. The behavior of the polymer segments
within the RAF differ from that of the bulk polymer in their
structure, conformation and molecular mobility (dynamics)"> ™
as, for instance, RAF is immobilized with respect to the co-
operative segmental mobility («-relaxation). This is attributed to
entropic (presence of a solid boundary) and energetic (difference
between polymer-polymer and polymer-particle interactions)
contributions. Moreover, compared to conventional scaled
composites, where the particle dimensions are in the micro-
meter scale, for nanoparticles, their surface-to-volume ratio
increases significantly, yielding a high volume fraction of the
interphase.'®?° It should be noted that the formation of RAF is
due to the physical or chemical adsorption of the segments at
the surface of the nanoparticles. This region is, therefore, also
called the adsorbed layer.">™® The rigid amorphous fraction and
the polymer/matrix interphase have been investigated in the
literature employing a variety of different systems and
techniques.?’ ! A considerable amount of work has been carried
out to study the structure and properties of the PNCs, as well as
the interfacial layer employing calorimetry. This method is
useful to investigate, for instance, the NP- and the interface-
related changes of the glass transition temperature (7), changes
in the molecular mobility and temperature dependence of the
heat flow.>>>” Moreover, absolute values of the specific heat
capacity can provide further information about the system.*®*°
As discussed in the literature, RAF can be quantified from the
analysis of the calorimetric strength, ie., the change of the
specific heat capacity at the glass transition (Acp) as the number
of segments which did not participate in the glass transition, in
comparison with the unfilled system.**"** The formalism to
calculate RAF has been already discussed in the literature for
semicrystalline polymers, pioneered by Wunderlich et al,***
and was further extended to nanocomposites.*®*® It should
be noted that the question of whether RAF can devitrify at
temperatures above the glass transition temperature is discussed
in the literature for a longer time for both semicrystalline
polymers and polymer-based nanocomposites. For a semicrystal-
line polymer, a devitrification of RAF is expected to take place at
temperatures close to the melting of the crystallites which makes
it difficult to observe.>® For polymer-based nanocomposites, in
some cases, an adsorbed layer is observed which shows some
molecular mobility at higher temperatures'”'® where a second
step in the specific heat capacity is also found corresponding to
the devitrification of RAF. In most cases, no devitrification of
RAF is evidenced.***!

Most of the calorimetric studies of the interface for PNCs are
based on model systems, where the matrix is an uncrosslinked
polymer and the polymer-nanoparticle interactions are relatively
simple. More complex PNCs, which might be more important
for applications, are only scarcely addressed in the literature.
Therefore, a detailed understanding of such materials is required.

Epoxy-based materials have received increasing attention in
both fundamental and applied research because of their
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properties such as high toughness, low shrinkage, good
adhesion, and high mechanical stability which make them stand
out among other polymers.>* While the chemistry of epoxidation
is generally understood, there is still a considerable need to
understand their structure-property relationship, as well as to
engineer their properties for an increasing range of desired
applications. Due to their superior characteristics and high
processability of epoxies, they are promising materials for appli-
cations in automotive, aerospace and shipbuilding industries, as
well as for coatings, adhesives, laminates and electrical
insulators.”>>* However, one main disadvantage of epoxy-
based polymers is their relatively high flammability, which can
be reduced by incorporating nanofillers, such as layer doubled
hydroxides (LDH), into the matrix.>>>® Because of the high
amount of tightly bound water in the interlayer galleries of
LDHs,”” as well as their endothermic decomposition that takes
place at high temperatures,”® the flame retardancy of polymeric
materials can be significantly enhanced.>**°

Epoxy-based materials are prepared via a curing reaction
where a network is formed. The resulting crosslinking density
affects significantly their macroscopic properties. The addition
of nanoparticles might affect the curing reaction, as discussed
in the literature.®** Recently, it was shown that the introduction
of boehmite nanoparticles to an anhydride crosslinked epoxy-
based matrix yields simultaneous mobilization and immobiliza-
tion effects of the segmental dynamics®* resulting from changes
in the crosslinking density and the formation of an immobilized
interface.

Here, temperature modulated DSC (TMDSC) and fast scanning
calorimetry (FSC) in the temperature modulated mode (TMFSC)
are combined with NMR to study the vitrification kinetics and
the molecular mobility of an amine crosslinked epoxy-based
nanocomposite with an LDH as the nanofiller. A relaxation
process was found by dielectric spectroscopy which was
assigned to localized fluctuations in the interfacial region.?®
Therefore, the interphase should be studied in more detail by
means of advanced calorimetry and NMR, since due to the
localized character of the dielectric relaxation process, it is
expected that the interphase is immobilized with respect to the
cooperative segmental fluctuations. The data were compared to
the preliminary results obtained for the same system by dielectric
spectroscopy and static FSC.>® This concerns a detailed compar-
ison of the static FSC results with that of the TMDSC and TMFSC
presented here. Furthermore, a detailed comparison is made to
an anhydride crosslinked epoxy nanocomposite system where
boehmite was employed as the nanofiller.®*

Materials and methods
Materials

Layered double hydroxides (LDH) are anionic clays with the
chemical formula [[M;_,>"M,*"(OH),]* (A% ),-mH,0]" ", where
Mg>* and AI** are the divalent (M>") and trivalent (M) metal
cations, respectively. A°~ is an exchangeable interlayer anion.
The LDH resembles in its structure brucite layered crystals

This journal is © The Royal Society of Chemistry 2021
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(Mg(OH),), where magnesium is octahedrally surrounded by
hydroxyl groups. For the employed LDH, a partial isomorphous
replacement of Mg®" by AI’* was carried out, which results
in positively charged layers. The charge is compensated by
additional anions between the layers. A modification of the
LDH by exchanging the interlayer anions is mostly carried out
to enlarge the basal spacing between the layers and to change
the surface energy and hydrophilicity to facilitate better
incorporation in the polymer matrix. Here, the relatively small
molecule taurine (for the chemical structure, see left inset
Fig. 1) was incorporated as an interlayer anion in the clay
directly during its synthesis (T-LDH). Taurine, due to its -NH,
group, can react with the epoxy resin to improve the interaction
between the LDH and the polymer matrix.

Mg(NO;),-6H,0, Al(NO;);-9H,0, sodium hydroxide and
taurine were purchased from Sigma-Aldrich Chemical Co.
Bisphenol A diglycidyl ether (DGEBA) and diethylenetriamine
(DETA; Epoxidharz C) were supplied by R&G Faserverbundwerk-
stoffe GmbH, Germany.

In parallel to the unfilled sample (EP), nanocomposites were
prepared by mixing fractions of 6, 9, 12, 15 and 18 wt% of the
T-LDH (EP/T-LDH6-EP/T-LDH18) with DGEBA. Further DETA
was added for the curing process. A detailed description of the
synthesis of the T-LDH, as well as epoxy/T-LDH nano-
composites, can be found elsewhere.>*>®

Experimental

Small- and wide-angle X-ray scattering (SAXS and WAXS).
The measurements were performed employing a Xenocs Nano-
inXider-SW instrument with a microfocus X-ray tube and a Cu
Ko monochromatic X-ray source (4 = 0.154 nm). Two single-
photon counting Pilatus 100k detectors were used. The first one
was located 93 mm from the sample, resulting in a scattering
vector range of 3.1 nm ™' < ¢ < 42 nm™~' (WAXS region). The
second one was positioned 933 mm from the sample behind a
semitransparent beam-stop where a scattering vector range of
0.06 nm™ ' < g < 3.6 nm™ " was covered (SAXS region). The data
from both detectors have been processed using the DAWN
software package.®®®® Distance-, orientation-, and beam-
center calibration of the detectors was achieved using silver
behenate and LaBg for both the SAXS and the WAXS detectors.
Intensity calibration was performed employing the NIST
SRM3600 standard. The sample container background scattering
was subtracted for all materials so that the resulting scattering is
due to the sample only.

Transmission electron microscopy (TEM). For TEM investi-
gations, ultrathin sections with a thickness of 70 nm were
prepared at room temperature using an ultramicrotome (Leica
Ultracut UCT) equipped with a diamond knife (Diatome). TEM
investigations were performed using a FEI TECNAI G2 trans-
mission electron microscope operated at an accelerating
voltage of 200 kV in the bright field mode.

Differential scanning calorimetry (DSC). A PerkinElmer DSC
8500 instrument was used for thermal analysis. Samples (ca.
7.3 mg) were measured in 50 pl aluminum pans in the
temperature range from 355 K to 455 K with a heating/cooling

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper
rate of 20 K min~". Nitrogen was used as a purge gas at a flow
rate of 20 ml min~'. The temperature calibration was
performed with indium.

Temperature modulated DSC (TMDSC). A PerkinElmer DSC
8500 device was also utilized for these measurements, employing
the StepScan®™ approach (StepScan®™ DSC - SSDSC), which is a
special variant of TMDSC. It combines alternating short heating
and isothermal steps, resulting in a periodic heat flow.
Measurements were performed using samples of approximately
7.3 mg. A step-height of 2 K was employed with a heating rate of
60 K min~". The time of the isothermal step was in the range of
18-120 s corresponding to the modulation frequencies of 5.6 x

1072 - 8.3 x 10 Hz. The complex heat capacity ( *) of the
system can be extracted from the ratio of the area under the heat-

flow peak and the height of the temperature step.®” Absolute
values of ¢ were obtained using synthetic sapphire (2-Al,0;) as a

reference material. Here, the modulus of complex specific heat

capacity |c;| = /ci> + ¢;? (the so-called reversing heat capacity)

is considered, where ¢

pandc

parts of ¢, respectively.

are the real and the imaginary

Fast scanning calorimetry (FSC). A Mettler Toledo Flash
DSC1°%%° was used which is based on a non-adiabatic chip
calorimetry,”®”* employing UFS1-sensors.”>

Here, the Flash DSC1 was used in the temperature modu-
lated approach (dynamic measurements, TMFSC), where ana-
logously to TMDSC, step response analysis was employed with
alternating isothermal and heating steps.”>”’° In the measure-
ment 2 K up-steps at the heating rates (7) of 200 and 2000 K s "
were followed by the isothermal periods (¢,) of 1 and 0.1 s. The
frequency-dependent complex heat capacity Cj was calculated
from the ratio of the Fourier transformations of the instanta-
neous heat flow (HF) and the instantaneous heating rate”””
using eqn (1):

J”’pHF e—iotqy
¢; = JoHFWe 7 dr
J"P T eftwtdt

(1)

The frequency f (f = ki angular frequency) corresponds,

like for TMDSC, to the length of the isothermal period, where
higher harmonics were also extracted from one base frequency
in the range of 1-11 Hz for ¢, = 1 s and 10-110 Hz for ¢, = 0.1 s.
i = v/—1 is the imaginary unit.

A high viscosity silicone oil AK 60000 (Wacker Chemie AG)
was used to establish the thermal contact between the cross-
linked samples and the sensors and to minimize thermal
lags.”® To compensate for the additional heat capacity of the
silicone oil, it was additionally placed on the heating area of the
reference side. The sensors were conditioned and calibrated
according to the procedure of the manufacturer. Nitrogen was
used as a purge gas at a flow rate of 40 ml min~".

The data obtained for EP and PNCs at heating rates in the
range of 0.5 to 4 x 10* K s~' measured by the Flash DSC1 were
taken from ref. 25.

Soft Matter, 2021,17, 2775-2790 | 2777


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sm01992e

Open Access Article. Published on 14 January 2021. Downloaded on 5/7/2026 12:50:59 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Low field NMR. For proton low-field NMR experiments,
sample pieces were loosely stacked in 10 mm diameter NMR
tubes, filled to about 8 mm in height (the region of a homo-
geneous 1f field) and flame-sealed in an inert gas atmosphere to
avoid oxidative processes. For comparison, a conventional
linear polymer polystyrene (PS) with a M,, = 330 kg mol ™"
and a PD = 1.1 is investigated as the reference sample. The
experiments were conducted on a Bruker mq20 ND minispec
following the previously published procedures.”*”*® Specifically,
free induction decays were recorded as a function of acquisition
time ,.q directly after a single 90° pulse (FID) and after a mixed
magic-sandwich echo (MSE). The latter refocuses the full signal
over the significant instrumental dead time of about 15 us and
thus enables a reliable fit to the data (the total MSE echo delay
amounts to 6 x 15 us = 90 ps). The MSE is, however, not perfect as
some signals are lost due to transverse relaxation effects. These
effects can be quantified by simultaneous fittings of the FID and
MSE signal decays. The lengths of the 90° and 180° pulses were
about 2.9 and 5.3 ps, respectively. The relaxation delay of scans
was adjusted to achieve a near-complete equilibrium polarization,
which was always 0.5 s for epoxy samples and ranged between 4 s
and 0.5 s for PS in the studied temperature range between 297 K
and 420 K (24 °C and 210 °C). The latter temperature is due to the
limit of the instrument. In this way, it was possible to compare the
signal amplitudes of the measurements at different temperatures
after the Curie correction, i.e., signal multiplication by Ti¢/T.

The NMR experiments, recording simple proton free-
induction decay (FID) signals, exploit the dominant multiple
orientation-dependent proton-proton dipolar couplings. In the
absence of molecular motion, the FID decay is Gaussian and
reflects the static second moment M, of the dipolar-broadened
spectral line FID ~ exp(fo'SXM“tg“*) with M, = (9/20) X Deg.
Here, D.g* is the average effective dipolar coupling constant.
Molecular rotations reduce the intra- and internuclear
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couplings and lead to a lengthening and a shape change of the
FID decay. The transition takes place in a range of correlation
times of ca. 2 decades centered around 1/Dg (roughly 10 ps in
the static limit) and the FID can then be fitted using one or a
combination of two modified exponential functions
~ exp{—(tacq/T»)"}- In the “rigid limit” with § = 2, T» = \/2/M,
holds. The noted relaxation effects during the MSE are the
strongest in the mentioned transition regime which enables an
estimation of the time scale of the segmental motion®® to be
employed below.

Results and discussion

X-ray and TEM investigations

The structure of the pure material and of the PNCs was first
studied employing X-ray scattering techniques. The characteristic
scattering patterns are depicted in Fig. 1A. For the investigated
system, a detailed comparison of the taurine modified and
pristine LDH was published elsewhere.?® It was found that the
T-LDH shows similar equidistant reflections like the pure LDH at
7.1 and 14.11 nm ™. In the first approach, from the reflection at
the lower g value, the lamellar repeat distance (basal repeat
distance) was calculated by the Bragg approximation to
0.88 nm. By subtracting the thickness of the LDH layer, the
interlayer distance was estimated to be 0.39 nm (left inset in
Fig. 1). This point will be reconsidered by detailed analysis of the
SAXS data using a model function. One significant difference
between the modified and the unmodified LDH is that for the
T-LDH, a double-peak structure was observed, indicating the
coexistence of polymorphs or layers of the same type with a
different interlamellar distance.?’ The so-called interstratification
effect probably results from the presence of the taurine anion and
the different amount of water molecules in the interlayer galleries.

EOBG
34 |
B 8
1 %0.34-
4 2
- o
. 0.32
[9)
>
14 &
o 030
E T ¥ T ¥ T 4 T ¥ T J T
0 0 20 40 60 80 100
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01 1
qnm’]

(A) X-ray scattering patterns of pure epoxy (EP - dashed dotted line), taurine-modified LDH (T-LDH - solid black line) and epoxy/T-LDH

nanocomposites with various concentrations: 6 wt% (EP/T-LDH6 — dark blue), 9 wt% (EP/T-LDH9 — blue), 12 wt% (EP/T-LDH12 — green), 15 wt% (EP/
T-LDH15 - orange) and 18 wt% (EP/T-LDH18 — red). The curves are shifted along the Y-axis for the sake of clarity. The inset gives the schemes of the LDH
nanofiller (right) and the taurine molecule (left). (B) X-ray scattering pattern of EP/T-LDH®6 (blue line) with the fit of the model function (black dashed line).
The inset provides the interlayer distances of T-LDH vs. nanofiller concentration obtained from the model function fit to the SAXS data.
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Nevertheless, the T-LDH resembles the interlamellar distance
of the unmodified LDH. This proves that taurine, as a small
molecule, did not enlarge the interlayer distances.

For the unfilled epoxy (EP), the scattering pattern shows
three distinct scattering features in the high g region, located at
4,12.6 and 29.6 nm ™. Generally, for the amorphous materials
with no long-range order, broad bumps in the X-ray scattering
patterns can be taken as a fingerprint for short-range
correlations.®’” A detailed analysis of the three-peak structure
for an anhydride epoxy material was published elsewhere.®* It
was debated that such an X-ray pattern represents evidence for
an inherent spatial heterogeneity of thermosetting networks on
a molecular scale.®*®* In short, the intermediate bump with the
highest intensity, here at ¢ = 12.6 nm™ ", was assigned as an
amorphous halo, corresponding to the most frequently occurring
intermolecular distances. In addition, the low-g and high-q peaks
were taken as a manifestation of inhomogeneities in the epoxy
network. For instance, the peak at ¢ = 4 nm™ ' was assigned
to isopropylidene groups between the phenyl rings forming
elongated clusters in an average size of ca. 1.5 nm, according to
the Bragg approximation.

In comparison with the unfilled EP, the position of the
amorphous halo, as well as the two other broad features in
the X-ray pattern, remains unaffected for the nanocomposites,
which indicates that the X-ray investigations did not detect
large differences in the structure of the matrix in the PNCs
compared to that of the pure EP. However, considering that
X-ray scattering curves show only averaged intermolecular
distances, the nanoparticle-related changes in the matrix are
studied further employing advanced calorimetry. Moreover, the
sharp peaks, related to the crystal structure of the nano-
particles, are also found at the same positions as for the pure
LDH. This is evidence that polymer segments are not inter-
calated into the interlayer galleries.

Recently, a new procedure for the analysis of X-ray scattering
data of polymer-based nanocomposites was developed for an
anhydride-cured epoxy system filled with boehmite nanofiller.”®
In the first step, the procedure is based on a linear combination
of the scattering curves of the pure nanofiller and the pure epoxy
to confirm the weight fractions of the nanofiller in the nano-
composites. For the system investigated here, an attempt was
made to employ a similar approach. Surprisingly, the data
for the nanocomposites cannot be described by a linear
combination of both the pure components. This is probably
due to a stronger interaction between the polymer and the filler
for the system discussed here, in comparison with the
anhydride-cured epoxy with the boehmite nanoparticles.

The SAXS region of the X-ray measurements was further
analysed using SasView 5.0.3, with SasModels 1.0.3. To model
the nanofiller structure, a ‘“‘stacked disks”’-model was chosen,
which is applicable for clay-like materials.®®> The used scattering
length densities of the nanoparticles and their calculation are
given in the ESL{ Furthermore, a Porod law was added to that
model to phenomenologically describe the scattering from larger
agglomerates. An example of the fit is given in Fig. 1B for EP/
T-LDH6. The data are reasonably described by this analysis

This journal is © The Royal Society of Chemistry 2021
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besides the g range from ca. 3 nm~"' to 4 nm™". This might
point to the presence of a considerable adsorbed layer. For the
higher filler concentrations, similar fits are obtained.

For the pure T-LDH, the increase in the scattering intensity
with decreasing g shows a change of the slope at ca. 0.3 nm™".
For the nanocomposites, this change is shifted strongly to
higher g values. In the framework of the model, this effect is
described as a reduction of the average number of layers in the
particles from 7 for T-LDH to 3 for the nanocomposites. This
strongly suggests that the clay partially exfoliates when it is
placed into the epoxy. This line of argumentation is further
supported by a reduction of the height of the interlayer peak
and its broadening. The exfoliation is most likely due to the
amine groups of taurine. It probably reacts with the resin,
leading to the partial exfoliation of the T-LDH layers.

Finally, the interlayer thickness (lamellar repeat distance)
can be extracted from the fit of the model function to the SAXS
data. For the pure T-LDH, an average value of 0.36 nm is
obtained from the fit. This is quite close to the value extracted
from the maximum of the peak (0.39 nm). For the nano-
composites, the values are smaller than that for the pure
T-LDH and increase with increasing LDH concentration (see
the inset in Fig. 1B). Generally, the interlayer distances in the
nanofiller are subjected to a distribution. Assuming that
the layers with the largest distances are located at the edges
of the particles, these layers are most prone to exfoliation.
Consequently, the corresponding distances are not involved in
the average interlayer distance anymore calculated from the
SAXS data. Therefore, the decreased value of the interlayer
distances for the nanocomposites can be explained in terms
of increasing exfoliation of the nanoparticles. For a higher filler
concentration, the nanoparticles come spatially closer to each
other. This will hinder the exfoliation of the layers. Therefore,
the interlayer distances increase with increasing filler concen-
tration (see the inset in Fig. 1B).

The structure of the composites was further investigated by
TEM (see Fig. 2 as an example, further images are given in
ref. 25). The images show that T-LDH is distributed mostly
homogenously in the polymer matrix in the form of small
agglomerates, where the filler kept its layered structure to a

!

? PARTIALLY
[EXFOLIATED
| STRUCTURE
X

0.2 ym

Fig. 2 TEM pictures for the EP/T-LDH12 sample. The scale bars represent
0.2 um (left) and 50 nm (right). Similar images were obtained for the other
concentrations of the nanofiller. For TEM pictures with different concen-
trations of T-LDH, see ref. 25.
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certain extent, which agrees with the X-ray data. Higher magni-
fications show that a part of the T-LDH is distributed in the
matrix as completely exfoliated layers which is also consistent
with the interpretation of the SAXS data. From the structural
investigations employing a combination of X-ray scattering and
TEM, it is concluded that the nanocomposite system has a
partially exfoliated morphology.

Overview of the calorimetric investigations

A combination of different calorimetric techniques was applied
to study the thermal properties of the EP and the PNCs. First,
their vitrification kinetics was characterized employing conven-
tional DSC, where a constant heating rate of 20 K min~" was
applied, emphasizing the influence of the nanofiller on the
glass transition behavior. Second, identical samples were
measured by temperature modulated DSC (TMDSC) to investigate
the segmental dynamics (o-relaxation) independent of the filler
concentration. Moreover, this technique was also used to quantify
the amount of the interface, which was detected for this system by
dielectric spectroscopy.>> Furthermore, similar investigations on
the segmental dynamics were performed employing fast scanning
calorimetry (FSC) in the temperature modulated mode (TMFSC),
extending the frequencies accessible by the conventional
methods. All calorimetric data are taken from the second and
further heating runs, where the material is fully cured, because in
the first heating run, an exothermic post-curing peak in the heat
flow curve was observed.

Conventional DSC investigations

From the heat flow curves obtained by DSC, the glass transition
temperature (7y) values were estimated. In the literature, a
variety of methods are known for the determination of T.
Here, the derivative of the heat flow with respect to temperature
is calculated and the maximum temperature of the obtained
peak is defined as T, (ESLt Fig. S1). T, increases first with
increasing concentration of the nanofiller until ca. 15 wt%,
followed by a decrease for higher filler contents (Fig. 3A). This
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dependence can be discussed by a competition of two effects,
both related to the crosslinking density. For epoxy-based
materials, where during the curing reaction a crosslinked
network is formed, the introduction of the nanoparticles to
the reacting mixture might result in changes in the polymer
matrix, compared to that of the unfilled material. This is due to
the spatial obstacles introduced by the NPs in the diffusion-
controlled curing reaction, or due to the preferential adsorption
of the components of the reaction mixture onto the NPs,
altering the stoichiometry. In both cases, this may yield a lower
crosslinking density of the network, and thus a lower glass
transition temperature as observed by us for an anhydride
crosslinked epoxy system nano-filled with boehmite.®" Here
T, increases for low filler contents. This is probably due to
the additional amine groups of the taurine-modified nanofiller
which can react with the DGEBA. Due to the acid group of
taurine, it is strongly adsorbed to the LDH. Therefore, the
reaction of DEBA with taurine will lead to an immobilization
of the segments which percolate through the matrix due to the
partly exfoliated structure and cause an increase of Tj.
Moreover, besides the network structure of the bulk matrix,
one important aspect affecting the vitrification is the interfacial
behavior in the PNCs. The polymer segments are confined
there due to the adsorption at the particle surface and/or the
formation of covalent bonds with the -NH, group from the
nanofiller. This effect leads to a lower molecular mobility and
higher energy barriers for their conformational changes, and
thus higher T, values. With increasing LDH content, the
nanofiller hinders the diffusion of the reaction partners more
and more, weakening the increase of T, and causing
the observed maximum at 15 wt%. For high concentrations of
the nanofiller, the slowing down of the diffusion of the reaction
partners becomes dominating, leading to a decrease in the
crosslinking density and hence a decrease of T,. Finally, it
should be noted that the free volume and its distribution are
also changed by the nanoparticles. In addition, the influence of
the crosslinking density on the glass transition temperature is
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Fig. 3 (A) T, (blue) and Timax (red) values obtained from the static (DSC; heating rate of 20 K min~) and dynamic (TMDSC: frequency of 0.0083 Hz)
measurements as a function of the filler content. (B) Specific heat capacity curve for the unfilled epoxy at f = 0.0167 Hz. The red dashed line is a sigmoidal
fit to the data. The green curve is the first derivative of the fitted sigmoidal curve with respect to temperature. The maximum of the peak is taken as the

frequency-dependent glass transition temperature (Tinax)-
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corroborated with additional experimental results in ref. 64.
This supports the interpretation given here.

Estimation of RAF by calorimetry

Temperature modulated DSC (TMDSC) was further employed to
measure the absolute values of the modulus of complex specific

¢ ) The TMDSC data were analyzed by fitting a

heat capacity (

sigmoidal function to it, which is further differentiated with
respect to temperature, resulting in a peak. The temperatures of
the maxima of the obtained peaks are taken as the frequency-
dependent glass transition temperatures, Tpax,, (¢-relaxation). An
example of the analysis is shown in Fig. 3B. The concentration
dependence of Tpax, resembles that of the T,, as shown in
Fig. 3A.

Fig. 4A gives the specific heat capacity curves of EP and
PNCs. The specific heat capacity in the glassy state cp giass
decreases systematically with the content of the nanofiller
(see also Fig. S2, ESIt). This decrease of cpgiass is related to
the lower specific heat capacity of the nanofiller and similar
changes have been reported in the literature.***®” The specific
heat capacity in the glassy state is due to vibrations. It seems
unlikely that quite localized vibrations will be influenced by a
change of the crosslinking density. For the correct estimation
of the specific heat of the polymer in the nanocomposite, the
specific heat capacity of the nanofiller must be considered.*!
Nevertheless, further investigations are necessary to clarify
this point.

Moreover, the step height of the specific heat capacity at the
glass transition Acp = Cpliquia — Cp,glass (calorimetric strength)
provides information about the amount of the rigid amorphous
fraction. The cooperative segmental motions are immobilized
in the RAF. Therefore, Ac, is expected to decrease with the
increasing amount of RAF, with respect to the unfilled material.
As depicted in the inset of Fig. 4B, Ac, normalized by the mass
of the polymer (Acp polymer) decreases linearly with increasing
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filler content. It is concluded that the amount of interface
increases proportionally with the T-LDH concentration.

The amount of RAF can be estimated from the TMDSC
measurements according to a three-phase model. For an amor-
phous nanocomposite, the system is composed of a mobile
amorphous fraction (MAF), which is the bulk-like polymer
matrix, the RAF and the nanoparticles. Thus, RAF is given
by’41,88

RAF = 1 — filler content — MAF. 2
The amount of MAF can be calculated from

MAF = Acp,polymer,i/Acp,pure polymers (3)

where Acp polymer,i and  Acp pure polymer  are  the calorimetric
strengths for the nanocomposite i and the pure polymer,
respectively. It should be noted that this calculation assumes
that RAF does not devitrify until the highest temperature
is measured. The devitrification of RAF would result in an
additional glass transition to be observed at higher temperatures
than the glass transition of the matrix. Such a glass transition is
not observed even for the highest concentration of the
nanofiller.

According to eqn (2) and (3), RAF was calculated and
depicted in Fig. 4B versus the concentration of the nanofiller.
As indicated by the concentration dependence of Acp holymer,
RAF increases proportionally to the particle concentration. It
reaches up to 40% of the sample mass for the highest filler
content, meaning that the macroscopic properties of the PNCs
are dominated or strongly affected by the properties of
the interface. The amount of interface is particularly high,
compared to the other PNCs, which might be due to the
-NH, groups introduced by the taurine modification of the
LDH nanofiller. These amine functionalities react with
the DGEBA enhancing the interaction of the matrix with the
filler because, due to its acid group, taurine is strongly
adsorbed to the LDH.
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(A) Specific heat capacity curves at f = 0.0083 Hz for the pure epoxy (EP — black) and nanocomposites: EP/T-LDH6 — dark blue, EP/T-LDH9 —

blue, EP/T-LDH12 - green, EP/T-LDH15 10 - orange and EP/T-LDH18 - red. (B) Concentration dependence of the rigid amorphous fraction for the
epoxy/T-LDH nanocomposites from TMDSC (black circles) and NMR (open symbols): squares — 190 °C (free); asterisk — 190 °C (fixed); rhombi — 190 °C +
ATy (free); triangles — 190 °C + ATy (fixed). The line is a linear regression to the calorimetric data. Inset: Calorimetric strength Acp, polymer NOrmalized by the
mass of the polymer as a function of the concentration of the nanofiller. The line is a guide to the eyes.
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Molecular dynamics by temperature modulated DSC and FSC
in the temperature modulated mode

Fig. 5 shows the thermal relaxation rates obtained by static fast
scanning calorimetry taken from ref. 25 for the pure epoxy, EP/
T-LDH6 and EP/T-LDH15. The procedure to convert heating
rates into a thermal relaxation rate in the framework of the
fluctuation model to the glass transition®® is described in detail
in ref. 25.

Moreover, the relaxation rates of the dielectric o-relaxation
taken from ref. 25 are also added to the activation plot for
comparison. Furthermore, the dielectric data published in
ref. 25 were revisited for the pure epoxy, employing the analysis
of the isochronal scans of the conduction free dielectric loss
(for more details see the ESIL Fig. S3). This analysis revealed the
presence of an additional relaxation process at temperatures
lower than the o-relaxation. The new relaxation is denoted as the
o*-relaxation.

First, the data for the pure epoxy will be addressed. As
discussed in ref. 25, the temperature dependence of the relaxation
rates of the o-relaxation is curved when plotted versus 1/T and can
be described by the Vogel-Fulcher-Tammann (VFT) equation. It
reads™

logfp = logfee — T—Ty (4)

where A is a constant and T, is the Vogel or the ideal glass
transition temperature.

Moreover, the relaxation rates of the second dielectrically
active process, o*-relaxation, show a different temperature
dependence than the o-relaxation which is also curved when
plotted versus 1/T, indicating a different molecular origin.

6 <
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Fig. 5 Relaxation map for the pure epoxy (black squares) and epoxy/T-
LDH nanocomposites obtained from the static (open symbols) and
dynamic fast scanning calorimetry measurements (filled symbols), as well
as the temperature modulated DSC data (filled symbols) for two concen-
trations: EP/T-LDH6 - dark blue circles and EP/T-LDH15 — orange left-
sided triangles. The dashed lines are VFT fits to the corresponding data
(color coded). The black stars represent the broadband dielectric spectro-
scopy data taken from ref. 25. The red dashed lines indicate VFT fits to the
dielectric data.
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Furthermore, in Fig. 5, the dielectric data are compared to
the calorimetric ones including static FSC from ref. 25,
dynamic FSC (TMFSC) and TMDSC for EP, EP/T-LDH6 and
EP/T-LDH15. In ref. 25, only preliminary TMDSC data at one
frequency are given.’" Therefore, here the frequency range of
the TMDSC measurements is extended by one decade. The
relaxation maps for the other filler concentrations are given in
the ESI,t Fig. S4-S6.

Compared to dielectric spectroscopy, FSC could be measured
only in a limited frequency range. Therefore, for the first
comparison of the temperature dependence of the relaxation
rates of the dielectric a-relaxation with those obtained by static
FSC, they are approximated by the Arrhenius equation that yields
an apparent activation energy which is 108 k] mol ! for the
dielectric o-relaxation and 127 kJ mol " for static FSC. It turns
out that both values are quite similar. Therefore, it is concluded
that the process probed by the static FSC measurements and the
dielectric a-process have a similar molecular origin.

Therefore, here to extend the calorimetric investigations
further, TMDSC and TMFSC measurements were employed
to probe the segmental dynamics. It is worth noting that
the dynamic TMFSC measurements were performed on the

identical sample as the static FSC ones. Examples of the ‘CI*,

data are shown in the ESI,{ Fig. S7 and S8. The data were
analyzed similar to the TMDSC measurements (Fig. 3B) and the
estimated Tpax, values were added to the relaxation plot
(Fig. 5). Firstly, the TMFSC and TMDSC data follow the same
temperature dependence as the dielectric o*-relaxation. Therefore,
it is concluded that the three techniques probe the same process.
A common VFT function is fitted to both sets of the data. The
estimated VFT parameters are given in the ESIf (Table S1).
Secondly, it seems that the temperature dependence measured
by the modulated calorimetric measurements is different from
that of the o-relaxation measured by the static FSC and dielectric
measurements. Moreover, Fig. 5 also shows that the temperature
dependence of the relaxation rates of the o*-relaxation crosses that
of the o-relaxation.

For the nanocomposites, as discussed in detail in ref. 25, the
a-process detected by BDS shifts by 9-25 K (depending on the
nanofiller concentration) to higher temperatures, compared to
the bulk. But in general, the curvature versus 1/T remains
similar, indicating again that BDS and static FSC probe the
same process (x-relaxation). Also, similar to the pure epoxy, the
TMDSC and TMFSC data follow the same temperature dependence,
different than the a-relaxation, indicating the presence of the
o*-process also for the nanocomposites.

There are different possibilities when discussing the
observed behavior. Firstly, the two segmental relaxations for
the pure epoxy and the nanocomposites are due to their
structural inhomogeneity on a molecular level related to the
regions with different crosslinking densities. The o*-relaxation
is assigned to the glassy dynamics of the spatial regions with a
higher crosslinking density, where the o-process is related to
the glass transition of regions with a lower than average cross-
linking density or dangling ends or other unreacted parts of the
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system. Secondly, the observation of the two glassy dynamics
could be due to the confinement effects which might be present
in the highly crosslinked systems. This would open a more
general understanding of the observed behavior. It should be
noted that a corresponding behavior was also observed for
polystyrene.”” Nevertheless, in light of the spatial inhomogeneity
observed by the X-ray measurements, the first interpretation is
preferrable. Moreover, the assignment of the observed two glassy
dynamics to a spatial heterogeneity is in agreement with the
common view that only one w«-relaxation is responsible for
vitrification. This means that the both o-relaxations belong to
different spatial regions with their own vitrification.

It should be noted that two a-processes have been reported
elsewhere by us for an anhydride epoxy system by dielectric
spectroscopy®® and dynamic mechanical analysis (DMA).®®
Nevertheless, in that work, the two processes were found by
dielectric investigations only, where here a combination of
dielectric and specific heat spectroscopy was required to obtain
a complete picture of the material structure. The different
behavior of the two systems can be assigned to the different
epoxy structures due to the hardeners employed for the network
formation. However, in a broader sense, similar conclusions
can be extracted on the structural heterogeneity.

Estimation of the cooperativity length scale

There is some agreement in the literature that the glass transi-
tion is a cooperative process with an underlying length scale of
1 nm to 3 nm.”® Here, the cooperativity length scale (¢) of the
glass transition for the «*-relaxation was estimated from the
TMDSC data employing the fluctuation approach to the glass
transition®* by

where kg is the Boltzmann constant, 87 is the width of the glass
transition and p is the mass density and 4(1/c,) = 1/cp glass — 1/
Cp,liquid- Furthermore, ¢, ~ ¢, is assumed. For the unfilled
epoxy, the cooperativity length scale of 0.39 nm was estimated.
For the nanocomposites, ¢ decreases with the increasing filler
content down to 9 wt%, reaching a plateau value of ca. 0.26 nm
for higher concentrations (ESLf Fig. S9). The relatively small
value of the cooperativity length scale for the «*-relaxation
might be due to the rigid structure of the crosslinked network.
It was discussed in the literature that the network-forming
materials show a decrease of ¢ with increasing crosslinking
density,”> which could explain the lower values for the pure
epoxy compared to that of the homogeneous linear polymers.
In addition, localization of the segments due to the formation
of the interphase might further decrease the cooperativity
length scale, leading to the observed lower values of ¢ for the
PNCs in comparison with the EP. One also has to keep in mind
that some assumptions have been made to obtain eqn (5).
Furthermore, eqn (5) was derived for the homogenous system.
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Unfortunately, the cooperativity length scale could not be
estimated for the a-relaxation because no values of the specific
heat capacity can be obtained due to the unknown sample
mass. The dominating factor in eqn (5) is the width of the glass
transition 8T which is larger for the FSC than for the TMDSC
curves. Therefore, it is concluded that ¢ is smaller for the
o-process than for the o*-process.

Detailed analysis of the heat flow curves

To further investigate the vitrification behavior, the first deri-
vative of the heat flow normalized by its maximum value (dHF/
dT)/(dHF/dT)max is plotted versus temperature reduced by T, in
Fig. 6. Commonly, dHF/dT is expected to be rather symmetrical
for materials, which are dynamically homogeneous. For the
considered system, even the pure EP shows a slight low-
temperature bump indicating the presence of segments with
a higher molecular mobility than the average. Consequently,
the low temperature wing, evidenced also by the temperature
modulated measurements (ESL T Fig. S10), is assigned to the
o-process.

For the nanocomposites, the low temperature wing increases
in intensity systematically with increasing concentration of the
nanoparticles (see Fig. 6). As the low temperature wing of the
derivative of the heat flow is assigned to the o-relaxation, this
result means that the relative contribution of the a-process to the
whole response increases. As discussed above, the diffusion of the
reaction during the curing process is slowed down by the nano-
particles. This effect will affect the crosslinking density, leading to
more loose ends and/or higher heterogeneity and therefore more
regions with lower than average crosslinking density, both having
a higher molecular mobility. With increasing concentration of the
nanofiller, this effect will increase and therefore the amount of
the fraction having a higher mobility will increase. At first glance,
this disagrees with the concentration dependence of T,. However,
one has to recall that the increase of the glass transition
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Fig. 6 Normalized derivative of the heat flow (dHF/dT)/(dHF/dT)max ver-
sus temperature normalized by the glass transition temperature for the
pure epoxy (EP — black) and the nanocomposites: EP/T-LDH6 — dark blue,
EP/T-LDH9 - blue, EP/T-LDH12 — green, EP/T-LDH15 10 — orange and
EP/T-LDH18 - red.
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temperature with increasing filler content is due to the amine
groups of taurine that react with DGEBA close to the nano-
particles. This does not exclude a decrease of the crosslinking
density in the polymer matrix considering also the decreased
available DGEBA functionalities. The T, measured by DSC is a
complicated average of all these effects.

Interestingly, this process is significantly more pronounced
for static measurements, extending over 50 K below the found glass
transition temperature. This agrees with the low temperature
broadening being more pronounced for the heat flow curves
obtained by DSC, compared to the specific heat capacity curves
from TMDSC (ESI,} Fig. $10).

Estimation of RAF by low field NMR

It should be noted that in principle, the amount of RAF can also
be estimated from the dielectric measurements.”® However,
that is not possible for the dielectric data given for the system
discussed here in ref. 25, because the dielectric a-relaxation is
strongly overlaid by conductivity. Therefore, low field NMR
was employed to estimate RAF from a second experimental
perspective.”®

To understand the estimation first, it is focused on the glass
transition as observed by NMR. In the case of the a-relaxation in
common polymers seen by NMR, the motion is characterized by
the ultimately isotropic segmental rearrangements leading to a
near-zero average Dy Upon heating, the center point of the
transition is located at ~40 K above T,. The signal decays can
be roughly fitted by the theoretical expressions,*® but due to the
complexity of the epoxy material, a more quantitative analysis is
not carried out here. Rather, the data for the pure epoxy are
fitted with a combination of the two modified exponentials
~ exp{—(tacq/T>)"}. The FID and MSE signals are fitted simul-
taneously to quantify and control the expected loss of signal
during the MSE®® as discussed above. Signal losses arise due to
instrumental imperfections and actual transverse relaxation
due to the motions on the MSE timescale, the latter being the
strongest in the 10 ps correlation time range. In these fits, T,
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and f values are shared while the amplitudes can vary for FID
and MSE. The FID-based amplitude fractions are a quantitative
measure of the relative proton number ratio.

The phenomenology of the “NMR glass transition” of
common polymers such as the PS reference sample or a
poly(ethyl acrylate) elastomer (PEA) was studied previously in
the literature (see Fig. 2 in ref. 29). In the static limit, the fitted 7,
is about 15-20 ps and f = 2. Upon heating, the decays become
increasingly stretched, requiring two fitting components, but
become a single component again with f < 1 and T, reaching a
value of the order of 500 ps or more, which is the isotropic limit
depending on the resolution limit of the instrument. Fig. 7A
depicts the MSE-refocused signals at different temperatures for
the pure epoxy. In the high temperature limit considered here,
the signal decays converge to a ca. 60% :40% mixture of a near-
Gaussian (f > 1.6) and a more exponential decay, where the Ty,
of the dominant, more “rigid” component is only about 60-70 ps.
(Please note that the high temperature cannot be completely
reached due to instrumental limitations.) This comparably low
limiting value range is a consequence of the high crosslinking
density of the epoxy, which only allows for highly anisotropic
rather than near-isotropic segmental motions above Tg. Fig. 7B
illustrates the loss of the first-point signal as discussed in the
Experimental section. For the two model polymers, the inten-
sity minimum is indeed found at T, + 40 K. The differences
between PS and PEA in the low-temperature branch arise from
the differences in the instruments used (the MSE sequence
suffers most from finite pulse lengths when D¢ is large at low
temperatures). In contrast, the signal loss for the epoxy is more
pronounced over the whole range, and the minimum asso-
ciated with the alpha process is much shallower and found
already at T, + 30 K, indicating a much more significant
dynamic heterogeneity. The width of the shallow minima of
the NMR signal might be due to the two relaxation processes as
evidenced by the dielectric and calorimetric experiments.

Notably also, another minimum around T, - 100 K, ie.,
around room temperature, is found. This is the temperature
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(A) A series of MSE-refocused signals for the pure epoxy in the studied temperature range. (B) Left Y-scale: Curie-corrected initial MSE intensity as

a function of the temperature difference to the calorimetric Ty for the pure epoxy (solid circles) compared to two common glass-forming polymers, PS
(open diamonds) and poly(ethyl acrylate) (open circles). Solid lines are guides to the eyes. Right Y-scale: T, results obtained for the fastest decaying
Gaussian signal component of the pure epoxy (asterisks). Solid line is a guide to the eyes. Dashed line is a linear regression to the low temperature data.
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range of the f-process discussed in ref. 25, which is here
demonstrated to be associated with a significant amplitude of
the proton motions. Rotational motions of the para-substituted
phenyl rings of the DGEBA molecule come to mind. The
f-process thus provides a pre-averaging of the rigid-limit Degr,
which explains the comparably strong increase of the shortest
value of T, ~ 1/D.g above 20 ps which is plotted in Fig. 7B
(right y-scale). This near-linear increase, indicated by the
dashed line, is more significant than the increase expected
from thermal expansion (which increases the inter-proton
distances). In the temperature range below Ty, the signal decays
are essentially two components with a dominant (>90%)
Gaussian with a decay time constant 7,,. The dashed line
extrapolation emphasizes that the additional sigmoidal
increase in the crosslinking induced rather a low final value
of T,, upon going through the “NMR glass transition”.

The RAF estimation was performed first in the high tem-
perature range, where the epoxy matrix has the longest overall
transversal relaxation time 7,, and a component which is
shifted with regard to T, would be the most apparent. Fig. 8
shows the ‘“isochronal” comparison of the FID and MSE data
for the pure epoxy and the nanocomposite EP/T-LDH15 at a
temperature which has the same difference to the corres-
ponding Ty, values (T + AT,)."

The two data sets in Fig. 8 are rather similar, but the data
for the composites show a systematic tendency to somewhat
accelerated initial decay for increasing LDH fractions. As
compared to the previous work,”® the comparably low
high-temperature T, values and the two-component nature of
the pure-epoxy response pose challenges for extracting the
amount of T, shifted material or RAF for the filled samples.
Despite the inherent limitations to separate the relaxation
components with too similar 75, it was possible to fit the data
obtained from the composites with 9 wt% or more T-LDH with
three components, where the only fixed parameter was the

120

100
80 -
60

40

Relative Intensity [%]

20

0
0.00

0.10 0.15 0.20

tacq [ms]

0.05 0.25

Fig. 8 Isochronal comparison of signal decays of the pure epox (blue
squares — FIT, red circle — MSE) at 190 °C (463 K) with the nanocomposite
with 15 wt% LDH (green asterisks — FIT, violet — rhombi — MSE) at 190 °C +
15.1 K. The former data are shifted by 10% along the y-scale for the sake of
clarity. Lines are a fit function to the data as described in the text.
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exponent for the most “rigid” component, held constant at § =
2 (i.e., the Gaussian expected in the absence of sufficiently fast
o-relaxation). Gratifyingly, these free fits always reproduced a
component ratio of the components with an intermediate and a
longest T, of about 60:40 and the two f§ exponents found for
the neat epoxy. Thus, the additional component with somewhat
lower T, can safely be associated with the RAF. This lower T,
was always around 37-41 ps. This is somewhat larger, but still
close to the value expected from the increase of T, arising from
the thermal expansion and the more significant pre-averaging
arising from the B-process® as discussed above. Thus, it is
concluded that the RAF also exhibits the f-process, but there is
no indication of a significant 7, gradient as observed
previously.”® The RAF for the nanocomposite with 6 wt%
LDH was obtained by fixing T5, for this sample to the value
obtained for the other nanocomposites.

In a first attempt, it was tried to hold the relaxation para-
meters (T,, ff) of the two components needed for pure epoxy
fixed and fit only a fraction and T,, of RAF. This approach
failed, as the intermediate and longest T, values (associated
with the two components needed to describe the signal decay of
neat epoxy) were always about 10-20% higher than in the
composites than in the neat epoxy. This can be correlated to
a reduced crosslinking density in the composites discussed
above (see also ref. 98 and 99) whereby the motional amplitude
of the o-process increases somewhat.

In order to obtain an insight into the (likely significant)
fitting ambiguities, RAF is estimated from two sets of data, i.e.,
the isothermal results for all samples measured at 190 °C
(463 K) and the isochronal results measured at T + AT, Two
fitting strategies to each set of data were applied: first, a fully
free fit (fixing only 8 = 2 for the RAF) and second, a fit in which
we constrained the intermediate and long 7, components
associated with the epoxy matrix at a fixed amplitude ratio of
60:40 (without fixing, the ratio only a few percent on average).
The obtained values show a gratifying similarity to the result
obtained from TMDSC (see Fig. 4B) despite the scatter, proving
the consistency of the RAF estimation.

Conclusion

In this work, an epoxy-based nanocomposite system was stu-
died, based on bisphenol A diglycidyl ether cured with diethy-
lenetriamine as the polymer matrix and a taurine-modified
MgAL layered double hydroxide as the nanofiller. The -NH,
group of taurine can react with the DGEBA, improving the
interaction of the polymer with the filler. The combined small-
and wide-angle X-ray scattering data, as well as the TEM,
showed that the nanocomposites have a partially exfoliated
structure.

A detailed calorimetric study combining DSC, TMDSC and
TMFSC on the vitrification kinetics and molecular mobility of
the nanocomposite system was performed. First, the glass
transition temperature (T,) was found to increase with increasing
concentration of the nanofiller until a maximum at ca. 15 wt%
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was reached followed by a decrease for higher filler contents. This
dependence results from two effects. On one hand, the amine
group of the T-LDH leads to an immobilization of the polymer
segments which percolated through to the epoxy matrix.
The polymer/particle interface, denoted as the rigid amorphous
fraction (RAF), was further studied by TMDSC, showing that the
amount of RAF increases linearly with increasing nanofiller
content, reaching up to 40% for the nanocomposite with the
highest concentration. This indicates that the interface dominates
the macroscopic material properties for this system to a larger
extent. Furthermore, the RAF was also estimated from the low
field NMR measurements and agree quantitatively with the
calorimetric data.

Secondly, the molecular mobility was studied employing
TMDSC and TMFSC in a broad frequency range. The obtained
calorimetric relaxation rates for the found process (o¢*-relaxation)
obtained from the two techniques can be described by a com-
mon Vogel-Fulcher-Tammann fit. The relaxation rates of the
o*-relaxation was further compared with the thermal and dielec-
tric relaxation rates obtained by FSC (o-relaxation) from the
literature. It was found that the relaxation rates of the «*- and
o-relaxation have different temperature dependencies, indicating
a different molecular origin. The two processes were also
evidenced as the low temperature broadening of the glass
transition region probed by DSC and FSC, pointing towards
two distinct mechanisms of vitrification as well. The origin of
the two separate vitrification and relaxation mechanisms was
discussed relying upon the intrinsic structural heterogeneity of
the epoxy matrix. Thermosetting network formers can have
regions with lower crosslinking density and/or uncrosslinked
dangling ends in the network which are expected to have a
higher mobility than the average one, thus vitrifying at lower
temperatures than the average T,. Consequently, the o*-relaxa-
tion was assigned to the glassy dynamics of a fully crosslinked
epoxy network, where the o-process is related to the glass
transition of the dangling ends or other unreacted parts of the
system. The dynamical heterogeneity of the epoxy network was
further confirmed by the investigation of the glass transition
with NMR.

For the nanocomposites, the o-relaxation becomes more
pronounced with increasing filler content, indicating that the
contribution of the a-process to the whole calorimetric response
increases. Considering that the introduction of the nanoparticles
to the polymer matrix during the curing process slows down the
diffusion of the reaction partners, as a result, compared to the
bulk, the PNCs have more loose ends and a more heterogeneous
structure (more regions with lower than average crosslinking
density) with a higher molecular mobility in the network. This
effect increases with increasing concentration of the nanofiller,
and therefore a higher amount of the fraction has a higher
mobility, causing the observed more pronounced a-relaxation.
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