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SUMMARY: Broadband dielectric relaxation spectroscopy (DRS, 102- 10° Hz),
thermally stimulated depolarization currents (TSDC) techniques and dynamic
mechanical analysis (DMA) were employed to investigate the dynamic glass
transition and, thus, phase morphology in sequential IPNs of poly(butyl acrylate)
(PBA) and poly(butyl methacrylate) (PBMA) with 10 weight % of ethyleneglycol
dimethacrylate (EGDMA) as branching agent. In a parallel investigation, similar
IPNs with only 0.1 % branching agent showed clearly phase separation. In the
highly branched IPNs, forced compatibilization induces miscibility of the two
components. The results are discussed in terms of suppression of cooperativity
and dynamic heterogeneity in the IPNs.

Introduction

An interpenetrating polymer network (IPN) is usually defined as a combination of two or
more polymers in network form, at least one of which is synthesized or crosslinked in the
immediate presence of the other.'” A sequential IPN is formed by swelling a polymer
network of a first component in the monomer of a second component and then polymerizing
the second network. For the majority of IPNs, microphase separation is a characteristic.'™ In
polymer blends, polymer miscibility is determined by the composition dependence of the free
energy of the blend, subject to thermodynamic equilibrium and stability criteria.>® In IPNs,
the degree of phase mixing may increase due to network formation of chemical or physical
bonds between the IPN components.>” Moreover, in sequential IPNs forced compatibilization
of the immiscible IPN components may be achieved if the junction-point density of the

component polymerized first is high.*”
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A widely accepted criterion of miscibility in a two-component polymer system is the
occurrence of a single glass transition at an intermediate temperature between the 7’s of the
components.'”® However, typically broad glass transitions are measured by differential
scanning calorimetry (DSC) in miscible polymer systems.!? This broadening is, in general,
discussed in terms of a distribution of T’s due to composition fluctuations in the material
over dimensions of the order of nanometers, giving rise to nanoheterogeneities.*'” The
cooperativity length (the size of cooperatively rearranging regions in the Adam-Gibbs theory)
is also of the order of a few nanometers at T, whereas it decreases significantly with
increasing temperature.'® Thus, the use of dynamic spectroscopic techniques, such as
dielectric and dynamic mechanical ones, to investigate the characteristics of the glass
transition in miscible polymer systems offers additional possibilities for morphological
studies.>” By these techniques the glass transition is probed at temperatures higher than the

calorimetric 7, (dynamic glass transition), depending on the frequency of measurement.

In a series of recent papers Donth and coworkers investigated in detail, by a variety of
experimental, mostly dynamic, techniques, the splitting of primary, a, and secondary, B,
relaxations in the region of the glass transition in poly(n-alkyl methacrylate)
homopolymers, 14 and references therein) pap1y \work on that point has been summarized in ref.'>
The effects of blending with a second component on that splitting and on the secondary
relaxation have been less systematically studied. The pS relaxation appears at lower
temperatures and with a lower apparent activation energy in miscible blends of poly(methyl
methacrylate), PMMA, and bisphenol-A polycarbonate.'® In IPNs of PMMA and
polyurethane, it is clearly shifted towards lower temperatures with respect to pure PMMA.®
On the other hand, in miscible blends of PMMA and amorphous poly(vinylidene fluoride),
PVDF, the f relaxation appears at the same position as in pure PMMA, whereas the
temperature onset of & to B crossover decreases with increasing PVDF content.'” Finally,
dielectric and heat capacity spectroscopy measurements in a series of random copolymers of
n-butyl methacrylate with styrene showed that the crossover region simply shifts to a higher

frequency with increasing styrene content.'®

In this work, broad-band dielectric relaxation spectroscopy (DRS), thermally stimulated
depolarization currents (TSDC) techniques and dynamic mechanical analysis (DMA) are
employed to study phase morphology in sequential IPNs of poly(butyl acrylate) (PBA) and
poly(butyl methacrylate) (PBMA), both networks prepared with high junction-point density to



153

achieve forced compatibilization. A second series of similar IPNs with low junction-point
density were prepared and investigated in parallel. The results, to be reported elsewhere, show
clearly that, as should be expected, the IPNs of the second series are microphase- separated
systems. Our main interest here is focused on studying the effects of forced compatibilization
on phase morphology through the investigation of the dynamic glass transition by two
dielectric and one dynamic mechanical technique. The results obtained by the various

techniques are critically compared with each other.
Experimental Part

Sequential IPNs were prepared by block polymerization using ethyleneglycol dimethacrylate
(EGDMA) as branching agent and benzoin (concentration 0.13 wt.-% of monomer) as
photoinitiator. The same amount of EGDMA, 10 weight %, was added in the polymerization
of both networks of the IPN. PBA was polymerized first. The sheet obtained (of thickness 0.5
to 1.2 mm) was immersed in a solution of BMA monomer and ethanol containing EGDMA
and the photoinitiator. Ethanol (up to 40 wt.-%) was used to limit swelling of PBA network in
BMA. The swollen sample was exposed to UV light (two UV lamps facing each side of the
mold) to polymerize the PBMA network. The Philips 8W lamps yielded 90% of radiation
between 300 and 420 nm, maximum being at 365 nm. Low mass substances were extracted
from the IPN by boiling in ethanol for 24 h and then drying in vacuum to constant weight.
The IPNs are designated as IPNXX, where XX indicates the weight % of PBA network in the
IPN. XX was varied between 32 and 81 weight % by varying the ratio of BMA/ ethanol in the
second polymerization step. The pure PBMA network crosslinked with 10 weight % EGDMA
was also prepared following the same routine as in the case of the PBA network. In the
second series of PBA/ PBMA IPNs studied in a parallel investigation (the microphase-

separarted systems) the junction-point density was only 0.1 %.

For broad-band DRS measurements between 102 and 10° Hz the sample was sandwitched
between nickel-coated stainless steel or gold-coated brass electrodes. Details of the equipment
used have been given elsewhere.'” The TSDC method consists of measuring the thermally
activated release of stored dielectric polarization and corresponds to measuring dielectric
losses against temperature at low frequencies of 1072 - 10 Hz2® The equipment and the

procedure used for TSDC measurements in the temperature range from —185 to 30 °C have
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been described elsewhere.”?? For DMA measurements a Seiko DMS210 instrument was used

at frequencies 0.1, 1 and 10 Hz.
Results and Discussion

Fig. 1 and 2 show isochronal (constant frequency) temperature plots of the mechanical loss
tangent, tand, in DMA experiments at 1 Hz and of the dielectric losses, ¢”, in DRS
experiments at 1 kHz, respectively, for all the compositions studied. For comparison, Fig. 3
shows the TSDC thermograms for the PBA- rich samples. The equivalent frequency of TSDC

measurements is in the range 102- 10 Hz.2%2Y
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Fig. 1: Loss tangent tand vs. temperature measured by DMA at 1 Hz in PBA(O), IPN81 (+),
IPN67 (<), IPNS6 (-), IPN45 (A), IPN36 (x) and PBMA (O).

The tand peak in Fig. 1 for the pure PBA network corresponds to the primary, a relaxation
associated with the glass transition. In the corresponding peak for the pure PBMA network, a
shoulder is observed on the low- temperature side, attributed to the secondary,  relaxation of
Goldstein- Johari type.13 > In the IPN, a broad tand peak is observed located between those
in the pure networks and shifting to lower temperatures with increasing PBA content. This is
interpreted in terms of a homogeneous morphology. We will come to this point later. The
peak becomes broader in the PBMA-rich samples, probably because of the contribution of the
PBMA p relaxation. However, it cannot be fully excluded at this stage that two a relaxations

with composition-dependent peak temperatures, corresponding to the glass transitions of
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PBA- and PBMA-rich microphases, contribute to the broad tand peaks. In the plot of the
elastic modulus, E’, versus temperature, the counterpart of the plot in Fig. 1, not shown here,
it can be seen that £’ in the rubbery state is higher in some IPNs than in any of the pure
networks. It follows that the average molar mass <A> between junction-points, calculated
according to the theory of rubber elasticity (<M> = 2300 g-mol” in PBA), is in these IPNs
smaller than in the pure networks. This feature has to be explained by the appearance of
mutual entanglements between the two networks acting as new junctions in the IPNs and

provides additional support for miscibility of the two networks.

0,30 T

0,25

0,20

0,15+

0,10+

0,05+

0,00 +— T T T T T T T T T
40 20 0 20 40 60 80 100 120 140 160

Temperature / °C

Fig. 2: Dielectric loss &" vs. temperature measured by DRS at 1 kHz in PBA(m), IPN81 (%),
IPN67 (#), IPN56 (¥), IPN45 (+), IPN36 (A) and PBMA (e).

Most of the comments to Fig. 1 are also relevant to the dielectric results in Fig. 2. The
differences between the two figures are due to the different sensitivities of dielectric and
mechanical techniques to molecular motions (different relative intensities and temperature-
frequency positions of the a and £ relaxations'>"'>) and to the different frequencies used (1 Hz
in DMA against 1 kHz in DRS). The TSDC plot in Fig. 3 shows the a relaxation at high
temperatures, shifting to higher temperatures with decreasing PBA content, similar to the
results shown in Fig. 1 and 2, but limited only to three compositions, because of the limited
temperature range of TSDC measurements in this work. The characteristic temperatures of the
a relaxation obtained by the various techniques will be quantitatively compared with each
other later. The TSDC plots in Fig. 3 show a weak peak at about —120 °C. This peak, observed
also in DMA experiments at about —85 °C at 1 Hz, corresponds to the local B relaxation in
PBA." In contrast to the TSDC a peak, the TSDC S peak does not shift with composition, in

agreement with the observation that local relaxations are less affected by blending.”
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Fig. 3: TSDC thermograms obtained with PBA (—), IPN81 (- - - -) and IPN67 (— - — ).

The DMA and TSDC data in Fig. 1 and 3, respectively, have been recorded directly in the
temperature domain (isochronal temperature scans). The DRS data were recorded in the
frequency domain (isothermal frequency scans) and replotted to give Fig. 2. An example of
isothermally recorded DRS data is given in Fig. 4, which shows &"(f) for IPN36 at several
temperatures. A broad peak is observed that, with increasing temperature of measurement,
shifts to higher frequencies, increases in magnitude and becomes significantly more narrow.
Similar measurements, typically extended to 10° Hz (not shown in Fig. 4), were performed
with all the compositions. The data have been treated using well established procedures®”'>)
to obtain information from the frequency position, the magnitude and the shape of the loss

peaks and their changes with temperature. The most significant results will now be presented.

Fig. 5 shows the Arrhenius plot for the dielectric data for all the compositions. The loss peaks,
similar to those shown in Fig. 4, have been considered as single peaks, fmax in Fig. 5, being the
frequency of maximum loss. For the compositions IPN56 and IPN67, two loss peaks have
been observed in the temperature and frequency ranges of the measurements, so at many
temperatures two values of fmax are given in Fig. 5 for these compositions. The data for pure
PBA and the compositions PBA81 and PBA67 (high frequency peak for that composition)
show the typical behaviour of a dynamic glass transition. The Vogel-Tammann-Fulcher-Hesse
(VTFH) equation.'>'?
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Fig. 4: Dielectric loss &” vs. frequency f'in IPN36 at several temperatures between 30 (-O-)
and 120 °C (--) in steps of 10 °C.

B
Jmax _Aexp[_T—ToJ ¢))

where 4, B and T, (Vogel temperature) are temperature independent empirical parameters,
was fitted to the data for these three samples and reasonable values of the fitting parameters
were obtained. An example of a fitting is shown in Fig. 5 for the pure PBA network, for
which the fitting parameters take the values 4= 1.4x10" Hz, B= 1969 K and T,= 174.5 K.

For the pure PBMA network, the raw dielectric data (¢”(f) at several temperatures, not shown

13,15)

here) suggest, in agreement with data in the literature’™"’, a splitting of the single af (or a)

relaxation at high temperatures (or lower frequencies) into two relaxations, a and 3, at lower

temperatures. One, or a sum of two Havriliak-Negami (HN) functions?®

e* (@)= g+ ——DE 1))

of the type
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Fig. 5: Arrhenius plot of the DRS data in PBA(m), IPN81 (%), IPN67 (), IPN56 (¥), IPN45
(+), IPN36 (A) and PBMA (raw data e, and data obtained by analysis O, details in text). The
lines are fittings of Eq. (1) to the PBA data and Eq. (3) to the IPN36 data. Note that two
relaxations are observed for the compositions IPN56 and IPN67, see the text for details.

and an additional conductivity term (~w”, s < 1) were fitted to the ¢"(f) data for the PBMA
network. In equation (2) e*= ¢'-ie", w = 2nf, w, is the position on the angular frequency scale
of the relaxation process, & is €'(w) for @ >> w,, Ae is the relaxation strength and a and y the
shape parameters. The results of this analysis are also shown in Fig. 5. For 7< 110 °C a sum
of two HN functions gave better fits than one. In linear PnBMA with 7= 24 °C, lower than in
the PBMA network under investigation, this change from one to two HN functions occurred
at 80 °C."® The shape parameters (1-a) and (1-a)y give the slope of &"(f) at frequencies lower
and higher, respectively, than the peak frequency.'® They take the value 1 for a Debye peak.
With the temperature decreasing from 110 to 70 °C, for the a peak (1-a) decreases from 0.64
to 0.56 and (1-a)y from 0.35 to 0.23. For the f peak (1-a) decreases from 0.48 to 0.42 and
(1-a)y from 0.34 to 0.26 in the same range of temperatures. It follows that both peaks are
asymmetric (steeper at lower frequencies) and become broader with decreasing temperature
and that, at each temperature, the f peak is broader than the a peak.'® Following the analysis
proposed by Donth and coworkers,'® the onset temperature of the a relaxation can be
determined from a plot of the temperature dependence of the relaxation strength Ae to about
120 °C (against 110 °C for linear PnBMA).'>
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The dielectric data in Fig. 5 for the compositions IPN36, IPN45, IPN56 and IPN 67 (the low-
frequency relaxation for the last two compositions) suggest a linear dependence, with a slope
similar to that for the S relaxation in the pure PBMA network. As an example, a fit of the
Arrhenius equation

w
Jmax = /o exp(— ﬁ) (©))

where f, a constant, W the activation energy and £ Boltzmann’s constant, to the IPN36 data
has been included in Fig. 5. The fitting parameters are W= 0.90 eV and f;= 7.4x10'® Hz. These
results suggest a suppression of cooperativity (giving rise to the VTFH behavior) in the IPNs
that may be discussed in terms of constraints imposed by junction-points, entanglements, and
confinement.” On the other hand, with increasing PBA content, fy. shifts, at constant
frequency, to lower temperatures towards the result for PBA, like the a relaxation should do.
In addition, the values of W and f, are rather high for one- barrier activation, as commonly
assumed for local relaxations. Donth and coworkers interpreted high values of W and £, for
the S relaxation in poly(n-alkyl methacrylate)s as indicative of the coordinated motion of

neighbouring side chains and introduced'® the term “locally coordinative”.

For the compositions IPN56 and IPN67, two relaxations are observed by DRS (Fig. 5), one of
them with characteristics similar to those of the a relaxation in PBA and the other
corresponding to the mean composition. These results may be discussed in terms of dynamic

heterogeneity24) and a model proposed by Kumar et al.%

Temperature /°C

w

PBA

Fig. 6: Temperature of DMA tané peak at 1 Hz (m), temperature of DRS loss peak at 1 kHz

(O), temperature of TSDC peak (A) and Tg gt (&) vs. composition of the IPNs. The curve
represents the Fox equation, details in text.
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Fig. 6 compares characteristic temperatures of the dynamic processes in the IPNs: the
temperature of the DMA tand peak at 1 Hz (Fig. 1) and the temperature of the DRS loss peak
at 1 kHz (Fig. 2) (the low frequency peak for the compositions IPN56 and IPN67). For the
PBA rich samples two more temperatures have been included: that of the TSDC a peak (Fig.
3) and Tyge, defined by the condition fuax(Tgaie)= 1.6x10° Hz'” and obtained by
extrapolation of the data in Fig. 5 to low frequencies. All the characteristic temperatures show
the same trend of increasing with decreasing PBA content. For a detailed discussion, the time
scale, defined by the frequency of measurement, and the spatial scale, given by the type of
motion probed, should be considered. In addition, it should be taken into account that a
modulus is measured by DMA, whereas a compliance is measured by DRS, and that the
characteristic temperatures refer to tand for DMA and to &” for DRS.* The curve in Fig. 6 is
given by the Fox equation® for a homogeneous mixture,

1 _weps  (A-wpp4) @

T Tppa  Tpma

where Tppa and Tppma the characteristic DMA temperatures of the pure networks (Fig. 1),
which coincide with the DRS (1 kHz) temperatures. It describes well the DMA and the DRS
(1kHz) data, providing additional support for miscibility achieved by forced
compatibilization.

Conclusions

The main results of this work are summarized in Figs. 5 and 6. They suggest that forced
compatibilization induces miscibility of the PBA and PBMA components, suppression of
cooperativity in the PBMA-rich compositions and dynamic heterogeneity in the intermediate
compositions. It would be interesting to extend the analysis to other parameters of the
dynamic glass transition, such as the multiplicity of relaxation times and the fragility (for the
PBA- rich compositions). Work along these lines is in progress, as well as measurements in

analogous systems, poly(ethyl acrylate)/ poly (ethyl methacrylate) sequential IPNs.
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