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ABSTRACT: In this work, we have studied the effect of silica particles on the physical aging of
nanocomposites based on poly(methyl methacrylate) (PMMA). To do that, we have followed the enthalpy
relaxation by means of differential scanning calorimetry (DSC). In agreement with previous results carried
out by means of broadband dielectric spectroscopy (BDS), we observe an acceleration of the physical aging
process of PMMA nanocomposites in comparison to bulk PMMA. The fitting of the enthalpy relaxation
results to the well-known Tool-Narayanaswamy-Moynihan (TNM) model gives rise to equal structural
parameters for all investigated samples, including bulk PMMA. This implies that the molecular mechanism
for physical aging in PMMA is not affected by the presence of silica particles. The only parameter changing is
the pre-exponential factor setting the time scale of physical aging. The values obtained are correlated to the
area/volume ratio of silica particles in the polymer and thereby to the silica interparticle distance in the
nanocomposites. This latter observation is an indication that the physical aging process is driven by the
diffusion of free volume holes toward polymer interfaces, as already proposed in the past.

Introduction

Recently, polymer nanocomposites have attracted great atten-
tion due to their unique properties (enhanced mechanical strength,
thermal stability, or higher chemical resistance etc.) and possibility
for numerous applications in modern technology. These unique
properties are the result of the combination, or sometimes the
synergy, of the physical and chemical properties of inorganic
nanoparticles and polymer matrix, and are the main driving force
in the research of novel inorganic-polymeric nanocomposites.1-4

Whereas numerous aspects of these materials have been ex-
tensively studied, from their processing to the characterization of
their mechanical and physical properties, the effect of nanoscale
fillers on the so-called physical aging behavior of polymer glasses
remains relatively uncharted. This aging behavior deals with the
slow evolution of thermodynamic properties (enthalpy, volume,
etc.) toward equilibrium, occurring below the glass transition
temperature (Tg).

5,6 The kinetics of such evolution is intimately
related to the molecular mobility in the glassy state.5,6 Thus, the
understanding of physical aging is not only very intriguing from a
fundamental point of view, but also of the utmost importance for
technological applications of polymer glasses in general. It may
result in many deleterious effects ranging from embrittlement to
reduction in permeability and dimensional instability. That is the
reason why this phenomenon has been extensively studied for
bulk polymer systems in the past years.5

In the case of polymer nanocomposites and, more generally,
nanoscale structuredmaterials such as, for instance, polymer thin
films or polymers in nanopores, the physical aging process can be
dramatically modified in comparison to the same process in bulk
polymers.7 These peculiarities of physical aging in polymers
structured or confined at the nanoscale explain the revival interest
of the scientific community in the subject.8-28

So far, the studies on the effects of the nanoconfinement on
physical aging have reported seemingly contradictory results.13,16,22-24

Both acceleration and retardation of structural relaxation during
physical aging were reported for different types of nanoconfine-
ment and materials, often explained by the nature of interfacial
interactions.12-15 However, the confinement-induced changes on
the physical aging process, whether an acceleration or a retarda-
tion is observed, cannot always be explained by changes in the
overall molecularmobility (and therefore in theTg). In particular,
deviations from the bulk aging rate areobserved at length scales of
confinementwhich are by far too large to induce any change in the
molecular mobility as a result of either finite size29-32 or inter-
facial effects.33,34

As far as polymer thin films with thicknesses of the order of
several hundreds nanometers are concerned, the acceleration of
physical aging in comparison to the bulk polymer has been
explained invoking a mechanism based on the diffusion of free
volume holes and their annihilation at the external surface.21,35-39

Concerning polymer nanocomposites, in a previous work,40 the
physical aging of PMMA;monitored by following the time
dependence of the β-process dielectric relaxation strength by
means of broadband dielectric spectroscopy (BDS);was shown
to be accelerated in PMMA/silica nanocomposites in comparison
to the bulk, despite the lack of effect of silica particles on PMMA
segmental dynamics. In ref 40, the diffusion of free volume holes
model accurately described the time-dependence of the dielectric
relaxation strength measured on the investigated samples. More-
over, the dependence of the physical aging rate on the ratio area
of silica/volume of PMMA;in the investigated nanocompo-
sites;was put in evidence. These results indicated that physical
aging in polymer nanocomposites, as in other nanostructured
polymer systems, seems to be compatible with the mechanism of
diffusion of free volume holes toward the interfaces between the
polymer and the nanoparticles.

In the present work, our previous results are confirmed by
means of differential scanning calorimetry (DSC), which directly
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follows the evolution of the enthalpy, i.e., an actual thermody-
namic magnitude. The results of this study also showed an
acceleration of the physical aging of PMMA in the presence of
silica nanoparticles. In order to allow the quantitative compar-
ison and the physical interpretation of the results, the kinetics of
the physical aging process as determined from DSC experiments
have been fitted by means of the Tool-Narayanaswamy-
Moynihan (TNM) phenomenological model. The equality, for
all the samples, of the structural fitting parameters set to achieve a
good modeling of the results through the TNM model led us to
the conclusion that the acceleration of the physical aging of
PMMA in the composite samples is not related to a modification
of the molecular mechanism involved in the aging process.
Rather, the modeling of the results highlighted a correlation
between the physical aging rates and the ratio area of silica/
volume of polymer. The observation that a higher ratio area of
silica/volume of PMMA gives rise to a higher physical aging
rate;at least for the investigated samples;reinforced the idea
that, in polymer nanocomposites, physical aging process is driven
by the diffusion of free volume holes to the polymer interfaces.

In the following, we first provide a summary of the experi-
mental methods and results, then present the modeling of the
enthalpy recovery data to TNM phenomenological model, and
finally apply the diffusion of free volume holes model to these
enthalpy recovery data.

Experimental Section

Preparation of the Pure Polymer and Polymer Nanocompo-

sites. Silica particles with diameters of 200 and 350 nm were
prepared as described elsewhere using a variation of the St€ober
method.41 Surface modification was carried out for hydropho-
bationof silica surfaces using silane coupling agents. Thus, 350 nm
silica particles were functionalized using two different silane
coupling agents: 3-(trimethoxysilyl)propyl methacrylate (TPM),
and octadecyltrimethoxysilane (OTMS). In the case of particles
with a diameter of 200 nm, only TPM was employed as surface
modifier.

Briefly, the final samples were prepared by in situ polymer-
ization of methyl methacrylate (MMA) in presence of the
photoinitiator DMPA (2,2-dimethoxy-2-phenylacetone) and
the previously described silica particles. The detailed prepara-
tion of PMMA and PMMA/silica nanocomposite samples is
described in a previous paper.41 The so-obtained materials are
listed in Table 1.

Characterization of the Samples. The weight fraction of silica
particles in the nanocomposite samples was measured by thermo-
gravimetric analyses (TGA), on a thermogravimeter TA Q-500,
with a heating ramp of 10 �C 3min-1 up to 750 �C under flowing
nitrogen (20 cm3

3min-1). The values of silica weight fraction are
reported in Table 1.

Thermal analyses of the samples were carried out bymeans of
the differential scanning calorimeter (DSC) (DSC-Q2000 from
TA-Instruments). The temperature was calibrated with melting
indium. All DSCmeasurements were performed under nitrogen
atmosphere on samples of about 10 mg. Hermetic aluminum
pans were used for all the materials. For the study of physical
aging, all experiments began with a heating ramp to a tempera-
ture of 150 �C in order to erase the material’s previous thermal
history. The samples were subsequently cooled down at a
programmed rate of 20 �C 3min-1 to reach 40 �C before being

stabilized at the temperature used for structural recovery
(80 �C), aged in the calorimeter for times from several minutes
to 16 h before being cooled to 40 �C at a cooling rate of
20 �C 3min-1, prior to reheating at 10 �C 3min-1 (see Figure 1).
For themeasurements of the enthalpy relaxation at longer aging
times (tag 24 h), the annealing of the samples was carried out in
an external vacuum oven, at a temperature of 80 �C, after
erasing of the thermal history and quenching of the samples in
DSC. After aging, the samples were quenched again and DSC
thermograms were recorded. Second scans were performed
immediately after a new quench at 20 �C 3min-1. In the case of
the sample V10, the physical aging process was monitored also
at the following annealing temperatures: 77, 83, and 90 �C.

As a general procedure in calorimetric experiments, the
amount of enthalpy relaxed during aging (and thus recovered
during DSC scan) of a glass for a period of time ta at a given
temperature Ta was evaluated by integration of the difference
between thermograms of aged and unaged samples, according
to the relation:42

ΔHðTa, taÞ ¼
Z Ty

Tx

ðCa
pðTÞ-Cu

pðTÞÞ dT ð1Þ

In this equation, Cp
a(T) and Cp

u(T) are the heat capacities
measured respectively after annealing and on the unannealed
sample, respectively, whereas Tx and Ty are reference tempera-
tures (Tx<Tg<Ty). On the other hand, eq 1 actually provides
the expression of the experimental enthalpy difference between
the thermal treatments with and without annealing at a tem-
perature set at 80 �C in this work.

Results

Microscopy and Dynamics of Pure Polymer and Nanocom-
posites. In this section, we summarize the results previously
obtained by us for all nanocomposites and pure PMMA40

with particular attention to the dispersion of silica nanopar-
ticles in PMMA and the effect of the nanoparticles on
PMMA segmental dynamics.

TEMmicrographs of all investigated PMMA/silica nano-
composites, presented in our previous paper,40 showed a very
good dispersion of the silica particles in the samples A10 and
V10. In the sample R10, the dispersion of silica particles is

Table 1. Summary of PMMAandPMMANanocomposites Characteristics: SilicaWeight Fraction, Particles Surface-Treatment, Silica Particles
Diameter, Interparticle Distance, PMMA Glass Transition Temperature, and Total Recovered Enthalpy

sample silica weight fraction, Wf (%) surface treatment particles diameter (nm) interparticle distance, l (nm) Tg (�C) ΔHplateau (J.g
-1)

PMMA 123.4 2.1
A10 8.9 TPM 350 1410 123.0 1.95
R10 8.9 OTMS 350 1410 122.5 1.9
V10 8.9 TPM 200 806 123.4 1.85

Figure 1. Thermal history for enthalpy relaxation measurements.
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not as homogeneous as in the other composite samples.
Nonetheless, it is important to notice that in the sample
R10 the silica particles are not aggregated, which means that
the ratio area of silica/volume of PMMA is not affected by
this uneven dispersion. These observations show that both
surface treatments of the silica particles (TPM and OTMS)
are effective in the prevention of particles aggregation, in
particular the surface treatment with TPM. Furthermore,
the TEM images of PMMA nanocomposites allow checking
that the average interparticle distance of silica in the different
samples corresponds to the expected one from geometrical
arguments, reported in Table 1.

The values of the Tg(s) recorded by means of DSC, at
10 �C 3min-1, on cooling, for pure PMMA and the three
investigated nanocomposites, are reported in Table 1. For all
the samples, the addition of silica does not affect the position of
the glass transition. This result is corroborated by recently
published results on the molecular dynamics of PMMA/silica
nanocomposites detected by BDS.40 These actually show that
PMMA glassy dynamics does not depend on the presence of
nanoparticles or on the surface-treatment of the particles, both
above and below theTg, in the case of the investigated samples.
These results are consistent with previously published literature
data also displaying no shift in the Tg of PMMA in PMMA/
silica nanocomposites (or PMMA thin films supported on
silica) with typical interparticle distances (or thicknesses) larger
than 100 nm.12,13,43-45 For PMMA/silica nanocomposite sys-
tems presenting interparticle distances;or thicknesses for
PMMA thin films supported on silica;smaller than 100 nm,
the glass transition behavior is still a matter of open debate:
while some authors report a significant increase of theTg,

12,13,43

others studies do not observe any shift in the Tg.
44,45

Enthalpy Recovery. In DSC experiments, the structural
recovery that occurs with increasing annealing times is

observed experimentally as the development of an endother-
mic overshoot in the DSC thermogram. Isothermal structur-
al recovery or physical aging results in larger overshoots and
lower “fictive temperature, Tf,”

46 as aging time increases.
Figure 2 shows the DSC heating scans after various aging
times for PMMAand for the nanocomposite samples, for the
aging temperature, Ta, of 80 �C (43 �C below the nominal
Tg). For ease of comparison, we plot the normalized heat
capacity, Cp, i.e. the heat capacity of the sample after the
removal of the contribution from silica and normalization to
the exact mass of PMMA in the sample. To do so, the
temperature dependence of silica heat capacity was calcu-
lated and deduced from the total heat capacity of the sample,
according to the silica weight fraction in the nanocompo-
site sample. As aging time increases, the magnitude of the
endothermic overshoot increases, as well as the temperature
of its maximum, Tp, as expected. A common feature of the
calorimetric plots of all investigated samples is the fact that
the endothermic overshoot shows up as a “pre-peak” fol-
lowed, at higher temperature, by a minimum in the specific
heat. This result is in agreementwith those found by others in
PMMA.47-51

However, the nanocomposite sample V10 shows smaller
and broader overshoots than the ones of the bulk polymer
for aging times ta>6 h. The interesting feature of Figure 2d
is that for the shortest aging times (2.7 and 6 h), the
nanocomposite sample scans exhibit significantly more im-
portant endothermic overshoots. The endothermic over-
shoot of the nanocomposite appears to develop for shorter
aging times than the neat polymer, and to reach a plateau in
the time scale of 414 h, whereas PMMA sample displays a
continuous increase of its endothermic overshoot. Similar
observations were made on the thermograms of the nano-
composite samples A10 and R10 (Figure 2, parts b and c),

Figure 2. DSC scans of the heat capacity versus temperatures for (a) PMMA, (b) A10, (c) R10, and (d) V10, after isothermal annealing at 80 �C for
various aging times.
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obtained after annealing: for the same aging time, the
magnitude of the overshoot of both samples was found to
be equivalent for the two samples, and to be intermediate
between that of PMMA and that of V10. Moreover, the
aging time required to reach the final structural state in the
case of the samples A10 and R10 appeared to be comprised
between the respective aging times needed for PMMA and
V10 samples. These qualitative observations are confirmed
by the calculation of the amount of relaxed enthalpy,ΔH(ta),
after aging at 80 �C for various aging times, through eq 1. In
Figure 3, where the so-calculated values ofΔH(ta) are plotted
versus aging time, one can observe that for short aging times
(ta e 6 h) the amount of relaxed enthalpy is larger for the
nanocomposite samples in comparison with bulk PMMA.
Then the values ofΔH(ta) for the nanocomposite samples get
slightly smaller than that of neat PMMA as the nanocom-
posite samples reach a final structural state, characterized by
a plateau appearing at shorter aging times than that required
by the bulk PMMA sample. This result will be discussed in
details in the Discussion.

The values of the total recovered enthalpy,ΔHplateau, calcu-
lated from the plots of the specific heat versus temperature, are
reported in Table 1. It is worth noticing that the value of
ΔHplateau is significantly smaller (accounting for about 20%)
than that obtained extrapolating the enthalpy from the liquid
state. This result is consistent with others presented in the
past.52-56 In this respect, it should be pointed out that a
realistic experimental estimation of ΔH(¥) is possible only in
a very narrow temperature interval below Tg, whereas alter-
native approaches on the basis of empirical procedures54,57 are
questionable. However, these findings could depend on the
failure of the excess of thermodynamic variables in approach-
ing the value extrapolated from the melt at long aging times.
This possibility has been recently proposed by Pyda and
Wunderlich,58 who;assessing the different contributions to
the specific heat of melt polyethylene;concluded that the
mere extrapolation of thermodynamic properties below theTg

underestimates the actual values of those properties. This
implies that the extrapolation of the melt behavior does not
provide the limit of the thermodynamic values observable in
the glass. In Figure 4, we schematically highlight the difference
between the enthalpy experimentally recovered and the

enthalpy obtained by merely extrapolating this variable from
the melt. Whatever the possible evolution of the enthalpy for
longer aging times;which is not the subject of our investiga-
tion;Figure 3 indicates that a plateau in the recovered
enthalpy is achieved in the time scale of our aging experiments.
As far as the enthalpy recovered by the nanocomposites is
concerned, it is generally slightly smaller than that recovered
by pure PMMA. This result will be discussed in details in the
Discussion.

In Figure 5, the experimental data concerning the enthalpy
relaxation of PMMA and the nanocomposite samples at the
aging temperature of 80 �C are reported as a function of the
aging time. The data are reported as normalized relaxation
isotherms, defined by the widely used function describing
enthalpy relaxation of glasses:59,60

φðtaÞ ¼ ΔHðtaÞ-ΔHplateau

ΔHð0Þ-ΔHplateau
ð2Þ

where ΔH(ta) was evaluated according to eq 1; ΔH(0), the
value of the enthalpy at zero aging time was taken equal to

Figure 3. Relaxed enthalpy versus log aging time, for PMMA, and its
nanocomposites. All values are normalized to the weight of PMMA.
The dotted ( 3 3 3 ) and dashed (- - -) lines correspond to the geometrical
construction applied to determine the time to reach the plateau,
respectively, for V10 and pure PMMA, as examples.

Figure 5. Structural relaxation function φ(t) for Ta = 80 �C, for all
investigated systems. Continuous lines correspond to the fits to the
TNM model.

Figure 4. Schematic illustration of the discrepancy between the theore-
tical equilibrium value of the recovered enthalpy, ΔH(¥)th,and the
experimental plateauvalue,ΔHplateau. The different fictive temperatures
Tf(¥)th andTf, plateau;corresponding respectively to thedifferent values
of recovered enthalpy ΔH(¥)th, and ΔHplateau;are also represented.
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zero;ΔHplateau, the asymptotic value of the recovered enthalpy
at the selected aging temperature Ta, was obtained through
eq1 for the largest aging times, atwhich the recovered enthalpy
reaches a plateau.

The so-defined relaxation function is an appropriate
mathematical tool to quantitatively study physical aging,
since it takes into account the thermodynamic driving forces
for aging. This is actually defined by the quantity ΔH(0) -
ΔHplateau. Thus, the relaxation function φ(t) allows a
nonambiguous definition of the physical aging rate for those
systems displaying different thermodynamic driving forces
or for the same system at different aging temperatures.

Theplotsdisplayed inFigure5;with thevalueofΔHplateau;
confirmthe fact thatbulkPMMAandPMMAnanocomposites
exhibit different physical aging behaviors. The significantly
acceleratedphysical agingof thenanocomposite sampleV10 in
comparison to the bulk sample is well illustrated in Figure 5
that clearly shows that V10 relaxation function reaches a
plateau at aging times shorter than the other samples. Here,
it is worth remarking that the rate of physical aging is defined
as the absolute time scale to reach the plateau in the relaxation
function, rather than defined as the slope of the relaxation
function vs time plots in some specific point. These results are
consistent with the acceleration of physical aging observed
when comparing the magnitude of endothermic overshoots in
PMMA and V10 thermograms obtained after different aging
times, in particular for the shortest aging times (see Figure 2).

For the other nanocomposite samples, A10 and R10, the
increase in the physical aging rate in comparison to the bulk
sample is also evident in Figure 5, even if less pronounced
than for the sample V10. Another interesting feature of
Figure 5 is the fact that R10 and A10 display the same
physical aging behavior, suggesting that the physical aging is
independent of the surface-treatment of the silica particles,
for the samples investigated in this work. Furthermore, it is
worth noticing that previous work on PMMA/silica
nanocomposites44 indicates that the interaction between
the silica surface and the polymer extends up to a couple of
nm from the interface silica/polymer. This means that;
considering that our samples present typical interparticle
distances of the order of 1 μm;the effect of silica/polymer
interaction on the physical aging phenomenon is expected to
be negligible (affecting less than 1% of the polymer), in the
investigated samples. As the studied samples differ only from
the area/volume ratio of silica in the polymer matrix, apart

fromA10 andR10which present the same area/volume ratio
of silica, it appears that the physical aging rates of PMMA in
the nanocomposite samples depend on this parameter, as has
already been pointed out in our previous work.40 The higher
is the area/volume ratio of silica in PMMA, the faster is the
physical aging of PMMA. Although this conclusion is
achieved only for two different area/volume ratios of silica,
it is important to remark that (i) the sample with the largest
ratio (V10) presents the largest rate of physical aging and (ii)
samples with identical ratios (A10 andR10) display identical
rates of physical aging. Furthermore, very recent results on
similar nanocomposite systems presenting a much wider
range of silica concentrations fully confirm the conclusion
of increasing rate of physical aging with increasing the area/
volume ratio of silica.61 In the latter case, area/volume ratios
corresponding to typical interparticle distances of the order
of 100 nmwere achieved. It was observed that this increase in
the area/volume ratio to reach interparticle distances of the
order of 100 nm led to a 2 orders ofmagnitude decrease in the
time to reach the plateau for these systems in comparison
with bulk PMMA.

It is interesting to notice that the relaxation curves of all
nanocomposites and pure PMMAcan be superimposed on a
master curve by mere horizontal shifting,62 as displayed in
Figure 6. This result suggests that the underlying molecular
mechanism for physical aging is not affected by the presence
of silica nanoparticles. Further analysis by the TNMmodel,
presented and discussed in details in the next section of the
paper, corroborates this hypothesis. As far as the present
discussion is concerned, the superposition of all relaxation
functions onto a master curve implies that the characteristic
time for physical aging can be expressed as

τPA ¼ τSR 3 fA=V ð3Þ
where τSR is the structural relaxation time, equivalent for all
the investigated samples and thus related to the intrinsic
molecular mobility; and fA/V is a factor that accounts for the
difference in the rate of physical aging among the samples.
Thus, fA/V accounts for the horizontal shift needed to super-
impose the relaxation functions of all nanocomposites and
pure PMMA (see Figure 6). Considering that the nanocom-
posites differ from pure PMMA for the area of silica to
volume of PMMA ratio, we speculate that fA/V accounts for
the contribution of such a ratio in determining the physical
aging rate.

To conclude this section, the following results can be
highlighted: (i) PMMA and PMMA/silica nanocomposites
display the same segmental glassy dynamics (ii) the nano-
composite samples exhibit accelerated physical aging in
comparison to bulk PMMA (iii) the rate of physical aging
seems to be closely related to the area/volume ratio of silica in
PMMA.

Models Development

TNM Model. To get further insight on the actual impor-
tance of the area/volume ratio of silica on the physical aging
of PMMA in the different samples, we have analyzed our
data in the light of the TNM model habitually used for the
characterization of the enthalpy relaxation behavior of
polymers. Since the physical aging behavior of PMMA
nanocomposites differs from that of pure PMMA, the
sensitivity of the model parameters to the presence of silica
particles in PMMA, and in particular to the changes in the
area/volume ratio of silica in the PMMA matrix, will be
examined.

Figure 6. Superposition of the relaxation functions of all nanocompo-
sites and pure PMMA, after shifting the time scale of the shift factor at.
The nanocomposites A10 and R10 are taken as the reference.
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The TNM model is based on some fundamental
assumptions42 intimately related to the peculiar nature of
the glassy state. To consider the nonexponential character of
relaxation in glass-forming systems, the stretched exponen-
tial function:

φðtÞ ¼ exp -
t

τPA

� �β
" #

ð4Þ

is used to describe the relaxation function (eq 2), where the
shape parameter β is assumed to be constant by invoking the
time-temperature superposition principle.62 Here, τPA re-
fers to the relaxation time associated with the physical aging
process (see eq 3). A second basic feature of the structural
relaxation of glasses is its nonlinear character attributable to
the out-of-equilibrium nature of the glassy state. During
aging, the structure of the system changes, providing a self-
retarding relaxation mechanism. Several expressions were
proposed to describe the nonlinear character of physical
aging. Phenomenological models of the glass transition such
as the TNM52,60,63,64 and Kovacs-Aklonis-Hutchinson
Ramos (KAHR)6models have been found to provide a good
description of enthalpy relaxation in a variety of glass
formers.6,9,65-72 In particular, the TNM model expresses
the dependence on the structure and the temperature of the
relaxation time as:

ln τPA ¼ ln ATNM þ xΔh

RT
þð1-xÞΔh

RTf
ð5Þ

where lnATNM is a constant,Δh/R is the apparent activation
energy in the temperature range of the experiment, and x is
the nonlinearity parameter which partitions the dependence
of τPA on temperature and structure, the latter of which is
quantified by the fictive temperature Tf.

6,52,42,60,64-66,73,74 Tf

is determined by Moynihan et al.’s method52 as the intersec-
tion of the extrapolated liquid and glass enthalpy lines
through the relation:

Z T>Tg

Tf

ðCpl -CpgÞ dT ¼
Z T>Tg

T<Tg

ðCp -CpgÞ dT ð6Þ

where Cpg and Cpl represent the values of the glassy and liquid
heat capacities, respectively.Tf actually provides the structural
parameter to the model. It is important to remark that a key
feature of this approach is that the parameters (ATNM, x,Δh, β)
are material specific parameters. Consequently, they are sup-
posed to describe all the possible experiments, independently of
the specific thermal history adopted.

According to the definition of the fictive temperature, it is
obtained that themaximumamount of enthalpy releasable at
a given temperature, Ta<Tg, may be approximately eval-
uated by the expression:42,52

ΔHðTa,¥Þ � ΔCpðTgÞðTg -Tf¥Þ ð7Þ
where Tf ¥ is the fictive temperature corresponding to the
maximum recovered enthalpy (see Figure 4). As discussed in
the previous section of the paper, this differs from the
annealing temperatureTa due to the inability of the enthalpy
to recover the value extrapolated from the melt.

In order to reduce the number of fitting parameters, the
apparent activation energy, Δh/R, was evaluated through a
shiftingprocedure,basedon the time-temperature superposition
principle, which usually provides a reasonable approximation of
Δh/R.70 To do so, the enthalpy recovery was measured after

annealing at various aging temperatures in a temperature
range around 80 �C. The results of these experiments are
displayed in Figure 7a for the nanocomposite V10, where the
typical enthalpy relaxationbehavior canbeobserved, namely a
speeding up of the enthalpy relaxation as aging temperature
increases. Figure 7b shows the result of shifting the enthalpy
data horizontally to the reference temperature of 77 �C in such
away that the data superimpose on awide range of times.Here
data coincide very well to a reduced curve on the experimental
time range. The logarithm of the shift factors, aT, used to shift
the enthalpy data are shown in the inset of Figure 7b, as a
function of the inverse of temperature. This plot confirms that
the time-temperature superposition principle can be applied
since the shift factors display an Arrhenius dependence to
temperature, from which the apparent activation energy for
enthalpy relaxation, Δh, can be estimated to be 213 kJ mol-1.
As will be shown later in the paper, this value of Δh, deter-
mined for the nanocomposite sample V10 for convenience,75

can be used to describe the enthalpy relaxation data according
to the TNM model for all investigated samples. One can
observe a difference in this value of Δh in comparison to that
published byHodge,66,76 reporting a significantly larger value.
Nevertheless, this discrepancy between the value of Δh deter-
mined in our work and that provided by Hodge66,76 for

Figure 7. (a) Evolution of the enthalpy relaxation function with aging
time, for various annealing temperatures, for the nanocomposite sample
V10. (b) Time-temperature superposition of enthalpy relaxation func-
tion versus time curves, for the nanocomposite sample V10, after
shifting the time-scale of the shift factor at; The inset to part b displays
the temperature dependence of the shift factors used to superimpose the
isothermal enthalpy relaxation functions.
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PMMA has to be discussed carefully. An important factor
which has to be highlighted in Hodge’s work66,76 is the fact
that the value of Δh was determined from the cooling rate
dependence of the fictive temperature in a temperature range
very close to Tg. In other words, this value of Δh corresponds
to the activation energy of the R relaxation. In our study, Δh
results from the shifting procedure of structural relaxation
data measured after annealing in a range of temperatures
significantly lower than Tg (77 �CeTae90 �C), in which the
physical aging process may be driven by a different molecular
mechanism. In this case, Δh is comprised between the respec-
tive activation energy values of PMMA R and β process. This
result is consistent with those found by other authors studying
physical aging of different glasses, including our previous
study by BDS.40,77-80

Thus, the fitting to the TNM model was performed by
optimizing the values of x, β, andATNM, after having imposed
the predetermined value of Δh. A mean square error mini-
mizationprocedurewas adopted.Theoptimizedparameters of
the TNMmodel are reported in Table 2. Only small variations
of β and x appeared, whereas significant differences of the ln
ATNM can be observed among the samples. In Figure 5, the fits
to the TNMmodel are displayed as continuous lines for each
set of data. As can be observed, the TNM model describes
rather well the enthalpy relaxation function for bulk PMMA
and PMMA nanocomposites. The fitting results obtained for
PMMA can be compared to those reported in the litera-
ture.66,76 On one hand, the correlation between β and x, and
the one between Δh and x are in agreement with the empirical
correlations proposed by Hodge.76 On the other hand, a
significant difference appears in the absolute values of these
parameters in comparison with those published by Hodge in a
previous paper:66 the values of β, x, and ATNM reported in his
work are by far lower than that resulting from the fit of our
data, which is not surprising considering that the imposed
values of Δh are significantly different in the two studies, as
previously commented.

Within the scope of the present study, more interesting is
the comparison of the values of the fitting parameters
obtained for bulk PMMA and PMMA/nanocomposites.
The structural parameters, β, x, and Δh of the TNM model
were found to be equal for all the studied samples. This
observation provides good evidence that the molecular
mechanism involved in the physical aging of PMMA is not
affected by the presence of silica particles in the polymer.
This result is in agreement with the invariance of the seg-
mental dynamics as probed by BDS and DSC.40

On the other hand, it is important to highlight that the
difference in the physical aging rate of PMMA in the
different samples is accounted for only by the variation of
the pre-exponential factors, ATNM. This result strongly
suggests that this pre-exponential factor is intimately related
to fA/V of eq 3, namely the parameter accounting for the area
of silica to volume of polymer ratio.

Diffusion Model. In previous sections, we have presented
experimental data on the dynamics and the physical aging of
PMMA/silicananocomposites andpurePMMA.Furthermore,

we have applied the TNM model to describe the enthalpy
relaxation data of all systems.Our results can be summarized
as follows: (i) PMMA molecular mobility is not affected by
the presence of silica nanoparticles; (ii) the equality of the
TNM structural parameters (apart from the pre-exponential
factor) for the different samples gives evidence that the
molecular mechanism responsible for the physical aging of
PMMA is the same in the bulk and in PMMA/silica nano-
composites; (iii) a correlation between the physical aging rate
and the area/volume ratio of silica in PMMA can be estab-
lished. These results are compatible with the hypothesis
that;in the investigated temperature range;physical aging
is driven by the diffusion of free volume holes and their
disappearance at a boundary surface20,21,37-40 (the interface
particles/polymer in the case of the nanocomposites; the inter-
face polymer/air in the case of bulkPMMA).The soundness of
the diffusion model has been already tested for the physical
aging results obtained on the same PMMA/silica nanocom-
posites by means of BDS, a somehow indirect method.40 Here
we recall the main ingredients of the diffusion model with
particular attention to its application to our enthalpy relaxa-
tion data. Within this framework, the diffusion of free volume
can be expressed by the second equation of Fick:

Dfv
Dt

¼ rðDrfvÞ ð8Þ

where fv is the free volume fraction and D is the diffusion
coefficient. Assuming a constant D for short aging times, at
which the self-retardation5 effect has not yet induced a sig-
nificant decrease ofD, eq 8 can be expanded and rearranged to
give an expression of the total number of free volume holes at
time t, N(t):

NðtÞ
Nð0Þ � 1-

2

π0:5

A

V
D0:5t0:5 ð9Þ

where N(t) equals the integral over the sample volume of the
free volume, A is the total surface where free volume holes
disappear,V is the total volume,D is the diffusion coefficient at
zero aging time, t is the aging time, and N(0) is the number of
holes at initial aging time.

The structural relaxation function φ(t) can be introduced
in eq 9, if we consider that the variation of the free volume
holes numberN(t) is proportionally linked to the variation of
the relaxation enthalpy at least for aging times close to zero:

φðtÞ � 1-
2

π0:5

A

V
D0:5t0:5 ð10Þ

It is interesting to notice that from amathematical point of
view, eq 10 is equivalent to the stretched exponential of
KWWmodel (see eq 4). In fact, if the stretched exponential is
expanded through a Taylor series around zero aging time, an
expression analogous to eq 10 is obtained, provided that the
stretched exponent equals 0.5.

The diffusion coefficient at the beginning of the aging
process can be calculated from the slope of the tangent to the
plots of φ(t) versus t0.5 at the shortest aging times, as
illustrated in Figure 8, provided that the area to volume
ratio,A/V, is known. Indeed, the differentiation of eq 10with
respect to the square root of the time at t = 0, gives:

DφðtÞ
Dt0:5

�����
t�0

� -
2

π0:5

A

V
D0:5 ð11Þ

whereA/V corresponds to the area to volume ratio of silica in
PMMA, in the case of PMMA/silica nanocomposites.

Table 2. Best Fit Parameters and Mean Square Error (MSE)
Obtained from the Fit of Enthalpy Relaxation Data to the TNM

Model, with Δh = 213 kJ mol-1

sample
area to volume
ratio A/V (nm-1) ATNM (s) β x MSE

PMMA 5.40 � 10-26 0.58 0.36 0.0043
A10 8.0� 10-4 3.03� 10-26 0.58 0.36 0.0092
R10 8.0� 10-4 3.28� 10-26 0.58 0.36 0.0095
V10 1.4� 10-3 5.81� 10-27 0.59 0.37 0.0038
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For pure PMMA, as described in a previous work,40 the
value of A/V arises from the presence of an internal length
that is assumed to be present to fit the physical aging results
to the diffusion model with a diffusion coefficient compar-
able to that of nanocomposites.

The so-obtained diffusion coefficients are given in Table 3,
together with the values obtained monitoring the physical
aging of the same systems by means of BDS at 80 �C. The
latter values differ from those presented in ref 40, since in that
case the dielectric strength of PMMA β process at infinite time
was taken as the extrapolation of themelt dielectric strength to
the selected aging temperature. This led to an underestimation
of the decrease of the related relaxation function during
physical aging. Thus, similarly to the relaxation function of
enthalpy recovery, the values of the diffusion coefficient from
BDS reported in Table 3 are calculated considering that the
total recovered dielectric strength is of about 20% of the one
extrapolated from the melt.

Discussion

The enthalpy relaxation study of PMMA and PMMA/silica
composites;as well as the previous BDS study;indicated
accelerated structural recovery of PMMA in presence of silica
particles, in comparison with bulk systems. This result appears to
be in contradiction with most of the studies of the physical aging
behavior of polymer nanocomposites, reporting a reduction or
even a suppression of physical aging in glassy polymers contain-
ing inorganic fillers. While the enthalpy relaxation of an epoxy-
clay nanocomposite was shown to be reduced by a factor of 4
with the incorporation of 10 wt % of clay compared to the neat
epoxy,14,19 the physical aging of PMMA12,13,81 and poly(2-vinyl-
pyridine)13,81 was found to be suppressed in the presence of silica
particles, reduced for PS containing the same silica particles13 and
reduced for PMMA containing single wall carbon nanotubes
(SWCNT).82 In the case of epoxy/clay nanocomposites19 as for
the case of PMMA/SWCNT nanocomposites,82 the reduction in
the enthalpy relaxation rate was rationalized assuming a layer with
reduced mobility at the organic-inorganic interface. In the study
of PMMA, PS, and PVAc containing silica particles,12,13,81 the
results were explained in the light of the strength of the interactions
existing between the inorganic particles and the respective poly-
mers, attractive particles leading to the suppression of the physical
aging, through a reduction of the polymer segmentalmobility near
or at the filler interface. The same explanation was also proposed
by Amanuel et al.15 studying the physical aging behavior of
poly(vinyl acetate) (PVAc)/silica nanocomposites displaying an
apparent reduced physical aging rate in comparison to the bulk. In
the framework of our study, a change in the polymer segmental

mobility can hardly been invoked to explain the accelerated aging
behavior of the composite materials relative to neat PMMA. The
absence of any shift in the calorimetric Tg associated with the
equality for all the samples of the structural parameters issued
from the modeling of the aging behavior to TNMmodel, provide
strong evidence of similar dynamics among the samples of neat
PMMA and PMMA/silica nanocomposites. Thus, the accelera-
tion of the physical aging rate of PMMA in presence of silica
particles does not seem to be linked to any change in the polymer
dynamics.

Our study pointed out that the physical aging rate is rather
related to the ratio of the area of silica to the volume of PMMA,
which is also linked to the interparticle distance of silica in
PMMA. It is therefore interesting to compare our results with
studies reporting on the physical aging behavior of polymer thin
films, considered as model systems for nanocomposites for which
the thickness of the film is related to the average interparticle
distance of nanoparticles in a polymer matrix81,83 and also with
the studies carried out on other confined systems like polymers in
nanopores.9 Most of these studies report a reduction or a
suppression of the physical aging when the confinement length
scale, i.e., the thickness of the polymer film, decreases.10,11,28

Generally, the reduction of the physical aging rate is deduced
from the reduction in the development of aging overshoot curves
while its suppression is deduced from the absence of overshoot
curves in calorimetric and volumetric studies of physical aging.28

This reduction in the development of the overshoot curves in
comparison with the bulk is also observed in our composites
samples and also in agreement with the experimental results of
Amanuel et al. for PVAc containing silica particles,15 those of
Nutt et al. for epoxy/clay nanocomposites,14 those of Brinson
et al. for PMMA/SWCNT,82 and finally those of Simon et al. for
OTP confined in nanopores,9 for which the magnitude of the
endothermic overshoot decreased with the increase of the ratio
area of fillers/volume of polymer in the case of nanocomposites
and with the decrease of the confinement length scale in the case
of OTP in nanopores. Nevertheless, one has to be careful in the
interpretation of such a reduction of the endothermic overshoot,
which may be misleading. Indeed, it is important to highlight
several points revealed by our study: (i) for the shortest aging
times (less than 6 h), the development of the endothermic over-
shoot is more important for the composite sample with the
highest ratio of area of silica/volume of PMMA; (ii) the compo-
site samples reach the plateau value of enthalpy recovery at
shorter aging times than neat PMMA; (iii) the total amount of
recovered enthalpy is smaller (∼10%) in the composite samples
(see Table 1). The direct comparison of the magnitude of the
endothermic overshoots among the different samples thus ap-
pears to be not so rigorous. This has been shown in our study by
the use of a relaxation function taking into account the total
amount of recovered enthalpy to quantify the physical aging
behavior: even if the direct comparison of the DSC curves
obtained after annealing shows an apparent reduction of the

Table 3. Diffusion Coefficient Values Obtained from Enthalpy
Relaxation (DSC) and from Dielectric Permittivity (BDS)

Measurements,40 Related to the Characteristics of the Samplesa

sample
area to volume
ratio A/V (nm-1)

diffusion coefficient,
D, at 80 �C (DSC)

(cm2 s-1)

diffusion coefficient,
D, at 80 �C (BDS)

(cm2 s-1)

PMMA 3.1� 10-4 b 5.16� 10-13 5.03� 10-13

A10 8.0� 10-4 5.83� 10-13 5.29� 10-13

R10 8.0� 10-4 5.12� 10-13 5.71� 10-13

V10 1.4� 10-3 4.43� 10-13 5.76� 10-13

aThe values from BDS measurements are recalculated employing a
corrected value of the dielectric strength of PMMA β process at infinite
time (see text). bThe A/V in bulk PMMA is determined assuming the
presence of an internal length scale. For details, see ref 40.

Figure 8. Enthalpy relaxation function φ(t) with the square root of the
aging time for the different samples. The continuous lines represent the
tangents to the curves at zero aging time.
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physical aging, the plots of the relaxation function bring strong
evidence of an acceleration of the physical aging in the composite
samples, in accordance with the appearance of endothermic
overshoots for very short aging times in these samples. In a
forthcoming publication, we will show that indeed the initial
value of the enthalpy could already correspond to a partially
relaxed structure of the polymer in the nanocomposite. This
provides an explanation to the relatively smaller value of the
recovered enthalpy in the nanocomposites in comparison to pure
PMMA (reported in Table 1). Therefore, the suppression of
physical aging reported in some studies for the shortest con-
finement length scales in the case of thin films,11,28 or for the
shortest interparticle distances for the polymer nanocomposite
systems,12,13,81 may only be apparent, and in fact may be the
result of a very important acceleration of the aging process,
making it difficult to be detected in the studied temperature range
and time scale, because aging already occurred before the begin-
ning of the measurement. In particular, this would explain the
recent results byRowe et al.84 who,measuring the permeability in
several ultrathin glassy polymer films (less than 50 nm), showed a
slower time evolution of the permeability for the thinnest films,
also displaying a significantly smaller initial value of the perme-
ability than the “bulk”. Indeed, this lower initial value of the
permeability for the thinnest films with respect to the bulk
suggests that this value does not correspond to the unaged state
of the polymer (at ta=0), but rather corresponds to a state at
which the physical aging has already produced a decrease in the
permeability through the induced densification of the polymer.
This occurrence has been schematically sketched in our previous
work.40 This hypothesis is also in agreement with several studies
reporting on the acceleration of physical aging in polymer films
with thickness in themicrometer scale,with thedecrease of the films
thickness down to several hundreds nanometers.8,20,21,24,26,36,37,84

In these cases, as in our study, the acceleration of the physical aging
is limited enough to be detected by the used measurement techni-
ques in the studied temperature ranges and time scales. Moreover,
the physical aging of these systems has also been successfully
described hypothesizing the diffusion of free volume holes toward
the external surface.20,21,37-39,77

In the case of the present study, as well as in other PMMA/
silica systems, an alternative explanation for the reduced recov-
ered enthalpy or, in the case of the works presented in the
literature the suppression of physical aging, would be that of
strong hydrogen bonding between PMMA and silica.10,12 How-
ever, in our view this explanation fails to explain the invariance of
PMMA segmental dynamics after the introduction of silica
nanoparticle found in our nanocomposites samples.40 Further-
more, as previously discussed, a reduction of the “apparent” rate
of physical aging has also been observed by Rowe et al.84 in free-
standing polymer films where no interfacial interaction can be
invoked to explain such a reduction.

Summary and Conclusions

The effects of the presence of silica particles on the glass
transition of PMMAand its structural recoverywere investigated
by DSC.Measurements of the enthalpy recovery were made as a
function of aging time at the aging temperature of 80 �C. The
comparison of the endothermic overshoot obtained for PMMA
and for its composites showed that (i) at very short aging times,
the endothermic overshoot is significantly larger for the nano-
composites; (ii) at very long aging times, the endothermic over-
shoot is reduced but broader for the nanocomposites relative to
neat PMMA; and (iii) the composite samples reach the plateau
value at shorter aging times than neat PMMA.These results show
that the aging kinetics of PMMA is affected by the presence
of silica particles, despite the lack of effect of the particles on

the glass transition temperature and in general the segmental
dynamics.

The comparison of the physical aging rate of PMMA and
PMMA/silica composites was carried out by means of a relaxa-
tion function, in order to take into account the different total
amounts of recovered enthalpy among the different samples. The
use of this relaxation function brought strong evidence of an
acceleration of the physical aging of PMMA in presence of silica
particles. Moreover, it was also found that the higher the ratio
area of silica/volume of PMMA in the composites, the faster the
physical aging of PMMA in the sample, whereas the shape of the
relaxation functions remains unaltered.

The results were then successfully described by means of the
TNM phenomenological model, widely accepted to describe the
structural relaxation of glasses. The fitting to TNM model gave
rise to equal structural parameters (β, x, Δh) for all the samples.
These results indicate that the molecular mechanism for physical
aging in PMMA is not affected by the presence of silica particles.
The only different fitting parameter accounting for the difference
in physical aging rates among the samples was found to be the
pre-exponential factor, dependent on the area/volume ratio of
silica in the polymer. These findings well agree with recent results
obtained on the same nanocomposites monitoring the physical
aging by means of BDS. This observation can be rationalized
considering that the physical aging process is driven by the
diffusion of free volume holes toward polymer interfaces. This
hypothesis was verified by the successful calculation of physically
meaningful diffusion coefficients of free volume holes in PMMA
and its nanocomposites, according to a model of diffusion of free
volume holes.
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