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Once limited to chain-growth polymerizations, fine control over polymerization-induced phase separation (PIPS) has

recently been demonstrated in rubber-toughened thermoset materials formed through step-growth polymerizations. The

domain length scales of these thermoset materials can be elegantly tuned by utilizing a binary mixture of curing agents

(CAs) that individually yield disparate morphologies. Importantly, varying the composition of the binary mixture affects

characteristics of the materials such as glass transition temperature and tensile behavior. Here, we establish a full phase

diagram of PIPS in a rubber-toughened epoxy system tuned by a binary CA mixture to provide a robust

framework of phase behaviour. X-ray scattering in situ and post-PIPS is employed to elucidate the PIPS mechanism

whereby an initial polymerization-induced compositional fluctuation causes nanoscale phase separation of rubber and

epoxy components prior to local chain crosslinking and potential macrophase separation. We further demonstrate the

universality of this approach by alternatively employing binary epoxy or binary rubber mixtures to achieve broad variations

in morphology and glass transitions.

1. Introduction

Polymerization-induced phase separation (PIPS) is a simple
method to and
crosslinked polymers at length scales ranging from several nm

introduce periodic structure in linear
to several um.l'8 A multi-component, reactive mixture that is
initially a single homogeneous phase is entropically driven to
separate into chemically distinct phases, due to the increase in
molecular weight associated with polymerization of one or
PIPS has been used to improve the

properties of crosslinked polymers and to create unique

more components.

functional microstructures, thereby opening new applications
1% \When employed with rubbers (ie.,
polymers with low glass transition temperature, T,), PIPS

for such materials.

generates rubber domains capable of increasing the energy
required for a crack to propagate through an otherwise brittle,
highly crosslinked polymer.17'23
generate porous 3D structures and membranes,s’
electrolytes,zs'28 and even bio-inspired metamaterials.”> > °

PIPS has also been used to
24, 25

The ability to control morphology and, in particular, the length
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scale over which PIPS occurs is critical where applications are
concerned. To give several examples, the toughening effect of
a rubber, the transport properties of a porous membrane or
electrolyte, and the optical response of a metamaterial are all
strongly dictated by the size, density, and inter-connectivity of
phase-separated domains.® 2% %313 Thus, recent work in PIPS
has focused on tuneability — manipulating the chemistry of the
initial mixture to achieve controlled final structures® ® > 3¢,
The use of block copolymers has been particularly
instrumental in the tuning of microstructures to achieve
increases in Young’s modulus, tensile strength, and elongation
at break. %3738 However, PIPS has been historically difficult to
control in crosslinked polymers generated from step-growth
polycondensation reactions, such as epoxies, polyurethanes,
and polyesters, which are widely used as adhesives, as
and in
on account of their thermal

structural matrices for composites, electronic

components, and chemical

stability and rigidity.

Very recently, we introduced an elegantly simple approach to
tune PIPS morphology over nanoscale to macroscale
dimensions in rubber-toughened epoxy resin crosslinked with
common diamine curing agents (CAs).*® We showed that two
different CAs can be selected to yield extremely disparate
phase-separated length scales based on their chemical
structure or reactivity. Then, the morphology can be
conveniently tuned between these extremes by employing a
binary mixture of the CAs, with their relative ratio dictating the

final structure. In addition, we found that key physical
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Figure 1. Tunable PIPS in an epoxy thermoset using a binary curing agent
(CA) mixture and a rubbery polymer. (a) Chemical structures of DGEBA,
T3000, D230, and TETA. (b) Images of epoxy plaques on black background.
Plaques are made by varying CA composition n
(n=[-NH-]orera/([-NH-]orera+[-NH-]op230) and  rubber content m
(m=[-NH-]or3000/[-NH-]Jototal) @nd curing at 60°C or 100°C. Note that
bubbles are present in many samples and should not be confused with
opacity. (c) Phase diagrams of the CA-tuned system.

properties, such as the breadth and position of T, varied in a
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remarkably complex manner with the CA composition, and we
illustrated how this newly discovered tuneability could be used
to optimize useful characteristics of the material such as
tensile behaviour.

A particularly exciting aspect of this approach is its potential
universality. We anticipate that PIPS can be precisely
controlled in all step-growth polymers to develop new
materials with targeted structures and functionalities, as well
and/or improved thermomechanical,
transport, and optical properties, provided a robust framework
of phase behaviour and structure-property relationships is
established. With these considerations in mind, here we
expand upon the limited scope of our initial work to establish a
full phase-diagram for a tuned, rubber-toughened epoxy. We
utilize time-resolved X-ray scattering to further understand the
mechanism by which PIPS occurs in these systems. Moreover,
we demonstrate that PIPS tuneability is not limited to binary
CA mixtures, but can additionally be attained through binary
epoxy or rubber mixtures with a single CA thus generating a
diverse range of desired material properties, as exemplified by
the glass transition.

as unconventional

2. Results and Discussion

Previously, diglycidyl ether of bisphenol A (DGEBA) was used
as the epoxy resin, Jeffamine T3000 (a commercial amine-
terminated polyether) was used as a reactive, amine-
functionalized rubber, while triethylenetetramine (TETA) and
Jeffamine D230 were used as incompatible and compatible
CAs, respectively, for the binary mixture (Figure 1a).39 The
system can be tuned through the parameters of rubber
content and the composition of the CA mixture defined by the
variables m and n, respectively. Here, increasing values of m
indicate higher rubber content (m=0 is entirely epoxy + CA,
m=1 is entirely rubber), whereas increasing values of n indicate
increased TETA content and decreased D230 content within
the binary CA mixture (n=0 the CA is pure D230, n=1 the CA is
pure TETA). For a further detailed definition of these
parameters refer to the full experimental procedures in the
Supplementary Information. As the chemically identical
backbones of D230 CA and T3000 rubber enhance
compatibility of the rubber and epoxy matrix, while the
dissimilar TETA CA favors phase separation, low n vyields
nanophase separation, while high n vyields macrophase
separation. As demonstrated the
boundary between nanophase and macrophase separation is
readily apparent by both a visual transition in samples from
transparent to opaque and a transition from a single, broad
glass transition to two well-resolved ones. Given our initial
focus on rubber toughening and mechanical properties, the
previous study was limited to samples with m<0.3 (< about 40
wt% T3000). Here, we first investigated the full phase diagram
of the original system to obtain a deeper understanding of
PIPS in CA-tuned epoxies.

in our previous work,

As mentioned, visual observation of the CA-tuned epoxies can
be used to roughly delineate their phase separated structures.

This journal is © The Royal Society of Chemistry 20xx
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Transparent materials consist of either a single, homogeneous
phase, or instead are nanophase separated, whereas opaque
materials are macrophase separated (Figure 1b). For each
value of m, samples with a blue-tinted, cloudy appearance
were observed intermediate to the transparent and opaque
regimes (e.g., Figure 1b m=0.025 and 0.4<n<0.6). This bluish
tint indicates that the characteristic length scale of the phase
separated structure was approaches the visible light regime.29
We previously identified this phase separation as a kinetically
metastable state whereby the network morphology is arrested
during the course of the polymerization. This phenomenon is
commonly seen in thermally quenched systems.‘w'42
Qualitatively, we found little effect of cure temperature on the
ultimate phase separated structure in comparison to the effect
of CA composition and rubber content. This fact is exemplified
by the data shown for m=0.2, where the metastable state
persists at n=0.4 when cured at either 60 °C or 100 °C. On the
other hand, the temporal evolution of the phase separated
structure depends strongly on cure temperature, as seen in
time-resolved X-ray scattering measurements discussed
shortly.

We believe the phase behaviour in these materials is primarily
dictated by the extent to which the separating components are
covalently linked, with fewer linkages between incompatible
components leading to macrophase separation, i.e, more
homogeneous chain domains. A schematic illustration is
provided in Figure S1. This hypothesis is based on the
expectation that segregation strength, dictated by yN where x
is the interaction parameter and N is the degree of
polymerization, should increase as the binary CA and rubber
become less chemically distinct (meaning more TETA and less
D230 in this case). Consistent with the hypothesis, Figure 1b
indicates that more TETA (higher n) was required to observe
macrophase separation with larger rubber loadings (m). Both
the rubber and the CAs are reactive with the epoxy resin. With
larger m, a greater fraction of covalent bonds between the
resin and rubber should be expected at the onset of PIPS.
Thus, a larger degree of incompatibility is needed in the binary
CA mixture to induce macrophase separation. The CA
composition n corresponding to the onset of macrophase
separation increases monotonically from m=0.1 until no
macrophase separation is observed at m=0.9. The metastable
region similarly shifts with m and occurs with a minimum value
of n=0.4 at 0.1<m<0.3. Interestingly, the range of n for the
metastable domain slightly increases at the extremes of m,
suggesting a critical point at n = 0.4 and m = 0.2 from which
the metastable domain enclosed by spinodal and binodal
curves progressively enlarges as the system moves away from
the critical point. As suggested previously, these observations
further draw a parallel with the temperature-dependent phase
diagram of a two-component polymer blend given by Flory-
Huggins solution theory.43'46 However, here, wide metastable
windows at compositional extremes are observed as y is varied
based on chemical compatibility (through n) rather than
temperature. Mixtures that begin further from the boundary
for phase separation exhibit nanoscale morphologies while

This journal is © The Royal Society of Chemistry 20xx
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mixtures closer to the boundary exhibit macroscale
morphologies (Figure S1). Mixtures further from the boundary
will possess a greater number of covalent linkages between
epoxy and rubber when the boundary is crossed, thus favoring

the formation of phases with smaller length scales.

For more precise analysis regarding the phase behaviour and
network structure of the thermosets, the composition space
was investigated using small- and wide-angle X-ray scattering
(SWAXS) characterization. The representative SWAXS patterns
of samples at m = 0.3 are presented in Figure 2 and reveal
several broad scattering features; g,.inw 9m, and g, located at
approximately 0.3 A™, 0.06 A7, and 0.01 A™ respectively. Those
characteristic reciprocal lengths are identified by comparing
the scattering patterns of cured thermosets and starting
materials summarized in Figure 2. We note that the scattering
featuresatg>1 At represent the inter- and intra-correlations
of molecular functional groups as previously described for
another polymer system.47 It was previously determined that
Gxiink Peaks (dink=1.38 — 1.57 nm) were associated with the
crosslink lengths of the CA-crosslinked epoxy while g, and g,
describe the complex length scale of the rubber and the strong
nanoscale variations in composition between epoxy and
rubber domains, with g, indicating a peak value and g;
indicating the heterogeneity in this length scale.®® For a given
series of n at constant m, the longest wavelength, d,, of the
nanoscale structure increased up to the value of n at which
metastability is observed, for example, n = 0.4 in Figure 2a, and
then decreased at higher values. Similarly, the scattering
intensities of the g, domain had a maximum at the metastable
and therefore the domains also had the largest
compositional differences at these values of n (Figure 2b and
S2). In the metastable and macrophase separated regimes,
new features are evident at very low g < 0.001 A that can be
attributed to the formation of larger, micron-sized epoxy and
rubber domains. As one progresses deeper into the
macrophase separated regime (larger n), the macroscale

value,

structure becomes dominant at the expense of the nanoscale.
Values for g, g, and g,. . are given for each series in Tables
S2-4, respectively.

X-ray scattering characterization of the thermoset system was
conducted over the time, composition, and curing
temperature parameters for holistic understanding of the
nanoscale structures of the thermosets. The time-resolved X-
ray scattering characterization was conducted at m=0.3 and
n=0.5 which is located in the macrophase separated regime,
yet with a strong signature of scattering from nanodomains.
The scattering patterns of pure starting compounds and the
mixture of amine CAs displayed correlation peaks only in the
wide-angle X-ray scattering (WAXS) domain (g > 1 A of the
segmental spatial relationships, as well as universal upturn
features in the small-angle X-ray scattering (SAXS) domain (g <
0.02 A (Figure 2c). The flat baseline intensity profiles in the
medium-angle X-ray scattering domain (MAXS, 0.02 A< g<1
A™) of those starting materials show that no notable structural
feature exists in this length scale, dyaxs = 1 — 30 nm.*
However, the X-ray scattering of the initial mixture of DGEBA

J. Name., 2013, 00, 1-3 | 3
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Figure 2. X-ray scattering of CA-tuned epoxies. (a) SWAXS patterns and (b) overlaid SWAXS patterns of samples with m = 0.3. (c) SWAXS patterns of the
starting materials and the mixture before curing and (d) of the time-resolved experiments of the system at m = 0.3 and n = 0.5 at 80 °C and 100 °C.

and amine CAs at 25 °C, which is not yet cured, revealed
scattering features corresponding to the length d, = 2ri/q, = 60
nm to dy ik =211/q, = 2 nm with d,, = 2n/q,, = 12.7 nm (Figure
2c). This observation reveals that the freshly mixed epoxy, CAs,
and rubber are already in close proximity to a phase boundary
and the domains are exhibiting significant composition
fluctuations by nanoscale aggregates, i.e., local, spatial
variation in composition, between the unreacted liquid
constituents, as observed from other systems in the vicinity of
the phase boundary.48'5°54

During cure at elevated temperatures, the mixture developed
enlarging and amplifying compositional fluctuations as shown
by the decreasing g, ~ d,'1 and increasing scattering intensity
(Figure 2d). The scattering profiles of the mixture nearly
saturated at 40 mins with the d,= 108 nm and d,,, = 27.4 nm for
80 °C and at 20 mins with d; = 210 nm and d,, = 35.5 nm for
100 °C. We also observed that the scattering intensity of the
saturated g,, domain of the mixture cured at 100 °C is larger

4| J. Name., 2012, 00, 1-3

than that of the mixture at 80 °C. Those observations show
that the compositional fluctuation in the mixture intensifies as
the curing (polymerization) proceeds, i.e., less epoxy in
aggregated rubber domains and vice versa, and the
wavelength of the fluctuation (d,, ~ qm'l) is proportional to
temperature. Additionally, the higher scattering intensity at
100 °C suggests a larger degree of the compositional contrast
in the nanophase-separated domains as the scattering
intensity / ~ Ap where Ap is the electron density difference of
domains proportional to the difference of chemical
compositions. However, over the period of the time-resolved
scattering measurements, the correlation peaks of the CA-
crosslinked epoxy, which conventionally appears at g, . = 0.4
A= 21/1.6 nm in fully cured samples as exemplified in Figure
2a, did not develop. This behaviour suggests that the
nanoscale phase segregation between the rubber and epoxy
components proceeds first via polymerization-induced
compositional fluctuation, vyet additional local chain

This journal is © The Royal Society of Chemistry 20xx
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crosslinking is subsequently necessary to observe the g,.in
peaks characteristic of the epoxy-CA component of the
network.>

The phase behaviour, coupled with the relative fraction of the
phases, strongly affects the macroscopic glass transition of
these materials. Therefore, dynamic mechanical analysis
(DMA) was employed to investigate the extent to which the
glass transition can be tuned using the broad parameter space
afforded by our approach (Figure 3 and 52).53’ ** The opaque,
macrophase separated materials always exhibit two local
maxima in the loss tangent measured as a function of
temperature. The relative strength of these individual
relaxations scales with m, such that the high and low
temperature relaxations can be unequivocally ascribed to the
glass transitions of the epoxy-rich and rubber-rich domains,
respectively. There is little dynamic heterogeneity in the
macrophase separated regime; indeed, the individual
relaxations trend towards the Tgs of pure CA-crosslinked epoxy
and pure rubber as one progresses deeper into this regime. In
contrast, the nanophase separated and metastable materials
always exhibit a single maximum in the loss tangent. The
overall glass transition in these regimes can instead be
considered as a mixing of the individual relaxations. At low m,
the glass transition is similar to pure CA-crosslinked epoxy, and

This journal is © The Royal Society of Chemistry 20xx

the effect of the rubber is essentially to reduce T,. Similarly, at
high m, the glass transition is similar to pure rubber, and the
effect of the epoxy is essentially to increase T,. However, when
there are similar amounts of rubber and epoxy, such as at
m=0.3 and m=0.4, the glass transition is intermediate to the
two extremes, and broadens substantially, indicating a high
degree of dynamic heterogeneity. The breadth of the glass
transition can be tuned by the CA composition, with the
broadest T, occurring in the metastable regime. This ability to
tune the glass transition breadth may have practical
implications for applications of crosslinked step-growth
polymers. Good vibration damping requires a high loss factor
at the frequency of interest, thus broad glass transitions give
better damping performance over a wider range of frequency
and temperature.55 Networks with dynamic heterogeneity can
also be cured at lower temperatures than their homogeneous
counterparts, due to residual molecular mobility associated

with vitrified networks that possess a broad glass transition.>”
56

Having established the broadly tunable phase behaviour and
glass transitions via PIPS with a binary CA mixture, we
hypothesized that a similar approach could be used with a
binary epoxy or rubber mixture where each component of
each mixture could be chosen to favor or oppose phase

J. Name., 2013, 00, 1-3 | 5
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tangent vs. temperature, and (d) SWAXS patterns for resin-tuned epoxies with m=0.1 and varied e.

separation. Given that T3000 rubber strongly phase separates
from TETA-crosslinked DGEBA, DER (an epoxy-functionalized
propylene glycol oligomer) was chosen as an alternative epoxy
resin. As anticipated given the identical backbones of DER and
T3000, samples made from exclusively DER, T3000, and TETA
(m=0.1) produced a transparent material as opposed to the
opaque material using DGEBA as the epoxy. Thus, a new
parameter, e, for a binary epoxy mixture composition was
defined where e=0 and e=1 correspond to entirely DER and
entirely DGEBA, respectively (Figure 4). A rubber loading of
m=0.1 was used to assess the new parameter’s ability to tune
morphology and glass transition in a rubber-toughened epoxy
system as our previous work demonstrated values of m
greater than 0.2 resulted in a rubber-rich continuous matrix
This inversion of
matrix/domain composition as compared with m<0.1 yielded

and CA-rich dispersed domains.*

significant loss in mechanical properties. Transparent samples
were observed at values of e below 0.5, where DER comprised
the majority of the binary mixture, but opaque samples were
produced at values of 0.5 and greater (Figure 4b).
Interestingly, no plagues were observed with the cloudy
appearances indicative of metastable morphologies. The
SWAXS patterns of the resin-tuned materials (Figure 4d)
mirrored the CA-tuned materials, with features g, and g,
arising from nanoscale domains that varied significantly in

6 | J. Name., 2012, 00, 1-3

position as the composition was tuned, as well as the feature
Gxaiink COrresponding to the crosslink length of the epoxy. Again,
the largest length scales of nanodomains d, and d,, were
observed at the onset of the macrophase separated regime. At
the extremes of the series, e=0 and e=1, the nanoscale
structure g, is nearly suppressed, and this indicates that the
compositional fluctuations at those terminal compositions are
very weak. The crosslink length d, . shows significant
variation as the resin is tuned, in contrast to the CA-tuned
materials (Table S5). This variation reflects the decreased
crosslink density of a DER-based epoxy compared to a DGEBA-
based epoxy.

As before, the opaque, macrophase separated materials
exhibited loss tangents with two local maxima at e>0.6,
merging into a single, broad T, at higher DER content (Figure
4c). The inset in Figure 4c shows the loss tangent at low
temperatures, where there is a weak relaxation between -75
and -25 °C in the materials with e>0.6 which can be attributed
to the macrophase separated rubber domains. Interestingly,
tuning e created rapid changes in the glass transition of the
system in the macrophase separated regime and resulted in an
increased range of accessible, broad T,s as opposed to the CA-
tuned system. Unlike the CA-tuned system, where variations in
CA composition have little impact on the glass transition of the
epoxy domains, here, the TETA-crosslinked DER has a much

This journal is © The Royal Society of Chemistry 20xx
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lower T, than TETA-crosslinked DGEBA. Thus, the tuning effect
of DER is to lower the T, of the epoxy domains by reducing
their crosslink density, as well as to merge the individual
relaxations of the epoxy and rubber domains through the
phase behaviour. As in the CA-tuned system, the breadth of
the glass transition can be tuned by the resin composition,
with the broadest T, occurring near the boundary between
nanophase separation and macrophase separation, where
nanoscale compositional fluctuations are largest. Importantly,
the peak in loss tangent at e=0 is both narrow and tall,
consistent with the very shallow g, feature in the
corresponding X-ray scattering data, suggesting weak
nanophase separation or complete miscibility at the molecular
level —a phenomenon not seen in the CA-tuned system.

Finally, to investigate tuning of PIPS using a binary rubber, we
compared diamine-functionalized poly(propylene glycol)
(D2000) to diamine-functionalized poly(ethylene glycol) (PEG)
of similar chain length, with DGEBA and TETA as the epoxy
resin and CA, respectively. D2000 was found to have poor
miscibility with TETA-crosslinked DGEBA, whereas PEG is
known to be highly miscible with DGEBA-based epoxies.57 As
anticipated, plagues made purely with PEG as rubber formed
transparent plaques, whereas those made purely with D2000
formed opaque plaques (Figure 5). Thus, a binary mixture was
created with the purpose of fine-tuning morphology, where R

This journal is © The Royal Society of Chemistry 20xx

denotes the ratio of PEG to D2000, where R=0.0 and R=1.0
correspond to entirely PEG and entirely D2000, respectively.
The rubber-tuned materials showed a greater propensity
towards macrophase separation: with a total rubber content
of m=0.1, only R=0.0 produces a transparent material with
R=0.1 yielding the blue tint associated with metastability and
larger values of R producing opaque, macrophase separated
samples.

Unlike the CA- or resin-tuned epoxies, the rubber-tuned
materials show little variation in the key scattering features
(Figure 5d and Table S6). The crosslink length d, . was
expected to be relatively invariant, as the composition of the
CA and epoxide are constant in this case. On the other hand,
we were surprised to find that the nanoscale domains, as
defined by d, and d,,, are also relatively invariant, despite the
existence of transparent, cloudy, and opaque samples across
this series of materials. The relatively suppressed and invariant
d, and d,, indicate that the compositional fluctuation along
m=0.1 is relatively weak. Gratifyingly, however, the scattering
trends are consistent with the glass transitions, as little
variation in the breadth of T; occurs as the rubber composition
is tuned. R = 1 is an outlier, but we note that this system has
the widest macrophase separated window of any system
investigated. We speculate that the phase separation may be
so extreme at R = 1 as to inhibit complete reaction of
functional groups, leading to the formation of additional

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




Soft Matter

phases with different local crosslink densities along with a
concomitant, complex glass transition profile. It is important to
note that the reaction rates of the rubbers are slower
compared to the CAs, thus the probability of both PEG and
D2000 being found in the same molecule during phase
separation is low. At any R > 0, macrophase separation of
D2000 from DGEBA-TETA dominates as the outcome of PIPS,
with PEG miscible in the epoxy or rubber domains, or perhaps
both. In contrast, with CA- or resin-tuning, the probability of
D230/TETA or DGEBA/DER being found in the same molecule
during phase separation is higher, thus the phase behaviour is
governed by the relative compositions of those chain
segments. In both cases the coupling between nanoscale
structure and the dynamic heterogeneity of these materials,
modulated by the macrophase separation behaviour, is
uniquely illustrated through the tuneable nature of the
formulations.

Conclusions

Using simple and fast X-ray scattering measurements, we have
found that PIPS in reactive mixtures consisting of epoxy resin,
amine curing agent (CA), and rubber proceeds initially through
compositional fluctuations which cause nanoscale and/or
macroscale phase separation of epoxy and rubber components
prior to additional local chain crosslinking. The finer details of
the phase-separated structure are controlled by the
reactivities of the constituents and the interactions of the
chain segments formed. We have shown that morphology can
be tuned by modulating these characteristics efficiently via the
composition of the constituents. We have illustrated this
tuneability using both CA tuning, resin tuning, and rubber
tuning. It was found that CA and resin tuning yield greater
diversity in the range of achievable nanoscale features. The
glass transition is intimately coupled to the nanoscale and
macroscale structures, thus CA and resin tuning also gave a
broader range of glass transitions in terms of position,
breadth, and single or multiple relaxations. We anticipate that
the phase behaviour established in these systems can be
similarly utilized or further extended to develop crosslinked
step-growth polymers with precisely optimized properties.
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