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ABSTRACT: Herein, a thermodynamics model based on Flory—Rehner
theory is used to predict conditions at which phase separation becomes
thermodynamically favored in two-stage polymerization systems with wide
utility in optical materials, membranes, and other porous materials. Methods
for reduction of the Flory—Huggins interaction parameter and adjustment of
component volume fractions are introduced to account for the covalent
attachment of a growing polymer chain in the second phase to the network
backbone formed in the first stage. The model predicts a delay in phase
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separation with an increase in covalent attachment, enabling larger Flory—

Huggins interaction parameters, larger degrees of polymerization, and larger monomer loadings to be used before phase separation
becomes favorable as desired in various applications such as holography. The model is validated against coupled FTIR and UV—vis
experiments and found to follow experimental phase diagram behavior with a slight underestimation of conversion at which phase
separation begins to occur. The model provides a tool for monomer, network, and polymerization selection without the need for

extensive trial-and-error experimentation.

Bl INTRODUCTION

Two-stage polymerizations have found extensive use in the
field of polymeric materials. In particular, two-stage polymer-
izations are common in lithography, shape memory and fixity,
additive manufacturing, holography, and interpenetrating
networks (IPNs)."” For a two-stage polymerization, two
orthogonal polymerization chemistries with orthogonal stimuli
or disparate time scales are present together in a resin. A first
stimulus is applied to react one set of monomers into a loosely
crosslinked network, followed by the introduction of a second
stimulus or longer time-scale reaction to create a subsequent,
independent polymerization in the system. This process allows
for a material to exhibit one set of properties early in its
lifetime and a second set of properties for end-use at later
times. This two-step polymerization scheme has been shown to
be useful in improving initial handling characteristics, attaining
greater final mechanical properties, and offering spatiotemporal
control of optical, thermophysical, and viscoelastic properties.

One significant obstacle in two-stage polymerizations is
polymerization-induced phase separation (PIPS), particularly
during the second polymerization. As the second-stage
polymerization occurs, enthalpic and entropic penalties to
mixing are introduced, leading to a thermodynamic driving
force for phase separation at some critical conversion for many
of these systems. This behavior can create spatial variation in
the composition of the final material. Although controlled
PIPS is desirable, particularly for the fabrication of porous
membranes, unanticipated inhomogeneities limit perform-
ance.” For applications where increased mechanical proper-
ties are desired, spatial inhomogeneities create sites of different
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mechanical properties where fracture propagation and
premature failure occurs. For optical applications, inhomoge-
neities can form light-scattering loci and regions of mismatched
refractive index, causing the onset of haze and limiting optical
transmission.

A more recent approach to overcoming the obstacle of phase
separation has been the inclusion of second-stage reactive
moieties on the backbone of the first-stage network. In such a
system, the initial resin contains monomers that participate
solely in the first-stage polymerization, monomers that
participate solely in the second-stage polymerization, and a
third component that has functional groups to enable it to
participate in both stages of polymerization. An example of this
third component is hydroxyethyl acrylate, which contains an
alcohol functional group capable of thermally stimulated
addition reactions with the matrix and an acrylate group
capable of photoinitiated free-radical polymerizations. The
result of this system design after first-stage polymerization is a
network with pendant reactive groups that participate in the
second polymerization and allow for covalent attachment to
the network backbone (Figure 1). This formulation decreases
the enthalpic and entropic penalties associated with second-
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Figure 1. Schematic and lattice model for two-stage polymerization.
(A) A monomer mixture is exposed to a stimulus (often thermal) to
form a first-stage network. Upon exposure to a second stimulus (often
light), a second polymerization occurs with the monomers that are
unresponsive to the first stimulus. (B) Lattice representation of a
traditional second-stage polymerization. Polymerization of monomer
(light background) creates a large concentration of free polymer (blue
background) in the system with respect to network concentration
(dark background) and unreacted monomer. (C) With pendant
reactive moieties on the network backbone (yellow circles with #), the
concentration of free, unattached polymer is reduced, and the network
becomes enthalpically more similar (more yellow units) to both free
polymer and unreacted monomer.

Network repeat unit

stage polymerization and has been shown in holographic
materials to dramatically reduce haze development.*°

An easily accessible, first-principles thermodynamic model to
predict the onset of phase separation is a tool that would
greatly enhance system design. The model must include
configuration entropy of mixing, enthalpy of mixing, and
entropy associated with the elasticity of the preformed
network. Attempts to model phase separation phenomena
during polymerization date back to the Flory—Rehner theory
lattice model and Dusek. Dusek elucidated that diluent
concentration and crosslinking density were vital factors in
promoting phase separation in his systems.” Boots et al.
expanded Dusek’s thermodynamic model to better include the
effects of network elasticity in PIPS, in particular as applied to
the formation of polymer-dispersed liquid crystals. This model
simulated a single-stage polymerization where a mean-field
approximation is used to distinguish between the fraction of
reacted divinyl monomers that have formed an infinite network
and the fraction that remain as free linear chains in the
system.® Later, Okay coupled thermodynamic equations based
on the same Flory—Rehner model with reaction kinetics to
determine gel point conversions that affect material properties
and ultimately thermodynamic phase separation behavior.”"’
Since then, a variety of models have been produced to simulate
phase separation behavior, including density functional theory-
based approaches and molecular dynamic simulations.'' ™"
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In this work, a first-principles model based on the works of
Dusek and Boots is proposed. This model provides an intuitive
understanding of the phase separation processes involved and
is computationally simple. Although a thermal polymerization
followed by photopolymerization is discussed and experimen-
tally depicted here, the model readily applies to any
combination of polymerizations where a polymer network is
formed in the first stage and a free-radical, chain-growth
mono(meth)acrylate polymerization is the second-stage
polymerization. This model allows for the complex effects of
covalent attachment of monomer and polymer to the backbone
of the first-stage network, which has previously been ignored
but has been shown to improve miscibility in two-stage
polymerizations. The model provides tools for the rational
design of a two-stage polymerization system that includes
covalent attachment so as to promote or discourage phase
separation at a desired conversion.

B EXPERIMENTAL SECTION

Materials. Commercially available reagents were used
without further purification. Reagent-grade triethylamine
(TEA) was purchased from Fisher Scientific. Acryloyl chloride,
dibutyl tin dilaurate (DBTDL), and 2-hydroxyethyl acrylate
(HEA) were purchased from Sigma-Aldrich. Polycaprolactone-
block-polytetrahydrofuran-blockpolycaprolactone (average Mn
2000) (Polyol 2000) was purchased from Sigma-Aldrich. 2,2-
Dimethoxy-2-phenylacetophenone (DMPA) was purchased
from TCI Chemicals. Desmodur N3900 triisocyanate
(TriNCO) was donated by Covestro AG (formerly Bayer
Material Science).

Sample Fabrication. Simulation predictions were com-
pared to experimental phase separation behavior in a system
applicable to holography (Figure 2). In this system, a mixture
of dialcohol Polyol 2000, triisocyanate Desmodur N3900, 1-
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Figure 2. Monomers used for experimental validation. First-stage
network is formed from crosslinker and alcohols. Inclusion of HEA
enables covalent attachment during second-stage polymerization with
BPTPUA.
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hexanol, HEA, and second-stage writing monomer BPTPUA at
20, 30, or 40% loading was created with 1 wt % DMPA with
respect to acrylate functional groups. Equimolar quantities of
isocyanate functional groups and alcohol functional groups
were used, and the ratio between monoalcohol (1-hexanol and
HEA) and dialcohol (Polyol 2000) was kept consistent
between groups to ensure similar crosslinking density of the
first-stage network. The quantity of HEA was adjusted to
create two groups for each monomer loading: one with f, = 0
(no HEA) and one with f, = 0.10. These mixtures were cast
between glass slides at 250 ym thickness, kept in the dark, and
heated to 80 °C overnight to ensure complete first-stage
polymerization, verified by the disappearance of an isocyanate
peak in FTIR. No appreciable conversion of acrylate functional
groups was noted during this process. Second-stage polymer-
ization was conducted with 10 mW/cm? coherent LED light at
365 nm.

Experimental Setup. A dual UV—vis/FTIR setup was
created using an optical bench. A light guide capable of
transmitting broadband white light (400—800 nm) and UV
light (365 nm LED) was positioned perpendicular to the
sample to create a wide spot size, and light transmitted through
the sample was captured by a UV—vis detector. At an angle to
the sample was an FTIR light guide with a smaller diameter
than the curing spot size, with its light captured by an FTIR
detector. This enabled the calculation of acrylate conversion
via the disappearance of its peak in the IR spectrum. A drop in
white light transmission (taken at 575 nm, the peak in the
broadband spectrum) was estimated to indicate the onset of
phase separation in the sample. By coupling UV-—vis
transmission with FTIR, the critical conversion at which
phase separation occurs (i.e., light transmission begins to drop)
was experimentally determined.

B MODEL DEVELOPMENT

A first-principles thermodynamic model for predicting phase
separation in two-stage polymerizations was developed based
on Flory—Rehner theory. In this system, a lattice model is
assumed where phase separation occurs at compositions where
the chemical potentials of the network-rich phase (gel phase,
Phase 1) are equal to the chemical potentials of the network-
poor phase (sol phase, Phase II) for each component.
According to Flory—Rehner theory, the Gibbs free energy of
the system is described by the linear addition of all
contributions to the Gibbs free energy. In the model proposed,
the contributions to the total Gibbs free energy includes a
Gibbs free energy of mixing (AG™), which consists of
configurational entropy and enthalpy of mixing terms, and a
Gibbs free energy associated with the elasticity of the
prepolymerized network (AG®):

AG = AG™ + AGY (1)

Both mixing and elastic contributions to the Gibbs free energy
have been extensively studied and successfully used in
predicting material behavior, most notably in hydrogel systems.

Chemical Potential due to Mixing. For a ternary system
consisting of monomers that participate solely in the second-
stage polymerization (subscript M), free polymer chains
formed during the second-stage polymerization (subscript P),
and crosslinked network formed during the first-stage
polymerization with (in the case of covalent attachment)
pendant second-stage polymer (subscript N), the Gibbs free
energy of mixing has the following form:
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AG™ 1

1 1
= —®, Ind,, + —P,In D, + —DIn O
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Here, kg is Boltzmann’s constant, T is temperature, r; is the
volume of component i measured in numbers of lattice sites, ®;
is the volume fraction of component i, and y; is the Flory—
Huggins interaction parameter between component i and
component j. N is the total volume of the phase (or,
equivalently, the total number of lattice sites in the phase), and
is given by the sum of the volumes of all components:

N = Ny + pNp + nyNy (3)

where N; is the total number of components i in the phase,
such that rN; is the volume of component i. The chemical
potential in each phase for a given component is given by the
partial derivative of the Gibbs free energy with respect to the
number of that component (N,).

Taking the partial derivative of the Gibbs free energy with
respect to Ny, the chemical potential due to mixing for
unreacted monomer can be obtained:

A mix
My = (@) + |1 - Mo, + |1 - Mo,
kgT p ™~

+ g, (1 — )" + rM)(PCD%) + rl\,[)(N(I)%\I (4)

The chemical potential for free growing polymer is obtained
by exchanging indices M and P. Because ry is the size of an
- M)CDN reduces to ®y. An

infinite network, the term ( ;
N

alternative form for the interaction parameters is used for ease
of notation:

1 off off
= E(XMP TN T (s)
¥ = l(){ + e ey
P 2 MP PN MN (6)
yo= l()(eff RV
N 2 MN PN MP (7)

where y*f is an effective interaction parameter with the
network due to the enthalpic changes introduced by second-
stage polymer covalent attachment to the first-stage network.
For systems with no covalent attachment, )(fjff is y; but in
general changes with monomer loading and monomer
conversion.

Chemical Potential due to Network Elasticity. The
elastic contribution to the Gibbs free energy is provided by the
following equation:

AGY _ &P
Nk,T N

Acbff((q);)‘” - 1) + Bln @L}

2 (8)

Here, @y is the volume fraction of the network during
crosslink formation, related to monomer loading and solvent
content; @' is the volume fraction of the network in Phase I;
A and B are constants pertaining to assumptions about the
network and its connectivity; and v, is the number of elastically
active chains in the network. For an ideal affine network made
from step-growth polymerization of one difunctional monomer
species and one multifunctional monomer species, Flory

https://doi.org/10.1021/acs.macromol.3c01803
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predicts that A = 1 and B = 2/f, where f is the functionality of
the multifunctional monomer. This affine assumption is taken
in this work to show qualitative trends in phase separation
behavior. More complex elastic behavior is easily accommo-
dated by simply replacing A and B with values more applicable

to a particular system. For an ideal network where the total
0 4,0=0
N where

number of crosslinks remains unchanged, v, =

m, is the molecular weight (in lattice units) between crosslinks,
N is the system volume before swelling or deswelling, and
Pn*° is the volume fraction of the network before second-
stage polymerization occurs. For a bulk system with negligible
first-stage polymerization shrinkage, ®F° = 1 — @} for
monomer loading volume fraction @Y. Taking the partial
derivative with respect to number of monomer components
provides the chemical potential change due to network

elasticity for the monomer:

-1 ® 2/3
(1 — @) af N
m

Buy _ (@ Oy
A ek

et ok - B
B N (9)

An equivalent expression for free second-stage polymer formed
is obtained by replacing ry; with rp.

Treatment of y*. To use these expressions, an under-
standing of how network size grows and how y changes with
polymer addition to the network must be developed. To this
end, three new parameters are defined. The first is f,, the mole
fraction of all reactive moieties that are present on the network.
For a polymerization with one reactive moiety per monomer, f,
is defined as follows:

f _ Nmoiety,N <1
§ Nmoiety,N + NM (10)

Assuming equal reactivity of the moieties on the network and
the moieties present in monomer form, this fraction remains
constant throughout the second-stage polymerization and
represents a probability that a given reactive moiety will react
with the network rather than a free monomer unit. From here,
the probability (@) that a second-stage polymer consisting of
rp repeat units has attached to the network is determined from

a=1- (1 _fg)rp (11)

This coupling variable represents the probability that at least
one of the growing reactive units on the newly formed polymer
has reacted with the network and has, therefore, covalently
attached to it. Under the assumptions of equal reactivities of
network and monomer moieties (fg constant) and mono-
disperse polymer (rp is constant), a. is a constant.

The assumption of equal reactivities of moieties on the
monomer and on the crosslinked network warrants further
discussion. In general, the reactivities of free monomer double
bonds and double bonds tethered to the crosslinked network
need not be equal. This difference in reactivity arises from two
sources. The first is inherent chemical differences in the
reactive moieties themselves (e.g., a less reactive methacrylate
moiety pendant from the network and a more reactive acrylate
moiety in the free unreacted second-stage monomer). The
second is differences in reactivity due to diffusion limitations.
Because pendant moieties are tethered to a largely immobile
network, their mobility is reduced compared to the free
second-stage monomer. Therefore, when diffusion limitations

dominate reaction kinetics, moieties attached to the cross-
linked network are expected to have lower reactivities than
their free second-stage monomer counterparts. The effect is
that, in general, parameters such as f, and rp are complex
functions of time, conversion, local temperature, reaction
kinetics, and second-stage monomer loading. To account for
this variation in model parameters, a detailed understanding of
kinetic coeflicients, diffusion behaviors, free volume character-
istics, and thermal properties for each component of the two-
stage system under every examined photopolymerization
condition may be leveraged to explicitly calculate model
parameters at every point during photopolymerization.

In this work, the first-order approximation of constant f, is
taken to introduce the mean-field thermodynamic model and
demonstrate the model’s utility for predicting phase separation
in a wide variety of two-stage photopolymerizations, without
the need for detailed kinetic knowledge of the system of
interest. The assumption of constant f, is valid when the
reactivity of free second-stage monomers and the reactivity of
pendant reactive moieties are approximately equal throughout
the examined polymerization prior to phase separation. It is
important to note that these reactivities need not be constant
after phase separation and need only vary similarly during
photopolymerization. Inherent chemical differences in reac-
tivity are eliminated by use of identical reactive double bonds
(e.g, acrylates) for both the moieties pendant from the
network backbone and the moieties present in the free second-
stage monomer. Differences in reactivity due to diffusion
limitations are partially mitigated by focusing on systems that
are reaction-limited (e.g, low crosslinking density, long
network pendant moieties, high free volume) or propagation-
limited (high crosslinking density, large second-stage mono-
mer, low free volume) before phase separation. Although
certain two-stage photopolymers may require a more nuanced
treatment involving detailed and system-specific kinetics, the
constant f, assumption is reasonable for many applications,
including most hydrogel, lithography, and holography systems.

Assuming equal reactivities of moieties on the monomer and
on the preformed network, the volume fractions of monomer,
free second-stage polymer, and crosslinked network in the gel
phase (Phase I) until the moment of phase separation are
determined as functions of monomer loading, conversion, and

f

Dy = (1 — a)®Y, (12)
1-a
g (13)

a,
c 0 g 0
—Z @la - — a

1 0
o =1-0% + Yy oy
8 8 (14)
A third parameter @py, the volume fraction of the network that
contains incorporated second-stage polymer, is now deter-
mined:

https://doi.org/10.1021/acs.macromol.3c01803
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Figure 3. Phase diagrams of the three-component system. (A) Traditional ternary phase diagram. Solid black line indicates the phase separation
boundary, with dotted gray lines tie lines. (B) Polymerization-phase diagram. Network properties change dynamically along a polymerization line
(dotted black line) for a given monomer loading. The crossover (black dot) of a polymerization line with the phase separation boundary indicates
the critical conversion at which phase separation becomes thermodynamically favored.

attached
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PN —
(DI
N
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P
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(18)

For the treatment of the interaction parameter evolution with
polymer addition to the network, a method comparing
Hildebrandt solubility parameters to y is used. Given
Hildebrandt solubility parameters, the interaction parameter
between two components of a mixture is given by

solv (51 - 5solv)2

Vm,solvent
= (s ) = e
B

RT 1 St

)fz,solv (16)
where V,, ., is the molar volume over which relevant enthalpic
interactions occur, traditionally taken to be the molar volume
of the solvent; R is the universal gas constant; and &, is the
Hildebrandt solubility parameter for component i. The right-
hand side of eq 16 is a conversion of units such that the terms
match parameters in the model. The relevant molar volume for
interaction (r,,,) is taken to be the same for all species
interactions, and the interaction parameters between all three
species (free second-stage monomer M, free second-stage
polymer P, and crosslinked network N) are written as follows:

Tsolv 2

s = (5 — 5y

MN kBT N M (17)
Tsolv 2

S = r(8p = Sy)

MP kBT P M (18)
Tsolv 2

Jon = (8 — Op)

PN kBT N P (19)

From here, it is clear that the change in interaction parameter
due to incorporation of second-stage linear polymer onto the
network occurs because of a change in the network solubility
parameter, Jy. A group contribution method is used to
determine the change in solubility parameter due to change in
composition. If each lattice site is assumed to contribute
equally to the solubility parameter, the resulting solubility
parameter for the network is a volumetric average of the
solubility parameters for the network initially and the solubility
parameter of the added polymer:

Sn=(1- q)PN)(SI?I + Opyop (20)

898

where Y is the network solubility parameter before covalent
attachment. Inserting this expression into the expressions for y
from Hildebrandt solubility parameters, the following relation-
ships are obtained:

0 2
Hap = A (1 — K) (21)
eff
N — )(I?N(l - q)PN)Z (22)
eff _ 0 2
N _)(MN(I - I<CI)PN) (23)
0 0
K= NIy B
On — Oy A (24)

The parameters ° indicate interaction parameter values before
any incorporation of a second-stage polymer. K is a constant
relating the difference in solubility parameter of the initial
crosslinked network and free second-stage polymer to the
difference in solubility parameter of the initial crosslinked
network and free second-stage monomer. If both polymer and
monomer have solubility parameters larger or smaller than that
of the network, this term is positive. Because the second-stage
polymer is composed of monomer units, dy; and Jp are
assumed to be similar in value, and so K is taken to be positive.
It is worth noting that these equations have only two degrees
of freedom. Therefore, once two interaction parameters are
selected, the third is predetermined.

To solve for the moment of phase separation, a total of eight
parameters must be evaluated. These are the volume fractions
of each component in each phase (@, @), @', @y, O,
@), the conversion at which phase separation is
thermodynamically favorable (ct.;), and the initial monomer
loading of the system (¢)"). Volume fractions in Phase I are
determined as functions of conversion and monomer loading
from eqs 12—14. The concentration of network polymer in the
sol phase is assumed to be zero, or @k = 0, and the sum of @}y
and @} must total one. This leaves three degrees of freedom,
two of which are determined by the phase separation
equilibrium conditions:

Apy = Apy (25)

I _ A I
App = Ap, (26)

The final degree of freedom is taken as a free variable, used
to determine phase separation characteristics at, for example, a
specified monomer loading or conversion.

https://doi.org/10.1021/acs.macromol.3c01803
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Figure 4. Predicted phase separation behavior as functions of key system parameters. Lines represent systems with no covalent attachment (f, = 0,
black dash-dot), fe=0.01 (blue dash), fg=0.02 (green dot), and f¢=0.03 (yellow solid). Maximum conversion before phase separation is favored is
depicted as a function of (A) molecular weight between crosslinks (m,), (B) degree of polymerization (DP), and (C) Flory—Huggins interaction

parameters (y).

Ternary Phase Diagrams and Polymerization-Phase
Diagrams. For a given system, ternary phase diagrams as well
as conversions at which phase separation is thermodynamically
favored are determined. A traditional ternary phase diagram for
@,,° = 0.5 with covalent attachment (f, = 0.03) and monomer
conversion of 0.53 is shown in Figure 3A. For a traditional
ternary phase diagram, only the relative volume fractions of
each component (monomer, free second-stage polymer, and
crosslinked network) are considered. Each vertex indicates
100% of the labeled component, and the properties of each
component are constant. The chemical potential contribution
from elasticity takes the form of eq 9, where @y is equal to Oy
at the chosen monomer loading and conversion before swelling
or deswelling occurs. For any system with f, > 0, a degree of
conversion from monomer to polymer must be first assumed
to establish the properties of the network. Because network
properties are assumed to be constant in traditional ternary
phase diagrams, these diagrams cannot account for changes in
phase behavior that arise as a result of evolving network
features during cure.

Of particular interest is the determination of monomer
loading and corresponding achievable monomer conversions
during polymerization that are achieved before the onset of
phase separation is favored. A traditional ternary phase diagram
cannot show this behavior because the monomer conversion
and monomer loading must be selected prior to diagram
creation. To overcome this obstacle, a polymerization-phase
diagram is proposed here (Figure 3B), with analogous
diagrams present elsewhere in literature for similar sys-
tems.”">'® In a polymerization-phase diagram, a series of
monomer loadings is selected, and the points of phase
separation along the corresponding polymerization lines are
calculated. It is worth noting that in a system without covalent
attachment, the polymerization line is a horizontal line across
the diagram. For systems with f, > 0, however, the
polymerization line has a positive slope due to the increase
in network volume as monomer conversion increases and a
portion of the newly formed polymer becomes attached to the
initial polymer network. As the degree of conversion from a
selected monomer loading increases, network properties are
allowed to change, and phase separation behavior is
determined. The point where the polymerization line for a
specified monomer loading and the phase separation boundary
meet
indicates the point at which phase separation is thermodynami-
cally favorable.

is the critical conversion. This critical conversion
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Effect of Crosslinking Density, Degree of Polymer-
ization, and Flory—Huggins Interaction Parameter on
Phase Separation. From here, the effect of any relevant
system property on critical conversion is calculated. In the
plots that follow (Figures 3 and 4), all the model parameters
used are @Y = 0.5, m. = 10, rp = 10, yyp = 0, Yo = 4on = 0.1,
and a.; = 0.99, unless otherwise stated. Three system
parameters are found to have a profound effect on the onset
of phase separation. The first of these is crosslinking density,
which is related to m_ and the elastic contribution to free
energy (Figure 3A). In a traditional system without covalent
attachment ( f¢ = 0, black lines in Figure 3), crosslinking
density has a dramatic effect on achievable conversion before
phase separation, with only very loosely crosslinked (high m,)
systems enabling high conversion of a single-phase system. The
reason is that network elasticity introduces a free energy
penalty for the existence of a single-phase system. With the
inclusion of covalent attachment (f, > 0), the penalty from
elastic energy is mitigated such that, for the system with f, =
3% of reactive moieties on the network backbone, no phase
separation is predicted when m, is greater than approximately
10 monomer units. Despite no direct reduction in the elastic
contribution, covalent attachment lowers the unfavorable free
energy contributions from enthalpic interaction and configura-
tional entropy significantly enough to partially offset the elastic
term.

The next system parameter of interest is degree of
polymerization (DP) of the second-stage polymer. In this
model, the DP is equivalent to :l, which reduces to rp when ry

M

is assumed to be one lattice site. As DP increases, critical
conversion expectedly decreases. For the traditional system
with no covalent attachment, phase separation begins near DP
= 4.5, whereas this is brought to the slightly higher value of DP
= 7 for the system with f, = 0.03. For a system with f, > 0, a
larger DP enables a greater extent of covalent attachment. The
result is a system that has more favorable enthalpic interactions
(x reduction) and more favorable configurational entropy (¢}p
reduction) compared to its fo = 0 counterpart. While increasing
the critical DP from 4.5 to 7 may seem minimal, there are two
important factors to consider. The first is that if moderate
conversions (~20—30%) are permissible, the difference
between systems with and without covalent attachment is
greater. The second consideration is that the DP of free
polymer chains is likely to be lower in systems that allow for
covalent attachment than that for systems without covalent
attachment. Mathematically, this is seen in the expression for
a.. Polymer chains with a lower rp have a higher probability of
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remaining free of the network compared to polymer chains
with a higher rp. The result is a skewing of the size of free
polymer chains to lower values of DP when covalent
attachment is possible.

The final parameter investigated that greatly influences
phase separation is the Flory—Huggins interaction parameter.
Because the second-stage polymer repeating units consist
entirely of monomer, the enthalpic interaction between
monomer and polymer is taken to be minimal, or yup ~ 0,
as a first approximation. For the model, this means that yyy =
Jon- Figure 3C shows the effect of y;y on critical conversion.
In a traditional system, phase separation begins for y ~ 0.01,
whereas phase separation only occurs in the f, = 0.03 system
for y > 0.07, due to the combined effect of yyn and ypy
reduction from covalent attachment and effective removal of
free polymer from Phase I. The strength of this effect for
systems with covalent attachment decreases as y increases to
large values. The reason for this behavior is that at high values
of y, phase separation occurs at conversions low enough that
relatively few polymer chains attach to the network before
phase separation (Figure S2.2). The result is that the effective
 values for interacting with the network do not change
appreciably before phase separation is induced.

From here, a systematic guide for the selection of second-
stage monomer and monomer loadings is developed. By
selecting a desired monomer loading, desired monomer
conversion, and molecular weight between crosslinks prede-
termined by first-stage polymerization chemistries, allowable
degrees of polymerization and interaction parameters for the
monomer are predicted.

Figure 4A shows a plot of DP and y at the moment phase
separation becomes thermodynamically favored for f, = 0, m =
10, a = 0.99, and ®,,° = 0.3. Parameter space below the curve
represents conditions that will not induce phase separation,
while the parameter space above the curve shows conditions
for which two phases are favorable. Figure SB shows these
same conditions but allowing for covalent attachment. As f,
increases, a larger portion of the y-DP parameter space is
available before phase separation. This approach allows for a
wider variety of monomer species and polymerization
properties to be available, granting greater freedom in
monomer selection for the two-stage polymerization. For
example, for a chain-growth polymerization that achieves a DP
of 11, the system without covalent attachment requires
monomer-network and polymer-network enthalpic interactions
to be negligible (y = 0), while a system with f, = 0.03 enables
monomer and network selection for y values up to
approximately 0.07S.

Once a monomer and network are chosen, the maximum
allowable monomer loading is predictable. Figure 4C shows
these results for a monomer system with r, = 10 and y = 0.1,
and a preformed network of m_ = 10. Under these conditions, a
traditional network with no covalent attachment accommo-
dates a volume fraction of 0.165 monomer loading before
phase separation is favored during second-stage polymer-
ization. With only 3 mol % of reactive moieties present on the
network backbone (f, = 0.03), phase separation is predicted
never to become favorable until monomer loadings greater
than 30% are used. Thus, a user has two new tools for two-
stage polymerization design. The first is that, given a desired
monomer loading, the available interaction (y) and polymer-
ization properties (DP) of a monomer to be selected are
predetermined. The second is that, given a desired monomer
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Figure S. Allowable parameter space based on design specifications.
Lines represent systems with no covalent attachment (f; = 0, black
dash-dot), f, = 0.01 (blue dash), f, = 0.02 (green dot), and f, = 0.03
(yellow solid). For a given system with a desired conversion,
combinations of degree of polymerization (DP) and Flory—Huggins
interaction parameters (y) uniquely define one-phase and two-phase
regimes for (A) f¢ =0, and (B) various f values. (C) For a given
system chemistry, desired conversion and maximum monomer
loading uniquely define one-phase and two-phase regimes.

and polymerization system, the maximum allowable monomer
loading is predetermined.

B EXPERIMENTAL RESULTS FOR MODEL
VALIDATION

Experimental measurements and model predictions for the
onset of phase separation are seen in the polymerization-phase
diagrams in Figure 6. These diagrams are truncated such that
the bottom vertices indicate 50% of their corresponding
components to focus the plots on the region of the diagram
where experimental data was taken. The solid black line
indicates model predictions for when phase separation is
thermodynamically favored; the solid shapes indicate mean
values; open shapes are individual data points, with different
shapes indicating different monomer loadings. All model
predictions are plotted with m_ =S, r, =9, yap = 0, Ymn = Xon
= 0.21, with only the value of f, changing between the plots.

Model predictions for maximum conversion before the onset
of phase separation are near but generally lower than the points
where phase separation is observed to occur experimentally.
This is an expected result, as the model predicts only when
phase separation is thermodynamically favored, as it is not able
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Figure 6. Truncated polymerization-phase diagrams for experimental validation. Individual data points (open shapes) and means (filled shapes) for
20% (square), 30% (triangle), and 40% (circle) monomer loadings are plotted with model predictions (black line) with (A) no covalent attachment

and (B) covalent attachment allowed ( fo= 0.10).

to consider the kinetics and time scales necessary for phase
separation to occur and form domains of size scales that scatter
light. Specifically, for phase separation to occur, diffusive
processes must subsequently occur to organize species into
different domains. Because the process of domain formation,
even when it is thermodynamically favorable is ultimately
kinetically controlled, the thermodynamic model is unable to
describe the size scales or time scales for achieving
heterogeneities in the system. The result is that the model
predicts when phase separation becomes thermodynamically
favored but not the time at which light-scattering domains are
large enough and concentrated enough to be detectable by
UV—vis. Although the two-stage system selected was one
experimentally observed to readily and rapidly form haze after
phase separation, an inherent delay in experimental turbidity is
inevitable compared to model predictions.

Still, the model accurately predicts a variety of aspects of the
phase diagram. First, the model correctly identifies that phase
separation occurs at lower conversions for a system without
covalent attachment. Furthermore, the model predicts an
unusual curvature in the phase diagram that is backed
experimentally (Figure 6B). The reason for this curvature is
that the addition of monomer into the system has competing
effects. On one hand, greater monomer loading introduces a
larger penalty for a single-phase system in terms of configura-
tional entropy. At the same time, however, greater monomer
loading enables larger extents of covalent attachment and,
therefore, larger decreases in yuy and ypy as conversion
increases. A balance between these competing thermodynamic
forces is reached at some optimal monomer loading, which the
model predicts.

B CONCLUSIONS

A first-principles thermodynamic model based on Flory—
Rehner theory is developed that predicts phase separation in
two-stage polymerizations. Although lattice-model strategies
have been used for similar purposes in the past, this model is
the first one able to accommodate the covalent attachment of
growing second-stage polymers onto a first-stage network. The
model predicts that primary network crosslinking density
(inverse of m,.), Flory—Huggins interaction parameters (y),
and DP strongly impact the tendency of a two-stage system to
thermodynamically prefer phase separation. When covalent
attachment of a growing second-stage polymer onto the first-
stage network is enabled via reactive moieties on the network
backbone, the model predicts a larger parameter space
available for network, monomer, and polymerization properties
before phase separation is predicted to be thermodynamically
preferred. Comparison of predicted polymerization-phase

901

diagrams to diagrams constructed via haze detection validates
the utility of the model in predicting the earliest possible onset
of phase separation in these systems. This model enables users
to know a priori if a selected two-stage polymerization system
is likely to phase separate due to thermodynamic driving
forces.
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