Simultaneous Interpenetrating Networks of a Polyurethane
and Poly(methyl methacrylate). 1. Metastable

Phase Diagrams

V. MISHRA,"** F. E. DU PREZ® E. GOSEN,”? E. J. GOETHALS,® and L. H. SPERLING'>*

'Department of Chemical Engineering, 2Department of Materials Science and Engineering, *Center for Polymer
Science and Engineering, *Materials Research Center, *Polymer Interfaces Center, Lehigh University,
Bethlehem, Pennsylvania 18015; and ®Department of Organic Chemistry, Polymer Chemistry Division,
University of Ghent, Krijgslaan 281 S4-bis B-9000, Ghent, Belgium

SYNOPSIS

Any simultaneous interpenetrating network (SIN) synthesis contains three key events.
These are gelation of polymer I, gelation of polymer II, and phase separation of polymer |
from polymer II. Metastable phase diagrams of SINs are developed, in which the time
occurrence of these three events is represented. A polyurethane/poly(methyl methacrylate)
(PU/PMMA) system was chosen as a model. Polymerization kinetics were followed in situ
for both PU and PMMA using Fourier Transform Infrared Spectroscopy (FTIR) with the
aid of a heated demountable cell. Glass transitions of fully cured samples were determined
by dynamic mechanical spectroscopy {DMS) and differential scanning calorimetry (DSC).
Phase separation was determined by the onset of turbidity, and gelation of the first gelling
polymer was determined by the sudden resistance of the system to flow. As a result, a
metastable phase diagram was constructed for the four-component SIN system (the two
monomers and their respective polymers) as a tetrahedron in three dimensions with the
two monomers and two polymers at the four apexes. Phase separation and gelations of the
two polymers are indicated by various surfaces. These surfaces intersect at lines and curves,
representing unique conditions of an SIN synthesis, e.g., simultaneous gelation of both
polymers, or simultaneous phase separation and gelation of polymer I, etc. These conditions
are critical in terms of the development of the SIN morphology, dividing the reaction space
into specific regions. Finally, it is shown how the tetrahedron diagram helps visualize the
course of the three key events during SIN synthesis, and provides direction for controlling

them. © 1995 John Wiley & Sons, Inc.

INTRODUCTION

Interpenetrating polymer networks (IPNs) are
defined as a combination of two or more polymers
in network form, at least one of which is synthe-
sized and/or crosslinked in the immediate pres-
ence of the other.? Based on synthetic routes,
IPNs have traditionally been classified into two
subclasses. The first, sequential IPNs, are made
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by swelling polymer network I with a monomer
mixture II, followed by polymerization of the lat-
ter. The second, simultaneous interpenetrating
networks (SINs), are obtained when all monomers
or prepolymers and their corresponding cross-
linkers are first mixed together, before polymer-
ization of either component. Such systems require
noninterfering routes for the two polymerizations.
A major thermodynamic difference between the
sequential IPNs and SINs is that network I in the
former is stretched due to the swelling step,
whereas in the latter, both networks are more or
less relaxed. The polymer that gels first in SINs,
and network I in sequential IPNs, tends to form
the more continuous phase.
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PU-PMMA SINs

There are over 50 articles regarding SINs of a poly-
urethane (PU), and an acrylic or styrenic polymer.?
Among these articles, the most visible are the PU/
poly (methyl methacrylate) (PMMA ) SINs, because
this system gives good mechanical and damping
properties, while also serving as an excellent model
SIN system. For example, Kim et al.>* studied PU/
PMMA SINs and found that phase domains were
finer in SINs than in the corresponding linear blends
and that the two glass transitions ( T,s) were shifted
inward. Meyer and co-workers®® found even larger
inward shifts in the 7T,s of their SINs of the same
system (e.g., 43°C vs. 15°C, for about 50/50 com-
positions). Significant broadening of the transitions
was also noted along with improvements in some
mechanical properties. Later, Hur et al.”® obtained
extremely broad, single glass transitions in their in-
vestigation. Very recently, Akay and Rollins®"
found that varying the overall SIN composition
could give from two shifted Ts to a single broad T},.
Lastly, SINs from the current work show two dis-
tinet Ts with no measurable inward shifting.

Due to differences in glass transition behavior,
different authors concluded different levels of in-
teractions and mixing between the two phases. The
corresponding mechanical property studies®?®° as
well as morphology (TEM) studies®!! accentuated
these differences. Of course, the polyurethanes used
in these studies were not always identical, making
the comparisons difficult. But an inspection of all
the systems clearly indicates that the differences
noted arise because of the different polymerization
conditions employed. Indeed, Tabka et al.!?*® re-
cently found that noticeable differences in the mor-
phology and the damping behavior of PU/PMMA
SINs can be obtained by changing the relative re-
action kinetics of the two polymers. Depending on
the concentration of the catalyst for the PU, for the
same overall SIN composition, different morphol-
ogies were obtained, ranging from a very fine phase
dispersion to more or less individualized domains.
Dynamic mechanical spectroscopy (DMS) con-
firmed these results, showing either a single broad
transition or two well-defined peaks in tan 6 (=G"/
G’, where G” and G’ represent the loss and storage
shear moduli, respectively). The present study was
undertaken to understand further the conditions
that cause the same system to result in different
morphologies and properties.

Metastability in phase morphology of IPNs was
noted by Zhou and co-workers'*® for the
poly (carbonate-urethane) /polystyrene (PCU/PS)

system. Using differential scanning calorimetry
(DSC), it was found that some of the IPN samples
changed slowly from a single phase to a two-phase
morphology over a period of 8 months.'*'® The ini-
tially miscible state was termed a metastable state,
which reflects the high degree of entanglement of
the linear polystyrene chains with the PCU net-
work.'*1® The net effect was a limited molecular
mobility and greatly retarded phase separation in
the otherwise immiscible PCU /PS system. By con-
trast, the PCU/PMMA SINs were found to be sta-
ble, one-phased materials for up to 2.5 years.™

In SIN syntheses generally, there are three key
events, gelation of polymer I, gelation of polymer II,
and phase separation of polymer I from II. The rel-
ative positions of these three events along reaction
time ought to be extremely important in the devel-
opment of morphology, and hence, properties of the
product. However, in spite of the numerous studies
on SINs and sequential IPNs in general, the amount
of literature addressing their gelation and phase
separation remains extremely small. In part, this is
due to the presence of crosslinks, which rarely allow
thermodynamic equilibrium with respect to phase
separation. Therefore, in a strict sense, phase dia-
grams cannot be constructed. But this leaves much
to be desired in terms of understanding the phase
behavior of SIN and IPN systems. In this article, it
is proposed that metastable phase diagrams be de-
fined and developed for IPNs/SINs, which will de-
scribe the conditions under which gelation of one
polymer may be caused to precede or follow the
other, and under which conditions phase separation
precedes or follows one or both gelations.

EXPERIMENTAL

Synthesis

All samples were synthesized in an oven at 60°C in
molds prepared with cleaned glass plates, sprayed
with a TFE-based mold release agent and then baked
at 250°C for an hour. Upon cooling, two such plates
were clamped together with a 3 mm thick Teflon™
spacer. All materials and proportions used are sum-
marized in Table 1.

Polyurethane Network

PPG diol and TMP triol were chargedin 1: 1 equiv-
alent ratio to a glass jar equipped with a mechanical
stirrer in a 60°C bath. The charge was stirred under
vacuum for 30 min to remove dissolved water from
PPG and TMP. This was also sufficient time to dis-



Table I SIN Materials and Recipes Used
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Compound Class Amount Supplier
PU
Poly(oxypropylene)glycol polyether diol 1.0 equiv. Polysciences
(PPG); MW = 2000.
Dicyclohexylmethane-4,4'- aliphatic diiocyanate 2.0 equiv. Miles, Inc.
diisocyanate (H;,MDI),
Desmodur W.
2-Ethyl-2-(hydroxymethyl)- crosslinker 1.0 equiv. Aldrich
1,3-propane diol, or,
Trimethylolpropane
(TMP).
2-Butyl-2-ethyl-1,3- chain extender 1.0 equiv. Eastman
propanediol (BEPD). Chemical
Dibutyl tin dilaurate (T-12). tin catalyst 0.05% (w/wPU) Aldrich
PMMA
Methyl methacrylate (MMA) monomer 96.5-99.0% Aldrich
Tetraethylene glycol crosslinking monomer 0.5-3.0% Polysciences
dimethacrylate (TEGMD)
Lauroyl peroxide (LPO) initiator 0.5% Aldrich
PS
Styrene (Sty) monomer 96.5% Aldrich
Divinyl benzene (DVB), 55% crosslinking monomer 3.0% Aldrich
purity
Lauroyl peroxide (LPO) initiator 0.5% Aldrich

Polymerization Temperature = 60°C.

solve TMP completely in PPG. The jar was removed,
tightly closed, and allowed to cool to room temper-
ature. Then it was charged with two equivalents of
H,;MDI and 0.05% (wt/wt of PU) T-12 catalyst
(added as a 5% solution in toluene), followed by
vigorous stirring for 5-10 min in vacuum to avoid
any air intake. The resulting PU reaction mix, fur-
ther referred to as “U,” was then charged to a mold
and polymerized in an oven at 60°C. For the cor-
responding linear PU, the TMP triol was replaced
with an equivalent amount of BEPD diol.

PMMA Network

The MMA and TEGDM monomers were passed
through neutral aluminum oxide columns (alumina,
Brockmann Activity I, Aldrich Chemical Co.) to re-
move inhibitors and stored below 0°C until use. The
monomers and LPO initiator were mixed in the de-
sired proportions at room temperature, followed by
flushing with dry N, gas to remove dissolved oxygen
(0,) gas. The mixture was quickly degassed in vac-
uum and poured into the mold, followed by poly-
merization at 60°C for about 10 h. Postcuring was
done at 100°C for 4 h followed by 120°C in vacuum
for another 10 h.

For preparing linear PMMA, no crosslinking
monomer TEGDM was added. A linear PMMA
(IRD-2) of M, = 42,000 g/mol was also obtained
from Rohm & Haas Co. for phase diagram model
studies. The molecular weights (MWs) of both types
of PMMA were determined using a Waters Gel Per-
meation Chromatograph (GPC) with a polystyrene
(PS) calibration in tetrahydrofuran medium. The
equivalent PS MWs are reported.

Polystyrene Network

For comparison, some SINs based on polystyrene
(PS) instead of PMMA were also prepared. Styrene
and DVB monomers were treated by neutral alumina
and stored in the same manner as the methacrylates.
However, unlike the methacrylates, the inhibitor
removal was only partial for the styrenic monomers,
as indicated by the subsequent FTIR-polymerization
experiments. The polymerization methods were
identical to those for the PMMA networks.

Simultaneous Interpenetrating Networks (SINs)

The PU-monomer mix, “U,” and the acrylic or
styrenic monomer mix were separately prepared as
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described above and then mixed in the desired pro-
portions. Mixing was done at room temperature in
a glass jar by vigorous agitation. During mixing, a
vacuum was applied to the reaction mixture for a
few seconds and then released by flushing with dry
N, gas. This step was repeated two to three times
to effectively remove the dissolved O,. A final ap-
plication of vacuum for about 30-60 s was required
for degassing, after which the mold was filled and
placed in the oven at 60°C. The postcuring sequence
was identical to that for the PMMA network.

Polymerization Kinetics by FTIR

Polymerization kinetics studies were performed in
situ on a Mattson-Polaris Fourier Transform In-
frared Spectrometer (FTIR) using a special heated
demountable cell (HT-32; Spectra-Tech, Inc.). The
cell contained two NaCl discs (32 mm diameter)
with a Teflon™ spacer (0.025 mm thick ). Temper-
ature control of £0.5°C was achieved by the use of
a microprocessor-based PID temperature controller
(CN9111A; Omega Inc.), which was manually tuned
for the FTIR cell.

The cell was assembled and placed in the FTIR
chamber and then heated to the reaction tempera-
ture of 60°C. Normally, 1 h was allowed for the cell
to attain uniform temperature. Then, a part (< 0.1
mL) of freshly prepared reaction mixture was in-
jected into the cell, the time taken as zero, and then,
spectra taken at fixed intervals of time (see Fig. 1).
The sample here is the initial reaction mixture (re-
action time = 0 min) for a 50/50 PU/PMMA SIN.
The peak heights at 1639 ¢m™! and 2264 cm™!
are proportional to the concentrations of the
~—C=—=C— bonds (in MMA and TEGDM) and
—N=C==0 groups (in the diisocyanate), re-
spectively. With increasing reaction time, these
peaks drop in height, following Beer’s law, thus en-
abling the generation of conversion vs. time plots
for PMMA and PU, respectively. For experiments
with styrene and DVB, the — C=—C — peak at 908
cm ! was chosen because the peak around 1639 cm™

is too close to the phenyl peak at 1601 cm ™.

Phase Separation and Gelation

The time of phase separation was determined vi-
sually by noting the onset of turbidity. All samples
were initially clear, and usually turned turbid over
a period of time of less than a minute.

To determine gelation times, a small glass vial
(of 8 mL capacity) was filled with about 5 mL of
initial mixture, sealed, and placed in the oven at

60°C. It was inspected at noted intervals of time
(1-2 min near gelation) to determine the point at
which the liquid stopped flowing upon vial inversion
(gelation point). Normally, gelation also occurred
within a time frame of about 1-2 min.

One minute of polymerization time corresponds
approximately to a maximum MMA conversion of
1.3%, as estimated from the highest polymerization
rate of pure PMMA in FTIR experiments.

Phase Diagrams

Ternary phase diagrams for the system MMA-
PMMA-“U” were developed using two methods
classified by the type of PMMA used: premixed and
in situ polymerized.

Preliminary Studies: Premixed PMMA

For preliminary studies, the premixed method was
used, in which the lower MW linear PMMA (IRD-
2) was dissolved in inhibited MMA monomer (in
concentrations up to 30% polymer by wt). A PU-
monomer mix, “U,” without the T-12 catalyst was
used. Then, the MMA /PMMA solution was titrated
with “U” until the mixture became cloudy. Because
the viscosities of the solutions were high, the mixture
was heated to 100°C for every composition to facil-
itate initial mixing and then cooled to the test tem-
perature to check for appearance of cloudiness.

In Situ Polymerized PMMA

For the actual SIN system, the MMA /PMMA so-
lutions are not smooth liquids, but rather gels (above
the gelation points). Therefore, they cannot be uni-
formly mixed with “U” in accurate proportions
physically as in the premixed method described
above. So, the mixture “U’’ was dissolved in various
amounts of the unreacted (liquid) MMA-monomer
mix, containing LPO initiator. Subsequent heating
of these mixtures to 60°C initiated the in situ po-
lymerizations of MMA, during which, the times of
phase separation were determined as explained
above. For each MMA /“U” composition, the initial
liquid reaction mixture was also injected into the
FTIR cell and the MMA conversion vs. time curve
determined as explained above. Thus, the MMA
conversion at phase separation was determined for
various “U” contents, with which a metastable phase
diagram could be constructed. The absence of the
T-12 catalyst in the component “U” was important
in these experiments to restrict its undesirable po-
lymerization to PU.
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Figure 1 FTIR absorbance spectrum of the reaction mixture of a 50/50 SIN of PU/
PMMA at the start of reactions. —N=—=C=—0 peak (diisocyanate) at 2264 cm™' and
— C=C~— peak (MMA) at 1639 cm™! are indicated.

A ternary phase diagram for the system MMA-
PMMA-PU was also developed using the in situ po-
lymerized method. However, the PU had to be linear
instead of crosslinked because the PU-MMA mix-
ture must be a liquid in order to be injected in the
FTIR cell for the kinetics experiments. A linear PU
(M, = 90,000 g /mol) was prepared and dissolved in
the PMMA-monomer mix and the same procedure
described above for the system MMA-PMMA-“U”
was followed.

Glass Transitions

Glass transitions (7T)s) of fully cured samples were
determined by dynamic mechanical spectroscopy
(DMS) on a Rheometrics Dynamic Analyzer II
(RDA-II), and differential scanning calorimetry
(DSC) on a Mettler DSC30. For DMS, the speci-
mens were approximately 3 X 12 X 40 mm in size
and were heated from the glassy state in temperature
steps of about 5°C. The strain level was 0.2-1.0%
at a frequency of 1.0 Hz. Peaks in tand were reported
as Tgs. For DSC, a 15 mg sample was heated at the

rate of 10°C/min from —120 to 250°C, in an alu-
minum pan under a dry N, environment.

RESULTS AND DISCUSSION

Reaction Kinetics using FTIR

Figure 2 shows the FTIR kinetics of formation of
pure PMMA and PS. Both autoaccelaration and
vitrification are evident from the reaction-time
curves, the latter slowing the reaction at 80-90%
conversion. The styrene reaction was inhibited due
to traces of the residual inhibitor, 4-tert-butylca-
techol. However, the MMA reaction curve was
highly reproducible and superimposable on the cor-
responding curve obtained from the polymerization
of vacuum distilled MMA.

Figure 3 shows the PU formation kinetics in an
SIN, in bulk, and in solution with 50% toluene. The
polymerization rate is highest in bulk, and lower in
the remaining two cases. Possible general reasons
are monomer dilution and the T-12 catalyst being
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Figure 2 FTIR-kinetics of polymerization for MMA

and styrene. Both with 3% crosslinker (TEGDM and

DVB, respectively); and 0.5% LPO initiator. Polymeriza-

tion temperature = 60°C. Note the Trommsdorff effect

and subsequent vitrification in each curve.

partially soluble in the PMMA phase. In the SIN,
the rate may also be lowered due to the higher vis-
cosity of the PMMA-rich phase.

Based on the curves of Figures 2 and 3, and sep-
arately determined gelation times, the critical con-
versions at gelation were determined for the three
homopolymers (see Table II). The PU gels at the
same conversion of about 65% within experimental
error regardless of dilution up to 50% in toluene.
For PU, Table II also shows the theoretical critical
conversion calculated using the Flory-Stockmayer
statistical approach to gelation.” The reason for
earlier experimental gelation is attributed to the
formation of allophanate linkages in the PU.'® The
last column gives the molecular weight between the
crosslinks, M., of fully cured homopolymer networks
calculated from the rubbery plateau modulus from
DMS, using the equation,

M, = pRT/G*, (1)

where p is the density, and G* represents the com-
plex shear modulus.

Figure 4 shows the FTIR kinetics for a 50/50
PU/PMMA SIN. For this SIN, phase separation
occurred after 8 min of reaction. The system gelled
later, after 50 min of reaction, at a PU conversion
= 55% and PMMA conversion = 2-3%. Therefore,
it may be said that the gelling component at the
experimental gel point is PMMA, by noting the col-
umn 4 values in Table II. The PU would be expected
to gel at about 67% conversion, thus, at about 75—
80 min, noting Figure 4.

In similar experiments with 50/50 PU/PS SINs,
phase separation occurred first, after 80 min of re-
action, followed closely by gelation of PU after 98
min of reaction. The PS gelled much later, according
to the conversion-time data from FTIR.

Modulus Behavior from RDA-I1 and Phase
Continuity

Figures 5 and 6 show, respectively, the complex shear
modulus, G*, and tan § behavior vs. temperature of
two such SINs (50/50 PU/PMMA and 50/50 PU/
PS) and their corresponding homopolymer net-
works. There are no measurable inward shifts of Tls
in either SIN. (In fact, one can see slight outward
shifts in the SIN Ts. This unexpected behavior is
discussed briefly in Appendix I.) Corresponding ex-
periments on the positions of T,s in the various SINs
were also carried out on the DSC. The results were
substantially identical, in that no measurable inward
shift of the T\s was observed.

Also, both SINs were chalk white in color, the
PMMA -based being slightly translucent owing pri-
marily to the closer refractive indices of PMMA and
PU, as indicated by Table III. These observations
together indicate that the SINs were coarsely phase
separated with almost no segmental interaction be-
tween the two polymers. Using the famous Fox
equation® and these T, values, less than 1% mis-
cibility is indicated between the two polymers in
each SIN from the above DMS data. This is because
in both of these particular preparations, phase sep-
aration precedes gelation.
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Figure 3 FTIR-kinetics of polymerization for PU in

bulk, in toluene (50%) and in SIN (60% with MMA/

PMMA). T-12 catalyst concentration = 0.05% (w/w PU);
Polymerization temperature = 60°C.



Corresponding semi-SINs were also prepared for
both systems with the PU linear. DSC results (not
presented) showed two distinct T,s, indicating
coarse phase separation to almost pure polymer do-
mains. Physically, these semi-SIN samples were
sticky, cheesy, and very weak. Because stickiness,
in particular, is associated with linear polymers
above their Ts, it is possible that the PU forms the
continuous phase in both PS- and PMMA-based
SINs at the 50 /50 compositions studied.

To address the issue of continuity of the rigid
networks, the 20°C modulus values of the SINs were
compared with a few theoretical models that predict
modulus of a polymer blend based on pure polymer
moduli (see Fig. 7). Takayanagi’s upper-bound
model ! applies to blends in which the rigid polymer
(PS or PMMA) forms the continuous phase. On the
other hand, Takayanagi’s lower-bound model?! fits
blends with the softer polymer (PU) as the contin-
uous phase. The Davies? and the Budiansky?
models were developed for blends with dual phase
continuity. The equations corresponding to each of
these models are shown below.

Takayanagi upper-bound model:
G =9,G; + 9,Gy, (2)

Takayanagi lower-bound model:
G = [9,/G; + 9:/Go17" (3)
Davies model: G'/° = 9,GY/5 + 9,G/® (4)

Budiansky model:
/{1 +e(G/G —1)]

+9y/[1 +e(Gey/G—1)]=1 (5)
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Figure 4 FTIR-kinetics of polymerization for both PU
and PMMA in a 50/50 SIN. Based on PMMA, TEGDM
crosslinker = 3%; LPO initiator = 0.5%. Based on PU,
T-12 catalyst = 0.05%. Polymerization temperature
= 60°C.

where,
e=2(4—5v)/15(1 —») (6)
and

v, = Poisson’s ratio for the blend/IPN.
For all the above models,

G = shear modulus of the blend,
G, = shear modulus of the rigid polymer
(PS or PMMA),
G, = shear modulus of the soft polymer (PU),
©¥; = volume fraction of the rigid polymer,
¥, = volume fraction of the soft polymer.

Table II Experimental Critical Extents of Reactions at Gelation for Pure
Networks (Polymerization Temp. = 60°C).

Conversion Fully
Gelation at Gelation Polymerized
Sample Description Time (min) (p.) (%) M,? (g/mol)
PMMA-1 3% TEGDM 25 2 3600
PMMA-2 0.5% TEGDM 68 8 5200
PS 3% DVB 110 2 3000
PUR-1 0.05% T-12 40 67 2600
PUR-2 0.05% T-12 68 64 —
(w/50% toluene)
PUR-3 statistical theory — 82 —

2 Calculated from the rubbery plateau modulus, G*, from RDA-II data.
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Figure 5 Dynamic shear modulus vs. temperature be-
havior for 50/50 SINs of PU/PMMA and PU/PS, along
with the corresponding homonetworks. SINs show coarse
phase separation without any inward shifts of T,s. Fre-
quency = 1 Hz.

According to Figure 7, the moduli for both PU/
PMMA and PU/PS 50/50 SINs lie between those
predicted by the models for a continuous PU phase
[Takayanagi’s lower-bound, curve (d)] and dual
phase continuity [ Davies and Budiansky, curves (b)
and (c), respectively}. This may indicate a mor-
phology with a continuous PU phase with lesser de-
grees of continuity for the rigid networks in each of
the two SINs analyzed here. Although the moduli
for pure PS and PMMA are substantially the same
(1.44 X 10° Pa, at 20°C), their 50/50 SINs with

10! ¢

tan (&)

10-2 P4 B PR AN I

-120.0 -60.0 0.0 60.0 120.0 180.0
Temperature [C]

Figure 6 l.ogarithmic loss tangent vs. temperature for
50/50 SINs of PU/PMMA and PU/PS, along with the
corresponding homonetworks. SINs show coarse phase
separation without any inward shifts of T,s. On the con-
trary, very slight outward shifts may be seen for some SIN
peaks. Frequency = 1 Hz.

Table III Refractive Index Values for the Three
Polymers Under Study.

Polymer Refractive Index (20°C)
PU? 1.46
PMMAP 1.49
PSP 1.59

# PU value was calculated as the weighted average of the re-
fractive indices (20°C) of the two major components, polyoxy-
propylene and H;y,MDI, which have R.1. values of 1.4495 (ref. 19)
and 1.4977 (data from supplier), respectively. The two compo-
nents, respectively, constitute 76.5% and 20.0% of the PU by
weight. The remainder 3.5% is TMP, which is neglected in the
present calculation.

» PMMA and PS values were taken from ref. 19.

PU are not, the PU/PMMA SIN being slightly
higher. This may be explained in terms of the dif-
ference in the order of critical events during their
polymerizations. For PU/PMMA SINs, the order
was:

Phase -> Gelation of - Gelation of
Separation  Rigid polymer Elastomer (7)
(PMMA) (PU)

whereas, for PU/PS SINs, the order was:

Phase — Gelation of = Gelation of
Separation Elastomer Rigid polymer (8)
(PU) (PS)

1.0E+103

1 MODEL LEGEND:

1 a) Takayanagi upper bound,

7 b Davies,

c) Budiansky, 3

1.0E+09 d) Takayanagi lower bound.
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Figure 7 Shear moduli at 20°C of 50/50 SINs of PU/
PMMA and PU/PS shown (H) along with four theoretical
models. Model (a) represents a continuous rigid phase;
models (b) and (c¢) represent dual phase continuity; and
model (d) represents a continuous softer phase.



Preliminary Phase Diagrams

Figure 8 shows the phase diagram for the MMA-
PMMA-“U” ternary system determined from pre-
mixed materials with the low MW linear PMMA
(IRD-2) at 20°C and at 60°C. The system becomes
more miscible at higher temperatures, suggesting an
upper critical solution temperature (UCST) behav-
ior. It may also be noted that the immiscible com-
positions at 20 and 60°C were miscible and single
phased at 100°C, further evidence of a UCST be-
havior.

Metastable Phase Diagrams
MMA-PMMA-"U"

Figure 9 shows the phase diagram at 60°C deter-
mined by in situ polymerization of MMA in presence
of “U,” for linear [curve (3)], as well as for cross-
linked PMMA (w/0.5% TEGDM) [curve (4)]. For
comparison, curve {2) of Figure 8 for the low MW
linear PMMA (M, = 42,000 g/mol; GPC) is also
shown. Comparing the two curves for linear PMMA
[curves (2) and (3)] shows that increasing the
PMMA molecular weight decreases the miscibility
by shifting the envelope to the left (M, for in situ
polymerized PMMA = 385,000 g/mol, by GPC).
Also, comparing the two in situ curves [(3) and (4)]

one-phase
region

MMA

100 80 80 70 60

NETWORKS OF PU AND PMMA. I 339

shows that crosslinking the PMMA decreases mis-
cibility further, shifting the envelope even more to
the left. In another IPN system, poly (vinyl methyl)
ether /polystyrene sequential IPNs, Bauer et al.?*
as well as Fay et al.?® have also found that presence
of crosslinks tends to decrease miscibility as com-
pared to the corresponding linear blends.

For the in situ experiments, the extent of unde-
sirable polymerization of “U” to PU was also de-
termined from the FTIR data. The PU conversion
at phase separation was typically 10-15% or less,
which was assumed to have a negligible effect on
the phase diagram curves such as (3) and (4) of
Figure 9.

The phase diagram with crosslinked PMMA
[curve (4) of Fig. 9] is better referred to as a meta-
stable phase diagram, because the SIN system is not
expected to achieve complete thermodynamic equi-
librium due to the crosslinked structure. Instead of
reaching a true thermodynamic equilibrium, such a
system may be said to reach a metastable equilib-
rium. A possible state of affairs is the condition at
which the thermodynamic forces of phase separation
are exactly counterbalanced by the mechanical con-
straints of the network structure. These “mechanical
constraints” may be related to the forces of rubber
elasticity because when a polymer segment is pulled
towards a growing domain, its complete network

PMMA

A Miscible

+ Immiscible

two-phase
region

e
*

IU.

50 40 30 20 10 O

% MMA

Figure 8 Ternary phase diagrams for the system MMA-PMMA-“U” determined by the
premixed method, using linear PMMA (M, = 42,000 g/mol). No polymers/prepolymers
are crosslinked in this diagram. (1) at 20°C; (2) at 60°C. Experimental points are shown
only for curve (1) to avoid complexity of the Figure.
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Figure 9 Metastable ternary phase diagrams at 60°C for the system MMA-PMMA-
“U” determined by polymerizing the PMMA in situ: (3) linear PMMA, M, = 385,000 g/
mol; (4) crosslinked PMMA, M. = 5200 g/mol. For comparison, the 60°C curve (2) from
Figure 8 (M,, = 42,000 g/mol) is also shown. Experimental points are shown only for curve

(3) to avoid complexity.

may act against it. Therefore, in concept, the mag-
nitude of these mechanical constraints could be es-
timated using the rubber elasticity theory. Further-
more, the kinetics of phase separation are slow be-
cause of the high viscosity and/or vitrification, also
resulting in a lag with respect to the thermodynamic
equilibrium, as found by Zhou et al.* This deviation
from equilibrium may also be taken into account
while defining a metastable phase equilibrium. In
either case, however, the curves, while probably dis-
placed slightly, serve to describe the general features
of the system.

The development of curve (4) in Figure 9 is shown
in more detail in Figure 10. The gelation of PMMA
can be represented by a line G,—“U” corresponding
to 8% conversion of MMA to PMMA (see Table II)
(the possible deviation of this gelation line from the
straight line G,—“U”’ is briefly discussed below near
the end of this section). The MMA-PMMA mix is
a sol below this line and a gel above it. It can be
seen that the phase separation curve and this ge-
lation line have an intersection which is a critical
point, “A,” representing simultaneous phase sepa-
ration and PMMA gelation.

Experimental reaction paths are shown for this
diagram as lines with arrows. For the reaction
starting with 60% MMA, phase separation occurs

before gelation, whereas on starting with 80%
MMA, it occurs after gelation. For 70% MMA at
the start, both events occur nearly simulta-
neously. The difference is indicated by the near
chalk-white appearance of the material resulting
from the right of the critical point “A,” as com-
pared to the translucence of material polymerized
to the left of the critical point, suggesting that
gelation before phase separation restricts domain
size.

An interesting modification of the synthesis
scheme would be when the MMA polymerization
is initiated photochemically at room temperature,
instead of thermal initiation at higher tempera-
tures. In that case, the polymerization of “U” to
PU may be restricted even in the presence of the
T-12 catalyst by keeping the temperature low
until the PMMA network is completely formed.
(Such a polymerization scheme has been appro-
priately named an ““in situ sequential” IPN syn-
thesis, by Meyer and co-workers.?’) Subsequent
heating will activate the polymerization of “U.”
If the initial MMA /“U” ratio is greater than 70/
30, then according to Figure 10, the polymeriza-
tion path would lie to the left of the critical
point “A,”’ and order of the events would be-
come:
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Figure 10 Metastable ternary phase diagram for the system MMA-PMMA-“U" deter-
mined by polymerizing the cross-PMMA in situ [same as curve (4) of Fig. 9]. The line of
gelation for PMMA is shown as “U”-G, along with the critical point, “A.” Four reaction
paths are shown: (1) gels and never phase separates; (2) gels first, phase separates later;
(3) simultaneous phase separation and gelation of PMMA; and (4) phase separates first,

gels later.

Gelation of — Phase — Gelation of
Rigid polymer  Separation Elastomer (9)
(PMMA) (PU)

This possibly results in a continuous cross-
PMMA matrix with a dispersed cross-PU phase,
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Figure 11 FTIR polymerization kinetics for the for-
mation of cross-PMMA in the presence of linear PU in
various proportions. Note faster polymerizations with in-
creasing “dilution” by PU. Temperature = 60°C; TEGDM
= 0.5% based on PMMA; LPO = 0.5% based on PMMA.

which might behave like a rubber-toughened cross-
linked PMMA. However, if the initial MMA /“U”
ratio is less than 70/30, then the polymerization
path would lie to the right of the critical point “A,”
and will follow the order shown above for the 50/
50 SIN of PU/PMMA [eq. (7)].

MMA-PMMA-PU

The corresponding metastable phase diagram for the
MMA-PMMA-PU system was developed by em-
ploying the in situ technique using a linear PU pre-
pared with BEPD chain extender as described in
the experimental section. The polymerization ki-
netics for MMA in the presence of linear PU at dif-
ferent concentrations are shown in Figure 11. It
would be expected that the polymerization would
get slower as the MMA reaction mixture is “diluted”
by the presence of PU. However, the exact opposite
is noticed in the PU concentration range studied
here. Meyer et al.?” have explained similar behavior
observed in their in situ sequential PU-PMMA
IPNs by proposing that the higher viscosity due to
the presence of PU during formation of PMMA de-
creases the chain termination rate in comparison to
the chain propagation rate, resulting in an earlier
onset of the autoaccelaration effect.”
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The metastable phase diagram for the ternary
system MMA-PMMA-PU is shown in Figure 12.
The data resulted in an unexpected rise in the phase
separation curve, as seen near 70% MMA on the
base of the triangle. This may also be an artifact
arising due to the variable viscosity of the reaction
mixtures, because ordinary thermodynamics would
not predict such a rise. The extrapolation of the
phase separation curve (dashed lines) is done hy-
pothetically up to the line PU-PMMA, keeping the
overall shape of the curve same as that for the curve
of Figure 10. The curve is made to meet the line PU-
PMMA at points representing less than 1% misci-
bility between the two polymers (which was indi-
cated by the glass transition data above ). Note that
the lines PU-MMA and PMMA-MMA are expected
to lie completely in the one-phase region of the dia-
gram.

In all the experiments shown in Figures 11 and
12, phase separation occurred before gelation of
PMMA. In fact, the reaction mixture did not totally
lose its fluidity at the expected gelation time (cor-
responding to 8% PMMA conversion). Instead, it
acquired the consistency of “broken yogurt” or a gel
that is broken on the scale of the mold (vial). This
might mean that on gelation, the PMMA formed
the less continuous phase, as noted previously in
Figure 7. Note that similar to the diagram of Figure

10, there must be a critical point, “B” for this dia-
gram too, representing simultaneous phase separa-
tion and PMMA gelation.

Metastable Four-Component Phase Diagram:
MMA-“U”-PMMA-PU

Figure 13 shows the metastable phase diagram of
all four SIN components (two monomers and two
polymer networks, MMA-“U”’-PMMA-PU) as a
tetrahedron in three dimensions (3D ). Each of the
four triangular faces of this tetrahedron represents
a metastable ternary phase diagram (in 2D), two
such already shown in Figures 10 and 12. The phase
separation curves in the 2D triangular diagrams of
Figures 10 and 12 can be logically seen as sections
of the phase separation surface in the 3D diagram,
see curves C-D-A-E in the front left triangle, and
curve J-B-K-L in the rear triangle. The phase sep-
aration surface, then, is defined by the points C-D-
A-E-L-K-B-J. Similarly, the PMMA gelation lines
of the ternary diagrams are actually sections of the
PMMA gelation plane, G,—“U”-PU, in the tetra-
hedron.

It may be noted that the diagram is shown here
with the curves and surfaces slightly moved from
their end points, J, L, E, etc., to ease visualization,
maintaining, however, its overall qualitative fea-

PMMA

Cross-linked PMMA
(0.5% TEGDM)
polymerized in-situ @ 60 C
in presence of LPUR.

MMA

P

two-phase
region

A Miscible

+ Immiscible

phase-
separation
polymerization curve
path
PMMA
gelation line

100 90 80 70 60

% MMA

Figure 12 Metastable ternary phase diagram for the system MMA-PMMA-PU deter-
mined by polymerizing cross-PMMA in situ with linear PU. Temperature = 60°C. The
line of gelation G;—PU is primarily based on the gelation line of Figure 10. A typical MMA
polymerization path is also shown using an arrow.
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Figure 13 Metastable phase diagram for the SIN representing both polymers, PU and
PMMA, and corresponding monomer mixtures, MMA and “U.” Temperature = 60°C. The
PMMA gels on and above the plane G,—“U”-PU. The surface enclosing the phase-separated
region in the tetrahedron is marked. Especially note the intersection of the PMMA gelation
plane and this surface along the curve A-B, representing the condition of simultaneous

phase separation and PMMA gelation.

tures. The intersection of the phase separation sur-
face with this plane forms a critical curve shown
“A-B” in Figure 13. The significance of this critical
curve is the same as that of the critical points A and
B of Figures 10 and 12, as described above. A re-
action path to its left sees PMMA gelation first, fol-
lowed by phase separation, whereas one to its right
sees the reverse.

The bottom face, MMA-“U”-PU is seen to be
entirely one phased for this system, noting the pro-
lific use of its miscibility in the synthesis of PU-
PMMA IPNs, both sequentially and simulta-
neously.?'® The remaining, right face, PMMA-PU-
“U,” is almost entirely phase separated except be-
tween lines E-L and “U”-PU, and in the small re-
gion enclosed by points PMMA-J-C.

Figure 14 shows the gelation plane of PU bounded
by points Go-MMA-PMMA, where the point G,
represents 67% PU conversion in bulk. The inter-
section of the two gelation planes forms a critical

line G;-G,, representing the simultaneous gelation
of PMMA and PU for the crosslinker levels used.
Simultaneous gelation in SINs is a particularly in-
teresting condition, which was thought to promote
dual-phase continuity (see the work of Touhsaent
et al.?®%) . In the present system, however, this con-
dition can be achieved only after phase separation,
because the line G,-Gs, lies for the most part, in the
two-phase region (volume) of the tetrahedron. Note
that very close to the point G,, where the line G,—
G, does lie in the one-phase region, the PU may
actually never gel because it is extremely diluted by
the MMA mix, the line G,-G,, therefore, dotted.
Similarly, the PMMA may never gel because of its
extreme dilution by the “U” mix in the other ex-
treme of the tetrahedron, near the line “U”-PU. In
fact, a better representation of the gelation planes
may be with a slight deviation from the ideal planar
structure, shown here for simplicity. For example,
the PMMA plane may bend slightly upwards near
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/ | Plane ‘G, MMA-PMMA'
Gelation plane for PU
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line ‘G,-G;’ 4

G,

Plane ‘G,-"U"-PU’
Gelation plane for PMMA

Figure 14 The four component composition diagram
for the same PU/PMMA SIN system as in Figure 13,
showing the two gelation planes. Plane G,—“U”-PU rep-
resents gelation of PMMA at 8% conversion, and plane
G,-MMA-PMMA that of PU at 67% conversion.

the points “U”” and PU, so that it actually meets the
lines PMMA—“U” and PMMA-PU at points slightly
above points “U” and PU, respectively.

DISCUSSION

Substantially the same PU/PMMA system yielded
different morphologies in different studies described
in the literature.®*® In this study, it is shown that
these differences can arise from differences in the
polymerization routes, which contain three impor-
tant events: gelation I, gelation II, and phase sepa-
ration of polymer I from polymer II.

Defining a metastable phase equilibrium for SINs
and IPNs allows the development of a 3D metastable
phase diagram as a tetrahedron. This subsequently
allows visualization of the course of events during
SIN formation and provides direction for controlling
the specific order of events. For many SIN appli-
cations, it is desired that phase separation occurs
after at least one component gels. Starting from
point “M,” representing the initial monomer mix-
ture, on the line MMA-“U” in Figure 13, one may
choose different paths leading to the three important
events mentioned above.

For example, PU-gelation can be achieved first
by moving along the bottom face of the tetrahedron,
MMA-“U”-PU, by polymerizing the PU alone, until

the PU-gelation plane is crossed, via a type of in
situ sequential IPN synthesis. Similarly, PMMA-
gelation may be achieved first, provided monomer
composition relative to the position of critical point
“A” is suitable, by moving along the front left face,
MMA-“U"-PMMA. This may be done as described
above, by polymerizing MMA using photoinitiation
at a low temperature, so that the PU formation rate
can be kept low enough, until the PMMA-gelation
plane is crossed. Finally, it is easiest to achieve the
phase separation first. All that is needed is to si-
multaneously form both PU and PMMA at com-
parable rates, perhaps following the line M-P in
Figure 13.

Although not shown in Figures 13 and 14, a triple
critical point exists where the line G;-G, of Figure
14 intersects the critical curve “A-B” of Figure 13.
This point represents the simultaneous occurrence
of all three events, phase separation, and both poly-
mers’ gelations.

Although the data presented herein are for the
PU-PMMA system at specific crosslinker levels, the
concepts underlying Figures 13 and 14 are perfectly
general and should work for other systems as well.
Somewhere in the faces and in the interior regions
of the corresponding figures will lie the gelation
planes of the two polymers, and the surface of phase
separation. The planes need not be flat, but may be
curved, as is the surface C-D-A-E-L-K-B-J in
Figure 13. The relative positions of these curves and
planes, and their intersections are controlled by the
thermodynamics of mixing, the interfacial surface
tension, and the crosslinker level of both polymer
networks.

CONCLUSIONS

The process of SIN synthesis has been described as
being composed of three important events: gelation
of polymer I, gelation of polymer II, and phase sep-
aration of polymer I from polymer II. It is important
to identify the order in which these three events
occur in any SIN system and, if possible, control
their order of occurrence to manage the resulting
morphology and properties.

Metastable phase diagrams were first constructed
for the ternary systems MMA-PMMA-“U” and
MMA-PMMA-PU. Also shown are the gelation
lines for PMMA in these triangles. The intersection
of the gelation line with the phase separation curve
has been identified as a critical point that plays an
important role in the development of morphology.



Similarly, the complete SIN system, MMA-“U”-
PMMA-PU, composed of the two monomers and
the corresponding two polymer networks, has been
represented in the form of a tetrahedron in three
dimensions. A phase separation surface divides the
tetrahedron into a miscible region (volume) and an
immiscible region (volume). The gelations of the
two polymers can be represented by two planes that
intersect, forming a line representing the condition
of simultaneous gelation. Finally, one gelation plane
(PMMA) also intersects with the phase separation
surface to form a critical curve “A-B,” important
in terms of the development of morphology and
properties of the SIN.

APPENDIX 1

Abnormal Outward Shifts in SIN T,s

There are several possible causes for the abnormal
outward shifts in the T,s of the SINs noted in Fig-
ures 5 and 6 and it is possible that more than one
of the following explanations are valid.

One possible explanation involves thermal and
pressure effects. When the samples are quenched
from the high curing temperatures down to lower
room temperatures, both phases contract, but to dif-
ferent extents. The soft PU (above T,) will have a
higher thermal coefficient of expansion than the
rigid PMMA or PS (below T,), and will tend to
shrink more than the PMMA (or PS). Due to the
pressure imbalance thus created across the two
phases, the PU phase would become slightly
stretched and the PMMA phase slightly compressed.
Thus, according to the free volume theory, the PU
T, is lowered, while the PMMA T is raised.

Another possible reason (only for the lowering of
the PU T,) is that the PU conversion may be limited
even after postcuring due to the presence of the rigid
PMMA. This will reduce the PU T, from its fully
cured value.

A third possible explanation (only for the rise in
PMMA T,) is based on the zone-refining theory?’
according to which, some low MW species of the
rigid polymer may preferentially dissolve in the soft
PU phase. This will tend to increase the T, of the
remaining rigid phase.
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