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Abstract

The phenomenon of forced compatibilization has been studied in poly(methyl acrylate)-polystyrene
PMA-i-PS sequential interpenetrating polymer networks, IPNs, using differential scanning calorime-
try. Both networks in the IPN were prepared using the same amount of ethylene glycol dimethacrylate,
EGDMA, as crosslinking agent. The samples were subjected to thermal treatments which included an-
nealing at different ageing temperatures 7, for 300 min. From the DSC curves, recorded on heating the
enthalpy loss during the isothermal annealing, Ak, was calculated. The dependence of Ak, with the an-
nealing temperature was used to define the temperature interval in which the conformational mobility is
significant. The comparison of the Ak,(7,) curves obtained in an IPN and the results obtained with the
pure component homo-networks with the same crosslinking density reveal some details of the miscibil-
ity of the IPN. In the case of the IPN crosslinked with 10% EGDMA, two peaks are apparent in the
Ahy(T,) curve, but the high-temperature peak is shifted towards lower temperatures compared to that of
the polystyrene network while the low-temperature one is nearly at the same temperature than the one
of the poly(methyl acrylate) homonetwork. This means that compatibilization is not complete and
phase separation still exists even at this high crosslinking density. The different behaviour of the high
and low temperature transitions can be explained by the dynamic heterogeneity of the sample, i.e. by
the different length of cooperativity of the conformational rearrangements of PMA and PS domains at
any temperature.
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Introduction

The formation of a sequential interpenetrating polymer network is a two-step process.
The polymer network A is first polymerised and swollen in the monomer of the second
component. The second network B is then polymerised in presence of the already exist-
ing network A. The result is a multicomponent polymer system that can be homogeneous
or phase separated. The phase morphology of the sequential IPN depends on the thermo-
dynamic miscibility of the two polymeric components but also on the crosslinking den-
sity (mainly that of the first network), the polymerisation sequence and the kinetics of
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polymerisation and phase separation. It has been shown that two polymers which are im-
miscible can form homogeneous IPNs if the crosslinking density of the first network is
high enough, what has been called forced compatibilisation [1, 2]. This was the case of
PMA-i-PMMA sequential IPNs, in which the first network was PMA [3, 4]. When the
PMA network was polymerised with 0.1% by mass of ethylene glycol dimethacrylate,
EGDMA, as cross-linking agent, the IPN presented phase separation but when polymer-
ised with 10% EGDMA the IPN presented a single although extremely broad glass tran-
sition or main dynamic-mechanical relaxation. Poly(methyl acrylate) and polystyrene are
also immiscible. The study of the viscoelastic properties of sequential PMA-i-PS IPNs,
by dynamic-mechanical spectroscopy and thermally stimulated recovery showed that
two main relaxation processes appear in the IPN even at high crosslinking densities of the
first network [5].

The existence of a single glass transition is a widely applied criterium of misci-
bility in a polymeric multicomponent system. The cooperative conformational rear-
rangements in a miscible polymer should involve the motion of polymer segments
pertaining to the different components of the system. The structural relaxation or
physical ageing process is closely related to the glass transition phenomenon [6—8].
Let consider a glass which is formed by a fixed thermal history which starts with the
polymer in equilibrium at a temperature above the glass transition. At any tempera-
ture below the glass transition, the specific volume or entropy are higher than those
corresponding to the equilibrium states determined by the extrapolation of the experi-
mental values measured above the glass transition. Structural relaxation is the process
undergone by the glass (at constant environmental temperature and pressure) trying
to arrive to the equilibrium state. During this process specific volume, enthalpy and
entropy decrease with time.

T, Ty

Temperature/K, a. u. Temperature/K, a. u.

Fig. 1 Sketch of the temperature dependence of the a — enthalpy and b — heat capacity
of a polymer sample subjected to a thermal history that includes an annealing at
temperature 7, (solid line). The unannealed or reference scan is represented by
the dotted line. The shadowed area is the enthalpy loss during the annealing at
temperature 7, (see text)

The structural relaxation kinetics is usually studied in DSC by subjecting a sample
to a thermal history that starts at a temperature 7, above the glass transition. The sample
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is first cooled at a fixed rate to a temperature 7, below, or in the range of the glass transi-
tion, it is annealed at this temperature for a period of time #,, and then cooled again at
fixed cooling rate to a low temperature 77, and the measuring heating scan is then per-
formed from 7 to Tp. Figure 1 shows a sketch of the evolution of enthalpy and specific
heat during the whole experiment. DSC curve recorded during the heating scan shows the
characteristic peak in ¢, or in the measured heat flow, whose position and height depends
on the annealing temperature and time. DSC curve measured after cooling from 7 to 7
with no annealing (the reference scan) is also represented in Fig. 1b. It can be shown that
the enthalpy increment A/, suffered by the sample during the isothermal annealing at
temperature 7, for a time £, is equal to the area between the cy(7) curve measured after
this treatment and the curve determined in the reference scan, c,(7) [9]. This area is
represented in Fig. 1b. The existence of the structural relaxation process is a proof that
conformational motions are possible in the glassy state, although their rates are quite dif-
ferent from those in the rubber-like state.

The study of the kinetics of the structural relaxation process has been useful to
reveal the characteristics of the conformational mobility in miscible and also in heter-
ogeneous multicomponent polymer systems [10—14]. The aim of this work is to ana-
lyse the miscibility in PMA-i-PS sequential IPNs with varying crosslinking density
on the basis of experimental DSC data of the structural relaxation process.

Experimental

Sequential interpenetrating polymer networks, IPNs, were prepared by block polymerisa-
tion using 0.2 mass% benzoin as photoinitiator. Monomers from Aldrich, 99% pure,
were used without further purification. Poly(methyl acrylate), PMA, network was first
polymerised with a 0.1 or a 10 mass% ethyleneglycol dimethacrylate, EGDMA, as
cross-linking agent. Those networks will be named PMAO1 and PMA10, respectively.
Sheets of around half a millimetre thick were obtained. The PMA network sheets were
dried in vacuum to constant mass and immersed in a solution of styrene in ethanol, con-
taining EGDMA in the same proportion as in the PMA network and the photoinitiator.
The change in the mass ratio ethanol/monomers in the polymerisation of the second net-
work allows to modify the resulting composition of the IPN. The swollen samples were
exposed to ultraviolet light to polymerise the polystyrene PS networks. Low molecular
mass substances were extracted in boiling ethanol and finally the IPNs were dried in vac-
uum to constant mass. In this work only two IPN samples are studied, both prepared with
similar PMA and PS monomer content and polymerised with 0.1 and 10 mass%
EGDMA. These two materials will be named IPNO1 and IPN10, respectively (IPNO1
contained 48% and IPN10 44% by mass of PS). Two pure polystyrene networks (PS01
and PS10) were prepared following the same procedure described for the preparation of
the pure PMA networks.

A Pyris 1 Perkin Elmer calorimeter was used in the DSC experiments. All the
thermal treatments were carried out in the calorimeter. The thermal profile of the
DSC experiments started at a temperature 7, higher than the glass transition of the
sample (180°C in the case of PS and the IPNs, 90°C in the case of PMA networks).
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The sample was then cooled at 40°C min "' until the annealing temperature T}, kept at
this temperature for the period of time ¢, and cooled again at 40°C min" until the tem-
perature 7' (—40°C in the case of PMA and the IPNs and 20°C in the case of PS). The
heating scan, at 10°C min ' followed between T} and T,. The sample was kept at T,
for 5 min and cooled again at 40°C min™' to 7). A new heating DSC curve was re-
corded which will be called the reference scan. No absolute values of ¢,(T) were cal-
culated; instead, the normalized heat flow Q/mT which has heat capacity units, was
determined. Nevertheless, the difference between the DSC curve measured after an-
nealing and the reference scan is

(Q_Qrcf )/mT:Cp - cprcf

Results

The DSC curves obtained in the homopolymer networks and the IPNs, previously
cooled at 40°C min™' from a temperature well above the glass transition, are shown in
Fig. 2. The glass transition in the highly crosslinked homopolymers appears at higher
temperatures than in the networks polymerised with only a 0.1% of EGDMA, the val-
ues of the glass transition temperature defined by the mid-point of the rise of the heat
capacity in the transition are included in Table 1. The width of the transition in the
temperature axis clearly broadens in both networks with increasing crosslinking den-
sity. On the other hand the DSC curves corresponding to the unannealed samples of
loosely crosslinked networks shows a small overshoot that disappears in the highly
crosslinked networks. Both features are not independent from each other since the
amorphous polymers with a narrow glass transition show a sharper endothermic peak
that those in which the glass transition covers a broad temperature interval ([15-17],
and the references there cited). The width of the relaxation can be characterised by
the difference between the onset and the end glass transition temperatures defined by
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Fig. 2 Normalised DSC curves measured on heating scans on the PMAO1, PMA10,
PSO01, PS10 networks and the interpenetrated polymer networks IPNO1 and
IPN10 crosslinked with 0.1% EGDMA and 10% EGDMA, respectively
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the intersection point of the tangent to the DSC curve in the inflection point of the
transition and the lines corresponding to the glassy and the liquid state respectively
(Fig. 1). The relevant data are shown in Table 1.

Table 1 Glass transition temperature and the width of the glass transition AT, of the PMA and PS
networks and the IPNs. In the latter two temperatures are shown corresponding to the
low-T, and the high-T7}, transitions shown in Fig. 2

T,/°C ATy/°C
PMAO1 11 5
PMA10 24 16
PSO1 84 8
PS10 94 17
IPNO1 95-—-85 8§———16
IPN10 26 ———7 33——-7?

The IPNO1 presents two well separated glass transitions which appear nearly at the
same temperatures than in PMAO1 and PSO1 networks. The highly crosslinked IPN still
shows two heat capacity steps in the DSC curve. It is difficult in this case to determine ac-
curately the values of the glass transition temperatures or the width of the transitions (in
fact it was impossible to carry out the calculation in the case of the high-temperature tran-
sition). It seems that the glass transitions cover broader temperature intervals in the IPN
than in the pure component networks but this is few information when trying to reach
conclusions about the changes in the segmental conformational mobility in the IPN with
respect to the behaviour of the pure PS and PMA network.

The experiments in which the sample is subjected to annealing previously to the
heating DSC curve allows to determine the evolution of the enthalpy during the iso-
thermal structural relaxation process. A series of these curves, corresponding to the
sample PSO1, is represented in Fig. 3. The evolution of the shape of these curves with
the annealing temperature and time has been described with great detail in the litera-
ture ([6—8] and the references therein). The cy—cpres traces obtained after annealing at
temperatures close but below the mid-point 7, show negative values at low tempera-
tures and then the characteristic peak. This behaviour is due to the fact that in this in-
terval of annealing temperatures the onset of the transition shifts to higher tempera-
tures in the DSC curve measured after annealing than in the reference scan. As the an-
nealing temperature decreases, the absolute values of ¢;—cprr in the negative part of
the curve decreases and when the annealing temperature is around 30 degrees below
T, the c,—cprer trace is positive in the complete temperature interval. These curves cor-
respond to DSC curves of the annealed sample in which the peak appears in the
low-temperature side of the transition, what can be called the sub-7, peaks. The val-
ues of Ak, obtained from the experimental DSC curves are shown in Fig. 4. The accu-
racy in the calculation of A4, depends strongly on the definition of the horizontal
baseline for the integration. Figure 3 shows the beselines used, the integration was
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Fig. 3 Temperature dependence of [c,—cp ] calculated in PSO1 network from the DSC
curves measured after annealing at different temperatures for 300 min. The
traces have been shifted arbitrarily in the y-axis for the sake of clarity. The an-
nealing temperatures are shown on the graph

conducted in a temperature interval of around 40 degrees centered in the maximum of
the c,—cprer trace. The uncertainty in this calculation can be roughly estimated in
a 10%. The dependence of Ak, with T, presents a maximum. At temperatures around
10 degrees above the mid-point 7, the value of the Ak, is zero because when the sam-
ple attains the temperature 7, and the annealing starts it is already in equilibrium. As
T, decreases, on the one side the difference between the enthalpy when the annealing
starts and that corresponding to equilibrium increases, so tending to increase the
value of Ah,, but on the other side the rate of the structural relaxation process tending
to approach equilibrium decreases. The combination of these opposite effects pro-
duces the peak shown in Fig. 4. This plot can be used to define the temperature inter-
val in which the structural relaxation produces, in the period of 300 min, an enthalpy
loss which is significant enough to be measured by DSC. In other words, in this tem-
perature interval the segmental conformational mobility can be considered signifi-
cant from the point of view of the DSC technique. At higher temperatures
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Fig. 4 Enthalpy loss during the isothermal annealing for 300 min against the annealing
temperature in m — PMAOI, @ — PSO1 networks and the & — IPNO1. Lines are
only intended as guide to the eye
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Fig. 5 Enthalpy loss during the isothermal annealing for 300 min against the annealing

temperature in @ — PMA10, ® — PS10 networks and the A — IPN10. Lines are
only intended as guide to the eye

conformational rearrangements takes place in times shorter than the response of the
DSC and at lower temperatures they are slow compared with the period of annealing
of 300 min. The same experiments were carried out in the case of PMAO1, PMA10
and PS10 samples, and the results are summarised in Figs 4 and 5.

In the case of the IPNO1, Fig. 6, the c,—cprr traces, calculated from the DSC curves
measured after annealing at different temperatures for 300 min, show a peak for any an-
nealing temperature between —20 and 90°C. The 7, dependence of A, present two max-
ima which appear in the same temperature intervals than in the pure component networks
(Fig. 4). In the case of the IPN10 (c,—cprer traces shown in Fig. 7) the two peaks of Ak, ap-
pear at different temperatures than in the pure networks (Fig. 4), the low-temperature one
is only a few degrees above that of PMA10, but the high temperature peak in IPN10 is
around 30 degrees below the temperature of the maximum corresponding to PS10.
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Fig. 6 Temperature dependence of [cy—c; ] calculated in the IPNO1. The traces have
been shifted arbitrarily in the y-axis for the sake of clarity. The annealing tem-
peratures were (from bottom to top) a ——-35, -30, -25, -20,-15,-10, -5, 0, 5,
10 and 20°C, b — 30, 40, 45, 50, 55, 60, 65, 70, 80, 85 and 95°C
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Fig. 7 Temperature dependence of [c,—cpref] calculated in the IPN10. The traces have
been shifted arbitrarily in the y-axis for the sake of clarity. The annealing tem-
peratures were (from bottom to top) —20, —15,-10, -5, 0, 5, 10, 15, 20, 25, 30,
35, 40, 45, 50, 55, 60, 70, 80 and 90°C

Discussion

The average number of monomeric units between crosslinks vV in the PMA network of
the IPN can be estimated from the elastomeric plateau modulus, £, using the results

of the theory of rubber elasticity. Using the affine network model ([18] and the refer-
ences therein)

5= 3PRT O
M E,

where p is the density, R is the gas constant and M,, the molecular mass of the
monomeric unit. The modulus E! slightly increases with increasing temperature is
due to the same behaviour in the product p7 (results not shown). Equation (1) was ap-
plied using the value of the density measured at 25°C, and the value of the elastic
modulus at the same temperature obtained by linear extrapolation to 25°C, of the ex-
perimental data in the rubber-like region. The values of v, shown in Table 2, can be
used to estimate the characteristic size of the region that is available for the growing
of the second network. The entanglement spacing for a dry network is [19]

dg= av" )
where a is the Ferry’s structure length. The swelling in the monomer of the second
network, styrene, will increase the entanglement or crosslinking spacing to a value

dgs which depends on the volume fraction of monomer absorbed by the PMA net-
work (1-¢) according to

dis@=d; 3)
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The calculations were performed using a=0.65 nm for PMA [19], and the volume
fraction of styrene absorbed in the PMA network was estimated from styrene density and
the mass fraction of polystyrene in the IPN. The results are shown in Table 2.

Table 2 Average number of monomeric units between crosslinks in PMA networks, v, and
crosslinking spacing, dgs, in the PMA networks swollen with styrene in the amount
needed to form the IPNs

First network in the IPN v drs/nm
PMAO1 142 11.7
PMAI10 23 4.7

Due to the immiscibility of polystyrene and poly(methyl acrylate), during the
polymerisation of the styrene absorbed in the PMA network the growing polystyrene
network push apart the PMA chains trying and form a phase with no presence of
PMA segments. The results of Table 2 show the styrene absorbed in the PMAO1 net-
work can find spaces to form domains whose size is in the order of 12 nm. This size is
greater than the length of cooperativity at the glass transition (which has been esti-
mated in few nanometers in several polymers [19, 20]) and, as a consequence, a glass
transition of these domains can be experimentally measured with the characteristics
of the pure polystyrene network.

The space allowed for the growth of the PS network from the styrene absorbed
in the PMA10 network is significantly smaller, below 5 nm. The thermodynamic
equilibrium criterium makes that the PS10 network tends to separate from the PMA
polymer segments, but the domains of pure PS network will be small and a part of the
PS chains are forced to truly interpenetrate the PMA network. Still two glass transi-
tions can be observed in the IPN10 but the small size of the PS10 domains makes then
some PMA chain segments (perhaps pertaining to the interface between PMA and
PS-rich domains) participate in any conformational rearrangement produced in the
region of the PS10-rich domains. The relaxation time in a conformational rearranging
region that contains some PMA segments in addition to PS segments is much shorter
than in a region that contains only PS chain segments. Figure 5 shows that the anneal-
ing of PMA10 network at temperatures between 80 and 95°C produces a significant
enthalpy loss, i.e., conformational rearrangements take place in the time scale com-
patible with the period of time of 300 min. On the contrary in the case of IPN10, the
annealing at these temperatures produces nearly no change in the enthalpy, the sam-
ple is in equilibrium at these temperatures. The consequence to be reached is that
there exists no region or domain with a size in the order of the length of cooperativity
at the glass transition temperature containing only in PS chain segments. This con-
firms that this length of cooperativity is in the order of 4 nanometers. At low tempera-
tures, in the temperature region of the PMA10 network, the behaviour is quite differ-
ent. Figure 5 shows small differences in the position of the A(T,,t,) vs. T, plot, al-
though the values of Ah(T,,t,) are smaller in the IPN than in PMA10 network because
the number of polymer segments responsible for the structural relaxation at each tem-
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perature in the IPN are smaller than in the pure network. Thus, it can be concluded
that there exist rearranging regions containing only PMA segments. The difference
between the behaviour of the PS domains and those of the PMA domains can be re-
lated to the phenomenon of dynamic heterogeneity [21]. The length of cooperativity
decreases as the temperature increases above the glass transition. This means that in
the multicomponent material, at any temperature the length of cooperativity of the
rearranging regions rich in the low-7, component, PMA in this case, are much
smaller than in regions rich in the high-7;, component. It is easier to find a region with
the size of the length of cooperativity of PMA consisting only in PMA segments than
to find a rearranging region with the size of the length of cooperativity of PS contain-
ing only PS segments. A model that simulates this behaviour has been proposed that
explain the temperature modulated DSC results obtained in PMA-i-PMMA IPNs [4].

Conclusions

DSC experiments conducted on samples subjected to thermal histories that include iso-
thermal annealing at different temperatures can be used to characterise the temperature
interval in which the rate of conformational motions is compatible with the time scales of
the technique. This information allows a deep insight into the miscibility of multi-
component or multiphase polymeric systems such as polymer blends, IPNs and semi-
crystalline polymers, allowing to understand the dimensional scales in which segments of
the different components participate together in conformational rearrangements.

PMA-i-PS IPNs are phase separated even if the PMA network is crosslinked
with 10% by mass of EGDMA. Varying the crosslinking density of the PMA network
it is possible to change the space available to the formation of domains of pure PS
network in the IPN. When the spacing between crosslinks in the PMA network is
around 5 nm no domains of pure PS able to undertake conformational rearrangements
exists in the IPN. This allows to characterise the length of cooperativity of PS at its
glass transition temperature. On the contrary, conformational rearrangements of
PMA segments can take place without participation of any PS segment. This feature
is connected to the concept of dynamic heterogeneity.
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