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ABSTRACT: The aim of this work is to study the merging of the main R and the secondary â relaxations
in poly(butyl acrylate)-i-poly(methyl methacrylate) sequential interpenetrating networks in comparison
to net-poly(butyl acrylate)-co-poly(methyl methacrylate) random copolymer networks. In both cases 10%
of ethylene glycol dimethacrylate was used as cross-linking agent. The cross-linking density of these
networks is high enough to force a certain degree of compatibility of the IPNs, as shown by dynamic-
mechanical analysis and thermally stimulated depolarization currents, TSDC. Dielectric relaxation
spectroscopy was used to characterize the relaxation behavior in the frequency domain. The strength of
the R dielectric relaxation in poly(methyl methacrylate) network is small and the merging with the â
relaxation is not apparent in the experimental frequency range. On the contrary, in poly(butyl acrylate)
networks it is the strength of the secondary relaxation which is small compared to that of the R relaxation
and the relaxation spectrum has the characteristics of the latter in the whole experimental temperature
interval. In the copolymer networks, the introduction of butyl acrylate segments in the polymer chains
shifts the R process toward lower temperatures with respect to poly(methyl methacrylate) and increases
the relaxation strength of the R relaxation. The crossover region is shown in copolymers with methyl
methacrylate content ranging between 20 and 60 wt %. Nevertheless, in the IPNs with similar compositions
the relaxation spectrum shows the characteristics of a secondary relaxation. This behavior is ascribed to
the fact that the glass transition of the IPN is dispersed in an extremely broad temperature range, so its
relaxation strength at each temperature is quite small, being not significant in comparison to that of the
â relaxation.

Introduction

The molecular mobility of poly(alkyl methacrylate)s
has been extensively studied using dielectric relaxation
spectroscopy. Already in 1966 G. Williams1 stated that
the main R relaxation and the secondary â relaxation
merge, at temperatures above the glass transition
temperature Tg, in a new Râ relaxation process which
has characteristics different from both R and â relax-
ation; i.e., it is not a mere superposition of both
processes. The crossover region is the frequency-
temperature region in which the relaxation times of the
R and â processes approach each other. An extensive
analysis of the knowledge and different points of view
on the way of evaluating the contribution of each
component to the overall relaxation process can be found
in refs 2 to 8. The merging of the main and the
secondary dielectric relaxations could be a general
phenomenon in amorphous polymers as has been proved
using broadband dielectric spectroscopy.9,10

The permanent dipolar moment that resides in poly-
(alkyl methacrylate)s and poly(alkyl acrylate)s in the
carboxyl group of the side chain can be reoriented under
the presence of an electric field by the cooperative
conformational rearrangements of the segments of the
polymer chains, but even when these motions are not
possible, some reorientation can be also achieved by
rotation of the side chain with respect to its bond with
the main chain. This fact produces that the main R
relaxation and the â relaxation in these polymers are

not independent from each other. It has been shown that
as the length of the side chain increases the strength
of the main relaxation, ∆εR, increases while that of the
secondary relaxation, ∆εâ, decreases.1-4,10-15 In the
crossover region, when the temperature decreases the
first motions that are frozen are the cooperative con-
formational rearrangements responsible for the R re-
laxation. The dielectric activity at temperatures below
the glass transition depends on the ability to reorient
the side chains in the glassy state, the â relaxation has
to do with the loss of this residual mobility on further
decreasing temperature. Thus, the strength of the â
relaxation in atactic polymers with bulky side groups
is small because nearly all the ability to reorient the
permanent dipole is lost in the R relaxation, when going
through the glass transition. The relationship between
∆εR and ∆εâ is further proved by its dependence on the
pressure applied to the sample above Tg.1,2 When
increasing pressure ∆εâ decreases while ∆εR increases
keeping ∆ε ) ∆εR + ∆εâ constant. Depending on the
existence of other permanent dipolar moments in the
side chains, some polymers of these series can present
low-temperature secondary relaxations called γ, δ, etc.
in decreasing order of temperature.

At temperatures below the calorimetric glass transi-
tion the R relaxation would appear at extremely low
frequencies and consequently the behavior of the â
relaxation can be characterized with no influence of the
cooperative conformational rearrangements of the main
chains. In this temperature range, that we will call
hereafter the c regime,4 the â relaxation appears nearly
at the same temperature and with the same apparent
activation energy in the series of poly(alkyl methacryl-
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ate)s.1-4,10-15 There is a temperature interval in which
the R and â relaxations overlap, the b regime. The
characteristics of each relaxation process in this zone
are difficult to know with enough accuracy, since the
separation of the contributions of the R and â compo-
nents is still controversial.2,4-8,16,17 Anyway, it seems to
be accepted that the R relaxation presents the charac-
teristics of a cooperative motion: the curvature of the
Arrhenius diagram follows the Vogel-Fulcher-Tam-
mann-Hesse, VFTH, equation,18-20 while the â relax-
ation still shows a temperature independent apparent
activation energy although higher than in the c regime.
At higher temperatures the R and â relaxations merge
in the Râ process with an Arrhenius behavior, with
higher apparent activation energy than the â relaxation
in regime b but with a relaxation strength that de-
creases with increasing temperature.1-7,21 Figure 1
shows a scheme of the Arrhenius diagram of a poly(alkyl
methacrylate).

The cooperative character of R, â, and Râ relaxations
in the different temperature regions can be analyzed
studying the influence of the presence of a second
component (in the form of a copolymer, a polymer blend
or an interpenetrated polymer network) on the mobility
of the polymer chain segments. Random copolymers of
different alkyl methacrylates showed the same features
as the poly(alkyl methacrylate) series with properties
corresponding to a number of methyl units in the side
chain intermediate between that of the components
according to the copolymer composition.3 Kahle et al.6
studied the dielectric relaxation spectrum of poly(n-
butyl methacrylate-stat-styrene) copolymers and found
a continuous shift of the onset temperature and fre-
quency of the R relaxation varying the styrene content
of the copolymer. Zhang et al.22 reported a clear shift of
the R relaxation of PEMA toward high temperatures
when blending with poly(4-vinylphenol) with little
change in the â relaxation but a significant increase of
the apparent activation energy of the Râ relaxation as
the content of PEMA in the blend decreased.

The merging region in poly(butyl acrylate)-i-poly-
(butyl methacrylate), PBA-i-PBMA, or poly(ethyl acryl-
ate)-i-poly(ethyl methacrylate), PEA-i-PEMA sequential
interpenetrated polymer networks was studied in refs
16, 17, and 21. Polyacrylate-polymethacrylate pairs are
immiscible except for very low molecular weight poly-
mers,23 but single phase interpenetrated polymer net-
works with the same components in the network form
can be obtained if the cross-linking density is high
enough.16,17,21,24,25 The compatibilized IPNs present an
extremely broad glass transition. Thus, a poly(methyl
acrylate)-i-poly(methyl methacrylate) IPN cross-linked

with 10% EGDMA shows a single glass transition in
DSC covering a temperature interval of around 100
deg.25

The aim of this work is to compare the merging of
the R and â relaxations in poly(butyl acrylate)-i-poly-
(methyl methacrylate) highly cross-linked interpen-
etrated polymer networks with that of poly(butyl acryl-
ate)-stat-poly(methyl methacrylate) random copolymer
networks with the same cross-linking density.

Experimental Section
Sequential interpenetrated polymeric networks (IPN) were

prepared by bulk copolymerization using benzoine as photo-
initiator (0.2%) and ethylene glycol dimethacrylate, EDGMA,
as cross-linker (10%) for both networks. The poly(butyl acryl-
ate) network was polymerized first to form a 0.4 mm thick
sheet. Afterward, this network was immersed and swollen in
a solution of methyl methacrylate, MMA, in ethanol conta-
nining benzoine (0.2 wt % with respect to MMA) and EGDMA
(10% with respect to MMA) and allowed to swell to equilibrium
(24 h). By variation of the weight ratio MMA/ethanol, IPNs of
different composition were obtained. The polymerization of the
second (net-PMMA) network took place then under UV light.
The sheets thus obtained were boiled in ethanol to extract
residual monomer and other low-molecular weight substances,
and dried in vacuo, at a temperature above the expected Tg of
the sample, to constant weight.

The series of IPNs obtained covered only a limited composi-
tion interval. The net-PBA content in the IPN ranged from 40
to 60 wt %. The limit compositions were obtained when the
MMA/ethanol ratios in the solution employed to form the
second network were 0.9 and 0.5, respectively. Lower concen-
trations of ethanol in the solution caused internal tensions in
the swollen sample, causing its break. Concentrations of
ethanol higher than 50% in the swelling solution lead to a
nonhomogeneous sample.

Copolymer networks were prepared also by bulk copoly-
merization, using 0.2% of benzoine as initiator and 10% of
EGDMA as cross-linking agent. The weight ratios butyl
acrylate/methyl methacrylate were 0.2, 0.4, 0.6, and 0.8.
Polymerization took place under UV light for 24 h, and then
the samples were boiled in ethanol and dried in vacuo to
constant weight.

Also networks of the pure components were synthesized,
with the same content of photoinitiator and cross-linker.

Sequential IPNs will be designated as IPNXX, XX being the
weight percentage of net-PBA in the IPN. Copolymer networks
will be designated as COPZZ, ZZ being the weight percent of
butyl acrylate units in the copolymer.

Dielectric relaxation spectroscopy (DRS) was performed in
a Schlumberger frequency response analyzer FRA SI1 260
with a range of 10-2-106 Hz. The sample was clamped between
two gold electrodes in a dielectric cell, which was introduced
inside a cryostatic Novocontrol system. The experimental
temperature interval covered from -60 to +200 °C. The
samples were measured between 0.1 and 106 Hz typically every
10 deg in the appropriate temperature range for each sample.

Dynamic-mechanical analysis, DMA, was carried out in a
Seiko DMS210 instrument at 1 Hz.

For thermally stimulated depolarization currents (TSDC),
a dielectric technique in the temperature domain,26 the No-
vocontrol TSDC cell and the cryostatic system were used. The
sample was clamped between two golden electrodes. The
depolarization current was measured by means of a Keithley
617 electrometer as a function of temperature in the range
from about -100 to about +150 °C.

Results

As a representative plot of the dynamic-mechanical
results, Figure 2a shows the temperature dependence
of the loss tangent of the homopolymer and copolymer
networks. The net-PMMA clearly shows the â and R

Figure 1. Scheme of an Arrhenius diagram showing the
merging of the R and â relaxations of a poly(alkyl methacryl-
ate).
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relaxations. The secondary relaxation appears as a
broad peak with a maximum at 40 °C. The maximum
of tan δ corresponding to the R relaxation (we will call
TRDMA the temperature of the maximum of the loss
tangent measured at 1 Hz) appears at 163 °C. The net-
PBA presents only the R relaxation in the temperature
interval of our experiments, with a maximum of the loss
tangent at TRDMA,PBA ) -11 °C.

The copolymer networks show the R relaxation at a
temperature TRDMA that monotonically increases as the
MMA contents of the copolymer increases, in a manner
similar to the expected dependence of the glass transi-
tion temperature on composition for a random copoly-
mer.

The â relaxation, due to the motion of the side chains,
only appears as a shoulder in those copolymers with a
high content of MMA units (COP 20 and COP40).

The IPNs present an extremely broad relaxation peak
that is probably the consequence of the overlapping of
several relaxation processes (Figure 2b). A shoulder in
the low-temperature side of the relaxation peak seems
to correspond to the secondary relaxation but the shape
of the high-temperature side also shows the superposi-
tion of more than one relaxation process. Nevertheless,
there is no sign of relaxation in the temperature
intervals in which the R relaxation of the pure compo-
nent networks takes place.

The imaginary component of the dielectric permittiv-
ity measured at constant temperature in the frequency
domain showed a single peak for all the networks and
in the whole temperature interval (Figure 3 shows two
representative examples corresponding to the PBA
network and the IPN coantaining 42% of BA units). The
Havriliak-Negami27 function was used to fit the ex-
perimental results,

where ∆ε is the relaxation strength, ε∞ is the limit to
high frequencies of the real component of the complex
permittivity, ε*, ω is the angular frequency, τ0 plays the
role of a time constant, and a and b are shape param-
eters.

Figure 2. (a) Temperature dependence of the mechanical loss
tangent of the homopolymer and copolymer networks: (9) net-
PMMA, (0) COP20, (2) COP40, (4) COP 60, (b) COP80, and
(O) net-PBA. (b) Loss tangent of the sequential IPNs: (9) net-
PMMA, (0) IPN42, (2) IPN50, (b) IPN59, and (O) net-PBA.

Figure 3. Representative isotherms of the imaginary part of
the complex dielectric permittivity: (a) measured in net-PBA
at (4) -35, (]) -30, (9) -25, (2) -20, (0) -15, (O) -10, and
(b) 0 °C; (b) measured in IPN42 at (0) 20, (4) 40, (b) 50, and
(]) 60 °C. The solid lines correspond to the Havriliak-Negami
equation.

ε*(ω) - ε∞ ) ∆ε

(1 + (iωτ0)
1-a)b

(2)
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In the case of PBA network, the secondary relaxation
is far enough from the main relaxation. Figure 3a shows
that the shape of the ε′′ isotherms does not change with
temperature, what is indicative of a thermorheollogicaly
simple behavior of the pure R relaxation in this polymer.
To further clarify this point a reduced master Cole-
Cole arc was built, as shown in Figure 4a, in which ε′′/
∆ε is represented against (ε′- ε∞ )/∆ε . For each tem-
perature it was possible to find a value of the relaxation
strength that makes the corresponding Cole-Cole arc
to superpose on the master curve. Clearly the shape of
the relaxation and consequently the values of the
parameters a ) 0.63 and b ) 0.54 of the HN equation
are temperature independent. Interestingly enough, the
relaxation strength was temperature independent as
well, with a value of ∆ε ) 2.7.

The same procedure was followed with copolymer
containing 80% of PBA, COP80. The normalized Cole-
Cole arc (results not shown) is a master curve and the
values of the parameters a ) 0.7 and b ) 0.55 are
temperature independent. Now the relaxation strength
increases with temperature (Figure 5).

The same procedure conducted on the results of the
rest of networks did not yield a master curve (as an
example Figure 4c shows the reduced Cole-Cole arcs
for COP60). The values of the a parameter decreased

with temperature (the parameter a changed from 0.6
to 0.45 between 10 and 120 °C in net-PMMA, from 0.62
to 0.57 between 20 and 90 °C in COP20, from 0.71 to
0.66 between 10 and 100 °C in COP40 and from 0.75 to
0.69 between 10 and 60 °C in COP60), while b is nearly
constant in all the networks. The result in the case of
PMMA is not surprising, since the shape of the second-
ary relaxation must not be temperature independent,
and the same may happen in the copolymers containing
40% or more PMMA. In these cases the relaxation
strength was determined from the HN fit to each
individual isotherm. The fact that the HN curve does
not fit exactly the experimental isotherm in the high-
frequency tail of the relaxation means that the value
∆ε obtained in the fitting procedure could be slightly
underestimated, nevertheless any other method of
extrapolation in the Cole-Cole diagram based only on
the shape of the curve at high frequencies would need
new assumptions which would be difficult to justify.

To complete the description of the set of DRS results
the temperature dependence of the frequency of the
characteristic maximum in ε′′ is represented in the
Arrhenius plot of Figure 6.

Dielectric relaxation was investigated by an ad-
ditional dielectric technique, namely TSDC. This tech-
nique consists of measuring the stored dielectric polar-
ization and it corresponds to measuring dielectric losses
against temperature at constant equivalent frequencies
in the range 10-2-10-4 Hz. The technique is character-
ized by high sensitivity and high resolving power26 and
it has already been used to investigate the relaxational
behavior of methacrylates28 and miscibility in polymer
blends.29

Figure 7 shows TSDC thermograms for the ho-
mopolymer and the copolymer networks in the temper-
ature region of interest. Similar to DMA, two relaxations
are observed in net-PMMA, the R relaxation at about
140 °C and the broad â relaxation at about -40 °C,
whereas only one relaxation, the R relaxation, is ob-
served at about -40 °C in the net-PBA. The copolymers
show also two relaxations: a broad R relaxation sys-
tematically shifting to higher temperatures with de-

Figure 4. Reduced Cole-Cole diagrams for the polymer and
copolymer networks. (a) net-PBA: (0) -30, (9) -25, (b) -20,
(4) -15, (O) -10, (]) -5, and (2) 0 °C. (b) COP60: (]) 10, (O)
20, (2) 30, (4) 40, (0) 50, and (b) 60 °C.

Figure 5. Dependence of the relaxation strength on temper-
ature of the different networks and IPNs: (9) net-PMMA, (0)
COP20, ([) COP40, (4) COP 60, (b) COP80, (O) net-PBA, (])
IPN42, and (2) IPN50.

Macromolecules, Vol. 37, No. 17, 2004 Relaxation Spectrum of Polymer Networks 6475



creasing PBA content and a weaker relaxation in the
temperature region of the â relaxation of net-PMMA,
which for COP80 and COP60 becomes a shoulder on the
low-temperature side of the R relaxation. The magnitude
of R peak is a measure of the strength of the corre-

sponding relaxation. However, conductivity may con-
tribute to the R peak, depending on the polarization
conditions, and affect both temperature position and
magnitude of the peak. Special TSDC techniques can
then be employed to isolate dipolar from conductivity
contributions,30 this point being not further followed
here.

The TSDC thermograms for two IPNs, IPN42 and
IPN59, are also shown in Figure 7. Similar to the
copolymers, two peaks are observed in the IPN ther-
mograms. The one at higher temperatures is shifted
toward the PMMA R peak, with respect to the corre-
sponding copolymer peak, whereas that at lower tem-
peratures looks more similar to the PBA R peak than
the PMMA â peak, both effects being more clear for
IPN59 than for IPN42.

Discussion

The main difference between the R relaxation process
observed in the highly cross-linked net-PBA and that
of chain polymers is the independence of the relaxation
strength from temperature, at least in the temperature
interval in which confident data of ∆ε can be obtained
(between -30 and 0 °C). Probably at higher tempera-
tures ∆ε starts decreasing, since the low-frequency limit
of ε′ is in this network a slightly decreasing function of
temperature above 0 °C as happens in chain polymers.
Nevertheless, it is not possible to obtain reliable ex-
trapolations of ε∞ at so high temperatures, even using
the criterium of superposing the isotherm on the master
reduced Cole-Cole arc of Figure 4. In a series of poly-
(methyl acrylate) networks31 with varying cross-linking
densities, a similar feature was found. The relaxation
strength of the main dielectric relaxation decreased with
increasing temperature in loosely cross-linked networks
but the networks prepared with high amounts of cross-
linking agent showed much smaller changes of ∆ε(T)
which present a clear maximum. This behavior was
attributed to the increase of the influence of the second-
ary relaxation with respect to R relaxation as cross-
linking density increases. The case of the PBA networks
of this work is different, since there is no sign of the
secondary relaxation of this network in the temperature
window of the experiments. It was shown15 that the
strength of the â relaxation of the polymers of the series
of poly(n-alkyl acrylate)s decreases with increasing the
length of the side chain and in PBA it is difficult to
detect.

Other characteristics of the main dielectric relaxation
in this network are those of the cooperative conforma-
tional motions of the polymer chain segments. The
position of the maxima of ε′′ in the frequency axis shows
the VFTH behavior (Figure 6). The R relaxation is
asymmetric, the shape of the distribution of relaxation
times being independent of temperature as shown by
the constancy of the parameters a and b of the HN
equation and the master Cole-Cole arc shown in Figure
4a.

On the contrary, the relaxation observed in net-
PMMA presents the characteristics of the secondary â
relaxation. The apparent activation energy calculated
from the plot of Figure 5 is 72 kJ/mol. The relaxation
strength slightly increases with increasing temperature.
The strength of the R relaxation is small, compared to
that of â relaxation, and it has not been possible to
identify clearly the temperature interval in which the
merging of the R and â relaxation takes place and to

Figure 6. Arrhenius diagram showing the position of the
relaxation peaks in the frequency axis at different tempera-
tures: (a) (9) net-PMMA, (0) COP20, ([) COP40, (4) COP 60,
(b) COP80, and (O) net-PBA; (b) (9) net-PMMA, (]) IPN42,
(2) IPN50, (×) IPN59, and (O) net-PBA. The lines in this plots
correspond to the Arrhenius behavior in the case of secondary
relaxations and to the VFTH equation in the case of pure R
relaxations.

Figure 7. TSDC thermograms obtained with the homopoly-
mer and copolymer networks and two IPNs indicated on the
plot: (9) net-PMMA, (0) COP20, ([) COP40, (4) COP 60, (b)
COP80, (O) net-PBA, (]) IPN42, and (2) IPN59. Only one
datum point per degree has been represented for clarity.

6476 Espadero Berzosa et al. Macromolecules, Vol. 37, No. 17, 2004



determine the individual behavior of the R relaxation
in this region as was made in other methacrylate
polymers or networks. It has not been possible to build
a master curve in this case (Figure 4d). Even in the
reduced scales of this plot the shape of the relaxation
changes with temperature as characterized by the
decrease of the parameter a with temperature; i.e., the
distribution of relaxation times becomes narrower with
increasing temperature. However, the parameter b
seems to be independent of temperature.

The presence of methyl methacrylate units in the
copolymer networks shifts the glass transition toward
high temperatures with respect to net-PBA, the same
behavior is shown by DRS, TSDC, and dynamic-me-
chanical R relaxations. In the dielectric spectrum the
increase of the number of MMA units also produces
monotonic changes in the strength of the â and R
relaxations that makes that COP80 and COP60 show
the VFTH behavior in the diagram of Figure 6a,
whereas COP40 and COP20 show an Arrhenius behav-
ior. The parameters A, B, and T0 of the VFTH equation

for net-PBA, COP80, and COP60 and the apparent
activation energies of net-PMMA, COP20, and COP40
are shown in Table 1.

TSDC and DMA provide similar results, a single R
relaxation is clearly shown in all the copolymers by both
techniques, shifting systematically with composition
from that of net-PBA to that of net-PMMA. Figure 8
shows the position of the maximum obtained by both
techniques as a function of the copolymer composition.
The lines correspond to the Fox equation

wPBA and wPMMA being the weight fractions of BA and
MMA in the copolymer, respectively, and TR the tem-
perature of the maximum corresponding to the main
relaxation. The systematic shift of the DMA data to
higher temperatures is simply explained by the higher
frequency of measurements, 1 Hz against about 10-3

Hz in TSDC. It is interesting to note that the R
relaxation appears clearly in TSDC in PMMA and the
copolymers rich in this component while in DRS the â
relaxation is predominant on the R. The same behavior
was found in PMMA chain polymer26 and may be due

to the contribution of space charge motions in the
temperature region of the R relaxation in TSDC and the
particular thermal and polarization history by this
technique. TSDC measurements with thin insulating
foils between the sample and the electrodes to eliminate
space charge effects may help in future to further clarify
this point.

The influence of the cooperative main relaxation in
the DRS relaxation spectrum increases as the fraction
of acrylate monomeric units does, as shown by the
increase of the relaxation strength. The shape of the
isochronous representation of ε′′, allows to detect in
COP20 and COP40 a double peak whose high-temper-
ature component corresponds to the R relaxation (Figure
9). The analysis of the isothermal curves using the
Havriliak-Negami equation did not allow to separate
two independent contributions to the overall relaxation
process. A single Havriliak-Negami curve could repro-

Table 1. Apparent Activation Energies of the Secondary
Relaxation and Parameters of the VFTH Equation for

the r Relaxationa

EA
(kJ/mol) A B (K) T0 (K) TR (°C) a b

net-PBA 17.55 1685 145 -10 0.63 0.54
COP80 14.87 1374 168 20 0.7 0.55
COP60 16.39 2341 133 50 0.74 0.54
COP40 77 90 0.69 0.55
COP20 75 117 0.57 0.47
net-PMMA 79 165 0.45b 0.45
IPN42 86 125 0.57 0.46
IPN50 85 125 0.57 0.49
IPN60 79

a The shape parameters of the HN equation at a temperature
20 deg below TR are also listed. b Value determined at 120°C, the
highest temperature at which the HN fit could be conducted in
net-PMMA.

Figure 8. DMA and TSDC peak temperatures TR for the R
relaxation vs weight fraction of PBA in the copolymers, TRDMA
(]) and TRTSDC (0), and the IPNs, TRTSDC (9). For the IPNs,
both peak temperatures are shown. The lines are best fits of
the Fox equation to the copolymer data (full line corresponds
to TSDC data and the dotted line to DMA).

Figure 9. Temperature dependence of the imaginary part of
ε′′ measured at 50 Hz in the polymer and copolymer networks.
Symbols are as in Figure 6.

log fmax ) A - B
T - T0

(3)

1
TR

)
wBA

TRBA
+

wMMA

TRMMA
(4)
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duce the experimental data in the whole temperature
range.

The temperature dependence of the relaxation strength
in the copolymers is significantly different from that of
the pure net-PMMA and net-PBA. In the former, the
slight increase of ∆ε is characteristic of a pure â
relaxation, region c in the scheme of Figure 1. On the
contrary, the rapid increase of ∆ε with increasing
temperature that the copolymers show should cor-
respond to region b in which the R and â relaxations
merge. Unfortunately, it has not been possible to
characterize the curve ∆ε(T) at higher temperatures
that should correspond to the a region or Râ relaxation.
The shape of the relaxation also reveals some charac-
teristic features in the copolymer networks. The value
of the parameter b is independent of temperature in all
the copolymers but, except in the case of COP80, the
parameter a decreases with temperature the more
rapidly the higher is the content of MMA in the
copolymer. The values of the HN parameters a and b,
corresponding to a temperature 20 degrees below TRDMA,
as a function of the copolymer composition have been
included in Table 1. It is noteworthy the fact that the
value of a varies monotonically with the composition and
is greater in the copolymers than in the pure networks
showing that the relaxation is broader in the copoly-
mers. This can be due to the fact that the relaxation
shown in the copolymers is the superposition of the R
and â processes. The presence of compositional hetero-
geneities along the chain, that may appear as a conse-
quence of a different reactivity of both monomers, could
produce the same effect, nevertheless no broadening of
the R peak is observerd in the loss tangent DMA plot
except for the superposition of the â relaxation (Figure
2a).

The shift of the secondary relaxation of PMMA toward
lower temperatures with the inclusion of monomeric
acrylate units in the chain was already reported in
random copolymers of poly(methyl acrylate) and poly-
(methyl methacrylate) in the 1960s,12 and it is due to
the role played by the methyl groups bonded to the main
chain in the hindrance of the rotation of the carboxyl
side group that produces the secondary relaxation. This
explains the shift of the â relaxation in the series net-
PMMA-COP20-COP40 as seen in the DRS results.
The TSDC results confirm this feature, although only
in PMMA and COP20 the position of the â relaxation
can be accurately determined (Figure 7).

The IPNs present a broad dynamic-mechanical re-
laxation region that can be the result of the overlapping
of different relaxation processes corresponding to re-
gions rich in net-PBA with others rich in net-PMMA.
Nevertheless, it is clear that there is no relaxation
process appearing in the same temperature interval as
in the pure networks, which means that due to the high
cross-linking density of the networks no region of pure
components exists in the IPN with a size larger than
the length of cooperativity (a few nanometers32-34). This
means that the local composition can be significantly
different than the average and consequently there is
also a broad dispersion of local glass transition temper-
atures or local R relaxations along the sample. A similar
behavior was shown in similar highly cross-linked
sequential IPNs.16,17,21,24,25

The TSDC results also suggest that the IPNs could
be phase separated systems with a phase rich in PMMA
and a second one rich in PBA. This is indicated on one

hand by the shift of the high-temperature TSDC peak
toward the PMMA R peak, with respect to that corre-
sponding to a copolymer with the same composition. On
the other hand the shape of the low-temperature peak
looks more similar to the PBA R peak rather than the
PMMA â peak, in particular for IPN59 (Figure 2) and
also in IPN50 (not shown). To further follow this point
we included in Figure 8 the peak temperatures of the
IPN TSDC peaks that do not fit to the Fox equation.

The dielectric relaxation spectrum in the IPNs shows
a single, broad and asymmetric relaxation process with
an Arrhenius behavior (Figure 6b). The values of the
parameters a and b of the Havriliak-Negami equation
are much smaller that those corresponding to the
copolymers with the same composition (Table 1). The
relaxation shifts toward lower temperatures as the
content in net-PBA of the IPN increases, analogous to
what happens in copolymers COP20 and COP40. Its
apparent activation energy is similar to that of net-
PMMA (Table 1), and the temperature dependence of
the relaxation strength also presents the characteristics
of a secondary relaxation.

It is worth noting the very different behavior of a
copolymer network and an IPN with the same average
composition. It seems that in the case of the IPNs the
effect of the cooperative R relaxation disappears. This
fact can be ascribed to the distribution of the glass
transition in a broad temperature interval, what makes
that at any temperature only a small part of the chain
segments contribute to the cooperative conformational
rearrangements that are responsible for the R relax-
ation. Thus, the characteristics shown by the overall
relaxation process are those of the secondary relaxation
that predominates in the whole temperature interval.

Conclusions

The crossover scenario in copolymer networks or IPNs
containing methyl methacrylate and butyl acrylate
monomeric units strongly depends on composition and
the nanostrucutre of the material. Both parameters
affect the balance between the strength of the R and â
relaxations in the merging region. The net-PMMA shows
the secondary â relaxation while net-PBA shows the
cooperative R relaxation. The increase in acrylate units
in the copolymer networks increases the strength of the
observed relaxation in the copolymers indicating an
increase of the participation of the cooperative motions.
The copolymer networks present a rapid increase of the
relaxation strength with temperature what can be a sign
of the merging of R and â relaxations in the crossover
region. Nevertheless, a single Havriliak-Negami equa-
tion is able to reproduce the experimental ε′′ isotherms.
In the case of the IPNs the relaxation process shown
has the characteristics of a secondary relaxation. This
feature is ascribed to the fact that the relaxation times
of the cooperative motions are distributed in a very
broad temperature range.
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(15) Gómez Ribelles, J. L.; Meseguer Dueñas, J. M.; Monleón
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(16) Meseguer Dueñas, J. M.; Torres Escuriola, D.; Gallego Ferrer,
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