Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

POLYMER
JOURNAL

ScienceDirect

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights



European Polymer Journal 49 (2013) 3956-3965

journal homepage: www.elsevier.com/locate/europolj

Contents lists available at ScienceDirect

European Polymer Journal

POLYMER
JOURNAL

Free-radical polymerization induced macrophase separation in
poly(methyl methacrylate)/dimethacrylate blends: Experiment

and modeling

@ CrossMark

Walter F. Schroeder *, Mirta 1. Aranguren, Guillermo E. Elicabe, Julio Borrajo

Institute of Materials Science and Technology (INTEMA), University of Mar del Plata — National Research Council (CONICET), Av. Juan B. Justo 4302, 7600 Mar del

Plata, Argentina

ARTICLE INFO

ABSTRACT

Article history:

Received 26 April 2013

Received in revised form 23 July 2013
Accepted 30 August 2013

Available online 13 September 2013

Keywords:

Polymerization-induced phase separation
Thermoplastic-thermoset blends
Dimethacrylate

Phase behavior

Crosslinked polymer

This work presents the analysis of a polymerization-induced macrophase separation taking
place during free-radical copolymerization of styrene and dimethacrylate in the presence
of poly(methyl methacrylate) (PMMA) as a modifier. The PMMA does not participate in
the polymerization but induces phase separation in the course of the reaction. An experi-
mental study based on real-time static light scattering measurements with the aim of mon-
itoring the phase behavior during the isothermal copolymerization is firstly presented.
Then, an original and innovative contribution is made by modeling the evolution of the
unstable region of the phase diagram as a function of conversion and by predicting phase
separation in spinodal condition. The analysis is performed using an expression for the free
energy of a reactive network-forming mixture based on the Flory-Rehner lattice model for
swollen gels. The accuracy of the proposed model is verified by the good agreement found

between its predictions and the experimental results.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polymerization-induced phase separation (PIPS) finds
application in the synthesis of a set of useful materials such
as high-impact polystyrene (HIPS) [1], thermoplastic-ther-
moset blends [2], polymer-dispersed liquid crystals [3],
thermally reversible light scattering films [4], nanoporous
polymer materials [5,6], nanostructured thermosets [7],
and macroporous materials [8] which have been exten-
sively applied for separation (beads, membranes, mono-
liths), analysis (various kinds of chromatography) and in
many branches of technology including medicine [9] (tis-
sue engineering, drug delivery).

The PIPS method consists of polymerizing the precursor
monomers in the presence of an additional component
(e.g. modifier), such as an oligomer, a polymer, or a small
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molecule. During polymerization, a phase separation pro-
cess takes place leading to different types of morphologies
that depend on the initial composition and reaction condi-
tions [10-13]. The ultimate properties of these materials
depend on the morphologies generated in the course of
the reaction [14]. Linear polystyrene was one of the first
additives used to cause phase separation and to give place
to macroporous materials based in styrene-divinylben-
zene resins. In this case, it was shown that phase instability
was very sensitive to the molecular weight of polystyrene
[15]. Thus, understanding the thermodynamic principles
that lead to phase separation becomes very useful in
designing new materials. In addition, the ability of predict-
ing phase behavior can help to avoid the trial-and-error
procedures that are used in most cases. In this report, we
present a thermodynamic model that allows to simulate
the phase-separation process induced by free-radical poly-
merization of styrene (St) and bisphenol A glycidyl meth-
acrylate (BisGMA) in the presence of poly(methyl
methacrylate) (PMMA) as a modifier.
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A thermodynamic description of PIPS shows that the
main driving force for phase separation is the decrease of
the absolute value of the entropic contribution to the Gibbs
free energy of mixing [16]. Other factors can also contrib-
ute to the demixing process such as a change in the inter-
action parameter due to changes in the chemical structure
produced by polymerization or the development of elastic
energy after gelation (in the case of a thermosetting poly-
mer) [17]. Models that allow a good description of the PIPS
process in systems that polymerize by a stepwise mecha-
nism have been recently reported [18-20]. For this type
of polymerization, statistical models that successfully de-
scribe the evolution of the species distributions as a func-
tion of conversion have been developed. If the presence
of the modifier does not significantly affect such distribu-
tions, it is possible to combine the polymerization statistic
model with a thermodynamic model, such as the lattice
theory of Flory-Huggins [21], to successfully describe the
PIPS process.

For chainwise polymerizations, the simplest case is
illustrated by the polymerization of a vinyl monomer (sty-
rene, (meth)acrylic monomer, etc.) in the presence of a
modifier, leading to a linear polymer. Several recent papers
have analyzed PIPS in this type of systems [12,22-24].
However, for thermosetting systems polymerizing by a
chainwise mechanism the situation is much more com-
plex. In these cases, the development of a polymerization
statistic model is very difficult, due to the formation of
highly crosslinked domains containing numerous intramo-
lecular rings that do not contribute to the elastic properties
of the network. Thus, in the few models that have been
proposed, it has been necessary to introduce strong
hypothesis on these aspects, and so predictions are of qual-
itative nature [25,26].

Our aim is to provide a thermodynamic description of
PIPS in a reactive network-forming system polymerizing
by a chainwise mechanism. The selected system is a
dimethacrylate(BisGMA)/St resin containing PMMA as a
thermoplastic modifier. The PMMA does not participate
in the co-polymerization but induces phase separation in
the course of the reaction. In general terms, the phase dia-
gram of the St-BisGMA-PMMA ternary blend represents
the initial thermodynamic state of the reactive system at
zero conversion. This phase diagram has been studied
and discussed in previous works [11,27]. Here, we are con-
cerned with the phase behavior during reaction, when the
system consists of four components, St, BisGMA, copoly-
mer (St-co-BisGMA), and PMMA. The phase state of such
a system should be represented by means of a quaternary
phase diagram that describes the phase evolution by effect
of conversion, an issue that to our knowledge has not been
previously analyzed in the literature.

Phase separation can occur either by the nucleation and
growth (NG) mechanism in the metastable region of the
phase diagram, or by spinodal decomposition (SD) if the
system becomes unstable. Depending on the relative rates
of phase separation and polymerization, the compositional
trajectory may be fully located in the metastable region, in
which case phase separation would take place exclusively
by an NG mechanism, or it may enter the unstable region,
implying that SD has to be considered to account for the

morphology generated. Since the homogeneous nucleation
is a slow process in comparison to SD [28], frequently the
mixture quickly passes through the metastable region
and then enters the unstable region where the spinodal
decomposition process is initiated by small concentration
fluctuations throughout the sample [29]. In the early stages
of SD the amplitude of the concentration fluctuations in-
creases while the characteristic distance between fluctua-
tions remains constant. This event gives place to the
appearance of a correlation peak located at a nonzero con-
stant scattering vector (q), when the phase separation pro-
cess is followed by light scattering experiments [30,31].

In this article we first present an experimental study
based on real-time static light scattering measurements
with the aim of monitoring the phase behavior during
the isothermal copolymerization of St and BisGMA in the
presence or not of a thermoplastic modifier. Then, a ther-
modynamic model of PIPS is introduced and its predictions
are compared with the experimental results. In our ther-
modynamic analysis, we apply an expression for the free
energy of a reactive network-forming mixture based on
the Flory-Rehner lattice model for swollen gels [32] later
modified by DusSek et al. [33]. This expression allows us
to compute the evolution of the unstable region limited
by the spinodal curve as a function of conversion. In this
approach, it is assumed that the speed at which the trajec-
tory crosses the metastable region on the phase diagram is
sufficiently fast, such that no nuclei can be created during
this time interval. Consequently, the isothermal phase sep-
aration process is strictly spinodal decomposition. We will
present experimental evidence that supports such an
assumption.

2. Theoretical background

Phase separation in reactive network-forming systems
can be analyzed using the Flory-Rehner lattice model for
swollen gels [32], later modified by Dusek et al. [33]. For
a mixture of i components, the dimensionless mixing Gibbs
free energy per mole of lattice sites is expressed as

AGrnix (,bi
MRT — Zzln@ + %:Xiqui(bj

+ Vet B (qsg’% -1) +%1n¢g] 1)

where R is the gas constant, T is the absolute temperature,
and M is given by M = >";n;x; and represents the number of
moles of cells in the system; n; is the number of moles of
the i-component, and x; the number of cells occupied by
i-component. The cell volume was taken as 116.85 cm?/
mol, which corresponds to the molar volume of St mono-
mer. ¢; and ¢; are the volume fractions of components i
and j respectively.

The first two terms on the right side of Eq. (1) represent
the entropic and enthalpic contributions to the free energy
expressed in terms of the binary interaction parameters, j;;
(x=a+Db|T, where a and b are constants); while the last
term represents the elastic contribution to the free energy,
which appears in the postgel stage of the reaction. ¢, is the
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volume fraction of gel, v, represents the number of chains
between crosslinking points per mole of cells occupied by
the gel, and ¢ is the fraction of these chains that have elas-
tic behavior. This last parameter is introduced because cy-
cles are formed during polymerization, and the chains
forming these cycles do not contribute to the elastic prop-
erties of the network. Thus, v.ed, is the number of moles of
elastic active chains per mole of cells.

As reported by Dusek for divinyl-monovinyl monomer
copolymerization forming networks [34], & can take values
between 0.3 and 0.9, depending on the divinyl monomer
concentration and the rigidity of the polymer chain that
forms the network. In this study, an arbitrary value within
that range, ¢ = 0.50, was considered. Regarding the number
of chains between crosslinking points, we assumed that all
divinyl monomers with both double bonds reacted act like
crosslinking points in the gel, the same consideration made
by DuSek [33] and Boots et al. [35]. Taking into account
that each double bond of divinyl monomers has a cross-
linking functionality f=3, the parameter v, is expressed
by the following equation:

3
Ve = i“%fl,o (2)

where o2 represents the probability that a reacted BisGMA
extreme belongs to a double-reacted BisGMA molecule. f; o
is the initial molar fraction of BisGMA double bonds, and
the 3/2 factor represents the number of chains leaving a
crosslinking point.

The mixing Gibbs free energy written explicitly in terms
of the four components of the system is then,

AT [ 2Indg + 2 Ing; + 21ng, + LI + 1oy o + Loz o + Los bods
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where the subscripts represent: St(0), BisGMA(1), copoly-
mer(2), and PMMA(3). Note that the last term of the sum-
mation (e.g. the elastic term) only contributes in the
postgel stage of the reaction. To simplify the analysis, the
entire polymer will be considered to form part of the gel
phase once reached the gel point, consequently ¢,= ¢>
and the term ‘X”—zzlnqﬁ2 becomes zero at the postgel stage of
the reaction.

At any level of double bond conversion in the liquid-li-
quid or liquid-gel phase diagram, three regions can be de-
fined: stable, metastable, and unstable (spinodal). These
regions are differentiated by stability criteria for a homo-
geneous phase [21]. In this work, we analyze phase separa-
tion in the reactive St-BisGMA-copolymer-PMMA
quaternary system by computing the evolution of the
unstable region, limited by the spinodal decomposition
curve, as a function of conversion.

The spinodal condition is given by [21]

aZAGmiX
00,

-0 (4)
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where Y represents the determinant of mixing Gibbs free
energy second derivatives with respect to the independent
compositions of the system. A homogeneous phase is

unstable if Y < 0. In the region where Y > 0, a homogeneous
phase may exist in stable or metastable conditions.

2.1. Calculation method

To compute the evolution of the spinodal decomposi-
tion curve as a function of conversion, it is necessary to re-
late concentrations of St, BisGMA, and copolymer (as well
as its composition and molar mass) with the global conver-
sion of reaction. It was considered that an initial number of
moles of double bonds, Ny, reacted in Ny steps (1 mol per
step). Ignoring the effects of PMMA modifier, the molar
fraction of St in the copolymer for a step i+ 1, Fg;+1, can
be calculated from a general balance:

rofos +foifi

rofgs + 2o i + 11

FOJH = F1‘i+1 =1- FO‘i+1 (5)
where the subscripts 0 and 1 represent St and BisGMA,
respectively. F; ;1 is the molar fraction of double bonds
of BisGMA added to the copolymer in the step i+ 1; and
f' represents the molar fraction of double bonds in the feed.

(No —i)fg; — Foia
No—(i+1)

fé.m = f{,i+1 =1 _f(l)jﬂ (6)
ro; and ry; are the reactivity ratios of St and BisGMA in the
step i, which were evaluated from the following equations
[36]

rii=Trio(1— (04/o0))° (7)

where rpp and rq g are the reactivity ratios of St and BisGMA
at zero conversion and their values were previously deter-
mined as 0.43 £ 0.03 and 0.41 + 0.05, respectively [36]; «; is
the global conversion in the step i; ¢, is the global conver-
sion at the end of the reaction; and R (=—0.61) and S
(=1.06) are empirical fitting parameters also evaluated in
a previous study [36].

From Egs. (5)-(7), F and f can be computed for each
reaction step. Double bond conversions of both reactants
and global conversion can then be calculated:

o =Too(1 — (“i/“u))R

FOJ‘H Fl,i+1 (8)

Ooiy1 = Ooj + Nof! Oip1 = 0 + Nof,
0,0 1,0

oois1foo + 0rinfio

footFHo

Once evaluated the conversions, the volume fraction of
each component in the step i +1 of the reaction can be
computed. Considering that the total volume does not
change upon reaction (see Supporting Information), the
volume fraction of each monomer in the copolymer is:

Aiy1 =

o ]fo.oMo
¢8.i+1 = fooMo ZO,H " oM, (9)
0i+1 = p, T (05 141 + 2000,i4101,i11) >

C C
¢1.i+1 =1- ¢0,i+1

where My and M; represent the molar mass of St and Bis-
GMA respectively, and po and p; the corresponding
densities.
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To compute the spinodal decomposition curve at a par-
ticular conversion, it is necessary to know the interaction
parameters between the copolymer and the other species,
which can be calculated from the segmental interaction
parameters [37]. In a mixture of a homopolymer A and a
random copolymer B,C; _y), the interaction parameter be-
tween homopolymer and copolymer can be written as:

X Acopol = daXap + (1= d5)Yac — Pp(1 — d) Aac (10)

In our case, the following segmental interaction param-
eters are needed:

Xst—HBisGMA — ZHst-BiscMA — 01
Xust—pmma = Zo3 (11)

XHBisGMA—PMMA — X13

where HSt and HBisGMA represent the segments of St and
BisGMA in the copolymer and are assumed to be equiva-
lent to the monomers. The subscript 3 represents the
PMMA modifier. The third term on the right side of Eq.
(10) requires the knowledge of the interaction parameter
HSt-HBisGMA (¥ton1), Which is an empirical parameter as-
sumed to be 3.3 x 1072. It should be highlighted that Y HOH1
is the only fitting y-parameter required for modeling the
quaternary blends and it is valid in the whole range of
the analyzed compositions. The remainder of y-parame-
ters is obtained from the analysis of the individual binary
systems.
Thus, the resulting equations are:

Yozi = P1.i%o1 — Poi®7 iXuomn
X12i = ‘156,1'%01 - d’f),id’i,i%l-mm (12)

Ya3i = Poidos T 113 — P05 Xmom

Finally, to represent the evolution of the relative size of
the copolymer as a function of conversion in the pregel
stage of the reaction, the approach proposed by Okay
et al. for free-radical cross-linking copolymerization of vi-
nyl/divinyl monomers, was used [38]. The expression can
by written as

Xai = Xa0(1 — (/o)) (13)

where y is the critical exponent and its value is 1.6 + 0.2
[38]; o is the gel point conversion taken equal to 0.08
[39]; and x, is the relative size of the copolymer at the
start of the reaction and its assumed value is 600 [38]. It
is stressed that all these values are not fitting parameters,
and that they are taken from results obtained from similar
polymer systems, which have been already published
[38,39]. With the previous equations, the spinodal decom-
position curve can be calculated for the global conversion
corresponding to each reaction step.

It is worth pointing out that the present model only
takes into account the elastic contribution to the free en-
ergy once the macrogelation was reached (Eq. (2)). How-
ever, one characteristic of the network formation process
in free radical polymerization is the spatial heterogeneity
in the reacting system. The formation of microgels in the

early stages of the polymerization is the primary cause of
structural heterogeneity in the network. Microgels are
densely cross-linked and cycled polymers and result from
the formation of highly cross-linked regions near the site
of the initiated radical. These microgels should have some
elastic contribution to the free energy at early stages of
polymerization prior to the macrogelation. Such a contri-
bution is very difficult of evaluating and is not taken into
account in the present analysis.

3. Experimental
3.1. Materials and sample preparation

Bisphenol A glycidyl methacrylate (BisGMA) (Esstech,
Essington, PA), styrene (St) (Poliresinas San Luis S.A., San
Luis, Argentina), and poly(methyl methacrylate) (PMMA)
(Aldrich Chemical Company) were used as received. The
structures of both co-monomers (BisGMA and St) are
shown in Scheme 1. The molar mass averages of BisGMA
were determined by size exclusion chromatography (SEC)
(Waters Model 440, Waters, Milford, MA) using columns
PLGel (Torrance, CA) of 100, 500, 103, 10%, and 10° A in dis-
tilled tetrahydrofuran with polystyrene calibration. The
molar mass distribution of PMMA was also measured by
SEC (Waters ALC 244, Milford, MA) at 25 °C using Shodex
columns (Milford, MA) A 802, 803, 804, 805, and 806/S
with both refraction index and specific viscosity detection
on line (Viscotek Model 200, Houston, TX) using universal
calibration curve determined with polystyrene standards
and the Mark-Houwink constants of PMMA in THF at
25°C [40]: a=0.697; K=10.4x10"3 mL/g. Molar mass
averages and other characteristics of the components used
in this study are reported in Table 1.

Solutions of St/BisGMA =45/55 wt% containing PMMA
in a proportion of 5 and 20 wt% were prepared. The PMMA
particles were initially dissolved in part of the St, and then
they were mixed with the BisGMA and the remaining St to
reach the final composition. All the samples were cured at
80 °C using benzoyl peroxide 2 wt% (Luzidol 75%, Akzo
Chemicals S.A., Buenos Aires, Argentina) as the initiator
of the free radical polymerization.

3.2. Infrared spectroscopy

FTIR curing studies were performed using a Genesis II
Mattson FTIR (Mattson, Madison, WI) spectrometer in the
transmission mode. A drop of the sample containing initi-
ator was sandwiched between two KBr crystal discs sepa-
rated by a 50 pm aluminum spacer ring used to regulate
the sample thickness and to avoid evaporation of styrene.
The assembly was placed in a sample oven HT-32 (Spec-
tra-Tech Inc., Shelton, CT) with programmable temperature
control, which was then mounted into the spectrometer. A
thermocouple (K-type) was directly plunged into the reac-
tive mixture to record the real temperature of the system
during reaction. The temperature was kept within
80+0.5°C and FTIR measurements were taken in real
time. FTIR spectra were acquired in absorbance mode over
the range of 600-2000cm~! from 8 coadded scans at
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Bisphenol A glycidyl methacrylate (BisGMA)

O~

Styrene (St)

Scheme 1. Chemical structures of the co-monomers.

Table 1
Characterization of the used components.
St (0) BisGMA (1) PMMA (3)
M, (g/mol) 104 600* 41500*
My/My 1.00 1.06 1.93
Density,s -c (g/cm?) 0.91° 1.16° 1.19¢

2 Measured by SEC, THF solvent at 1 mL/min.
> Measured using a precision balance for densities.
¢ Taken from the supplier’s catalog.

2 cm! resolution. The sampling interval was 3 min until

no changes were observed in the absorbance peak area.
The conversion profiles were calculated from the decay of
the absorption bands located at 945 cm~! (C=C in BisGMA)
and 910 cm™' (C=C in St) as described in the literature
[41]. The overall conversion of C=C double bonds (o) was
determined as

a(t) = foooo(t) + froo (t) (14)

where f; is the initial molar fraction of double bonds of St
(i=0) or BisGMA (i=1), and o(t) is the fractional conver-
sion of double bonds of each one at time t.

3.3. Light Scattering (LS)

Static light scattering experiments were performed
using a Fraunhofer configuration LS apparatus consisting
of a linear array of 224 photodiodes placed to detect the
scattered light at different angles by a thin sample illumi-
nated by a 17 mW He—Ne laser with random polarization.
The sample was sandwiched between two glass windows
separated by a 1.2 mm spacer ring. This assembly was
placed into an aluminum block provided with a com-
puter-controlled electrical heating system. A K-type ther-
mocouple directly plunged into the sample was used to
monitor the real temperature of the system, which was
kept within 80 = 1 °C. The intensity of scattered light from
the sample was collected by 14 common cathode mono-
lithic silicon photodiode linear arrays of 16 elements each,
manufactured by Photonics Detectors Inc. An opal diffusing
glass was used to calibrate the photodiodes individually
and thus compensate for their different gains. The current
flow from the photodiode circulated through a resistance
generating a voltage proportional to the incident light. Sig-
nals were sent to a microprocessor that carried out all the
coordination and control tasks, connected to a personal
computer through a serial port. This type of connection im-

posed a minimum sampling time of 1 s, although the time
needed to collect a whole spectrum was considerably
smaller.

The same formulations selected to evidence phase sep-
aration by LS were also used to follow its double-bond con-
version by FTIR. A thermocouple plunged into the sample
in both LS and FTIR setups allowed us verifying that the
real temperature of the sample in both experiments was
virtually the same during the whole reaction. The phase
separation time was evidenced by the beginning of an in-
crease in the intensity of the scattered light. The knowl-
edge of the kinetics of double bond conversion enabled
us to transform the time scale into a conversion scale.

4. Results and discussion
4.1. Phase separation during polymerization

Phase separation in the course of polymerization of St/
BisGMA (45/55 wt%) solutions containing 0, 5 and 20 wt%
PMMA as a modifier was investigated by real-time static
light scattering (LS). At the same time, real-time FTIR stud-
ies under the same reaction conditions were carried out in
order to transform the time data of the light scattering
experiments into double bond conversion data. All the
reactions were studied in isothermal conditions at 80 °C.

Fig. 1 shows the light scattering intensity at four q vec-
tor values (2.81, 3.32, 4.16, and 4.97 um ') together with

350
_ L 0.8 é
= 300 -
< 3
. L 0.6 @
5 250 3
Z 200 - | S
r= F 0.4 u=
L [5)
< 150 1 c
= 3.32 um’ 2
7} ] .
5 100 2.81 um'1 - 0.2 s
-~ % >
= S0 s
= 4.97um” | 0.0 O
0 2000 4000 6000

Time (seconds)

Fig. 1. Overall conversion of double bonds and light scattering intensity
at different values of q vector plotted as a function of reaction time for the
St/BisGMA mixture with no PMMA added cured at 80 °C. Line connecting
conversion points is drawn to guide the eye.
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the overall double bond conversion plotted as a function of
time for the whole reaction of the St/BisGMA mixture
without PMMA added. It can be seen that while conversion
increases to get a value equal to 0.77 at 6000 s of reaction,
the light scattering intensity at the different angles re-
mains low and virtually constant indicating little change
in the morphology of the sample during the course of reac-
tion. This result suggests that no phase separation takes
place during polymerization of the St/BisGMA sample
without PMMA added. In a previous paper [42] we showed
that the St-BisGMA thermoset without PMMA added was a
transparent, homogeneous material with a flat fracture
surface that showed no phase-separation features by
SEM, confirming our previous interpretation of the LS data
that no polymerization induced phase separation takes
place in the sample without added PMMA.

Samples containing PMMA presented a different behav-
ior. Fig. 2 shows the profiles of light scattering intensity at
four q values and the double bond conversion curve as a
function of time for the sample containing 5 wt% PMMA.
Three different regions in the LS profiles can be distin-
guished. The first one agrees with the induction period of
the reaction. Here, no changes in the morphology of the
sample occur as the polymerization reaction has not still
started. Consequently, the light scattering intensity re-
mains practically constant indicating that the system is
still homogeneous. A second region characterized by a pro-
nounced increase in the LS intensity starts at very early
stages of the polymerization reaction, as observed on the
conversion curve. This increase in the LS intensity indicates
pronounced changes in the morphology of the sample
associated to the beginning of the phase separation. The
double bond conversion for the onset of phase separation
is o = 0.02. As phase separation progresses, the LS intensity
increases indicating that the concentration of BisGMA, St
and PMMA are continuously evolving in the separating
phases. The LS intensity grows up to reach a maximum va-
lue at double bond conversion close to « = 0.07. This value
is very close to the gelation conversion for this system,
which is between 0.08 and 0.10 as it has been reported
in a previous study [39]. This suggests that the evolution

350
L0.8 3
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E 3004 5
()]
> 250 L0.6 ©
S | E
b= (]
3 200 .
< 150 -
2 ] s
7] i »
g 1001 asgum’  aorpm' [02 5
-E >
£ 50 s
L0.0 O

0 2000 4000 6000
Time (seconds)

Fig. 2. Overall conversion of double bonds and light scattering intensity
at different values of q vector plotted as a function of reaction time for the
St/BisGMA mixture modified with 5wt% PMMA cured at 80°C. Line
connecting conversion points is drawn to guide the eye.

of the phase separation in this system would be strongly
hindered by gelation. In the third region, which covers
the remainder of the test, the LS intensity slowly decreases
as the crosslinking reaction progresses. The decrease of the
scattering peak in systems undergoing a polymerization
induced phase separation has also been observed by other
authors and attributed to the matching of refractive indices
of both phases [43]. As the crosslinking reaction advances,
the refractive index difference (e.g. contrast) between the
PMMA and the crossliked St-BisGMA resin become lower
compared to the contrast between St/BisGMA and PMMA
before reaction. Regarding the St-BisGMA crosslinking
reaction, it can be seen in Fig. 2 that the conversion curve
progresses almost exclusively in the third region of the LS
profiles, indicating that the co-polymerization reaction
mostly occurs in a phase separated system with a structure
fixed by gelation.

Fig. 3 shows the results obtained for the sample with
20 wt% PMMA. Qualitatively, the LS profiles present the
same trends observed for the sample with 5 wt% PMMA.
However, it is clear that the growth in the LS intensity,
associated to the phase separation process (second region),
is much faster than that obtained with 5 wt% PMMA. This
result is a consequence of the higher concentration of
PMMA in this sample. Due to this, a larger amount of
PMMA is segregated in the same period of time from the
mother phase producing a faster increase of the relative
intensity of light scattered at the different scattering an-
gles. It can also be seen in Fig. 3 that the LS profiles get a
maximum at a lower conversion value than for 5 wt%
PMMA (Fig. 2), suggesting that the phase separation is hin-
dered by viscosity in the pregel stage of the reaction. This
idea is consistent with the fact that the initial viscosity of
the sample with 20 wt% PMMA is much higher than that
with 5 wt% PMMA.

Fig. 4 shows the light scattering spectra recorded at se-
lected increasing times for the sample with 20% PMMA.
One can see the presence of a scattering maximum at a q
value that remains constant during the experiment. The
LS spectra corresponding to the sample with 5 wt% PMMA
presented similar features. The existence of a scattering
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Fig. 3. Overall conversion of double bonds and light scattering intensity
at different values of q vector plotted as a function of reaction time for the
St/BisGMA mixture modified with 20 wt% PMMA cured at 80 °C. Line
connecting conversion points is drawn to guide the eye.
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Fig. 4. Light scattering spectra at different reaction times for the sample
modified with 20 wt% PMMA cured at 80 °C. Lines are drawn to guide the
eye.

maximum located at a constant g value in systems under-
going a polymerization induced phase separation has been
discussed in the literature and attributed to a spinodal
decomposition mechanism frozen at early stages by viscos-
ity or gelation [30,31]. According to this evidence, the evo-
lution of the spinodal decomposition curves as a function
of conversion was computed. The theoretical predictions
and the comparison with the experimental results will be
presented in the next section.

4.2. Evolution of the unstable region during polymerization

The proposed model in Section 2 allows to compute the
evolution of the unstable region, limited by the spinodal
curve, during the isothermal copolymerization of St and
BisGMA in the presence or not of thermoplastic modifier.
Table 1 summarizes the physical parameters used in the
calculations, and Table 2 lists the values of the binary
interaction parameters, which were evaluated in a previ-
ous work [27].

We first analyze the St/BisGMA system with no PMMA
added. Shown in Fig. 5 is the calculated evolution of the
unstable region (e.g. two-phase region) for this system
polymerized at 80 °C. In the triangular diagram, St is placed
in the upper vertex, BisGMA in the lower vertex at the left,
and copolymer in the lower vertex at the right. The initial
solution of St/BisGMA, denoted as F (45/55 wt%, equivalent
to ¢s¢ = 0.512), is located on the left side of the triangle, and
the compositional trajectory is represented by the thick
line starting from F and ending, theoretically, in the vertex
of pure copolymer.

Initially the mixture exists as a transparent homoge-
neous solution comprised by molecules of St and BisGMA.

Table 2

Constants a and b of the binary interaction parameters, y; () =a+ b/T).
Binary pair a b (K)
St-BisGMA (y01) —-0.330 325.1
St-PMMA (x03) 0.085 131.3
BisGMA-PMMA (y13) —~2.498 705.1
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Fig. 5. Calculated evolution of the unstable region during copolymeriza-
tion at 80 °C for the St/BisGMA sample without PMMA added. In the
triangular diagram, St is placed in the upper vertex, BisGMA in the lower
vertex at the left, and copolymer in the lower vertex at the right. Small
points symbolize the spinodal curve at different conversion values
whereas the corresponding larger points represent the composition of
the system at the same conversion values. F denotes the initial solution of
St/BisGMA (45/55 wt%, equivalent to ¢s, = 0.512) located on the left side
of the triangle (St-BisGMA binary side).

When the double bond conversion is « = 0.01, an unstable
region extends from the base of the diagram (BisGMA-
copolymer binary side) into the ternary field. This two-
phase region is limited by the spinodal curve symbolized
by small solid squares in Fig. 5. For the same conversion
value (o =0.01), the composition of the system is repre-
sented by the larger solid square on the reaction trajectory.
Since the composition point is above the unstable region,
the system is homogeneous. As seen in Fig. 5, the two-
phase region shifts upward and toward higher copolymer
concentrations with increasing conversion, while the com-
position of the system moves along the trajectory as sym-
bolized by the respective points. No phase separation is
predicted in the pregel stage of the reaction (« < 0.08) as
the composition point falls always far above the respective
spinodal curve.

For o = 0.085, slightly above the gelation conversion, the
unstable region extends across the ternary field including
completely the binary BisGMA-St (left axis) of the dia-
gram. This effect is produced by the elastic contribution
to the mixing free energy (last term in Eq. (3)) due to the
gel formation. Nevertheless, the composition of the sys-
tem, represented by the unfilled circle in Fig. 5, falls out-
side of the two-phase region indicating that the system is
still homogeneous. The same result was obtained for all
the analyzed conversions in the postgel stage of the reac-
tion (o > 0.08) as shown in Fig. 5. Thus, the model predicts
that the system (without PMMA added) never enters in the
unstable region of the diagram and consequently remains
in homogeneous state during the whole reaction. This re-
sult is in agreement with the experimental evidence previ-
ously presented.

We now analyze the St/BisGMA system modified with
PMMA. During reaction, the system is comprised by four
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components, St, BisGMA, copolymer, and PMMA. At a se-
lected temperature, the graphical representation of such
a system is a tetrahedron such as that illustrated in
Fig. 6. Each corner represents the composition of one com-
ponent of the system. The faces of this tetrahedron repre-
sent limiting ternary diagrams, similarly to the binary
systems that are the limiting sides in a ternary diagram
at a selected temperature. The spinodal boundary lines
on the ternary diagrams extend into surfaces in the tetra-
hedron, and two-phase areas of the ternary systems be-
come volumes in the quaternary system.

In the course of the copolymerization reaction, changes
in the proportions of three of the four components (St, Bis-
GMA, and copolymer) occur, while the concentration of
PMMA remains constant. Thus, the compositional trajec-
tory will be on a plane parallel to the base of the tetrahe-
dron illustrated in Fig. 6. The intersection of this plane
with the sides of the tetrahedron forms a triangle. As an
example, we have shaded the triangle labeled 0'1'2" which
corresponds to 20 wt% PMMA (Fig. 6). The arrow drawn
from the side 0’1’ to the vertex 2’ represents the composi-
tional trajectory for the selected example. It is instructive
to note that the base of the tetrahedron shown in Fig. 6 cor-
responds to the triangular diagram presented in Fig. 5 for
the system without PMMA added.

Then, to analyze the evolution of the unstable region in
a quaternary system at a fixed PMMA concentration, we
discuss the triangular diagram that results from consider-
ing the plane at constant PMMA concentration. In this tri-
angle we represent the composition of the system and the
spinodal boundary line for all the conversions analyzed.
Note that the spinodal line is generated by the intersection
of the spinodal surface in the tetrahedron with the triangu-
lar plane considered.

Fig. 7 shows the calculated evolution of the unstable re-
gion for the system modified with 5 wt% PMMA (equiva-
lent to ¢pmma = 0.064) polymerized at 80 °C. Initially the
mixture is in the one-phase homogeneous region of the
diagram. When the double bond conversion is just
o=0.01, the composition of the system enters in the

PMMA (3)

copolymer (2)

BisGMA (1)

Fig. 6. Tetrahedral representation of a quaternary system composed by
St, BisGMA, copolymer, and PMMA. The gray shaded plane (labeled 0'1'2")
corresponds to 20 wt% PMMA (¢pyvma = 0.178). The red arrow drawn on
this plane, from the side 0’1’ to the vertex 2/, represents the compositional
trajectory during reaction for the sample with this amount of PMMA. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Calculated evolution of the unstable region during copolymeriza-
tion at 80°C for the St/BisGMA sample with 5wt PMMA
(¢pmma = 0.064). Small points symbolize the spinodal curve at different
conversion values whereas the corresponding larger points represent the
composition of the system at the same conversion values. The model
predictions corresponding to conversion values higher than the phase
separation conversion were computed considering that each analyzed
conversion is reached from a homogeneous state, as it is explained in the
text. Note that in the represented plane the total mass of St, BisGMA, and
copolymer represents a 95 wt% (¢ = 0.936) of the sample composition.

two-phase region as shown by the solid square point in
Fig. 7. Consequently, the homogeneous solution becomes
thermodynamically unstable and undergoes phase separa-
tion at very early stages of the polymerization reaction.
This result is in very good agreement with the experimen-
tal evidence presented for the same system (Fig. 2), for
which the phase separation begins at o = 0.02.

Additional computations for conversion values higher
than the phase separation conversion are included in this
plot with the aim of showing the model predictions for
the hypothetical case in which each analyzed conversion
is reached from a homogeneous state. Note that this is a
simplification, since once that the two phases have devel-
oped, the local composition and the resulting interactions
are different and their evolution should proceed sepa-
rately. However, the value of these predictions is that if
the system is located in the unstable region of the phase
diagram, it only can exist as a phase separated system.
Actually, for all the analyzed conversions higher than
0.01 the system is located in the unstable region of the dia-
gram as seen in Fig. 7. This result indicates that the sample
remains phase separated during the rest of the reaction,
prediction that is supported by the light scattering profiles
shown in Fig. 2.

Simulations performed for the system with 20 wt%
PMMA (equivalent to ¢pyma=0.178) are presented in
Fig. 8. For this system, the model also predicts that phase
separation takes place at the beginning of the reaction.
For a conversion value of o=0.01 the composition point
falls almost on the spinodal curve symbolized by small so-
lid square points in Fig. 8. As one can see, for any conver-
sion value higher than 0.01 the system is located in the
unstable region of the diagram and consequently it will
be phase separated. This result is in good agreement with
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Fig. 8. Calculated evolution of the unstable region during copolymeriza-
tion at 80°C for the St/BisGMA sample with 20wt% PMMA
(¢pmma = 0.178). Small points symbolize the spinodal curve at different
conversion values whereas the corresponding larger points represent the
composition of the system at the same conversion values. The model
predictions corresponding to conversion values higher than the phase
separation conversion were computed considering that each analyzed
conversion is reached from a homogeneous state, as it is explained in the
text. Note that in the represented plane the total mass of St, BisGMA, and
copolymer represents only an 80wt% (¢ =0.822) of the sample
composition.

the experimental behavior previously discussed (Fig. 3),
evidencing the predictive capability of the proposed ther-
modynamic model.

5. Conclusions

Real-time static light scattering studies performed to
monitor phase separation in the course of free-radical
copolymerization of St and BisGMA, in the presence of
PMMA as a modifier, showed the occurrence of a phase
separation process at very early stages of the polymeriza-
tion reaction (o = 0.02, with 5 wt% of PMMA). This process
occurred in the unstable region of the phase diagram by a
spinodal decomposition mechanism as evidenced by the
appearance of a scattering maximum located at a nonzero
constant g value. The phase separation proceeds until the
chain diffusion is strongly hindered by viscosity in the pre-
gel stage of the reaction (« < 0.08).

Co-continuous phase morphologies have been reported
previously for these types of systems and have proved to
be beneficial for a number of applications. In contrast to
the experimental results, which may not be particularly
surprising, an original and very interesting contribution
was made in this work by modeling the evolution of the
unstable region of the phase diagram as a function of con-
version and by predicting phase separation in spinodal
condition. The analysis was performed using an expression
for the free energy of a reactive network-forming mixture
based on the Flory-Rehner lattice model for swollen gels.
For the selected formulations containing PMMA, the model
predicts that phase separation takes place at almost the
beginning of the reaction (« =0.01, at 5 wt% of PMMA), a
result that is in good agreement with the experimental evi-

dence. On the other hand, for the sample with no PMMA
added the model predicts that the system never enters in
the unstable region of the diagram and consequently re-
mains in homogeneous state during the whole reaction.
This prediction is also in agreement with the presented
experimental behavior, which is an indication of the accu-
racy of the proposed thermodynamic model.
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Appendix A. Supplementary material

Considerations on the assumption that the total volume
does not change upon reaction. Supplementary data asso-
ciated with this article can be found, in the online version,
at http://dx.doi.org/10.1016/j.eurpolym;.2013.08.027.
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