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Phase behaviour of PMMA-b-PHEMA with solvents
methanol and THF: Modeling and comparison to
experiment

P. Padmanabhan®, M. Chavis®, C. K. Ober’ and F. A. Escobedo**

Self-consistent field theory is used to model the self-assembly of a symmetric PMMA-block-
PHEMA in the presence of two solvents, methanol and tetrahydrofuran (THF). The model
predictions are compared to our experimental results of vapour-solvent annealing of thin
polymer films, where the sequence of cylinder to gyroid (or micelles) to lamellar phases was
found upon increasing the methanol:THF ratio and for particular extents of film swelling. The
Hansen solubility parameters are used to estimate the Flory-Huggins interaction parameters (y)
needed in the theoretical model. However, because enacting the experimental range of high yN
values is computationally prohibitive, the use of moderate YN values is compensated by
employing larger values of the solvent-to-polymer size ratio (a). This approach is validated by
showing that the predicted phase diagrams exhibit qualitatively similar trends whether yN or a
is increased. Using such an approach, the theory predicts a cylinder to gyroid to lamellar
transition on increasing the THF:methanol ratio, a trend consistent with that observed in the

experiments.
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1 Introduction

The self-assembly of block copolymers has long been used for the
synthesis of materials for a variety of applications like photovoltaic
devicesl, catalystsz, enantiomer  separation devices’ and
nanolithography®. Controlling the morphology and tailoring its
feature size for a specific application are challenging because in
block copolymer melts, these are primarily determined by two key
parameters: interaction strength (Flory-Huggins parameter y times
the degree of polymerization N) and volume fraction f of one of the
blocks. Furthermore, after the copolymer has been synthesized (fixed
f and N), the only handle available to tune the morphology is
temperature (which is inversely related to ). However, morphology
control via temperature has some drawbacks since temperature
annealing can access multiple phases only near the order-disorder
transition (ODT), and for many polymer chemistries of interest the
ODT may be high enough to cause polymer degradation. Instead,
solvent annealing of the block copolymer with varying solvent
concentrations has been successfully used to tune the morphology™
10 Furthermore, in thin films, solvent annealing neutralizes the
surface energy of the air interface allowing further morphological
control'"'>. While using a single solvent does provide some
tunability, finding the ideal solvent quality and degree of selectivity
(for either block at the temperature of interest) can be restrictive if
only one among a handful of existing solvents is to be considered.
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This limitation is readily removed by using a mixture of two (or
more) solvents, so that, e.g., varying the composition of the solvent
can allow tuning solvent quality at a fixed temperature. This
approach then provides multiple handles to control morphology and
feature size: amount of solvent(s) in the mixture, ratio of solvent
quantities, and selectivity (determined by chemistry and
temperature). Indeed, solvent vapour annealing has been shown to
allow access to structures that are unattainable through thermal
annealing™'®. Recently, the two-solvent approach was used to
successfully demonstrate control over the lamellar width of sub-20
nm lamellar domains'?.

Self-consistent field theory (SCFT) has shown considerable success
in modelling the self-assembly of block copolymer melts at low to
intermediate values of ¥N. In particular, it predicts the stability of the
gyroid phase up to yN=100%, a prediction that has been verified in
experiments. Another advantage of SCFT is that it can be easily
extended to include solvents. However, the SCFT equations quickly
get computationally intensive as ¥N is increased due to the increase
in the number of basis sets needed for numerical convergence, thus
limiting the range of parameters that can be studied. Keeping that
limitation in mind, we adopted this well-established theoretical
framework for the present study.

This journal is © The Royal Society of Chemistry 2014
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Several theoretical studies have used SCFT to map out regions of the
multidimensional phase diagram of block copolymers upon the
addition of solvents. A phase selective solvent lowers the overall
xN'" by acting as a plasticizer and swelling the polymer. It also alters
the effective f value by inducing preferential swelling of one block
domain. Several early studies focused on the regime where the
solvents were dilute and neutral, thus, y.¢= (ppolyme,xw’” and there
was no preferential swelling. In such cases the ODT decreases
monotonically as more solvent is added'. For a single selective
solvent, the phase diagram shifts toward the selective phase'®, much
like the shift of the phase diagram toward the block type having a
larger Kuhn length. The solvent size is typically much smaller (a few
angstroms) than that of the block copolymer (tens of nanometres),
and since the morphologies have features sizes on the order of the
block length, the solvent is approximated as a structureless particle
with a finite size (with ratio of solvent size to polymer size = a)). The
smallness of o has been found to lead to a fairly uniform spatial
distribution of the solvent except near the interfaces'®.

The vast majority of the work with SCFT has focused on the effect
of solvent on the formation of lamellar, cylindrical, and micellar
phases'*'*'® In this work we studied the phase behaviour of
poly(methyl methacrylate)-block-poly(2-hydroxyethyl methacrylate)
(PMMA-block-PHEMA) with tetrahydrofuran (THF) and methanol
by using both solvent-annealing experiments and SCFT. Particularly,
we are interested in exploring the thermodynamic stability of the
gyroid phase since, unlike other phases commonly found in block
copolymers, it is bicontinuous which means that the two block
domains interweave uninterrupted in all directions. This leads to
nanostructures with enhanced mechanical stability (even if one of
the block domains is etched away) and transport properties (for
thermal or electrical conduction) that are the same regardless of
sample spatial orientation; these qualities make the gyroid phase
appealing for such potential applications as active porous matrices
for solar cellslg, batteries, and separation devices. We find that the
gyroid phase is observed in our experiments at conditions which are
fairly consistent with those where SCFT predicts its stability.

The rest of the article is organized as follows. In Section 2, the
experimental results are briefly described. In Sections 3 and 4 the
theory and the estimation of model parameters used by the theory are
presented. In Section 5 the modelling results are expounded and

2 Experimental results

The block copolymer used was a 50:50 mass ratio PMMA-block-
PHEMA, of molecular weight 40 kDa and polydispersity 1.08. The
PMMA-block-PHEMA chemistry selected is appealing for
nanolithography because it allows one to harness both a top-down
approach® by virtue of one of the blocks being photosensitive, as
well as a bottom-up approach by exploiting the self-assembly of the
diblock chains into specific nano-segregated morphologies. The
experiments were conducted at room temperature which is well
below the glass transition temperature of the two blocks in the
polymer. Upon thermal annealing, the pure copolymer forms a
lamellar phase with about a 40nm spacing.

Table 1 summarizes the results from experiments. A detailed
explanation of the methods and their application is the topic of a
separate article’'. In brief, the copolymer was spin-coated to a thin
film. Due to rapid processing conditions, the as-spun thin film was
disordered. It was then exposed to vapour with the solvent mixture
composition of interest. The solvent-annealing time and the resulting
morphologies are listed in Table 1. The swelling ratio is calculated
as the ratio of film thickness after and before exposure to solvent.
The resulting morphologies were characterized by the analysis of
both AFM images and in-situ GISAXS measurements;
representative AFM images are shown in Figure 1. In all cases,
exposure of the film after solvent annealing caused rapid evaporation
of the solvent preserving the same morphologies although with
uniaxial shrinking.

For the two extreme compositions, a lying cylinder morphology
(finger-like AFM pattern) is obtained at the 80:20 methanol: THF
ratio, whereas a lying lamellae is observed at the 20:80
methanol: THF ratio. At the 50:50 methanol:THF ratio, a gyroid
morphology (pin-wheel like AFM pattern) is observed at long
annealing times but spherical micelles are seen at short annealing
times. Given that the latter difference is observed for identical
swelling ratio, it suggests that kinetic effects were significant, or
external conditions were not identical (or varied slightly over
exposure time), or both. It would hence be helpful to use a
theoretical framework like SCFT to try to outline the regions of
thermodynamic stability for the different phases observed
experimentally. A more detailed description of the experiments and

discussed. Finally, the main conclusions are summarized. results (including GISAXS spectra) is given in Ref 2I.
Composition (Vol %) Film thickness Swelling ratio Time (seconds) Resulting morphology
(Methanol/THF)
Pure copolymer 145 nm 1.00 Disordered (no annealing)
80/20 440 nm 3.03 6300 Lying cylinders
50/50 368 nm 2.53 6300 Spherical micelles
50/50 368 nm 2.53 20700 Gyroid
20/80 460 nm 3.17 6300 Lying lamellae

Table 1: Experimental parameters and results.
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Figure 1: AFM images of solvent-annealed polymer morphologies listed in Table 1. (a) Lying cylinders (b) Spherical micelles (c) Gyroid (d)
Lying lamellae.

3 Theory

Self-consistent theory'*'>?% treats the solvent as a structureless

particle, the polymer as a continuous Gaussian chain and the entire
system to be incompressible. For our system, there are four chemical
‘species’ denoted by subscript i in the system — two monomers and
two solvents, and three components (subscript c¢)— one block
copolymer and two solvents. The degree of polymerization is N and
the fraction of PMMA in the copolymer is f. The overall volume
fraction of copolymer in solution is @p and those of methanol and
THF are ¢y and or, respectively; local densities are denoted by d,.
The ratio of solvent size of methanol and THF to polymer size are
respectively oy and og. In SCFT, particles are in effective fields
{wy(r); i=1,4}. For each kind of species 7 in the system,

w;(1) = Yz XijNp;(r) + (1) M

where &(r) is a Lagrange multiplier to enforce the incompressibility
constraint on dimensionless local concentrations, Y,; ¢; () = 1. The
polymers are parameterized by a contour variable 0<t<1. gp(r,?) is
the chain propagator of the 0-/" region in a polymer chain at location
r and obeys the diffusion equation:

Nbj
aqp(r.t) _ TAVZqP(r! t) - WA(r)qP(r' t)' 0<t< f

at

Nbg 2 »(2)
-V qp(r,t) — wp(M)qp(r,t), f <t <1

with qp(r,0) = 1. And its complimentary from #+1" to N region in
the polymer chain is given by

Nbj
dqprirey | WaMapt () —=AV2qpt (1), 0<t<f

2 b
o we(P)gp*(r,t) — NT"“"quP’f(r, 0,f<t<1
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with gp*(r,1) = 1. Under the assumption that the solvent is
structureless, the diffusion equation for its propagator reduces to

a )
2ED = —wy(1)qs () )

The partition function of the polymer is given by @, =
%f dr q,(r,1), and for each solvent S is Q5 = %fdr qs(r,a) =
% [ dr exp(—asw,(1)). The local concentrations for the polymer are
op(r) = %fp dt qp(r,t)qpt(r,1 —t) and for the solvents are

¢s(r) = % exp(—asws(1)).

The free energy per molecule becomes

F

i = Ze e (%F) — [ dr{Sc wc(r)ge(r) s)
These SCFT equations are solved using the Polymer Self Consistent
Field (PSCF) code® which requires a good initial guess for
convergence. The ternary phase diagram at a given N and o was
systematically mapped out using the solution from a nearby point for
quick convergence. The starting point was chosen as a PMMA-
block-PHEMA copolymer melt. Methanol was subsequently added
(traversing along one axis in composition space), and finally THF
was added to span the rest of the phase diagram. Initial simulations
were run using only the lamellar and cylindrical phases to quickly
search the parameter space; the parameters were then tweaked to
produce a cylinder phase in methanol-rich regions and a lamellar
phase in THF-rich regions. It was also checked that the choice of
traversal of axis (methanol first and THF second, or vice versa) did
not affect the free energy calculation.

This journal is © The Royal Society of Chemistry 2014
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The number of basis sets N, required for convergence of the
numerical simulation increases rapidly as the Flory-Huggins
parameter increases; this is because the block interfaces become
sharper and more basis functions are needed to describe the
domain shapes. This large number of basis sets rapidly
escalates the simulation time needed, especially as the
dimension of the morphology increases (lamellae are one
dimensional, cylinders are two-dimensional, while gyroid and

spherical micelles are three-dimensional). The inclusion of

three-dimensional phases severely limits the range of Flory-
Huggins parameter accessible by the theory.

4 Calculation of Parameters and Modelling
Details

The input parameters in SCFT include chain architecture, volume
fraction of the chain, Flory-Huggins interaction parameters and
solvent size. Table 2 gives details of the chain architecture.

Molecular weight of Degree of Kuhn length Mole fraction, x Volume fraction,
monomer (g/mol) polymerization N, (nm) f
PMMA 100.12% 200 1.7°° 0.57 0.52
PHEMA 130.14% 154 1.03% 0.43 0.48

Table 2: Polymer parameters studied

Based on the monomer volume, PMMA has approximately 3
monomers per Kuhn segment while PHEMA has about two. Since a
Kuhn segment is composed of about two-three monomers, the
effective degree of polymerization N to be used in the SCFT model
is 200/3 + 154/2 =144. The Flory-Huggins parameter captures the
enthalpic chemical interaction between every pair of species. A
positive value indicates repulsive energy whereas a negative value
indicates attractive energy. Various empirical formulae exist in the
literature to estimate the Flory-Huggins parameters for polymer-
polymer, solvent-solvent and polymer-solvent interactions. In this
work, we used the relation between Flory-Huggins parameter and
solubilities of the constituents which follows the general principle
that ‘like solvates like’. It is estimated by the relation®® y;, =
%(61 —68,)% where x, is the Flory-Huggins parameter, V., is
reference volume and J; is the Hildebrand solubility parameter (for
non-polar species) of the constituent i. Note that with this formalism
the Flory-Huggins parameter cannot be negative and it is inversely
proportional to temperature, allowing us to use scaled parameters.
For our system, we have used the set of three Hansen solubility
parameters® in order to incorporate polar and hydrogen bonding
effects into the single Flory-Huggins parameter with the relation

X12 = V}:;f [(51,01 - 52,d)2 + (61 — 52,p)2 + (610 — 52,}1)2]. (6)

The Hansen solubility parameters have a contribution from
dispersive (subscript d), polar (p) and hydrogen bonding (%)
forces. The solubility parameters for the polymers vary
the
technique, and, for this current work, these are estimated from

considerably across literature based on estimation
group contribution methods*®. The solubility parameters for the
solvents are from standard tables®'. Table 3 lists the values of
solubility parameters used and Table 4 lists the values of Flory-
Huggins interaction parameters at 298 K scaled by ypmma-

puEMa~2.08. Thus, ¥N would be 300 for the block copolymer.

It can be inferred from Table 3 that methanol is a poor solvent, with
its interaction with PHEMA being more unfavourable than that of
PMMA with PHEMA. On the other hand, TFH and PMMA have
almost identical interaction parameters; the key difference between

4 | J. Name., 2014, 00, 1-3

them being that THF is a structureless solvent while PMMA is a
chain that has conformational degrees of freedom.

Vmonomer/solvem 8d 61’) 8h
(cm®/mol) A7 em®?)
PMMA (group 85 17.66 | 5.76 | 7.82
contribution)
PHEMA (group 107 17.3 6.51 | 1557
contribution)
THF 81.7 16.8 5.7 8.0
Methanol 40.7 15.1 12.3 | 2243

Table 3: Solubility parameters used in the estimation of Flory-
Huggins interaction parameters®*'

X/ APMMA-PHEMA PMMA | PHEMA | THF | Methanol
PMMA 0 1 0.01 4.31
PHEMA 1 0 0.96 1.4
THF 0.01 0.96 0 4.18
Methanol 4.31 1.4 4.18 0

Table 4: Flory-Huggins parameters normalized by ¥pmma-PHEMA-

Test runs and adjusting N and a

For computational expediency, some departures from experimental
conditions were introduced. The experimental system consists of a
thin film of thickness a few hundred nanometres (see Table 1),
which is many times the unit cell of any morphology of interest. The
films were cast on native silicon oxide whose polarity imparts some
affinity for the polar groups in both PMMA and PHEMA segments
and hence one would expect both polymers to have similar substrate
wetting properties (the analysis of “as spun” films of the pure
diblock copolymer revealed domains with no long-range order nor
preferential orientation with respect to the interfaces). While solvent

This journal is © The Royal Society of Chemistry 2014
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annealing tends to neutralize the surface energy of the air interface,
its effect on substrate wetting is more difficult to assess. It is
expected that any preferential substrate-polymer interaction will
primarily affect the orientation of block domains (relative to the
surface) rather than the type of morphology (phase) that it forms.
However, if a strong substrate preference for one block were to
occur then the tendency to form, e.g., a lying lamellar phase could be
enhanced. For our study, we will neglect interfacial effects and focus
only on bulk properties, assuming that both solvents are absorbed in
the bulk phase. The swelling factor is thus the inverse of the average
block copolymer volume fraction. The Flory-Huggins parameters in
Table 4 only provide a qualitative picture of the interactions because
errors in estimation of solubility parameters propagate and are
magnified when using Eq. (6). Since the experiments showed a
gyroid phase between cylinder and lamellar phases as the solvent
ratio was varied, we perform initial tests probing the stability of
lamellar and cylinder phases for a range of conditions. The tests
indicated that either a larger Flory-Huggins parameter disparity
between methanol and PMMA, or a larger solvent size than
experimental conditions is required to achieve stable cylinder and
lamellar phases in the range of compositions of interest.

Since the simulation becomes costly on increasing the Flory-
Huggins parameter disparity, we only use the ratio fixed by the
Hansen solubility parameters. The scaled Flory-Huggins
parameters in Table 4 reflect the actual chemistry of the
copolymer and solvents, and we will refer to Xpyma-puema aS X
henceforth. The other parameters are scaled according to Table
4. Furthermore, the range of y explored is limited to 20< yN
<40 (and 50 in a special case) due to computational expediency,
which is much smaller than the value of 300 that was estimated
in the previous section. The contribution to the mixing free
energy in Equation (5) increases inversely as the size of solvent
is reduced. Indeed at very low solvent size ratio, the disordered
phase is favoured and a very high value results in a breakdown
of the assumption of the solvent being structureless in
comparison to the block copolymer. In order to compensate for
the relatively low value of ¥N that we can practically adopt, we
increase o but stay within a range of values that has been used
in previous SCFT studies of block copolymers with solvents'*
18 Specifically, we performed simulations with Opethano=0.002
(closest to the experimental value), 0.005 and 0.01. oryg is
scaled accordingly. A similar approach was used in a previous
SCFT study wherein a lower yN and solvent molecules with the
same size of statistical monomer unit (a~0.005) were used to
model the lamellar to cylinder transition observed in
experiments of PS-PMMA with two solvents*?. Henceforth, we
will only refer to the parameter Oipehanot and drop the subscript.
The phases studied are disordered (homogeneous), lamellar,
cylindrical and gyroid phases. The BCC spherical micellar
phase has been included only in a special case due to the
difficulty in attaining convergence for this phase with a 50:50
block copolymer. Free energies of various phases under study
are compared and the one with the lowest free energy is
identified as the stable phase (the normalized free energies are

5| J. Name., 2014, 00, 1-3
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calculated to within 10™). In all cases studied, we do not find
multiphase coexistence (See Appendix 1 for more details).

5 Modelling Results

Three dimensional ternary phase diagrams for the PMMA-block-
PHEMA + methanol + THF system are shown in Figure 2 for
different choices of yN and a parameters. The vertex on the right in
each ternary diagram corresponds to pure DBC and thus a swelling
factor of 1. The vertex on the left is pure methanol and the vertex on
the far back is pure THF. The experimental observations are overlaid
using dashed lines/shaded regions for visual comparison. Since the
exact partitioning of the solvents into the experimental polymer film
is unknown, we assume that the solvent compositions match those of
the annealing vapour phase. The vertical axis at a swelling
factor=pppc=1 corresponds to the phase diagram of the pure diblock
copolymer. Since we have a near 50-50 volume ratio and we are
above ¥Nopr (~10.5) for a melt, we find a stable lamellar phase at
this axis for all values of yN in Figures 2a through 2c.

For a=0.002 (Figure 2a), a transition to the disordered phase takes
place as the swelling factor is increased. Since Ymethanok-polymer > XTHF-
polymer> the THF-rich mixture undergoes an ODT at lower solvent
concentrations than the methanol-rich mixture at a given swelling
factor and ¥N. As yN is increased, the ODT occurs at higher solvent
concentration (and thus, higher swelling factor). Interestingly, the
transition to the disordered phase is different between the methanol-
rich and the THF-rich regions. The THF-rich region undergoes a
lamellar to disordered transition, while in the methanol-rich region,
the disordered phase may be approached via the cylinder, gyroid or
lamellar phases depending on the yN and swelling factor. As
justified in the previous section, we also explore the phase diagram
for higher solvent sizes.

The phase diagram for 0=0.005 is shown in Figure 2b. At yN=20,
the stable phases are the lamellar and disordered phases. At yN=30
and higher, the methanol-rich axis transitions from lamellar to gyroid
to cylinder phase as the swelling factor increases. At a given
swelling factor, depending on the starting point at the methanol-rich
plane, a cylinder to gyroid to lamellar transition occurs as the THF
fraction in the solvent mixture is increased. Furthermore, the gyroid
region of stability is widest for yN=30 and gets narrower as yN is
increased. The phase diagram for 0=0.01 in Figure 2c is qualitatively
similar to that of Figure 2b except for an apparent shift upward of yN
as a is increased; e.g., the diagram for yN = 40, a=0.005 looks most
similar to that for yN = 30, a=0.01. Figure 3 illustrates this by
showing the effect on increasing o at constant yN which looks
qualitatively similar to Figure 2b. Thus, in this region of phase space
explored, we have an effective  parameter that increases
monotonically with ¢ and a.

This journal is © The Royal Society of Chemistry 2014
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Figure 2: Ternary phase diagram for (a) a = 0.002, (b) a = 0.005 and
(c) o =0.01. The dashed line and shaded region represent the region
of swelling ratios and solvent compositions studied by the
experiments.
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Figure 3: Phase diagram at constant N for increasing a.
Approximate comparison with experiment

For a specific case of parameters (yN=30, 0=0.01), we have also
included the BCC spherical micellar phase and double diamond
phase in the calculations for obtaining the phase diagram (plotted in
Figure 4). Here, the diamond phase is not stable in any region of the
phase diagram while spherical micelles replace part of the phase
region where cylinders are stable in Figure 1. The spherical micelles
become stable near the ODT and the methanol-rich region.
Comparing Figure 4 with Figure 3, the progression of phases is
much the same upon including the spherical phase (lamellar to
gyroid to cylinder to spherical micelles) and is consistent with the
effect of reduced y.; on increasing swelling. Consistent with
experimental data, the theory predicts the presence of cylinder and
lamellar phases at the 80:20 and 20:80 methanol:THF ratios
respectively.

¥N=30, ¢:=0.01

Gyr/Micelles (expt)
Lam (expt)
Cyl (expt)
Disorder
Gyroid
Lamellar
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Sph. Micelles
Diamond

e e o 0| | |
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B0 fowsrssiens 4

Inf 5 = 25 5 195 1
Swelling factor = 1/c1>DBC

Figure 4: Phase diagram including spherical micelles and double
diamond in the calculation. Minority phase = PMMA. ¢=0.01.
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From the theory, near the 50:50 methanol:THF region, one would
expect a transition from micelle to gyroid upon increasing the
methanol: THF ratio to occur via an intermediate cylinder phase. In
the experiments, this intermediate phase was not seen. One reason
for this discrepancy could be that the experimental solvent
composition in the polymer film is not necessarily identical to that of
the imposed vapour phase composition due to partitioning of
components among the vapour and film phases (and that these
compositions may have slightly changed during a long annealing
period). Even in the simplest case of a binary methanol and THF
mixture, the compositions of the coexisting vapour and liquid phases
would not be identical®*. A second possible reason for the absence of
the cylinder phase in experiments for this case could be slow kinetics
of the gyroid to cylinder transition. Previous studies in the literature
of block copolymer melts have shown epitaxial pathways of
instability for yN=20 and lower**?’. This region of metastability of
the gyroid phase for a pure block copolymer melt was shown to
extend well into the cylinder phase, close to the cylinder to micelle
transition®’’. Furthermore, the free energy barrier for gyroid to
cylinder increases with yN*°. This scenario seems likely given that
the morphology at 50:50 solvent ratio in experiments nucleates from
a disordered film and evolves over time.

Density distributions across the microstructure

We also investigated the spatial distribution of densities normalized
by the overall volume fraction of the various components. The
densities of the polymer blocks usually vary widely between zero
and its maximum value while the solvents, being much smaller, have
a more uniform distribution with little variations of density from its
average, by less than 10% for low values of 0. As the swelling factor
is increased, the width of the interface increases and the relative
density deviations about the mean are suppressed, eventually leading
to a disordered phase (not shown). THF and methanol behave
slightly differently. THF accumulates at the PMMA-PHEMA
interface, whereas methanol prefers the center of the PHEMA
domain. Due to the high selectivity of methanol, increasing the ratio
of methanol to THF increases the relative width of the PHEMA
domain for all phases under study (not shown).

Gyroid, ppyma

(a)
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Cylinder, PpMMA

(b) o

Figure 5: Isosurfaces of normalized density of PMMA for (a) the
gyroid phase, and (b) the cylinder phase.

On the other hand, increasing the ratio of THF to methanol results in
a higher accumulation of THF at the interface, with no significant
change in the relative width of the PMMA domain. Figures 5a and
4b show density isosurfaces for gyroid and cylinder phases
respectively, obtained at conditions yN=30, a=0.05, swelling factor
= 3.3 with 80:20 methanol:THF. Figure 6 shows a comparison of
density distributions for different phases as solvent size increases.
For the sake of clarity, density distributions for multidimensional
phases in Figure 6 are shown along the vectors noted in Figures 5a
and 5b. For yN=30, swelling factor of 3.33 and 80:20
methanol: THF, as o is increased from 0.002 to 0.01, the stable
phases are disordered, gyroid and cylinder (see also Fig. 3a). As a is
increased, methanol exhibits a stronger preference for the core of the
PHEMA-rich domains. For a=0.005 the positive (and negative)
relative deviations in density from the average is about 20%,
whereas for a=0.01 this deviation is as high as 50% In this case,
even PHEMA is repelled from the core of the majority domain and is
concentrated near the interface.

Lamellar phase

Gyroid phase Cylinder phase

[111] [100]
AVALY/("VA\
e L o
M% =

C.

1 N A—
— = A o
- 1% 01 02 % 05 1

[- PMMA . HEMA: THF - Methanol |

Figure 6: Effect of increasing o on the density distributions of
different components. Morphologies relevant to yN=30, swelling
factor = 3.3 with 80:20 methanol: THF. The lowest value of a is not
shown here (disordered phase produces a flat distribution of
densities).
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Figure 7: Effect of solvent addition on domain spacing for the
lamellar phase at YN=30, 0=0.01.

The aforementioned effect of methanol exclusion from the
centers of PHEMA domain is not seen when increasing YN at
fixed o (Figure B in appendix 2), at least within the range of yN
explored. This suggests that although the “macroscopic” phase
diagrams look qualitatively the same on either increasing YN or
increasing o, due to changes in the “microscopic” behavior of
solvent distribution, these scenarios

are certainly not

equivalent.

From SCFT, one can also get domain sizes of various
morphologies. Figure 7 shows the region of phase diagram
where the lamellar phase is stable, color coded by the domain
spacing (normalized by that of the pure block copolymer). As
swelling increases, the domain size decreases, an effect that is
minimal in the methanol-rich region and becomes larger as the
THF:methanol ratio is increased. The largest spacing reduction
we observe (26%) is more significant than that (9%) reported in
Ref. 12 (for a different system), likely a reflection of the larger
swelling ratios we explore. A simplistic explanation of this
spacing-reduction is that when the domains are swollen by a
good solvent (like THF), the inter-block interfacial tension
decreases and its area increases; hence the polymer chain
“brushes” that stick out from opposite sides can interpenetrate
more. Domain size reduction and enlargement can occur for
other phases (results not shown). Figure 7 further illustrates (as
in Ref. 12) that solvent annealing may be an effective technique
for decreasing the domain size (appealing for lithographic
applications), and particularly in our case, for the lamellar
phase which occurs for THF-rich conditions.

Conclusions

We have studied the phase behaviour of 50:50 PMMA-5-PHEMA
with methanol and THF using both experiments and an approximate
model via SCFT. Experiments were limited to 3 solvent
compositions (and for specific swelling ratios) revealed the
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formation of different phases including the gyroid phase. Given the
uncertainties and challenges associated with exactly matching
experimental systems with model parameters, we used SCFT to
investigate the dependence of the phase diagram for intermediate
values of Flory-Huggins’ interaction parameters and a range of
solvent sizes. Starting from a pure diblock copolymer, increasing the
swelling leads eventually to a disordered phase, a process that
occurs via the gyroid and cylinder phases near the methanol-rich
region, and via a direct lamellar to disordered transition near the
THF-rich region. These trends agree well with the accepted tenet
that addition of solvents effectively decreases yN and shifts the
effective composition of the diblock copolymer towards the more
selective solvent by inducing non-uniform swelling. Increasing
solvent size leads to preferential swelling and at 0=0.01, it results in
depletion of PHEMA at the methanol-rich core of the PHEMA
domains. Consequently, the cylinder and gyroid phases are stabilized
for significantly larger regions of the phase diagram. Besides
morphological control, co-solvent annealing also allows some
control on domain size by tuning swelling factor and solvent ratio.

Based on the density distribution of the various components, the
stability of cylinder and gyroid phases could be attributed to
alleviation of packing frustration of the copolymer by the solvents,
particularly methanol. Increasing yN also leads to the stabilization of
these phases, although over the range of yN values studied this effect
was milder than that of increasing solvent size. Since simulating
high values of yN is computationally prohibitive, we proposed a
combination of a somewhat higher a and lower N than experiments
to mimic the phase behavior at high yN, at least qualitatively. We
observe a cylinder to gyroid to lamellar phase transition as the ratio
of methanol: THF is increased over experimentally relevant swelling
factors, although the location of the predicted phase boundaries does
not exactly coincide with experiments. This limitation may be
partially rooted on the errors associated with the estimation of y
values from solubility parameters; better estimates of the y parameter
should yield more accurate theoretical predictions. On the other
hand, several sources of error may have also been at play in the
experiments such as uncertainties on the molecular weights (and
polydispersity) of the polymers, variation in the solvent composition,
and the possible occurrence of long-lived metastable states.

Altogether, our theoretical calculations are consistent with the
experimental finding that, starting with a 50:50 block copolymer, the
gyroid phase can be stabilized by the swelling with a mixed solvent
of a suitable composition. They also validate the general strategy of
using a mixture of two solvents as a means to vary the solvent
quality to allow access to different phases of interest even at a fixed
temperature. Whether such a strategy could be used to target
bicontinuous phases other than the gyroid remains to be explored but
we suspect that non-symmetric block copolymer compositions could
be more suitable and that at least one oligomeric “solvent” would be
needed to more drastically alleviate the packing frustration that is
typically associated with the lack of stability of such complex
phases®®*. Our results also suggest some areas that need further
improvement and investigation. A more atomistic approach or
additional experimental data (for calibration) would be needed to

This journal is © The Royal Society of Chemistry 2014
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obtain more reliable y parameters and overcome some of the
limitations associated with the group-contribution methods that we
adopted in this work. Also, more experimental and modelling work
is needed to elucidate the pathways and kinetics rates associated with
the formation of different phases and their inter-conversion.
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Appendix
1: Possibility of two-phase coexistence

The curvature of free energy (second derivative) with respect to
volume fraction was calculated to detect multiphase coexistence.
Two-phase coexistence occurs when the curvature of the free
energy-volume fraction graph becomes negative, or contains an
inflexion point’. The curvature is calculated from second-order
OF _ F@+A9)-2F(@)+F(9-A¢) |
2 (Ap)?

0((Ag)?). For all points studied, we did not observe a negative
curvature although as a was increased the curvature became less

central finite difference, i.e.,

positive. Figure Al shows the free energy and curvature at yN=40,
a=0.01 and swelling factor 5 where the curvature was least positive
near 50:50 methanol: THF.

2: Normalized density distribution on increasing yN

Figure A2 shows the density distribution of all the components when
increasing N from 30 at the smallest solvent size. Two effects can
be seen: first, the interface gets sharper as N is increased. Second,
the solvent distributes uniformly across both (PMMA-rich and
PHEMA-rich) domains and its density variation (around the average)
is only ~ 5%. This variation is much smaller than that observed upon
increasing solvent size (as illustrated in Fig. 5).
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Experiments

Self Consistent Field Theory predicts, consistent with experiments, that a symmetric block-copolymer forms
a gyroid phase in a binary solvent



