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ABSTRACT: Porous polymer and copolymer membranes are useful for ultrafiltration of
functional macromolecules, colloids, and water purification. In particular, block copolymer
membranes offer a bottom-up approach to form isoporous membranes. To optimize
permeability, selectivity, longevity, and cost, and to rationally design fabrication processes,
direct insights into the spatiotemporal structure evolution are necessary. Because of a
multitude of nonequilibrium processes in polymer membrane formation, theoretical
predictions via continuum models and particle simulations remain a challenge. We compiled experimental observations and
theoretical approaches for homo- and block copolymer membranes prepared by nonsolvent-induced phase separation and highlight
the interplay of multiple nonequilibrium processes—evaporation, solvent—nonsolvent exchange, diffusion, hydrodynamic flow,
viscoelasticity, macro- and microphase separation, and dynamic arrest—that dictates the complex structure of the membrane on
different scales.
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liquid or gaseous mixtures, in many cases membrane technology
can contribute to energy savings and therefore a reduced carbon
dioxide footprint compared to other technologies, such as, e.g,,
distillation." Moreover, separation through a selective mem-
brane also occurs under milder conditions. This is important in
the case of purification of sensitive molecules, which would
decompose, e.g,, in the course of thermal separation, and opens
up opportunities for separation membranes in biomedical
applications.

Bechhold reported on membrane-based separations of
colloids at the beginning of the 20th century.” After the initial
work on tubular cellophane (regenerated cellulose) membranes
as an artificial kidney by Kolff and Berk, published in 1944,
hemodialysis became a prominent application of membrane
technology.”” The first technically used membranes were
porous in nature and were used for microfiltration (filtering
particles in the range of 10 ym to 100 nm) and later for
ultrafiltration (filtering particles and molecules in the range of
100 to 10 nm). Today, polymeric materials are still the most
commonly employed materials both in microfiltration and
ultrafiltration. The market for membranes is expected to increase
significantly in the future due to the need for drinking water,
industrial water, renewable energies, and sustainable processes
for an increasing world population.”® The first membranes
produced on a commercial scale were microfiltration mem-
branes from the Membranfiltergesellschaft Sartorius-Werke in
Gottingen, Germany, a company that still exists today, inter alia
illustrating the ongoing relevance of membrane technology.’

The first membrane materials were based on derivatized
cellulose, such as nitrocellulose or cellulose acetate. Because of
limitations of cellulose materials in terms of chemical and
thermal stability, synthetic polymers also were used for
microfiltration and ultrafiltration membranes, with polysulfones,
polyacrylonitrile, or poly(vinylidene fluoride) being the most
prominent ones. Nowadays filtration membranes are used in
many technical applications, such as the purification of water
and air, medicine, biotechnology, food processing, or the
chemical industry.*”'® Besides porous membranes, there are
also dense membranes for large-scale applications such as
desalination of seawater by reverse osmosis' ' and separation of
gases (oxygen enrichment in air, purification of natural gas,
separation of carbon dioxide or hydrogen from various gas
streams, to mention just the most prominent examples).12
Polymer-based membranes play an important role in all these
applications, as they are comparably inexpensive in production
and handling; however, also in the field of inorganic membranes,
there are signiﬁc;13r11t4developments, although their production is
more expensive. "’

Notwithstanding these advances, there is still a need and
opportunities for improving membranes for a multitude of
applications and also for their employment in new separation
tasks. For example, irreversible fouling and scaling are problems,
limiting the service time of membranes in pressure-driven
separation processes such as water purification.”’>'® In the
petrochemical industry, a challenging separation task for
membrane technology is the separation of olefins from paraffins,
due to their similar size.'” So far, this separation is carried out by
energy-intensive cryogenic distillation. Other challenges for
membrane technology are the separation of biomacromolecules,
such as mixtures of similar-sized proteins.'®"

In this review, we focus on porous polymer membranes that
still pose significant challenges for current membrane technol-
ogy, such as, e.g., fouling or scaling of membranes during

operation,”’~** aging (densification with time),”> or compac-

tion (densification caused by large transmembrane pressure”*).
These issues are strongly related to the membrane material itself,
the membrane structure, and the operation conditions of the
membrane separation process. Another challenge in the design
of porous polymer membranes consists of simultaneously
achieving high density of similar-sized short pores per unit
area and mechanical stability, so that a high size selectivity and a
high flux can be realized at the same time. This aim can be
accomplished by integral-asymmetric isoporous membranes
with a rather thin selective layer, supported by an open porous
substructure in a single-step procedure based on the so-called
nonsolvent-induced phase separation (NIPS), also known as
“phase-inversion process”. This technique has been first
established for cellulosic membranes by Loeb and Sourirajan.”
As the envisioned pore sizes are in a range from a few
nanometers up to a few tens of nanometers, self-assembling
block copolymers have become a class of exciting candidates to
fabricate a new generation of ultrafiltration and nanofiltration
membranes based on NIPS.”**” The NIPS process leads to a
nonequilibrium structure, and it depends on a variety of
materials and process parameters. This is already true for
homopolymer membranes, and in the case of self-assembling
block copolymers the fabrication process increases in complex-
ity, as microphase separation and macrophase separation must
be properly organized on both length and time scales in order to
obtain a membrane with the desired structure.

So far, the literature has reported mainly on the preparation
and characterization of these novel block copolymer mem-
branes,””*® whereas much less is known about the structure
formation itself. Experimental investigations of the kinetics of
structure formation on different scales are challenging, but some
progress has been achieved, e.g, by cryogenic electron
microscopy,”” time-resolved grazing-incidence small-angle X-
ray scattering (GISAXS),**° or real-time atomic force
microscopy (AFM) imaging””** as well as in situ small-angle
neutron scattering (SANS).‘Q’9 At the same time, there are
significant advances in modeling and simulation techniques.
Nowadays, highly coarse-grained particle models can investigate
systems with 10° particles, addressing structure formation on the
length scale of a micrometer and times scales of seconds and
beyond.”” Whereas the complexity of the fabrication processes
and the wide span of time and length scales remain a substantial
challenge for modeling and computation, the scales that can be
addressed by continuum models and highly coarse-grained
particle models start to converge toward the scales that are
relevant for applications and studied by experiments. This
overlap of experimental and computational scales is expected to
widen in the near future and will allow for advances in
understanding the nonequilibrium formation mechanism of
polymer membranes and thereby contribute to guide the design
of membrane-formation processes.

The growing need for membranes, the use of more complex
macromolecular materials and fabrication processes in experi-
ments, and advances in model building and computation
motivated us to write this tutorial review, combining experiment
and theory. We aim to provide a unified perspective on the
nonequilibrium processes that dictate the large-scale morphol-
ogies in thin films and membranes by solvent evaporation, NIPS,
and molecular self-assembly. Given the abiding interest that
membrane fabrication has attracted since the seminal works of
Bechhold,” Kolff and Berk,®> and Loeb and Sourirajan,25 we
cannot aim for a comprehensive overview but have selected
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topics related to membrane structure and its nonequilibrium
formation processes to highlight common aspects of experiment
and theory. Therefore, various important and challenging topics
of interest such as, e.g., solvent evaporation from homopolymer
mixtures,”' ~** solvent annealing of copolymer films,"> ™'
directing the orientation of membrane pores by electric
fields,”>~"" polymerization-induced phase-separation (PIPS),”
or polymerization-induced self-assembly (PISA)”*~"° have not
been covered. Functionalization of membrane pores’®”” and
molecular transport on the atomic scale in the membranes’® that
are critical for the operation of membranes are also not
addressed in the following.

2. TYPES OF MEMBRANES

In membrane-based separation technologies, different types of
membranes are used that can be categorized by the material they
are made of (polymer, ceramic, metal, or combinations
thereof)”” and their overall geometry (flat sheet or also spiral
wound, as well as tubular, hollow fiber, nanofibrous
membranes). They can further be distinguished by the structure
of their cross-section, which can be symmetric or asymmet-
ric.””'® Most importantly, membranes are characterized by their
separation properties. Selective separation can occur all over the
cross-section of a membrane in symmetric membranes or it
occurs at its surface in asymmetric membranes. The separation
layer can be dense or porous on different length scales.
According to IUPAC, nanometer-sized pores are categorized
into micropores (<2 nm), mesopores (~2—S0 nm), and
macropores (>50 nm).** In the literature about porous
membranes, however, another classification is often used:
Nanofiltration, ultrafiltration, and microfiltration membranes
are characterized by pore-size ranges, which are approximately
1—10 nm, 1-100 nm, and 0.1—10 pm, respectively. Sometimes,
there are also overlaps between the different pore-size regions in
this nomenclature. Reverse-osmosis membranes for desalination
and dense membranes for gas separation have “pore” sizes below
~1 nm.

2.1. Polymer Membranes: Rich Potential Due to
Nonequilibrium

The physical and structural properties of polymer materials
depend on their processing and thermal history.*"** This is very
important for the preparation of polymer membranes, and there
are many examples of membranes differing in their structure and
thus functional properties but being made of the same
polymer.***** This demonstrates that the polymer materials
do not reach a unique thermodynamic equilibrium but rather
become trapped in a nonequilibrium state. This nonequilibrium
state may be metastable; i.e., there exist large free-energy barriers
that the system has to overcome by a thermally activated process
to finally equilibrate,” or its relaxation is kinetically prevented
by alternate phenomena such as, e.g,, vitrification, crystallization,
and chemical cross-linking (gelation), or combinations thereof.

NIPS is of particular interest in the field of porous polymer
membranes, as it leads to so-called integral-asymmetric
membranes, which consist of a rather thin selective layer on
top of a more open, porous support structure of the same
material. The advantage of such a structure is its combination of
high selectivity by the top layer and high flux by the fact that the
top layer is kept thin and the more open, porous substructure
does not considerably contribute to the resistivity of the flux.
These integral-asymmetric structures result from a complex
interplay of thermodynamics and kinetics during their formation

14191

from solution. While the top layer is relatively dense and phase
separation occurs on the length scale of the macromolecules
themselves or close to it, the lower parts of the membrane
typically display macrophase separation. Many experimental
studies on such membranes have investigated the influence of
different processing parameters on this structure. In order to
prepare a membrane with the desired structure, the parameters
have to be judiciously chosen, which requires a series of
experiments for any new membrane.

2.2. Block Copolymer Membranes

Block copolymers are well-known for their fascinating ability to
self-assemble into a variety of microphase-separated structures
on a mesoscopic length scale, depending on the chemical
composition, degree of polymerization, and molecular top-
ology.*>*® This allows different properties, such as mechanical
or permeation properties, to be combined. A low-disperse block
copolymer with a suitable composition and molecular weight
may be transformed into a membrane with cylindrical,**”**
gyroidal,” or lamellar pores,”””" respectively. Because of the
low dispersity of such a tailor-made block copolymer, the
microdomains will also have a low size dispersity.

There are different ways to prepare membranes from block
copolymers. They can be prepared by casting a block copolymer
solution onto a substrate and evaporating the solvent sufficiently
fast in order to achieve the desired alignment of the
microdomains in the perpendicular direction.”” Also an electric
field can be applied to align, e.g,, cylindrical domains.®” After the
pore-forming block is etched away to obtain open pores, the film
is transferred from the solid substrate onto a porous support.”
This method, however, involves many steps and is difficult to
upscale. The formation of integral-asymmetric membranes from
self-assembling block copolymers is a possible way to obtain
membranes with an almost isoporous top layer on a more open
porous sublayer of the same material. These membranes can be
prepared directly on a porous nonwoven support, once an
appropriate set of experimental parameters has been deter-
mined. The process parameters that dictate the nonequilibrium
structure formation are the main focus of this review.

Early on, it has been recognized that two distinct sets of
factors dictate the membrane structure: (i) the equilibrium
thermodynamics of the multicomponent system and (ii) the
processing conditions as quantified, e.g., by the magnitude of the
overall material transfer between film and bath during the
coagulation process.”” In the following, we discuss these two
aspects in turn.

3. THERMODYNAMICS OF MEMBRANE-FORMING
SYSTEMS

The thermodynamics of membrane formation chiefly involves
macroscopic phase equilibria between polymer, solvent, and
nonsolvent, and, in the case of block copolymer membranes, the
microphase separation between the different components of the
block copolymer material. The equilibrium thermodynamics is
dictated by the choice of the polymer, ie., its molecular
architecture and its interaction with the solvent and nonsolvent,
the composition of the multicomponent mixture, and the
thermodynamic state variables, such as temperature or pressure.
Equilibrium thermodynamics provides a useful starting point for
describing the underlying phase separation and the stability or
metastability of homogeneous systems.

https://doi.org/10.1021/acs.chemrev.1c00029
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3.1. Polymer—Solvent Mixtures

The thermodynamics of polymer solutions has attracted abiding
interest, both because it is important for polymer analytics,
polymer processing, and many other applications and because of
the intriguing interplay between single-chain properties and
collective phase behavior.”””® Depending on the thermody-
namic interactions between polymer and solvent in a macro-
scopic homogeneous solution, good and poor solvents are
distinguished. The quality of a solvent for a given polymer
depends on its chemical structure, but also temperature affects
the interactions between solvent and dissolved polymer. In a
good solvent, the polymer swells because there is an effective
repulsion between polymer segments that can be quantified by
the second-order virial coefficient. In this case, the polymer’s
root mean-squared end-to-end distance, R, in a homogeneous

solution scales like a self-avoiding walk, R, ~ N with gy &
0.588, where N denotes the number of repeating units. At the ®-
point, the pairwise interactions between polymer and solvent
balance, and a long linear polymer adopts a random-walk

behavior, R ~ N™ with Vpw = 1/2; i.e., the conformations obey
Kuhn’s law of a “random-flight chain”. In good solvents or under
®-condition, dilute polymer solutions can be analyzed by static
light scattering to obtain the weight-averaged molecular weight,
the z-average of the radius of gyration, and the second-order
virial coeflicient. Osmometry can be used to determine the
number-averaged molecular weight and the second virial-order
coefficient, v, or the related Flory—Huggins interaction
parameter.”® If the polymer density increases to the semidilute
or concentrated regime, polymer chains will overlap, and the
effective repulsion, v > 0, between polymer segments in a good
solvent will be screened by the presence of the neighboring
chains; i.e., stretching no longer reduces the number of repulsive
polymer—polymer contacts. As light scattering cannot resolve
individual chains in a melt, the ®-condition was proven by SANS
using a deuterated chain in a nondeuterated chain matrix.””

If the solvent is poor, in turn, an individual macromolecule
collapses into a droplet, whose interior has a finite density, i.e., R,
~ N4 where d = 3 denotes the dimension of space. In a
multichain system, the polymers will aggregate with other chains
and precipitate; i.e., they form a polymer-rich phase that coexists
with a solvent-rich phase. A typical phase diagram is shown in
Figure 1, where we have assumed that the effective pairwise
interaction, v, between polymer segments, measured in units of
the thermal energy k3T, decreases with temperature. The phase
diagram depicts the densities of the polymer-rich and solvent-
rich phases (binodals) as well as the stability limits of the
homogeneous states (spinodal). The interior of an individual,
collapsed, infinitely long macromolecule resembles this
polymer-rich phase.

A popular description of the thermodynamics of an
incompressible polymer-(non)solvent mixture within mean-
field theory is provided by the Flory—Huggins excess free energy

of mbdng98’99
AF(¢,)  ¢pln g,
PV T = N + dyIn py + Ko DpPy

with ¢, + ¢y =1 (1)

where Vis the volume of the system and p stands for the segment
density. In the case of phase separation, the solvent is poor, and
therefore we denote its density by ¢y (nonsolvent). Here, we
have assumed for simplicity that the specific volumes of polymer

a2

T
1 ©O-temperature

\ —— binodal

< spinodal

increasing degree
of polymerization

I

critical point

»
>

Z

Figure 1. Sketch of the phase diagram of a polymer—solvent mixture
with an upper critical solution temperature (UCST), for different
degrees of polymerization, N. Binodals (solid lines) denote the
densities of the coexisting, polymer-rich, and solvent-rich phases,
whereas (mean-field) spinodals (dotted lines) indicate the stability
limits of the homogeneous polymer-rich and solvent-rich domains.

and nonsolvent are N/p and 1/p, respectively. This also allows
us not to distinguish between concentration and density. The
first two terms denote the entropy of mixing polymer and
solvent, and the second term accounts for the incompatibility,
JXpny between polymer and nonsolvent. To a first crude
approximation, the second-order virial coeflicient and the
Flory—Huggins parameter are related by ypy ~ 1/2 — .
Within mean-field approximation, the phase diagram features

a critical point at the incompatibility x5, = %(1 + 1/JN)%,

and the critical polymer density decreases with increasing chain
length, 5 = 1/(1 + +/N ). Thus, for N>> 1, the phase diagram

is highly asymmetric. In the limit N — oo, the critical point
converges to the O-point. In contrast to the mean-field
description of the phase behavior of dense binary polymer
blends, density fluctuations have a rather pronounced effect on
the phase behavior of the polymer—nonsolvent mixture, and we
refer the reader to refs 95 and 100—104 for further discussion.
Using standard thermodynamic relations, one can calculate the
chemical potential, y, and pressure, p, of a spatially
homogeneous system. Requiring that the two coexisting
phases—polymer-rich and nonsolvent-rich—have the same
pressure and chemical potential for a given temperature T, one
obtains the binodals. The homogeneous system becomes
unstable at the spinodal density, given by the requirement,
d*F/d ¢P2 = 0. The phase diagram including binodals, spinodals,
and the critical point is depicted in Figure 1.

The nonequilibrium formation of porous polymer mem-
branes from solutions involves phase separation between
polymer and (non)solvent(s). In the case of a binary
polymer—-(non)solvent mixture, the miscibility gap can be
entered either (i) via a change of temperature (or effective
polymer interaction, v < 0) or (ii) by a variation of the polymer
density, ¢p.

Case (i) corresponds to thermally induced phase separation
(TIPS). This method is mainly used to produce membranes
from polymers that are difficult to dissolve and soluble only at

https://doi.org/10.1021/acs.chemrev.1c00029
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elevated temperatures, like polyolefins such as, e.g, poly-
propylene, polyethylene, or poly(vinylidene fluoride)
(PVDF).'"” The phase separation upon cooling is coupled
with crystallization in the case of these polymers. However, TIPS
can also be applied to other polymers such as polystyrene'° and
poly(2,5-dimethyl-1,4-phenylene ether),'”” when dissolved in
cyclohexanol. A special type of TIPS was observed for a solution
of PVDF with cellulose acetate in a mixture of a good solvent
(dimethylformamide) and a nonsolvent (nonane). The
solvent—nonsolvent mixture itself shows an upper critical
solution temperature below the temperature of the initial
polymer solution. Therefore, the solution phase separates upon
cooling, resulting in a highly surface-porous polymer film, where
the pore size is dictated by the length scale of spinodal
decomposition.'” The subsequent phase separation, which
leads to an increase of the pore size with time, is then stopped by
quenching the whole system in a cold coagulant. The pore-size
distribution of such membranes, however, is less regular as
compared to block copolymer membranes.

The latter case (ii) corresponds, e.g., to the (slow)
evaporation of a moderately poor solvent from an initially very
dilute solution of collapsed coils. Then, upon decreasing the
solvent density, the polymer precipitates when the binodal is
crossed via the nucleation and growth of individual droplets of
the polymer-rich phase. Since the binodal of the polymer-lean
phase occurs at rather small polymer density, the precipitated
polymer droplets do not connect well. Thus, the evaporation of a
poor solvent from a dilute solution will hardly lead to a useful
membrane, and membrane formation often involves a mixture of
a polymer and multiple solvents, which differ in volatility and
miscibility with the polymer.”

3.1.1. Ternary Mixtures of Polymer, Solvent, and
Nonsolvent. The phase diagram of an incompressible three-
component system—polymer, solvent, and nonsolvent—or,
equivalently, of a compressible, two-component system can
already be fairly complex. In fact, such a system may exhibit six
qualitatively different types of phase diagrams according to the
classification of van Konynenburg and Scott.'”” Thus, accurate
equation-of-state data are an indispensable prerequisite for
modeling. In the following, we will consider the typical case
where one solvent is compatible with the polymer, whereas the
other—nonsolvent—is a poor solvent for the polymer; the two
solvents, however, remain miscible in the range of thermody-
namic conditions of interest. An incompressible system is
described by two thermodynamically independent order
parameters, e.g, the normalized density, ¢p, of the polymer
and the normalized density, ¢y, of the nonsolvent—because the
densities of polymer, solvent, and nonsolvent add up to unity, ¢,
+ ¢ + ¢y = 1, at each point in space. These two order
parameters suffice to describe the macrophase separation
between polymer and nonsolvent as the solvent is exchanged
in the course of NIPS.

To a crude, first approximation, we can restrict the discussion
to the phase separation between polymer and nonsolvent; i.e.,
one lumps the polymer and the miscible solvent together. In the
final equilibrium state, the density of the solvent is vanishingly
small, and such an effective two-component description
becomes appropriate. The thermodynamic incompatibility
between polymer and nonsolvent or between two components
of an AB block copolymer is described by a Flory—Huggins
parameter, ypy Or ¥ap, respectively. Since the solvent dilutes the
pairwise repulsion between polymer and nonsolvent or the
different segments of the copolymer, the thermodynamic

incompatibility depends on the local solvent density, i.e., Yot =
Xon(@s). Within the dilution approximation, one simply
obtains

Kogg ~ (1= ) (2)

If the solvent locally swells the polymer (i.e., semidilute
solution), short-range correlations of polymer contacts result
in a nontrivial dependence of the solvent density''' ="'

Fox (¢S) ~ (1 _ ¢S)(1+”SAW“’12)/(3VSAW—1) ~ (1 _ ¢S)0.616
(3)

where vg,y = 0.588 is the scaling exponent of the extension of a
self-avoiding random walk and @, = 0.4 denotes the correction-
to-scaling exponent that characterizes the contacts of two
mutually interdigitating self-avoiding walks. Within this effective
two-component description, the solvent density plays a similar
role as temperature in Figure 1.

The Flory—Huggins description””” can be straightforwardly
generalized to an incompressible polymer—solvent—nonsolvent
system and takes the form

AR dody) _ dind,
et = T Ondg+ Pyln gy

+ )(PN ¢p¢N + XPS ¢P¢S + XNS¢N¢S (4)

with ¢, + g + Py =1 (s)

i.e., there are only two independent densities. In addition to the
entropy of mixing, the excess free energy accounts for the three
pairwise interactions, each being quantified by a Flory—Huggins
parameter. In order to describe NIPS, polymer and nonsolvent
are incompatible, ypy > 1/2, whereas polymer and solvent as
well as solvent and nonsolvent are miscible; i.e., yps < 1/2 and
Xns < 2. Note that this simple form ignores contact correlations
mediated by the connectivity along the polymer backbone that
give rise to the nontrivial dependence in eq 3, changes of the
liquid packing as a function of density, as well as free-energy
contributions due to a density dependence of macromolecular
conformations in a homogeneous system. All these effects give
rise to an additional density dependence of the interaction
parameters.

An alternative to the Flory—Huggins free energy can be
obtained by employing a third-order virial expansion, i.e.,

AF(fp ) _ pln g,
pVieT N + ¢Sln ¢S + quln ¢N

+ Xy Tty + Lo, T b (6)

where the Greek indices run over all components of the
system—polymer, solvent, and nonsolvent. Again, in the case of
incompressibility, ¢p + g + Py = 1, the system is characterized
by only two independent densities. In this case, the free-energy
function requires three second-order virial coeflicients and four
third-order coeflicients.

Higher-order density terms could be straightforwardly
included if experimental data on the thermodynamics of the
mixture were available. The third-order form, however, suffices
to describe the qualitative aspects of the different types of phase
diagrams that compressible binary mixtures exhibit. If the
coeficients are not conceived as virial coeflicients, resulting
from a systematic small-fugacity expansion, but rather as
effective parameters of an equation of state, the validity of the
model is significantly extended. In addition to liquid—liquid
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demixing such a free energy can also account for liquid—vapor
phase equilibria.""

These two bulk free-energy functions are simple top-down
descriptions of the thermodynamics of the homogeneous
system. They capture the ideal free energy of mixing and
quantify the interactions between the species by a simple excess
free energy. These free-energy functions predict the thermody-
namics of a spatially homogeneous system. The parameters of
the free-energy functional are identified by comparison to
experiment, such as, e.g, equation-of-state data or scattering
data.

Because of the incompressibility, ¢p + ¢bs + ¢y = 1, the phase
diagram at a fixed temperature is typically represented in a phase
triangle. Such a phase triangle (as shown in Figure 6 for a
polymer—solvent—nonsolvent mixture, where the latter two
components are miscible) provides an overview of the basic
thermodynamic behavior of a spatially homogeneous system.
Depending on the densities (which can be changed, e.g., by
exchanging nonsolvent vs solvent), an incompressible ternary
mixture remains homogeneous, or it undergoes macrophase
separation into two coexisting phases, whose densities are given
by the binodal. Tie lines connect the points on the binodals that
represent the densities of the coexisting phases (ie., the
densities, where the chemical potentials of the two independent
components and pressure are equal in both phases).
Importantly, the bulk free energy also determines where, in
the course of processing, spontaneous phase separation
spontaneously sets in—the spinodal. This limit of metastability
of a spatially homogeneous state is given by the condition that
the matrix of second derivatives of AF with respect to the two
independent densities has a vanishing eigenvalue or, equiv-
alently, the determinant of the matrix vanishes. The correspond-
ing eigenvector indicates the linear combination of densities
that, initially, will exponentially grow over time.

Typically, polymer and solvent as well as solvent and
nonsolvent are miscible at the thermodynamic states of interest.
Macroscopic phase separation occurs between a polymer-rich
and a polymer-lean phase. The latter phase predominantly
consists of nonsolvent.

To afirst approximation, the solvent, being miscible with both
polymer and nonsolvent, dilutes the incompatibility between
polymer and nonsolvent. As the solvent evaporates from the
polymer film and the nonsolvent enters the film, polymer and
nonsolvent densities increase. The critical point at which
macrophase separation commences is located at small polymer
density because of the small translational entropy of the long
macromolecules. In the case of polymer membranes, the solvent
almost completely evaporates, and polymer and nonsolvent are
highly incompatible. Thus, the final equilibrium state often
corresponds to the coexistence of an almost pure polymer, ¢p ~
1, and an almost pure nonsolvent, ¢y = 1. Thus, if true
thermodynamic equilibrium were to be achieved, a macroscopic,
spatially homogeneous, dense polymer film would coexist with a
nonsolvent.

Additionally, other properties that are relevant for the
processing—in particular, the dynamic arrest of structure
formation, such as vitrification or crystallization—are often
indicated in the phase triangle. These effects cannot be predicted
by the free-energy function, but they occur at specific
thermodynamic conditions that are characterized by the two
independent densities and temperature. This arrest of structure
formation is essential for fixing the morphology of the
membrane in a nonequilibrium state, instead of collapsing into

a dense, unstructured polymer film. Assuming that the dynamic
arrest occurs rapidly compared to the time evolution of the
domain morphology, one can estimate the local density of the
polymer-rich domain by its value when this polymer-rich phase
dynamically arrests. Likewise, the morphology of the membrane
resembles the stage when the mobility of the polymer becomes
vanishingly small.

A more quantitative description has to account for at least
three additional aspects: (i) the spatial inhomogeneity of the
system, (ii) the change of densities in the polymer film, as the
solvent evaporates and the film thickness shrinks, as well as (iii)
viscoelastic effects on the kinetics of phase separation.

3.2. Self-Assembly of Block Copolymer in Solutions and
Melts

In comparison with homopolymers or random copolymers, the
thermodynamic behavior of block copolymer solutions is quite
different as the chemically different blocks typically differ in their
mutual interactions and their interaction with the solvent(s).” If
the solvent is selective, i.e., it exhibits a better compatibility with
one block than with the other, this favored block will be well
dissolved and swell, whereas the other block will swell less or, in
the case of a poor solvent for that block, even tend to segregate
from the solution. Because of the connectivity between the
blocks, this results in a “local microphase separation”; i.e., the
less solvated blocks of multiple chains aggregate together and
form the core of a micelle, whereas the other, more soluble
blocks form the micelle’s corona and keep the self-assembled,
finite-sized aggregate in solution. Depending on the volume
ratio of the two blocks, micelles may adopt different shapes,
which can be spherical, worm-like cylindrical, or lamellar
vesicles. A way to form such self-assembled structures in solution
is to slowly replace a good solvent for the different blocks by a
very selective solvent, which is even a nonsolvent for one of the
blocks. This can be achieved by dialysis of a block copolymer in a
good solvent against a nonsolvent.' '°

If these self-assembled aggregates form a disordered solution,
this micellar fluid is thermodynamically considered as a single,
disordered phase. Upon an increase of the micellar density, the
micellar system can transform into an ordered phase, where the
different micellar aggregates are separated from each other by
the steric repulsion of the swollen outer blocks and condense
onto a crystal lattice.

The removal of the solvent from a block copolymer solution
will lead to bulk structures, which would be independent of the
initially chosen solvent, if thermodynamic equilibrium was
achieved. Long chain molecules, however, do not rapidly
equilibrate and can be trapped in different nonequilibrium states
because of large single-chain relaxation times, e.g., associated
with the exchange of block copolymers between aggregates and
significant collective free-energy barriers that must be overcome
by thermal fluctuations for larger structural rearrangements.
Solvent exchange in triblock terpolymers was used to generate a
large variety of aggregated structures,''” which also can form
supramolecular polymers.''® Examples of nonequilibrium
structures are hexagonally perforated lamellae in diblock
copolymers, which irreversibly transform into a double-gyroid
structure upon thermal annealing''” or the “knitting pattern”
structure, found in a triblock terpolymer, where the middle block
shows a poor solubility and the other blocks exhibit a good
solubility in one solvent, while in another solvent all blocks show
a comparable solubility, resulting in a lamellar structure after
solvent evaporation.'”” In the following, we mostly restrict the
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discussion to diblock copolymers, as block copolymers with
more blocks or consisting of more than two types of monomers
will significantly increase the complexity.*®

The structure formation in block copolymer membranes not
only involves the macrophase coexistence between polymer,
solvent, and nonsolvent but additionally the microphase
separation between the two components—A and B—of the
block copolymer into a spatially modulated structure, whose
length scale is set by the molecular extension, R, of the
macromolecule. In order to describe this microphase separation,
an additional order parameter is required, ¢ = ¢,/ ¢pp with P,
and ¢p = 5 + ¢y denoting the density of polymer block A and
the total polymer density, respectively.

Since this microphase separation occurs on smaller length and
time scales than the macrophase separation between polymer
and nonsolvent, discussed in the previous subsection, a first,
crude approximation consists of decoupling the fast microphase
separation and the slow macrophase separation. To this end, one
replaces the homogeneous polymer domain of the previous
subsection by a spatially structured one. Self-assembly or
microphase separation will occur, if the thermodynamic
incompatibility between the blocks of the copolymer, quantified
by the interaction parameter y,zN, is sufficiently large. Note that
the effective incompatibility between the blocks is modulated by
the presence of a common solvent, similar to eqs 2 or 3. Thus,
self-assembly or microphase separation can be induced by
temperature jumps, solvent evaporation, or solvent—nonsolvent
exchange. The latter two processes reduce the solvent density,

S-

If the block copolymer density, ¢p, is small, the block
copolymer will aggregate into micelles (as described above).
Note that in case of slow solvent evaporation from a polymer
film or slow solvent—nonsolvent exchange in NIPS, the initial
self-assembly into micelles is quite expected, although
theoretical approaches often consider only the structure
formation at high polymer density starting from a homogeneous
distribution of the two components, A and B.

At higher block copolymer densities, periodic microphases
will form. For a pure, symmetric diblock copolymer, the mean-
field prediction of the order—disorder transition (ODT) is yxzN
~ 10.5.%° A solvent, ¢, dilutes the effective thermodynamic
repulsion between A and B species, cf,, eq 2. In the microphase-
separated state, additionally, the solvent will preferentially be
enriched at the internal AB interfaces in order to mitigate the
unfavorable interactions between A and B segments.''’
Moreover, the solvent tends to swell the characteristic
periodicity of the spatially modulated structure. This swelling
may affect the different domains of the block copolymer to a
different extent because (i) the solvent has a preference to one of
the two domains, or (ii) the stretching of a distinct block in an
asymmetric copolymer is affected differently by the incorpo-
ration of solvent. Thus, the volume fraction of the A domain
depends on the solvent density, and a variation of the solvent
density may induce an order—order transition between spatially
modulated phases with different symmetries.*"'**

Self-consistent field theory (SCFT) provides a quantitative
description of micellar self-assembly and microphase separation
in melts at the mean-field level.">*~"** Qualitatively, the
periodic, spatially modulated structure arises from a balance
between the free-energy costs of the internal AB interfaces that
favor large domains and the stretching of the macromolecular
conformations as they fill space uniformly. This approach has
been successfully applied to study the phase behavior as a

110,121,122
134

function of solvent density and selectivity,
composition,**'** and copolymer architecture.

In the ultimate vicinity of the ODT, the amplitude of ¢-
variations in a pure diblock copolymer melt is small, and the free
energy of a system, characterized by a spatially varymg o(r), is
given by the random-phase approximation (RPA).” To lowest
order, the free energy as a function of the Fourier transform of
¢(r) takes the quadratic form

copolymer
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where S((,%q denote the single-chain structure factors of the
blocks @ and f in the disordered melt. The spinodal stability
limit of the spatially homogeneous state is marked by the

spin

condition y,p" = min

4 350 . In order to describe microphase

separation, third- and fourth-order terms have to be included.
RPA provides a systematic way of calculating the coefficients of
these terms from the single-chain properties in the disordered
phase.® This expansion is valid in the ultimate vicinity of the
ODT, but, unfortunately, it already fails to provide a quantitative
description for y,gN >13. Treating the expansion coeflicients as
phenomenological parameters and adjusting them to match the
periodicity, the scale of the free energy, and the range of the A
density, one can significantly expand the range of applica-
tion, 135136

In the strong-segregation limit, in turn, the free energy can be
quantified by the Ohta—Kawasaki free-energy functional*’
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(8)

where the long-range kernel, G(r, '), obeys the Poisson
equation

—AG(r,t') = 6(r — ') + const 9)

and the periodicity as well as the scales of the free energy and of
the A density have been rescaled. This Ohta—Kawasaki free-
energy functional captures the asymptotic wavevector depend-
ence of the collective structure factor for g — 0 and g — oo and is
also appropriate for y,sN > 1.7

Uneyama and Doi have adopted this approach to copolymer—
solvent mixtures.'”® Their generalization of the free-energy
functional, eq 8, can describe both macrophase separation
between polymer, solvent, and nonsolvent as well as microphase
separation between the blocks of the copolymer. An alternative
form of a free-energy functional for amphiphilic solutions is
given in ref 139.
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4. HOMOPOLYMER MEMBRANES

4.1. Phase-Inversion Membranes

As mentioned in the introduction, NIPS is a common strategy to
produce membranes with a thin selective top layer on a more
open, porous substructure. The process is illustrated by the time
evolution of the densities of the different components,
schematically depicted in Figure 2. After some evaporation

¢ | densities ¢, in polymer film
“Na: RS, N

¢pin initial casting solution
® 4 after evaporation time
/' O ¢ in polymer rich phase
i coexisting polymer-lean phase, ¢ - 0
(i.e., infinite large coagulation bath)

-
¥
¥
-
i
i
!
2
f.
%

to ty t t, time

Figure 2. Sketch of the time evolution of the averaged densities, ¢, in
an incompressible ternary system, composed of polymer P, solvent S,
and nonsolvent N. The density of the polymer in the initially cast,
solvent-swollen polymer film at £, is marked with a cyan hexagon. Until
t;, the solvent evaporates, and the polymer density increases. At t,, the
solution is immersed into an infinitely large nonsolvent (coagulant)
bath, and phase separation into a polymer-rich and a polymer-lean
phase occurs within the film after sufficient penetration of nonsolvent
into the film at ¢,. If the polymer-rich phase was not kinetically trapped,
phase separation would proceed until equilibrium, .

time, t;, the solvent-swollen polymer film is immersed into an
infinitely large nonsolvent reservoir—the coagulation bath. In
Figure 2, we have assumed that the density of polymer and
solvent in the coagulation bath is vanishingly small. The
nonsolvent reservoir withdraws the solvent from the polymer
film, whereas only a smaller amount of nonsolvent diffuses into
the polymer film. In response to this solvent—nonsolvent
exchange across the film surface, the densities in the polymer
film continuously change. If the nonsolvent density becomes
high enough, the polymer will begin to precipitate at time ¢,, into
a polymer-rich phase (solid lines in Figure 2) that coexists with a
polymer-lean phase (dotted lines, mainly composed of non-
solvent). The spatial average densities, however, cannot reveal
that the plane where the polymer solution starts to phase
separate—the phase-separation front—moves from the film
surface toward the substrate.

Depending on the initial densities and the rate of the solvent—
nonsolvent exchange, the phase separation occurs via spinodal
decomposition—in particular, if the system enters the
miscibility gap in the vicinity of the critical point—or a
nucleation-and-growth mechanism. Not only does the position
of the phase-separation front vary with time, but also the profile
changes with time. These spatiotemporal changes may
potentially alter the mechanism of phase separation or, in the
case of spinodal decomposition, the characteristic length scale of
density variations in the early stage of phase separation, resulting
in an integral-asymmetric structure.

In order to stabilize such an integral-asymmetric structure,
phase separation and coarsening must be dynamically arrested.
Such a dynamic arrest in the polymer-rich phase can occur, e.g,,

by a glass transition or crystallization at sufficiently increased
polymer density.

Using this NIPS approach, Loeb and Sourirajan25 were the
first to develop an integral-asymmetric membrane. It was a
cellulose acetate membrane for reverse osmosis that displayed a
good salt rejection combined with high flux. A lot of work has
been carried out since then on integral-asymmetric membranes
from many polymers. These membranes display a rather dense
(and thus selective) surface layer on top of a more open, porous
(and thus less resistive) substructure. The substructure can be
spongy or display finger-like macrovoids. Also a combination of
these structural features can occur. The substructure is relevant
for the final membrane properties because it also influences the
mechanical properties and thus the membrane stability with
respect to applied transmembrane pressure in operation
conditions. Many experimental studies have been carried out
in order to obtain more insight into the processes that lead to
different cross-sectional structures and the relevant parameters.
Macrovoid formation has been a topic of debate for several
decades. Strathmann et al. presented experimental data on
polyamide membranes, which were prepared by casting a
polyamide solution film into a mixture of the solvent with water
(nonsolvent).'*” In this way, the effective incompatibility
between polymer and precipitant was varied, and the resulting
membranes showed macrovoids when precipitated in pure water
and a sponge structure in water mixed with 75% of solvent. The
formation of macrovoids was explained by the fast precipitation
of a polymer-rich skin layer at the film surface in case of a
strongly incompatible precipitant (in this case, pure water) and
the concomitant mechanical stresses in this top layer, which lead
to defects at the surface. Across these defects, a fast penetration
of precipitant into the polymer film occurs, resulting in finger-
like macrovoids. In the case of a weak precipitant, in contrast,
phase separation occurs slower; i.e., the phase-separation front
slowly moves across the polymer film, resulting in a
cocontinuous sponge structure. The similar effect of creating
or suppressing macrovoids can be achieved by adding an
appropriate cononsolvent to the casting solution, in order to
decrease the effective solvent quality for the polymer. While in
the absence of the cononsolvent, macrovoids are formed, their
formation is suppressed in the presence of a cononsolvent in the
casting solution by reducing the thermodynamic gradient
between the one-phase casting solution and coagulant."*'

Smolder et al. also explained the occurrence of macrovoids as
a result of instantaneous demixing at the surface of the cast film
after immersion into a precipitation bath, which occurs unless
the polymer density in the casting solution is too large, or the
casting solution is already close to precipitation due to the
presence of a cononsolvent.'*” In these latter cases, no
macrovoids are generated. According to their reasoning,
macrovoids are not a result of a mechanical weakness in the
top layer but are generated by formed nuclei of the polymer-lean
phase right underneath the surface and grow by diffusive
transport.

While in this work the authors excluded viscosity as a
parameter that could be important for the formation of
macrovoids, the viscosity or viscoelasticity of the casting
solution is discussed as an important property in the work of
Hung et al.* Especially entanglements of the polymer chains are
considered to be relevant. The number of entanglements
increases with polymer density, making the solution more
viscoelastic, which hinders the formation of macrovoids. In a
more diluted or better dissolved state, in turn, the viscosity is

https://doi.org/10.1021/acs.chemrev.1c00029
Chem. Rev. 2021, 121, 1418914231


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00029?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00029?fig=fig2&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00029?rel=cite-as&ref=PDF&jav=VoR

Chemical Reviews

smaller, and macrovoids can form more easily, cf., Figure 3. This
work agrees with the previous ones by stating that the macrovoid

Figure 3. Cross-sections of membranes cast from solutions of
polysulfone and precipitated in water. The polymer densities are 12%
(a, c) and 18% (b, d). The solvent is 2-methylpyrrolidinone (a, c) and 2-
methylpyrrolidinone with 0.5 wt % water (b, d). Comparison of (a)
with (c) and (b) with (d) shows the influence of polymer density, while
comparison of (a) with (b) and (c) with (d) illustrates the influence of
the solvent quality, as the addition of water decreases the solubility of
the polymer. Increasing the polymer density leads to an increase of the
distance, L, between membrane surface and onset of macrovoids.
Adapted with permission from ref 83. Copyright 2016 Elsevier.

formation is suppressed at locations where instantaneous phase
separation occurs when the polymer solution gets into contact
with the coagulant; however, it also explains the formation of
macrovoids at some distance, AL, below the film surface. In
these locations, the polymer is still well dissolved, and the chains
can still relax in the homogeneous phase, while the miscibility
decreases by a sufficiently slowly increasing coagulant density.
Macrovoids form in these less entangled regions, where the
relaxation time of the chains is shorter than the time scale to
initiate phase separation. This time scale of initiating phase
separation is characterized by the moving speed of the phase-
separation front across the membrane during phase inversion.
This work also suggested two master curves: The observed
distance, AL, between the membrane surface and the onset of
macrovoids is related to polymer density or viscosity via

AL? b NS n
— =~ 0.2s] — or ~ 0.5s—

D, & D, m, (10)

where D, denotes the collective diffusivity of coagulant
transport, and ¢ and ¢, stand for the polymer density in the
casting solution and the entanglement density, respectively (see
Figure 4). Moreover, the experimental data also correlate
linearly with the viscosity, #, of the casting solution, when
normalized by the viscosity, #., at which the influence of
entanglements starts to become visible.

4.2. Scope and Goals of Modeling

Modeling and simulation of membrane formation aims at
understanding and predicting the salient features of the
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Figure 4. Master plot of the ratio between the squared distance, AL,
and the effective diffusivity, D, of the transport of coagulant, as a
function of the polymer density, ¢, in the casting solution normalized
by the entanglement density, ¢.. Adapted with permission from ref 83.
Copyright 2016 Elsevier.

formation process, and different levels of abstraction have
been employed. In addition to the bulk equilibrium thermody-
namics, the different modeling approaches address (i) the role of
spatial inhomogeneities such as the surface of the solvent-
swollen polymer film in contact with a nonsolvent and (ii) the
kinetics of phase separation, as well as (iii) the arrest of the
structure formation by vitrification, crystallization, or gelation.
There is a complex interplay between these different ingredients
that makes modeling membrane formation a challenge. In this
section, we will discuss the different modeling approaches and
highlight their scope and insights, chiefly focusing on the NIPS
process for homopolymer membranes. Copolymer membranes
will be discussed in the following section, chiefly placing
emphasis on experiments.

Membrane formation involves a variety of thermodynamic
phenomena—e.g., macrophase separation between polymer and
nonsolvent, microphase separation inside the copolymer-rich
domains, crystallization—and kinetic processes—such as
diffusive or hydrodynamic transport, surface-directed spinodal
structure formation vs. nucleation phenomena, or intrinsically
slow exchange of molecules between copolymer micelles—that
operate on different time and length scales. For instance, the
strength of incompatibility between polymer and nonsolvent or
between the segment species of a copolymer is dictated by
atomic-scale interactions. These properties on the atomic scale
determine the phase behavior (e.g, via the Flory—Huggins
miscibility parameter), the properties of surfaces and interfaces
(e.g, via the range of interactions and the statistical segment
length), as well as the segmental friction (e.g., via fluid-like
packing). The length scale and geometry of microphase
separation or dynamic properties such as viscosity or
viscoelasticity due to entanglements are influenced by character-
istics on the scale of the macromolecule. The large-scale
morphology, such as e.g, property gradients in asymmetric
membranes, in turn, involve even larger scales of length and
time, i.e., multiple micrometers and seconds.

Because of the challenges above, there exists no single,
overarching model of membrane formation; instead, different
modeling strategies are required. Each model provides a rather
accurate description of a particular vignette of the overall
process, and significant progress has been achieved in specific
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Figure S. Illustration of the formation of macrovoids in the course of NIPS as a function of the polymer density, ¢, in the polymer solution. When
coagulating a polymer solution with a density below ¢b, (top row), the chains with relaxation time, 7,, are fully relaxed when phase separation starts at 7,,
and macrovoids form at the top of the film at a time, t,. If the polymer density is above ¢, (bottom row), however, phase separation starts before the
chains are relaxed (disentangled). Thus, no macrovoids are initially formed, but a rather dense network structure is built up by spinodal decomposition.
The distance, AL, between film surface and macrovoid formation increases with a higher polymer density and a with higher collective diffusivity of the
coagulant, D.. The scaling relation, eq 10, is applicable to a variety of polymer—solvent—nonsolvent systems. Inspired by a similar drawing in ref 83.

aspects. The systematic coupling of descriptions that address
properties on different scales, however, remains a challenge. In
the following section, we review this progress by introducing a
selection of models that have been used to investigate
membrane formation, focusing on continuum models and
coarse-grained particle models.

To set the stage, we consider two prototypical processes:

e Solvent evaporation (dry-casting) or evaporation-induced
self-assembly (EISA)—a solvent evaporates from a
solvent-swollen polymer or copolymer film into air
(nonsolvent), and the film thickness, h, decreases in
turn. As the solvent evaporates into the vapor phase, the
local polymer density increases and potentially gives rise
to the formation of a dense polymer layer (skin) at the film
surface,"*"~'* resulting in a density gradient across the
film. Additionally, because of the local change in
composition, the polymer—solvent mixture may enter
the miscibility gap and phase separate. In the case of a
copolymer film, the copolymer may form micelles in the
solvent-rich interior of the film or microphase separate in

the regions of high polymer density.

e Nonsolvent-induced phase separation (NIPS)—a mixed
film of polymer and solvent is brought into contact with a
nonsolvent bath (coagulation bath). Solvent and non-
solvent are exchanged across the surface between polymer
film and coagulation bath. Typically, the solvent leaves the
film faster than the nonsolvent enters the film in turn.
Thus, the film thickness, A, shrinks. The interplay between
the thermodynamics of the ternary mixtures, the dynamic
asymmetry of the constituents, and the kinetics of solvent
and nonsolvent transport across the film surface may,
however, give rise to a complex time evolution of the film
thickness, h(t)."** As the nonsolvent enters the film via
the film surface, the ternary mixture inside the film
becomes unstable, and macrophase separation commen-
ces. If the polymer is a copolymer, additionally, micro-
phase separation will occur inside the polymer-rich
domains.

From the modeling perspective, these two processes share
many common features. Both solvent evaporation as well as

NIPS consider the kinetics of phase separation of a ternary
system of polymer, solvent, and nonsolvent. In the case of
solvent evaporation, however, (i) the nonsolvent (air) typically
does not enter the film, (ii) the nonsolvent can often be
described by a simple ideal-gas equation of state, and (iii)
polymer and solvent must not be completely miscible to allow
for phase separation inside the film.

As an example of the complexity found in the morphology of
homopolymer membranes prepared by NIPS, the cross-section
of a homopolymer membrane is schematically presented in
Figure S at dlﬂerent tlmes during the formation and for different
polymer densities.*> This work studied the formation of a
spongy or macrovoid substructure and found that entangle-
ments of high-molecular-weight polymers, occurring at larger
polymer densities, suppress macrovoid formation. Macrovoid
structures, however, are formed at lower densities; see Figure 3.
Decreasing the solvent quality results in a faster occurrence of
phase separation during the NIPS process, favoring a sponge-like
phase-separated structure, and suppresses macrovoid formation,
as can be seen by comparing the different panels in Figure 3. The
scaling relation, eq 10, indicates that the distance between the
membrane surface and the onset of macrovoid formation, AL, is
a function of the collective diffusivity, D,, of the nonsolvent and
the polymer density, ¢p.**

Additionally, alternate kinetic processes, e.g., adsorp-
tion'*”"** or wetting'>' ~'** phenomena due to the preferential
interactions with the supporting substrate or the film surface, or
polymerization-induced phase separation (PIPS),”>">*'%° as
well as the role of additives such as, e.g., nanoparticles or
inorganic building blocks,"*¢~'%? give rise to additional effects
that are, however, not considered in the following.

The aim of this section is rather to provide a tutorial
description of the basic modeling approaches that provide a
starting point for addressing specific applications. The goal of
theory and simulation is to investigate and understand the role of
the different factors that influence membrane formation, such as
physicochemical properties of polymer, solvent, and nonsolvent,
and the processing conditions, such as initial composition of the
solvent-swollen polymer film and coagulation bath or the
dynamic asymmetry of the components. Within a modeling
framework, these different thermodynamic and kinetic proper-
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ties are simultaneously accessible and can be varied systemati-
cally and independently. Thereby, modeling and simulation
contribute to disentangling their roles. Additionally, simulations
provide insights into the ordering kinetics with high spatial and
temporal resolution that might be difficult to obtain by
experiments. This holds true a fortiori in the course of the
early stages of phase separation that template the structure that
emerges at later times.

4.3. Continuum Models

4.3.1. General Considerations. The basic bulk thermody-
namics has already been introduced in the section, clarifying the
different equilibrium structures, e.g., macrophase separation
between polymer and nonsolvent, and microphase separation of
the distinct components of the block copolymer in polymer-rich
domains—and the concomitant order parameters—density
profiles, and spatial modulation of the AB composition.

In order to describe membrane formation, however, three
additional aspects need to be addressed: (i) spatial inhomoge-
neities, (ii) mass transport into and out of the solvent-swollen
polymer film, and (iii) phase separation with dynamic
asymmetry. The distinct aspects can already be captured by
continuum models, which make direct contact to the
equilibrium phase behavior. Correlating these effects with
molecular properties of the constituents, however, requires a
more microscopic description.

4.3.2. Free-Energy Functional for Spatially Inhomoge-
neous Systems. The aim of continuum models is a description
of the thermodynamics of a spatially inhomogeneous system and
the concomitant kinetics of structure formation. To this end, the
system configuration is described by spatially varying density
fields of the polymer, ¢p, solvent, ¢bs, and nonsolvent, ¢y.

Often the system can be treated as locally incompressible

¢p(r) + ¢y(r) + ¢y (r) = 1 forall points in space (11)

Then, two density fields, e.g., ¢s(r) and ¢py(r), suffice to
completely specify the system configuration. In the case of an AB
diblock copolymer, the local composition, ¢(r), that quantifies
the local ratio of the A density to the density A and B segments of
the copolymer is additionally required.

In order to incorporate the free-energy costs of spatial
inhomogeneities, one can supplement the free energy of a
spatially homogeneous system, F(¢bp, ¢s, Pn), see eq S or eq 6,
by gradient terms. Often, one only considers the lowest-order
terms permitted by symmetry, i.e., square-gradient theories, that
also allow for an analytic calculatlon of the surface tension'®’ or
the wetting behavior.">' An example of the generalization of the
free-energy function, eq 5, to a free-energy functional takes the

following form.”
ﬂ¢p(r)) (f)s(r); (ﬁN(r)] /d {F(¢p) ¢S’ (ﬁN)

kgT pVkT
bZ
+ > Ve,
a,p=P,S,N
(12)

The coefficients, c,; where the Greek indices run over all
components, polymer, solvent, and nonsolvent, form a
symmetric, positive matrix and can be functions of the densities.
b is a length scale that characterizes the width of the interfaces.
Such a low-order gradient theory can be systematically derived
by a perturbation expansion around a spatially homogeneous

system (RPA)'®" or from strong-segregation theory.'” b is on
the order of the statistical segment length of the polymer or the
range of nonbonded interactions between the constituents. Like
eq 6, however, the range of application is significantly larger if
the coefficients, c,g, are treated as phenomenological model
parameters. Such a square-gradient theory provides a basic,
qualitative model of the thermodynamics of spatially inhomoge-
neous polymer—solvent—nonsolvent mixtures. A more accurate
description of spatial inhomogeneities is provided by
SCFT'**~'** or polymer density functional theory
(DFT)."**~'% [In DFT, the order parameter is the distribution
function of single-molecule conformations rather than the
collective density of segment species.] These more microscopic
approaches can be employed to parametrize continuum models.
They can also be extended to study the dynamics of structure
formation, but they are computationally much more demanding
and have not yet been applied to NIPS.

The planar, supporting substrate interacts with the con-
stituents of the polymer film, giving rise to an additional
contribution to the free energy'”

/dz 5(z)
(13)

where A stands for the substrate area. In this limit of zero-range
(contact) interaction with the substrate, only the densities at the
substrate position, z = 0, matter. j,,, characterizes the attraction
of the substrate for the species @, whereas y,,s denotes the
modification of the pairwise interaction between species a and
due to the presence of the wall (“missing neighbor” effect). The
short-range interactions between the ternary mixture and the
substrate can be complemented by long-range van-der-Waals
interactions. Polymer-DFT'**~"® will provide a more accurate
description, including the layering at the substrate.

Such a free-energy functional, ﬂ¢P s qbs , P ) associates with

+
pAk T a Z}{waﬁqs ¢/3

each spatially varying density distribution, ¢p(r), ¢s(r), and
@n(r), a free energy. The value of the free energy depends on the
thermodynamic state point via the coefficients in the bulk free-
energy density and in front of the square-gradient terms, cf,, eq
12, or the parameters of the substrate free energy, eq 13.

The equilibrium density distribution is obtained by
minimizing the grand-canonical free-energy functional, G, for
a given thermodynamic state characterized by temperature, T,
volume, V, and chemical potentials, s, (0) , of the different species,
a

G=F - Z ﬂéo)fdrpq%(r)
a=P,S,N (14)

Minimizing the free-energy functional, G, one obtains the
equilibrium density distribution, i.e.,

5G  _ _oF
poe (x)

- i =0fora=P, S, N
pog (r) (15)

This condition in conjunction with appropriate boundary
conditions yields bulk phase equilibria and the profile across
the interface between the coexisting phases. The substrate
contribution to the free energy, eq 13, does not alter eq 14 but
provides a boundary condition.'*"'%’
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VX = et Dt h(©)
z= p

B 0 (16)

Often, equilibrium is achieved when the solvent density, ¢ is
vanishingly small in the polymer film and the nonsolvent bath,
and the system can be approximated by an incompressible,
binary mixture of polymer and nonsolvent. In this limit, the
profile of the interface between the coexisting polymer-rich and
nonsolvent-rich phases as well as the profile at the substrate can
be graphically obtained by the Cahn construction.'”’

In a nonequilibrium situation, we define the local chemical
potential

oF

lr) = pog,(x) (17)

Equation 15 asserts that this local chemical potential is constant
and equals the thermodynamic chemical potential in equili-
brium. Out of equilibrium, a gradient of this chemical potential
acts as a thermodynamic driving force for the kinetics of
structure formation. Several dynamic continuum models have
been developed to describe the kinetics of structure formation
and phase separation that is driven by gradients of the chemical
potential. Here we introduce the most common models but refer
the reader for treatments of more complex processes to the
literature.'””'”" The goal of studying the kinetics of structure
formation in the framework of continuum models consists of
(qualitatively) exploring the role of thermodynamic and kinetic
parameters, such as the virial coefficients, self-diffusion
coeflicients, and viscoelasticity, and providing insights into the
general mechanisms of nonequilibrium processes in polymer
membrane formation.

4.3.2.1. Model B. In order to describe the mass transport
across the film surface and the phase separation, a description of
the kinetics of the collective density is required. A classification
of kinetic equations for phase separation has been provided by
Hohenberg and Halperin'’* on the basis of the type of order
parameter that distinguishes the coexisting phases and the
conserved quantities in the course of structure formation. In the
continuum model, the local scalar densities are the order
parameters that are locally conserved and obey continuity
equations.

a@,(r; t) .
o TV =0 (18)

Linear response theory provides a relation between the currents,
ja = Po vy where u, denotes the velocity of species @, and the
thermodynamic driving forces, V.

ja(l‘) = _Z Aaﬁvﬂ/j
p (19)

where the matrix Ay, is positive-definite and symmetric due to
Onsager’s reciprocal relations. In the simplest case, the Onsager
coefficient, Ay, ~ D, is taken to be proportional to the
product of self-diffusion coeflicient, D,, of species @ and its
density, so that one recovers the diffusion equation for an ideal
gas. The Onsager coefficient, A, has to vanish for ¢, — 0
because there cannot exist a flux of species a without its
presence. The Onsager coefficient establishes a quantitative
relation between the single-chain dynamics and the kinetics of
the collective density—this is how the underlying molecular
motion enters the continuum description. For instance, using
the dependence of the self-diffusion coeflicient, D, on the local

densities, one can account for the slowing down of the polymers
at high densities, i.e., vitrification, that results in the arrest of
structure formation.'*® More generally, the Onsager coefficients

can be nonlocal in space and time such that eq 19 generalizes
173-175
to

e 0 == [t [ae T (A - w1 1)
. ﬁ
V,ﬂ/j(r/) t/)} (20)

Such nonlocalities can be obtained by the dynamic random-
phase approximation (D-RPA)'7*'7~'7% and are particularly
important on length scales comparable to the polymer
extension, R,, and time scales of the polymer relaxation time, 7,.

By virtue of the incompressibility constraint, eq 11, there are
only two independent densities and only two independent
chemical potentials for a three-component system. Moreover, all
fluxes have to cancel at each point in space for all times. In order
to enforce incompressibility, one incorporates the constraint
into the free-energy functional, eq 12, via a pressure-like
Lagrange field, I1(r)" "’

' =Tl by bl +p [ drT@{(0) + di(e)
+¢N(l') - 1}
(v

where TI(r) is chosen as to enforce incompressibility. The
additional term in ¥ yields an additive contribution to all
chemical potentials

oF . .
pog(r) #(x) + ) (22)

The condition that all fluxes have to cancel at each point in
space, Y., j,, = 0, in conjunction with eq 19 determines the
gradient of the pressure-like field.

_ Zaﬁ Aa/} Vﬂ/j

2oy Nap (23)

H(x) =

VII =

Thus, the model B dynamics of the incompressible system takes
the form

9, (r) 25 NyaVhs
- = Vi, =V Ayl Vi, — =L (24)
ot B s 275 Ay§

Z/jyg AaﬁAyziV(luﬂ - ﬂ(;)

=V (25)
275 Ayﬁ
(Aaa 2}/#(1 Ayy>vﬂa - Aaa 2}/#(1 Ayyvl’%/

=v - (26)

Z}' 124

ifA,p=0fora#f

where, in the last equation, we have assumed that A is
diagonal. Only two of these kinetic equations for ¢, are
independent.

In the presence of a barycentric, ¢,-averaged velocity field, u =
Y o v, with u, being the velocity of species a or a moving
reference frame, the mass balance equation takes the form
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= TV, =0 (27)
P g - g 2 Mpphq = Hyq) =g ZD &
with the material derivative o = 5 T wV.Here jo = po(u, — ot aa Zﬂ Ay - Vi afq¥fq
u) denotes the flux of species a relative to the ¢b,-averaged u, and (30)

2 e =0.Anincompressible system is described by V-u = 0. Such
a formulation is useful to employ to a reference frame, where the
nonvolatile polymer component is at rest, up = 0,”* or to study
the effect of a control—}lnarameter front propagating with velocity,
u, through the system.' **~"** The formulation is also the basis to
include hydrodynamics (vide infra).'™’

A one-dimensional description allows one to obtain some
analytic insights and facilitates the numerical solution. Such a
description has been employed to study the initial mixing of the
solvent-swollen polymer film and the coagulation bath. The
three-dimensional model has been used to study the evolution of
structure that proceeds via nucleation and growth after the
system enters the miscibility gap and then gradually crosses over
to spontaneous phase separation in the vicinity of the mean-field
spinodal, where the nucleation barrier is on the order of the
thermal energy scale, kpT.

The former is a thermally activated process and requires the
addition of noise to the kinetic equations, eq 27. This strategy
results in a set of stochastic partial differential equations that
pose a significant numerical challenge.'®* Thermal fluctuations
also shift the phase boundaries of the continuum model away
from their simple mean-field estimates. It remains an important
task to investigate the nucleation barriers in ternary polymer—
solvent—nonsolvent mixtures. Assuming that the system is
locally homogeneous, nucleation barriers in macrophase-
separating systems can be efficiently computed by assuming
that the new, stable phase emerges in a spherical volume, using
the sphere’s radius as a reaction coordinate.'® In the case of
block copolymer films, the new, stable phase is spatially
structured, and the anisotropy of its surface tension will give
rise to deviations of the nucleus from a spherical shape.'**'*” In
this case, more sophisticated techniques, e.g., calculations of the
minimum free-energy path,'®* are required. It also remains to be
explored to what extent the nucleation is heterogeneous because
of the property gradient across the film thickness.

Assuming that the nucleation barrier in these mixtures
containing polymers significantly exceeds kzT except in the
ultimate vicinity of the spinodal and that the concomitant rate of
nucleation is small compared to the kinetics of NIPS, one often
considers that phase separation sets in the vicinity of the
spinodal. In this case, the square-gradient theory predicts a
spontaneous, exponential growth of a density mode with a
wavevector-dependent growth rate.'””"*”'*" The fastest grow-
ing mode dominates the initial structure formation and
templates the subsequent kinetics of structure formation. This
spinodal decomposition is captured by the linear stability
analysis of the homogeneous state. The free-energy costs of
small fluctuations around the homogeneous state of the
incompressible system are described by the collective structure
factor, S(l/;q,lsl

F 1 -
pVeT 2 2 2 S,

q af (28)

in Fourier space. The chemical potential and the linearized
kinetic equation take the form

where we have assumed that the matrix of Onsager coefficients,
A, is diagonal. The collective diffusion matrix is a combination of
the collective structure factors and Onsager coefficients. If an
eigenvalue, A, of the matrix D, is negative, the corresponding
eigenvector, ¢q = Zaca(ﬁaq, with ¢, being the components of the
eigenvector, will exponentially grow in time. For macrophase
separation, the eigenvalue first changes sign for Iql = 0. In accord
with the square-gradient form of the free-energy functional or
the Ornstein—Zernike form of the structure factor, the
wavevector dependence of the eigenvalue can be approximated
by 4, ~ Ao(1 + sign(4,)[€ q]*) < O for small Iql. Here & denotes
the correlation length of fluctuations of the density mode ¢,. An
unstable density mode grows like

(1) = ,(0) exp(Ryf) with Ry = Wglq’(1 — [£qI)

(1)
for 4y < 0. The growth rate is positive for Iql < 1/£, and the
maximal growth rate is obtained for Iq*l = 1/(\/55) This
length scale of spinodal structure formation dominates the
incipient morphology.

4.3.2.2. Model H. The effect of a barycentric, ¢,-averaged
velocity field, u, on the mass balance equation has already been
introduced in eq 27. In model H, this mass balance is
complemented by a kinetic equation for the velocity field, u.
Since such a description is most relevant at the later stages of
structure formation, when the solvent density is rather small
inside the film, we approximate the ternary system by an
effective, incompressible two-component system, lumping the
polymer and solvent density in the polymer-rich phase into ¢ =
¢3(r). Incompressibility asserts that the complementary,
effective nonsolvent density is ¢hg = 1 — ¢hp(r); i.e., the system
is described by a single order parameter, ¢.'"

A kinetic equation for the velocity field, u, can be constructed
via a variational principle, where the Rayleighian, R = F + ®/2, is
minimized with respect to the velocity field."”” The change of
free energy is given by

od-
F=fdr£ﬁ+
S¢p; ot

8T 9y

Sh ot ]= —p/drMV(¢up)
N

= p [ de u(V(pw) - V) (32)

where y = up — pg is the exchange potential, the continuity
equation for ¢, eq 27, has been used, andj' =j; = —jg' = —AVu
with A = AppAgr/ (App+Agg) for a diagonal matrix of Onsager
coefhicients. The dissipation rate of the viscous flow is quantified

by
D, = /ldrﬂ Z (Aiuj + Ajui)2
25 (33)

where 77 denotes the shear viscosity. The incompressibility of the
fluid flow, Vu = 0, can be enforced by a Lagrange multiplier,

R =R- / dr p(r) Vu, where p is identified with the pressure.
Minimization of R’ yields
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SR’ T
S = —ppVi+ V-(Vu + (Vo)) - Ve (34)

£y, + V(—pl + 1) =0 (35)

ie., Stokes’ equation, where t = n[Vu + (Vu)"] is the shear
stress and f, = —p¢pVu = —VII represents the thermodynamic
force density that composition variations exert on the fluid, with
IT being the osmotic stress tensor. This force density describes
inter alia the Laplace pressure that curved interfaces between
polymer/solvent and nonsolvent exert on the fluid. Special care
has to be exerted to collocate the concomitant stress on a lattice
when using finite-difference techniques.'”!

4.3.2.3. Two-Fluid Model. To account for the fact that the
polymer/solvent and nonsolvent flow past each other in the
course of structure formation, one explicitly distinguishes
between their velocities, us and ug in the two-fluid
model.'"’”"*> [Here we only illustrate the formalism for the
effective two-component model. The description has been
generalized to three-component mixtures by Tree and co-
workers.'**] The barycentric velocity is given by u = ¢p up + (1 —
qﬁ)uN,l 781111;11 the mass balance of the incompressible system
reads "

% = —V(pup) = V((1 - Pug)
= —V(¢u) — V(p(1 — ¢)(u; — uy))) (36)
Qg = / dr {(up — ug)’ (37)

where ( stands for the friction constant per unit volume. The
variation of the Rayleighian yields

SR !
—— = —ppVu + V-ty — ¢Vp + ((up — ug) = 0
up
(38)
SR’ !
s = Vin = (L= $)Vp = {(wp —ug) = 0
a (39)

where the pressure, p, is chosen to enforce the incompressibility
constraint V[¢ up + (1 — ¢)ug] = 0. The sum of these two
equations yields the Stokes’ stress balance

—pdVu + V-(=pl + t5 + tg) =0 (40)

whereas the weighted difference results in

—p(1 = $)pVu + (1 = §)V-t5 — ¢V tyy + {(up — ug)
=0 (41)

Such a two-fluid description can account for the viscosity
difference between the nonsolvent and polymer that may lead to
a viscous fingering instability.'”>"**

4.3.2.4. Viscoelastic Model. The mass balance equation, eq
36, as well as Stokes” equation, eq 40, and the kinetic eq 41 for
the relative velocity between polymer and solvent also hold for
viscoelastic fluids. Viscoelasticity accounts for internal degrees
of freedom, that are not described by the hydrodynamic
variables, densities ¢,, and velocities, u,. Such internal degrees
of freedom may equilibrate on a time scale comparable to the
time, on which the hydrodynamic variables evolve. To generalize
these expressions from incompressible Newtonian to viscoe-
lastic fluids, constitutive equations that link the stresses, ¢ and

tg, to the velocity gradients, are needed. Within a linear
response, the latter equations take the form'”’

t

o= [ (G - 1)k, + GRGe = )(Vu)T)
-0 (42)
where @ = P or N stands for the different components. G5(t) and
Go(t) represent the shear and bulk relaxation moduli of the
materials, and &, is the symmetric, traceless, velocity-gradient

tensor.
Alternatively, one can explicitly incorporate the slow,
collective variables both in the free-energy functional as well
as in the kinetic equation.'”® For instance, the symmetric

conformational tensor, X* of molecular conformations of the
entire chain or on the length scale of entanglements can serve to
quantify the nonequilibrium conformations.

X(r) ~ ) RR]

€AV (r) (43)

where R; may denote the end-to-end distance, the first Rouse
mode, or the tube-segment vector of a macromolecule, i, inside a
volume element AV around the position, r. The proportionality
constant is chosen such that in a spatially homogeneous system
in equilibrium, (X*(r)) = 1, holds.

The constraint on the molecular conformations increases the

free energy of a spatially homogeneous system by'”>~>%
AR, (X) 1 2 o Lne?
W ~ —EIH det(Xl) + Etr(Xl - 1)

o

(DX = 11%) (44)
where, in the last term, we have assumed that the deviation of X*
from its equilibrium value [ is small. The free-ener%y cost in a
phase-separated system can be computed by SCFT.”" To a first
approximation, the elastic contribution to the free-energy
functional becomes'**

2 G 3
g@&:/m%?mvw—m

pksT/N (45)

where G, is a constant and the ¢, dependence corresponds to an
entangled polymer solution.'*”
Since there is no conservation law associated with the

conformational tensor, X* is convected and affinely deformed by
the flow and relaxes toward its equilibrium value on the time
scale 7, according to'”®

Dy (i + uf,-v)x2
Dyt ot

=KpX* + XK} — L(xz -1)
Tvisc (46)

where K; denotes the velocity-gradient tensor. The stress, in
turn, is given by

tp ~ XX 1] #7)

Accounting for the viscoelasticity of the polymer material is
important to account for entanglement effects (cf., Figure S)
and, additionally, the glassy slowing down of the dynamics as the
polymer vitrifies. In the early stages of spinodal phase
separation,'”"?* viscoelastic phase separation resembles
diffusive macrophase separation according to model B with an
Onsager coeflicient that is nonlocal in time, cf,, eq 201737175 or
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alternate forms.”® In the intermediate stages, however, the

morphology differs significantly. In particular, the viscoelastic
component can form a bicontinuous network structure even if it
is the minority phase (see also Figure 10)."”> Some effects of
viscoelastic phase separation can also be phenomenologically
captured by a density dependence of the friction or Onsager
coefficients, although the physical mechanisms differ.”’
4.3.2.5. Dynamic Slowing Down. In the course of phase
separation the polymer-rich phase arrests and becomes a solid
on the experimental time scale. Such a slowing down can be
caused by (i) vitrification, (ii) crystallization, or (iii) gelation.

All three cases involve structural properties that are not
covered by the above-mentioned continuum description in
terms of density and velocity. In the case of vitrification, the
density in the polymer-rich domain increases, and the segmental
mobility rapidly drops in a narrow density range because of
correlations in the fluid-like packing structure (cage formation).
Whereas these packing correlations are not captured by the
collective density fields, ¢,, the threshold to vitrification is
directly related to the local ¢p. Therefore, this slowing down can
be effectively incorporated via a density dependence of the
Onsager coefficients'**'**?9472%% or more accurately by the
density dependence of the dynamic-mechanical moduli in eq
42."7" A glassy material is characterized by shear or bulk moduli
that do not decay to zero but retain an elastic component even in
the limit of long times. The interplay of phase separation and
vitrification has attracted abiding interest,' 1204205207209
resulting in a gel-like structure (see also Figure 10).

Alternatively, the kinetics of structure formation can be
arrested by the formation of a permanent percolating polymer
network (gel), giving rise to a permanent elastic response. This is
particularly relevant in the case of interpenetrating polymer
networks (IPNs), semi-interpenetrating polymer networks
(semi-IPNs), or polymerization-induced phase separation
(PIPS).”>'** The concomitant topological constraints that
hinder large-scale structure formation are most difficult to
describe,”'"*"” and the equilibrium phase behavior of multi-
component networks is only incompletely understood.

The dynamics in the polymer-rich domains can also be
arrested by a phase transition to a crystalline phase.”'®™***
Again, the crystalline solid is characterized by an order
parameter that differs from the density fields and gives rise to
an elastic response. In contrast to vitrification, however, the
material inside a crystallite is not isotropic, the chain
connectivity plays an important role, and the kinetics of
crystallization via nucleation and growth may occur on a time
scale comgarable to that of evaporation-induced structure
formation.”**

4.4, Particle Simulations

Molecular simulations describe the system via the explicit
coordinates and momenta of the constituents. Such a particle-
based description can overcome some of the limitations of
continuum models. Most notably, particle simulations naturally
account for different macromolecular architectures, additional

slow conformational degrees of freedom, X?, like the macro-
molecular orientations and the dynamic asymmetry of the
constituents that may, additionally, depend on the local
environment. Since the explicit particle degrees of freedom are
propagated in time by molecular dynamics, Brownian dynamics,
or a Monte Carlo (MC) algorithm, particle simulations provide
direct insights into the kinetics of phase separation or self-
assembly and capture the dynamic correlation between the

single-molecule motion, the relaxation of macromolecular
conformations, and the kinetics of the collective densities.
These correlations are quantified in the Onsager coefficients,
Ay for model B and H or in the viscoelastic relaxation moduli in
the case of viscoelastic phase separation. Often, however,
accurate and detailed expressions for these constitutive relations
of continuum models are not available for inhomogeneous
systems or complex macromolecular architectures. For instance,
a particle-based description naturally accounts for entanglement
effects in a spatially inhomogeneous, phase-separating system.
Moreover, particle simulations always include thermal fluctua-
tions. Additionally, particle simulations may also capture the
density-dependent slowing down or additional phenomena,
such as, e.g,, gelation or crystallization, that eventually lead to the
arrest of structure formation.

The major difficulties of particle simulations, however, are the
time and length scales of NIPS. Typical films have a thickness of
multiple micrometers, and solvent—nonsolvent exchange occurs
on time scales of seconds to minutes. These scales greatly exceed
the characteristic time and length scales of solvent-molecule
motion. In order to partially narrow this scale gap, highly coarse-
grained models are employed that do not account for all atomic
details of the constituents of the ternary mixture but rather lump
a small number of atoms into a coarse-grained seg-
ment 52225230

Simulation techniques appropriate for studying NIPS are
similar to those employed to stud_y solvent evaporation from thin
films of homopolymers.'*>~"*"**'7233 Gince the structure
formation involves time and length scales that greatly exceed
the scales of a monomeric repeating unit, a highly coarse-grained
description is often adopted. In this case, a large number of
monomeric repeating units along the polymer backbone are
lumped into an effective interaction center or segment.””**>~>%
Such models can be derived by systematic coarse-graining from
an atomically realistic model,”**~**° or a top-down approach is
adopted where only the relevant interactions—such as, e.g,
macromolecular connectivity, repulsion between polymer and
nonsolvent or the different blocks of the copolymer, and near-
incompressibility of the mixtures—are incorporated, and their
strengths are determined by comparison to atomic simulations
or experiments.227

In order to treat the solvent/nonsolvent and the polymer on
the same footing, it is tempting to also lump a small number of
solvent molecules into one coarse-grained solvent particle. For
example, in the popular MARTINI model,”** four water
molecules are represented by one coarse-grained solvent
molecule, and such an approach has also been used for
dissipative particle dynamics (DPD) simulations of NIPS.>*®
In the case of spatially inhomogeneous systems, such as phase-
separating mixtures, however, special care has to be exerted to
account for the loss of translational entropy, resulting from the
decimation of the number of indistinguishable molecules, which
gives rise to density-dependent interactions.**®

Alternatively, one can entirely integrate out the solvent and
represent the incompressible polymer—solvent—nonsolvent
mixtures by a compressible mixture of polymer and nonsolvent.
Also, in this case, density-dependent interactions that describe
three- and higher-order multibody interactions have to be
included to capture the complex thermodynamics of the
mixtures,”*”*** in analogy to eq 6.

Systematic coarse—grainingn‘ 230 asserts that the interactions
between particles that represent a large number of atoms are soft
because the center of mass of a collection of atoms can overlap
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even if the individual constituents cannot. DPD simulation
models account for this property by using soft, nonbonded
interactions. Moreover, they employ a thermostat that locally
conserves momentum. The latter results in hydrodynamics on
large scales.”””~*** Both the decimation of the number of
degrees of freedom and the softness and simplicity of the
interactions, allowing, e.g., for a larger time step, contribute to
the significant computational speed-up.

The softness of the interaction, however, affects the dynamics.
For example, the softness of the coarse-grained particles does
not enforce the noncrossability of polymers in the course of their
motion that gives rise to entanglements and reptation dynamics,
although techniques to effectively mimic entanglement effects in
soft, coarse-grained polymer models are available via explicit
prevention of bond crossing,”*’ spring—spring repulsion,”**
modification of interaction parameters,”**~>*’ pseudocontin-
uous molecular contours,”*® or slip-springs.”**~>>* Such effects
dictate the viscoelastic behavior and are relevant to NIPS (see
below).

Moreover, the soft interactions often do not result in a realistic
slowing down of the dynamics upon an increase of the local
density; i.e., the soft model does not vitrify or crystallize upon
increase of density. Since in highly coarse-grained particle
models, friction does not chiefly stem from the (ultra)soft,
nonbonded interactions but rather from the thermostat, there
are opportunities to account for a specific, experimentally
informed dependence of the mobility on the local environment
by a composition-dependent particle friction coefficient of the
thermostat."*°

These issues exemplify that the softness of the nonbonded
interactions has a pronounced effect on the single-chain
dynamics and the concomitant collective kinetics. On the one
hand, specific modifications of the simulation model are
required to account for these effects. On the other hand,
however, such modifications permit one to tailor the dynamics
of the coarse-grained model without altering the thermody-
namics. This allows for an independent variation of thermody-
namic and dynamic properties and results in a clear separation
between both properties, facilitating the representation of a
specific experimental system by the coarse-grained model.”>”

Such coarse-grained models can be studied by molecular
dynamics in conjunction with the DPD thermostat, whose local
conservation of momentum results in hydrodynamic behavior
on large scales.”*”~>** Alternatively, the nonbonded interactions
can be collocated on a grid.”*”*** This strategy allows for a very
efficient calculation of the nonbonded interactions but prevents
the investigation of hydrodynamic flow and significantly
complicates the calculation of the pressure.

The scale separation between the strong bonded interactions
along the polymer backbone and the weak but computationally
costly nonbonded interactions can be accounted for by the
single-chain-in-mean-field (SCMF) algorithm.146’227’254 In the

case of macromolecular systems with a large invariant degree, N,
of polymerization, this algorithm allows for a very efficient
calculation of nonbonded interaction and a massive paralleliza-
tion of the simulation.”>

In general, particle simulations are computationally more
expensive than studies of continuum models. They can,
however, more naturally account for additional microscopic
aspects such as, e.g, molecular architecture or the interplay
between chain conformations, stress, and flow in spatially
inhomogeneous systems. These aspects typically become
important on short or moderate length and time scales.

Therefore, insights from particle simulations may inform the
effective parameters of continuum models via parameter passing
or, ideally, concurrent techniques such as, e.g, the heteroge-
neous multiscale method (HMM), could be employed.**

4.5. Applications to Nonsolvent-Induced Phase Separation
(NIPS)

4.5.1. Continuum Models. 4.5.7.1. Model B — One-
Dimensional Process Paths. The first model of NIPS that
incorporated the thermodynamics of the ternary film and the
diffusive kinetics was devised by Cohen, Tanny, and Prager’* as
early as 1978. The authors considered the time evolution of the
one-dimensional density variation perpendicular to the film
surface during the early stages, after the solvent-swollen polymer
film is brought in contact with the coagulation bath—the initial
mixing phase. The film is assumed to be transversely uniform. As
the solvent leaves the film (and partly exchanges with the
nonsolvent), the film thickness, h(t), i.e., the distance between
the supporting substrate and the film surface, decreases. The
authors chose the density of the solvent, ¢, and of the
nonsolvent, ¢y, as independent density fields. By virtue of
incompressibility, the polymer density is given by ¢pp = 1 — ¢pg —

N

Considering that variations of the density only depend on the
distance, z, from the substrate that supports the solvent-swollen
polymer film, using ¢bs(z) and ¢y(z) as independent variables,
and assuming that the matrix of Onsager coefficients is diagonal,
one obtains

0py(z, t) _

ot
9 9
0 AssAPpg(ﬂs - ,“p) + AssANN;(/lg - MN)
0z App + Agg + Ay
(48)
op\(z,t)
ot
9 )
3} ANNAPPEO‘N — Hp) + ANNAssg(/lN - /45)
0z App + Agg + Ay
(49)

This is a set of partial differential equations (PDEs) of first order
in time and fourth order in space. Therefore, one needs the
initial density profiles and four boundary conditions. There is no
flux through the supporting substrate; ie., a von Neumann
boundary condition is applied, ]Z'a =0atz =0, cf, eq 24.
Additionally, the substrate may locally prefer one component of
the mixtures, and the corresponding local equilibrium condition
determines the gradient of the densities at the substrate
according to eq 16.

The square-gradient free-energy functional may not accu-
rately describe the disparate scales of both the intrinsic width, b,
of the narrow film surface (cf, eq 12), on the order of a
nanometer, and density variation inside the film, whose
thickness may exceed micrometers. Moreover, local equilibrium
at the film surface is quickly established on a time scale 7z ~ b*/D
(where D denotes a typical value of the diffusion constant) that
is significantly shorter than all other characteristic times of
structure formation.'*”>*” Therefore, the rapid density variation
at the film surface is not explicitly considered, and a “sharp-
interface” approach®’~>* is adopted.
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Figure 6. Schematic representation of NIPS. Top-row panels show the time evolution of the density profile, ¢hp(z), across the system. The left column
refers to a process where the film surface recedes upon solvent—nonsolvent exchange, but no phase separation occurs inside the film, whereas right
panels illustrate a NIPS process with surface-directed spinodal decomposition. The red color corresponds to the initial contact between polymer film
and coagulation bath, 0 & t < 7¢, whereas the black color corresponds to the equilibrium, assuming that the polymer wets the substrate. The green color
illustrates profiles in the mixing regime, 7¢, < t < 7,;,, while the blue color shows profiles for t > 7, Solid green and blue lines represent the profile inside
the polymer film (process path), dashed lines represent the density variation across the film surface, and dotted lines illustrate the density profile in the
coagulation bath. Triangles denote the densities at the substrate, whereas open circles mark the densities at the film surface. Lower panels depict NIPS
on the phase triangle. Yellow solid lines indicate binodals, whereas yellow dashed lines represent spinodals. The yellow, solid circle denotes the critical
point or plait point. Panels in the middle row depict the density profiles, ¢,(z), across the entire system. Different colors correspond to distinct times.
The distance, z, is a parameter along the curves and varies from z = 0 left to z = L right, bottom. Bottom panels present the film-averaged densities, 4_521'",
in the course of NIPS. Time, t, is a parameter along the curves and varies from ¢ = 0 (left, red hexagon, &), to the equilibrium (right, black hexagon).
The color shading along the line indicates the mixing region (green) and later times (blue), t > 7.

Specifically, Cohen, Tanny, and Prager’* assume that the film
surface is in local equilibrium with a coagulation bath and that
the densities of the latter do not vary in time; i.e., the coagulation
bath is represented by an infinite, “well stirred” reservoir.
Technically, this assumption corresponds to modeling an open
system. At the surface of the film, z = h, in contact with the
coagulation bath, local equilibrium between the inside of the film
and the coagulation bath is established if the chemical potentials

of all species across the film surface are equal. This does not
necessarily mean that the density profile remains continuous in
this sharp-interface limit.”* Alternatively, one can prescribe a
relation between the flux at the film surface and the surface

261,262 . )
? which is often done to describe solvent

143,144,263—265

densities,
evaporation.

The model has been improved and refined in various aspects,
e.g.,, by modifying the boundary condition at the film surface or
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including the spatiotemporal variation of the density in the
coagulation bath,>¢%2¢12007271

The flux of the solvent out of the film and the flux of
nonsolvent into the film dictate the time evolution of the film
thickness, h(t). Assuming that the polymer is insoluble in the
coagulation bath, the conservation of the total amount of
polymer in the film yields

(1= 4y ©) = gl 15T = iy, O =1y )

=_[j5,(h: t) + ]{q(hr t)]
(50)
i.e., this jump condition asserts that the velocity of the polymer
at the surface up = j, (h, t)/¢p,(h, t) coincides with the velocity,
dh/dt, of the film surface.

The boundary condition, derived from a jump condition of
the fluxes at the sharp film surface, is modified if the kinetics
inside the film and the coagulation bath are simultaneously
considered.”******”! In order to describe the mass transfer
across the film surface, the coagulation bath must be large
enough to act as a reservoir.

The moving-boundary condition at the film surface can be
avoided by explicitly resolving the rapid density variation across
the film surface.'® The mismatch between the narrow film
surface and the large coagulation reservoir, however, consid-
erably increases the computational cost. This corresponds to the
boundary condition

¢z, t) = (]5;“}‘ and %

% = 0 for z = co and all times, ¢
z

(s1)
Applying this boundary condition at a finite system size, z = L,
allows for a flux at the system boundary; i.e., the system is open
and the densities of the coagulation bath, ¢2*" dictates the
equilibrium chemical potentials, 2", and the concomitant
equilibrium density profile.
Instead of using the spatial distance, z, from the supporting
substrate, Cohen, Tanny, and Prager94 found it convenient to
define a distance-like material variable {(z)

® z/
= [ 4t

(0)
P

M 1= g(2) = (&)

B / & ©
‘ P (52)
where ¢ denotes the initial density of the polymer in the
solvent-swollen film. The quantity {(z)/h(0) measures the
fraction of polymer between z and the moving film surface, h(t).
Initially, £(z) = h(0) — z for z < h(0) at time t = 0. Moreover,
{(z) monotonously decreases with z and {(h(t)) = 0 because the
solubility of the polymer in the coagulation bath is assumed to be
vanishingly small, £(0) = h(0) for all times. Replacing the
gradients along the z direction by

0% =—[1 - ¢ - ¢N]/¢ISO)% in eq 48 and eq 49, one maps

the moving-boundary problem onto a fixed interval, 0 < { <
h(0).

Typically, the initial condition at time ¢ = 0 is a homogeneous
solvent-swollen film, ¢y(&) = 0 and ¢g($) = 1 — ¢, In an
idealized situation, the coagulation bath does not contain
solvent, $5*" < 1, the polymer is insoluble in the coagulation

bath, #%*"< 1, and the coagulation bath coexists with a

REVE
coex

polymer-rich film of density ¢y’ Often, the polymer density at
the film surface rapidly increases toward ¢’ and a polymer
skin or separation layer is formed.'*>*°>*”* As time progresses,
the thickness, Ah, of this enrichment zone at the film surface
increases diffusively in time, Ah?* ~ t. For short times and/or
thick films, the density at the substrate remains unaltered, and
the density profiles depend on position and time only via the
scaling variable £/ Jt aslong as Ah remains much smaller than
the film thickness, h.”%'°>*7 If diffusive transport dominates,

i.e., the Péclet number Pe=%/ %, which quantifies the ratio

between the velocity of the receding film surface and the
diffusive current, is of order unity or smaller,'** this self-similar
mixing extends up to time 7,,;, ~ h*(0)/A, where h(0) denotes
the initial film thickness and A the scale of the Onsager
coefficients in eq 24. The same scaling of the spatiotemporal
dependence also holds for the profiles inside the coagulation
bath.

At any time, t < Ty, density profiles will continuously vary in
space from the initial values, qbl(lo) , of the film, which are attained
at the supporting substrate, to the values, zath, in the
coagulation bath. Initially, ¢ < 7g, the profiles will sharply
interpolate between # and P2 as illustrated by the red
profile in the upper-row panels of Figure 6. Once the local
equilibrium at the film surface is reached, ¢ > 7, a narrow surface
between solvent-swollen polymer film and coagulation bath has
been established, and often an enrichment layer of polymer is
formed at the film surface."** The densities on both sides of the
narrow surface approximately correspond to the densities, at
which a solvent-swollen polymer film coexists with the
coagulation bath; i.e., they are connected close to the tie lines
in the phase triangle.d Such a density profile is depicted by the
green density profiles in the top row of Figure 6.° Since the
solvent leaves the film, its local density also decreases at the
surface, and the tie line that describes the rapid density variation
across the surface shifts to smaller solvent densities. Addition-
ally, the density at the substrate will change for t > 7.;,. Such a
late-stage profile is shown by the blue density profile.

If the portion of the density profile inside the film—the
process path*®' —will remain inside the one-phase region in the
course of solvent—nonsolvent exchange (see left column of
Figure 6), the film will remain homogeneous, and a one-
dimensional description suffices. This situation occurs inter alia
in the course of solvent evaporation, when polymer and solvent
are miscible at all densities, and the nonsolvent (e.g., air) does
not significantly enter the film because ygy is significant and the
density of the solvent in the nonsolvent is negligibly small.
Ultimately, the system will equilibrate; i.e., the fluxes vanish and
the chemical potentials adopt their equilibrium value, g2,
throughout the system. The corresponding density profile is
illustrated by the black line in Figure 6. In equilibrium, the
polymer film will either condense into a dense layer at the
substrate or dissolve in the coagulation bath. In both cases, the
densities in the coagulation bath, ¢5*, and the interaction with
the substrate, u,, and y,,s; become important because the
equilibrium corresponds to the wetting of the polymer on the
substrate.">"*”? In the limiting case, 4;2*“}‘ = 0, all solvent leaves
the system through the boundary at z = L, and the system
effectively becomes an incompressible, binary mixture of
polymer and nonsolvent; i.e., only the exchange chemical
potential y**® = ;3 — yath s relevant, and phase coexistence
between a polymer-rich and a nonsolvent-rich phase occurs at a
specific value, ;“°**. The polymer density in the thermodynami-
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cally stable coagulation bath is small so that b < peoe
otherwise, polymer droplets would nucleate in the coagulation
bath. If the preference of the substrate for the polymer is
sufficiently large, such that the polymer-rich phase wets the
substrate, the polymer-rich phase will form a film on the
substrate, whose thickness, h°Y, will increase logarithmically with
the distance from phase coexistence (complete wetting), h°? ~
—b In(u™ — p**™) (complete wetting).””* £ In the case that the
substrate preference is insufficient to make the polymer-rich
phase wet, the polymer will dissolve in the coagulation bath, and
only a minuscule excess of polymer will remain on the substrate.
In an experiment, however, this thermodynamic equilibrium
may not be accessible because of dynamic arrest.

There are various possibilities of representing the one-
dimensional, spatiotemporal density profiles in the phase
triangle of the incompressible ternary mixture. In the middle,
left panel of Figure 6, we transfer the density profiles of the top,
left panel onto the phase triangle. Different colored lines
correspond to the four characteristic times—initial contact
(red), mixing regime (green), late stage (blue), and equilibrium
(black). The portions of the density profile inside the film are
marked by solid lines—these correspond to the process
paths.”®" The rapid variation of the density across the narrow
film surface, close to the tie lines, is illustrated by dashed lines,
whereas the density profiles inside the coagulation bath are
shown by dotted lines.

Alternatively, one can consider the average densities,
- film

h
o, = % /0 dz ¢, inside the film as a function of time. If the

process path remains in the one-phase region, no structure
formation occurs inside the polymer film, and ¢™ will gradually
move from its initial value ¢™ = $© at t = 0 to the equilibrium
densities at the substrate in contact with the coagulation bath.
This time evolution of the average densities on the phase triangle
is depicted in the lower, left panel of Figure 6. At no time or
position inside the film do the density profiles enter the
miscibility gap, and therefore $i™ also remains outside the
miscibility gap. In addition to tie lines and spinodal stability
limits, density regions, in which the ternary system vitrifies or
gels can be indicated on the phase triangle, signaling where the
system will dynamically arrest.

If the portion of the density profile inside the polymer film
bulges inside the miscibility gap in the course of NIPS, phase
separation occurs via nucleation and growth. If it even reaches
beyond the spinodal, the (nearly) homogeneous state becomes
unstable and will spontaneously phase separate. Both effects
involve transversal structure formation and cannot be described
by a one-dimensional model. The one-dimensional model,
however, predicts its limit of validity, and the density profiles
inside the film in the course of solvent—nonsolvent exchange are
important because their “hypothetical” location inside the
miscibility gap provides information about the mechanism of
NIPS—nucleation and growth or spinodal decomposition—
and yields important additional insights, e.g., into the length
scale of the incipient structure formation (see eq 31). This
interplay between equilibrium phase behavior and one-dimen-
sional spatiotemporal density variation across the film surface is
discussed in detail in refs 169 and 261. The corresponding
density profiles as a function of the distance, z from the substrate
and on the phase triangle for four characteristic times as well as
the time evolution of the film-averaged densities are sketched in
the right column of Figure 6.

As long as the process path remains outside the region of
spinodal instability, metastable profiles can be obtained and
drawn on the phase triangle. Once the process path, however,
crossed the spinodal, even the one-dimensional profile will
become unstable, and layers will form. To some extent, the
layering is an artifact of the one-dimensional model, and surface-
directed spinodal decomposition'®”*”* will ensue in a two- or
three-dimensional system (vide infra Figure 7 and Figure 8),

Polymer

Spinodal
Binodal

Non-solvent Solvent

Figure 7. 2D Cahn—Hilliard study of the morphologies that are formed
by bringing a polymer—solvent—nonsolvent mixture in contact with a
nonsolvent-rich coagulation bath. The initial densities of the polymer
film are indicated in the phase triangle by circles, and the two-
dimensional plot depicts the polymer density. Red indicates vanishingly
small polymer density, ¢p = 0, while blue marks regions of high ¢.
Reprinted with permission from ref 274. Copyright 2006 Elsevier.

provided that the width of the zone, in which the system is
unstable, exceeds the characteristic length scale of the
spontaneous phase separation. Nevertheless, this layering can
also be appreciated in Figure 7 and Figure 8, and it gives rise to a
snaking path on the phase triangle. With the same caveat as
before, the profile across the layers will approximately follow the
tie lines, giving rise to a process path that goes forth and back in
the vicinity of the tie line.

Representing the time evolution of a phase-separating system
by its film-averaged densities, $™, is more complicated because
the profile inside the film exhibits a nontrivial shape for ¢ < 7.
For thick films, a portion of the film close to the surface may
already enter the miscibility gap or the region of spinodal
instability, whereas the densities close to the substrate may
remain close to their initial values, ¢*). Therefore, the film may
undergo phase separation at the film surface even if the film-
averaged densities, ™, are still in the one-phase region. If phase
separation occurs on long time scales, t > 7,.,;,, however, diffusion
across the entire film establishes more uniform density profiles
that is faithfully characterized by ¢™. In this case, plotting the
film-averaged densities on the phase triangle identifies the point
where the entire film enters the miscibility gap or the region of
spinodal instability. When phase separation sets in, domains that
are rich in polymer or accumulate nonsolvent will form. The
local densities inside these domains are close to the coexistence
values at the ends of the tie line. This ¢f™ denotes their volume-
weighted average according to the “lever rule”.

4.5.1.2. Surface-Directed Spinodal Decomposition and
Hydrodynamic Flow. Zhou and Powell””* used a Cahn—
Hilliard approach to investigate the demixing in a ternary
polymer—solvent—nonsolvent mixture in contact with a
coagulation bath. They investigated the influence of the initial
compositions, the role of dynamic asymmetry and gradient
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Figure 8. Surface-directed spinodal decomposition in two and three dimensions as a function of the initial polymer density, indicated in the phase
triangle in panel a. Panels b—d present the polymer density at long times according to the color bar on the right. Upon decreasing the initial polymer
density, ¢©, from panel b to d, Tree and co-workers observed a transition from nonsolvent droplets, via alternating layers of nonsolvent and polymer,
to polymer droplets. Republished with permission of the Royal Society of Chemistry (Great Britain), from ref 169. Permission conveyed through

Copyright Clearance Center. Inc.

terms (or interface tensions), as well as the role of hydro-
dynamics.

Figure 7 illustrates how the morphology can be controlled by
the initial densities, ¢{*, inside the polymer film. Upon
increasing the initial polymer density, Zhou and Powell
observed a crossover from polymer droplets to sponge pores.
The initial solvent density appeared to have only a minor effect
on the morphology. Also note the lamellar morphology at the
surface of the polymer film.”’* Overall, the morphology
resembles structures observed in surface-directed spinodal
decomposition.””>*

Whereas the Cahn—Hilliard modeling explicitly accounts for
the surface of the polymer—solvent mixture with a coagulation
bath and allows for transversal phase separation, it ignores
hydrodynamic effects. Zhou and Powell extended their study to
model H dynamics in three dimensions, finding that hydro-
dynamic effects tend to destabilize the dense polymer layer at the
film surface.”’* Wagner and co-workers””’ employed two-
dimensional multiphase multicomponent Lattice Boltzmann
simulations to investigate asymmetric membrane formation via
NIPS. Wagner et al. observed (i) that a thicker polymer skin at
the film surface is formed if the viscosity contrast between
polymer and nonsolvent increases and (ii) that an increase of
incompatibility, ypy, between polymer and nonsolvent results in
more porous structures. The study, however, only observed a
little gradation of the pore sizes and attributed this effect to
missing of composition-dependent mobility and dynamic arrest.

The role of hydrodynamics and dynamic asymmetry has also
been explored in a sequence of papers by Tree and co-
workers. °'#320927% They extended Doi and Onuki’s two-fluid
model,'”” see section 4.3.2.3, to a ternary polymer—solvent—
nonsolvent mixture, and efficiently solved the resulting PDEs by
a pseudospectral technique with semi-implicit, adaptive time
stepping. They studied the phase separation in the bulk,
observing three characteristic growth laws of the domain size as a
function of time, in agreement with the kinetics of structure
formation of an unstable mixture: (i) At early times, the mixture
is linearly unstable, and initial composition fluctuations with a
wavevector q < q. exponentially grow in time (early stage of
spinodal decomposition, cf,, eq 31). The maximal growth rate

dictates the initial, characteristic length scale. In the course of
spinodal decomposition, the densities saturate toward their
equilibrium values in the coexisting phases, and interfaces
between the polymer-rich and nonsolvent-rich phases build up.
(ii) If hydrodynamics is included, the different curvatures of the
interfaces give rise to differences in the Laplace pressure and, in
turn, result in a power-law coarsening of the domain size, L ~ t”.
According to Siggia,279 the domain growth exponent is a = 1,
and this value is compatible with the numerical data. (iii) At later
times, the compositional asymmetry results in spherical
domains, which coarsen according to the Lifshitz—Slyozov—
Wagner theory”*”**" with the asymptotic growth exponent, @ =
1/3. The numerical data in this intermediate regime rather yield
a somewhat smaller value, o & 0.29, for the regime of length and
time scales accessible. Additionally, the phase separation that
ensues after the mixture is brought into contact with a
nonsolvent bath has been studied. The surface-directed spinodal
decomposition, however, did not result in a spatially
inhomogeneous domain-size distribution."*?

The same model has been employed to test the hypothesis by
Matz,”®* and Frommer and Messalem®®’ that a Marangoni
instability”®* is responsible for initiating the formation of
macrovoids.””® While the calculations did observe roll cells in
the near-surface velocity field, their strength and lifetime appear
to be insufficient to cause the formation of macrovoids.””* This
finding qualitatively agrees with linear stability analysis.”*> The
calculations, however, exemplify that the interplay between fluid
flow and phase separation is particularly pronounced if the initial
composition of the polymer film is nearly critical.”’® Then, the
polymer film begins to immediately demix upon solvent—
nonsolvent exchange.

In the opposite limit, *~ that the initial composition of the
polymer film is well inside the one-phase region, a significant
exchange of solvent and nonsolvent across the surface of the film
is required to initial phase separation; i.e., NIPS is “delayed”. In
the case that the spinodal is crossed at late times, t > 7,;,, and
therefore the density profiles inside the film do not strongly vary
in space, or that the initial composition is close to the critical
point, a significant portion of the film becomes unstable. In
three-dimensional systems, Tree and co-workers'®” observed
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that, for initial polymer-film conditions indicated in Figure 8,
phase separation proceeds as a surface-directed traveling wave,
typically giving rise to a thin enrichment layer of polymer at the
film surface. This is illustrated in Figure 8, additionally indicating
that the microstructure is chiefly dictated by the initial polymer
density, ¢\ In this case, preferences at the film surface break
translational and rotational symmetlgr and give rise to surface-
directed spinodal decomposition,””>*’® where the order
propagates from the surface into the film. Without thermal
fluctuations this surface-directed spinodal decomposition gives
rise to alternating polymer-rich and nonsolvent-rich layers. If
thermal fluctuations are included, this anisotropic surface
structure competes with bulk-like spinodal decomposition and
coarsening farther away from the film surface.””® Their
simulations, however, could not provide a rationale for the
formation of macrovoids or the formation of domains, whose
size distribution varies perpendicular to the film surface. The
authors highlighted the need to consider nucleation and growth
as well as the dynamic arrest.'®

4.5.1.3. Moving Phase-Separation Front. Phase separation
ensues in response to the exchange of solvent and nonsolvent
across the film surface and the concomitant retraction of the film
surface. Since the solvent is miscible with the polymer and the
nonsolvent, it dilutes the incompatibility between polymer and
nonsolvent. The time-dependent solvent profile, in turn, gives
rise to a spatiotemporal variation of the effective incompatibility
between polymer and nonsolvent (see eq 3).

Thus, Hopp-Hirschler and Nieken'®” have proposed to
approximately model the structure formation process by the
phase separation of an effective, binary system, comprised of a
polymer-rich domain, P, and a nonsolvent-rich domain, N, in a
reference frame, cf.,, eq 27 that moves with the velocity, u, of the
phase-separation front. This phase-separation front is the
position at which the homogeneously mixed polymer film
phase separates. The concomitant kinetic equation with a
moving phase-separation front can be numerically studied via
Lattice Boltzmann simulations,"*”'*"*”” and Hopp-Hirschler
and Nieken used smoothed particle hydrodynamics.'® Such a
moving phase-separation front gives rise to structures that
physically resemble Liesegang patterns.'**'*’

A diagram of morphologies between the moving phase-
separation front and the film surface as a function of the velocity,
Uy, of the phase-separation front and the initial composition »L
in the polymer film has been obtained by two-dimensional
calculations and is depicted in Figure 9. The results are in accord
with those observed in the wake of an enslaved phase-separation
front of a Cahn—Hilliard square-gradient model."®’

Different morphologies can be distinguished: (i) Sponge
pores occur by macrophase separation at rather large polymer
density and small speed, u,, of the phase-separation front. These
unconnected, polymer-poor domains (pores) are created by
nucleation and growth (or spinodal decomposition). An
increase of the speed of the phase-separation front tends to
decrease the initial pore size. Eventually, a pore-size distribution
is established by Ostwald ripening. In a model that accounts for
the arrest of the phase-separation kinetics, e.g., by density-
dependent Onsager coefficients, the growth of the pores will be
stopped. (ii) If the polymer density is smaller, pores tend to
elongate perpendicular to the phase-separation front and do not
detach from the moving front. This gives rise to morphologies
that resemble finger pores or macrovoids, as illustrated in Figure
9. (iii) If the speed of the phase-separation front is large and ¢bs is
not too close to unity, lamellar structures are observed, where
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Figure 9. Diagram of morphologies as a function of the speed, u,, of the
phase-separation front and the initial composition, P9 = + ¢§°) /2,
of the homogeneous polymer film. Black domains stand for nonsolvent-
rich pores, whereas white domains represent the polymer-rich phase.
Adapted with permission from ref 182. Copyright 2018 Elsevier.

elongated pores parallel to the phase-separation front are
formed. The latter structure—Ilayers—exhibits a one-dimen-
sional variation of the density and has been analytically analyzed
by Foard and Wagner.'®* The latter study demonstrates that the
front velocity, u,, should be compared to the wavelength and
inverse of the maximal growth rate of spinodal phase separation
(see eq 31). For a discussion of the general aspects of front
propagation into unstable systems, we refer the reader to the
review of van Saarloos.**

4.5.1.4. Viscoelastic Phase Separation and Dynamic Arrest.
One possibility to address dynamic asymmetry between
components and the dynamic arrest of structure formation
consists of modeling NIPS as viscoelastic phase separation. The
importance of viscoelasticity on macrovoid formation® has also
been emphasized by experiments, cf. Figure 5. Viscoelastic phase
separation does not assume that the elementary molecular
dynamics is much faster than the kinetics of the morphology and
explicitly accounts for the slowly relaxing polymer conforma-
tions. The latter is particular important for polymers of high
molecular weight that are entangled. In Figure 10, we illustrate

Figure 10. Gel-like morphologies in the course of viscoelastic phase
separation in a binary polymer—solvent mixture. The average volume
fraction of the polymer exceeds the polymer fraction at the critical point
by a factor 2.5. Polymer domains are colored dark, whereas solvent-rich
domains are depicted in white. The numbers denote the time after the
quench into the miscibility gap. Reprinted figure with permission from
ref 195. Copyright 1996 by the American Physical Society.
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the qualitative consequences of viscoelasticity for a binary
mixture in the bulk. The two-dimensional calculations show that
the viscoelastic component (polymer) may form a continuous
matrix, although it is the minority component by volume
fraction. Such a gel-like morphology is rather typical for
membranes formed by NIPS. This viscoelastic model has
recently been generalized to ternary mixtures of polymer,
solvent, and nonsolvent.”®’

An alternative strategy to account for the slowing down of the
kinetics of structure formation in regions of high polymer
density consists of employing density-dependent Onsager
coefficients. Tree and co-workers””® employed this technique
to model the dynamic arrest upon increase of the polymer
density. In this case, there are two time-dependent characteristic
positions: (i) the phase-separation front, at which the
homogeneous state starts to phase-separate and, additionally,
(i) a glass-transition front, at which the polymer density
becomes so high that the structural evolution arrests. Thermal
fluctuations introduce perforations in the dense polymer skin,
through which the nonsolvent enters the film, whereas the dense
portions of the film surface act as a barrier to nonsolvent
entry.”%° Thus, the phase-separation front moves faster than the
glass-transition front, and the morphology in the region next to
the film surface has less time to phase-separate and coarsen than
the morphology deeper inside the polymer film. The gradient in
the coarsening time from the film surface toward the substrate
gives rise to an asymmetric pore-size distribution; i.e., smaller
pores are formed close to the film surface, whereas slightly larger
pore sizes occur closer to the substrate.”*®

4.5.2. Particle Simulations. One of the first simulation
studies of NIPS employed kinetic MC simulations of a two-
dimensional lattice model. A lattice site corresponds to a volume
element with a linear extent of about 20 nm that can be either
occupied by polymer, solvent, or nonsolvent.”**~**° A spatially
extended coagulation bath is represented by “alchemically
mutating” solvent particles into nonsolvent ones, if they have
diffused a predetermined distance into the coagulation bath.
Termonia observed that the fast solvent—nonsolvent exchange
at the film surface results in a formation of a polymer skin at the
film surface. This skin is transversely inhomogeneous in
thickness, and these inhomogeneities will initiate the formation
of finger-like pores. The fingers diffusively grow into the polymer
film because the solvent can leave the film faster through the
finger-like pore than across the dense polymer skin. The
mechanism resembles the viscous fingering instability of a low-
viscosity fluid (nonsolvent) ir}g’ected into a high-viscosity fluid
(polymer—solvent film)."”*"”* Upon increasing the solvent—
nonsolvent immiscibility, ygy, Termonia observed a decrease of
diffusive motion of the phase-separation front and a crossover
from droplet-like polymer precipitates (dust-like structures), via
finger-like pores, to sponge-like structures (spherical pores), as
illustrated in Figure 11. A decrease of incompatibility between
polymer and nonsolvent or the addition of solvent to the
coagulation bath, in turn, slows down the phase-separation front,
disfavors the formation of a polymer skin, and adverts finger-like
pores.”*” A similar model has also been applied to the process of
wet spinning,””" and it has additionally been employed to study
the role of initial dispersion of the polymer in the solvent,
indicating that formation of polymer clusters in the solvent-
swollen film results in a faster coagulation rate and a more
uniform, cellular-like structure..””>

He and co-workers used the two-dimensional, single-site,
bond-fluctuation model to study immersion precipitation.””>

(c) @

Figure 11. (a—d) Effect of solvent—nonsolvent incompatibility, ygy, on
the morphology obtained by lattice simulation of NIPS. As yey
increases from left to right, the morphology changes from droplet-
like polymer precipitates to finger-like pores to sponge-like structures.
Reprinted from ref 289 with permission of John Wiley and Sons.

The model affords a somewhat more detailed description of the
polymer than the lattice model of Termonia.”*® Their study
suggests that phase separation at the surface of the polymer film
predominantly proceeds via spinodal decomposition, whereas
nucleation and growth become important deeper inside the
polymer film.

Soft, highly coarse-grained models have been emzplo ed to
study membrane formation by TIPS*** and NIPS.**>*>7*%
The DPD simulations show the formation of a thick, dense
surface layer (polymer skin) in NIPS.”*° As solvent and
nonsolvent become more miscible, i.e., ygy decreases, the rate
of mass exchange across the film surface increases, and a thicker
and denser surface layer is initially formed. The change of
morphology, however, is much less pronounced than in the
study of Termonia®®® possibly because the variation of ygy is
smaller. This study also observed an increase of the average
polymer domain size with the initial polymer density in the
film.>’® This observation is corroborated in ref 235 that
additionally shows that pore sizes differ in the dense polymer
skin and farther inside the polymer film and that the pore-size
distribution becomes narrower upon an increase of the initial
polymer density. An increase of the polymer length (at fixed
polymer volume fraction) slightly increases the polymer density
in the skin layer and leads to a somewhat larger average pore size.

5. BLOCK COPOLYMER MEMBRANES

Because of their self-assembly into regularly ordered micro-
phase-separated structures, tailor-made block copolymers have
been considered to be useful candidates for membrane
applications for a long time. The first successful attempt to
combine block copolymer self-assembly into a regularly ordered
morphology and formation of an integral-asymmetric structure
was reported as the example of a polystyrene-block-poly(4-
vinylpridine) (PS-block-P4VP) diblock copolymer,”® which
formed P4VP spheres in a PS matrix in the bulk state, when
cast from a rather nonselective solvent (chloroform).
Membrane preparation followed a two-step procedure: First,
the diblock copolymer was cast from solution in a mixed solvent
of tetrahydrofuran (THF, very volatile and more selective for
PS) and dimethylformamide (DMF, less volatile and more
selective for P4VP). After casting, mainly THF evaporates and
induces microphase separation with a more concentrated PS
matrix around very swollen P4VP domains, as DMF has a low
volatility. The partial solvent evaporation results in the
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Figure 12. Schematics of the structure formation of a polystyrene-block-poly(4-vinylpyridine) block copolymer in a selective (top) or less/nonselective
solvent (bottom). In dilute solution, the block copolymer dissolves as micelles (top) or unimers (bottom), as indicated by dynamic light scattering
measurements, measuring the hydrodynamic radius. At higher density, these micelles order into a superlattice in the case of a selective solvent (top) or
weakly ordered micelles (bottom), as shown by SAXS measurements. After precipitation, integral-asymmetric membranes are obtained with an
isoporous surface but different cross-sectional structures. Reprinted with permission from ref 84. Copyright 2017 American Chemical Society.

formation of cylindrical pores at the membranes surface on top
of a spongy substructure.

The subsequent exchange of solvent by nonsolvent occurs
largely through these highly swollen P4VP domains, and thus
leads to an open porous structure. In the depth of the membrane,
there is no long-range ordered microphase-separated structure,
as the precipitation of the block copolymer happens before the
microphase separation 0ccurs,26’84‘298 as shown in Figure 12.
This initial result stimulated many more works on this type of
isoporous, integral-asymmetric block copolymer membrane in
the following decade. Most of the papers deal with PS-block-
P4VP. Besides the successful preparation of flat-sheet
membranes by casting, spraying was successfully demonstrated,
too,””” and also hollow-fiber membranes could be successfully
spun, both with the isoporous structure outside’*™*"* and
inside the fiber.”” Even coating the inside of a porous fiber with
a PS-block-P4VP solution followed by evaporation and NIPS can
be done.*” The reason to choose this diblock copolymer is the
very strong segmental incompatibility between PS and P4VP,
without any complications due to specific interactions or
crystallization.””® The first systematic study of the influence of
molecular weight, composition of the block copolymer, and its
density in the casting solution was published seven years after

the first discovery.””” The main result of that work is a linear
relationship between pore size and molecular weight of the
diblock copolymer, indicating the possibility that the pore size
can be designed by tailoring the molecular weight. This strategy
was confirmed by another experimental result that showed the
possibility to tailor the pore size by blending two PS-block-P4VP
copolymers with different molecular weights or composi-
tions.””® Besides the amphiphilic PS-block-P4VP diblock
copolymer, integral-asymmetric membranes with rather iso-
porous surfaces were also prepared from a number of other
diblock and triblock copolymers.””**

In addition to these characteristics—incompatibility, y,g,
between the blocks and molecular weight, N, of the polymer—
that dictate the equilibrium morphology, the fabrication process
that directs the kinetics of structure formation is important in
block copolymer membranes. In the previous section, we
presented theoretical concepts to model various aspects of
structure formation in homopolymer membranes. Much less
theoretical work has been done in the area of block copolymer
membranes, where in addition to macrophase separation
between polymer and nonsolvent also microphase separation
within the block copolymer must be considered. Experiments,
however, suggest that to a first, crude approximation, micro-
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Figure 13. SEM images of cross-sections and top surfaces (inset images) of polyisoprene-block-polystyrene-block-poly(4-vinylpyridine) membranes
cast from a solution in DOX/THE (5/5). (a, d) 9 wt %, (b, e) 10 wt %, and (c, f) 11 wt %. Evaporation times of (a—c) are 60 s and of (d—f) are 45 s,
before immersion into water. Short evaporation times lead to macrovoid formation, and higher densities hinder the formation of macrovoids. As the
block copolymer has a molecular weight above the entanglement molecular weight of the matrix-forming blocks (polyisoprene-block-polystyrene),
macrovoid formation is hindered above a certain density, as discussed before for homopolymers (compare with Figure 3). The longer evaporation time
gives rise to an increase of polymer density, leading also to the suppression of macrovoids. Reprinted with permission from ref 309. Copyright 2016

Elsevier.

phase separation of the copolymer blocks into an ordered
structure and macrophase separation between the (co)polymer
and the nonsolvent can be considered as decoupled phenomena.
The former is typically initiated during the evaporation step,
whereas the latter ensues after the immersion into the
coagulation bath as discussed in section 4. The microphase
separation, which is most relevant for the final membrane
structure, occurs at the film surface or top layer of the
membrane, whereas the structure underneath can be approx-
imately treated as a block copolymer without forming a long-
range ordered microphase structure during solvent—nonsolvent
exchange. We first report on investigations of the substructure in
integral-asymmetric block copolymer membranes, before we
consider the parameters influencing the microphase-separated
surface structure.

5.1. Substructure of Isoporous Integral-Asymmetric
Membranes

Two main features are observed in the cross-sectional
morphology of phase-inversion membranes: sponge-like pores
or finger-like macrovoids. A sponge-like substructure may be
mechanically more robust, whereas a substructure with finger-
like pores (macrovoids) may allow for higher membrane fluxes.
For NIPS membranes prepared from homopolymers, exper-
imental results are shown in Figure 3 in section 4.

Zhang et al. studied polyisoprene-block-polystyrene-block-
poly(4-vinylpyridine) (PI-block-PS-block-P4VP) triblock terpol-
ymers with molecular weights above 100 kDa in 1,4-dioxane
(DOX)/THF mixtures and found that small polymer densities
and short evaporation times predominantly resulted in a

substructure with macrovoids, whereas an increase of evapo-
ration time leads to a more sponge-like substructure, as shown in
Figure 13. At higher densities of the casting solution, sponge-like
structures are more favored compared to lower densities of the
casting solution at similar evaporation times.””” For a given
polymer density and a given evaporation time prior to
precipitation, increasing the amount of the lower-volatile solvent
increased macrovoid formation. This effect may be attributed to
a faster phase-separation front, progressing into the solvent-
swollen polymer film because a lower polymer density at the
surface facilitates the solvent—nonsolvent exchange, cf. Figure
13. This seems to be in line with the observations of integral-
asymmetric homopolymer membranes, indicating that the
microphase separation in the block copolymer does not (or
only weakly) influence the substructure formation. The latter
appears to be chiefly driven by the macrophase separation due to
the solvent—nonsolvent exchange and viscoelastic effects of the
(entangled) polymer.

Therefore, in the next subsections, we focus on the parameters
influencing the self-assembled microphase-separated surface
morphology.

5.2. Influence of Solvent Quality and Selectivity on the
Formation of an Isoporous Film Surface

For successful preparation of block copolymer membranes, a
careful choice of solvents is required. Mostly mixtures of two and
sometimes more solvents with appropriate selectivities for the
different blocks were required to obtain an open porous
membrane surface. Beneficial is a low volatility of the solvent
more selective for the pore-forming block compared to the
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solvents that are selective for the matrix-forming block. The
main challenge in phase-inversion membranes obtained from
block copolymers is the formation of the regular isoporous
surface morphology, and therefore many works address the
question of which parameters are controlling the surface
structure. As the choice of solvent or solvent mixtures is very
important, Sutisna et al. studied several polystyrene-block-
poly(2-vinylpyridine) (PS-block-P2VP) and polystyrene-block-
poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-block-
P2VP-block-PEO) block copolymers in different solvents and
solvent mixtures.’'’ They calculated the product of the
interaction parameter of a block with the solvent, ys,N, and
X8sNp, with Ny = fN and N = (1 — f)N being the degree of
polymerization of the respective blocks, using tabled solubility
parameters. The difference of this product for the less soluble
block and the more soluble block (the latter one being the
minority block, envisioned to form the pores) was normalized to
the y,gN of the block copolymer in the bulk melt to quantify the
preference of the film surface for one of the blocks. For the
investigated membrane systems with the desired surface
structure, the normalized values turned out to follow a third-
order polynomial of the volume ratio V,/Vy = f/(1 — f); see
Figure 14. If another solvent was chosen leading to another
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normalized segmental interaction contrast, 7 =

normalized interaction parameter, no membranes with the
desired isoporous structure could be obtained.’'® In this
approach, however, the effects of polymer density and
evaporation time prior to precipitation of the cast film are not
considered. As the different solvents evaporate at different rates,
the actual solvent composition at the onset of structure
formation is unknown in this study.

5.3. Influence of Solvent Evaporation Rate and Time

From many experiments, it is known that the time of evaporation
prior to freezing the solution film by precipitation in the
coagulant is an important parameter. Russell and co-workers
reported on thin films of cylinder-forming polystyrene-block-
poly(ethylene oxide) (PS-block-PEQO) block copolymer, where
the PEO cylinders were oriented perpendicular to the substrate.
This orientation was explained by the density gradient built up
during the evaporation of the solvent, as the microphase
separation started at the top of the film surface. The solvent
gradually left the polymer film during evaporation, and, thus, an
ordering front moved downward into the film as the polymer
density of the disordered block copolymer solution reached the
threshold, where microphase separation occurs due to lack of the
scrggning of AB repulsion by the solvent, as illustrated in Figure
1S.

Solvent
Evaporation

bs

—— substrate ———— 4~

DISORDERED ORDERED

Figure 15. Schematic diagram of solvent evaporation from a thin block
copolymer film. At the surface, the solvent density is lowest, and the
copolymer undergoes microphase separation. A gradient in the solvent
density, as a function of depth, r, is established normal to the film
surface with the solvent density increasing with depth. This increase in
solvent density leaves the copolymer disordered in the interior of the
film. As the solvent evaporates, an ordering front propagates through
the film, akin to zone refinement, producing a highly ordered and
oriented array of cylindrical microdomains in the film. Reprinted from
ref 92 with permission by John Wiley and Sons.

Additionally, the evaporation speed of the solvent plays a
crucial role in the orientation of the microdomains, as was shown
on the example of polystyrene-block-polylactide (PS-block-PLA)
dissolved in toluene. Figure 16 shows that a slow evaporation led
to a parallel alignment of the cylindrical microdomains at the
surface, whereas a fast removal of the solvent resulted in a
perpendicular orientation.*® As in this case the film thickness
was several micrometers, the order at the surface transformed
into a sponge-like substructure.

For a given mixture of a highly volatile, PS-matrix-selective
solvent, tetrahydrofuran (THF), and a very low volatile solvent,
dimethylformamide (DMF), that is selective for the pore-
forming P2VP block, the evaporation-driven density change in a
solution film was calculated from evaporation experiments by
Stegelmeier et al.”®® Plotting the volume fractions of all
components, ie., block copolymer and the two different
solvents, as a function of the logarithm of time in Figure 17, it
was found that the appropriate time when the system should be
quenched into the coagulation bath is the region where a strong
decrease of the THF density and therefore strong increase of the
densities of the other components are observed.
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Figure 16. SEM micrographs of the top surface of polystyrene-block-
polylactide thin films obtained by casting an 8 wt % solution on a porous
support and letting it dry slowly (2 h), leading to parallel alignment of
the PLA cylinders, or fast (S min), resulting in perpendicularly aligned
cylinders. The final membrane thickness of the block copolymer layer is
4 pm. Reprinted with permission from ref 88. Copyright 2010 American
Chemical Society.
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Figure 17. Time evolution of a polystyrene-block-poly(2-vinylpyridine)
diblock copolymer and solvent densities during the evaporation. The
cyan hexagon indicates the block copolymer density in the initial casting
solution, and the red hexagon indicates the composition at the time, t,,
when the cast film should be brought in contact with the coagulant to
achieve the desired membrane structure with an isoporous surface. The
red line and arrow indicate the suitable range of block copolymer
density and evaporation time. Adapted with permission from ref 265.
Copyright 2014 American Chemical Society.

In that work also trajectories of the effective volume fractions
of the pore-forming block and the whole block copolymer were
calculated as a function of evaporation time, using swelling ratios
calculated from the intrinsic viscosities of the individual blocks
in the different pure solvents. These swelling ratios change with
the solvent composition due to the different evaporation rates of
THF and DMF. The cast solvent-swollen polymer films were
quenched in water after different times, and the film surfaces
were investigated by AFM. Starting from a THF-rich solution, a
too short evaporation time led to a loose spinodal network,
whereas a too long evaporation time (high DMF and polymer
density) led to a cylindrical structure at the film surface. An
intermediate evaporation time before quenching led to the
desired structure of standing pores. This corresponds to the time
region where a significant reduction of THF density is observed
on the logarithmic time scale. Using a controlled flow of nitrogen

above cast solutions of PS-block-P4VP, it was shown that the
range of polymer density and the range of evaporation time can
be significantly enlarged to lower polymer densities and shorter
evaporation times compared to normal conditions, without
affecting the pore size and order of the resulting membranes.’'!

5.4. Self-Assembly in the Casting Solution

Changes of solvent composition and density in the casting
solution also modulate the self-assembly of the block copolymer,
leading from dissolved unimers in dilute solution via micelles in
a less dilute solution to a microphase-separated bulk-like
structure in a semidilute or concentrated solution. This leads
to the important question if a block copolymer should already
self-assemble into an ordered structure in the casting solution or
if the block copolymer should still remain in the disordered state
when being quenched in the coagulation bath. In several studies,
it was stated that the casting solution already exhibits a
significant level of self-assembly into ordered structures before
the quenching process in order to achieve the desired, well-
organized pore structure at the film surface after precipita-
tion.””*'* In these studies, self-assembly into ordered structures
of the casting block copolymer solution was observed by SAXS,
such as a hexagonal structure for PS-block-P4VP and a cubic
structure for PI-block-PS-block-PAVP.>>*'> The presence of
additives in PS-block-P4VP solutions, such as copper or
magnesium salts, which may selectively interact with the P4VP
units by forming complexes between the cation and the nitrogen
,>1%21% and organic molecules offering hydrogen bonds to
the basic 4VP units, was shown to support the formation of the
desired membrane morphology.’'**'® The effect of additives is
already observed in the casting solutions by an increase of
viscosity, and it allows the use of lower densities of the block
copolymer in the casting solution, thereby reducing the required
amount of block copolymer for membrane formation.

Using different solvents and solvent mixtures as well as
varying the density of PS-block-P4VP led to the conclusion that
membranes with an isoporous surface structure can be obtained
from rather strongly ordered solutions, but better structures are
obtained from weakly ordered or disordered solutions.** This
follows from SAXS studies of the casting solutions, shown in
Figure 18, and SEM images of finally obtained membranes,
presented in Figure 19. Also a study of the formation of integral-
asymmetric PS-block-PEO block copolymer membranes led to
the conclusion that a solvent mixture close to the transition,
where micelles are formed, is beneficial for the successful
formation of a membrane with a well-organized surface
structure.””

The question of whether micelles are already formed in the
casting solution, or not, or there are only weakly organized
micelles in the casting solution was mostly studied for PS-block-
P4VP block copolymers. The formation of micelles in this
system seems to largely depend on the presence of DOX as one
of the cosolvents in the solvent mixture of the casting solutions.
It was observed that PS-block-P4VP block copolymers self-
assemble already at very low polymer densities (a few %) in
DOX and form a highly organized structure in solution, as
shown in Figure 18.** Also previous SAXS studies clearly
showed that the block copolymer solutions with DOX as a
cosolvent displayed a very well-defined structure.’"® This agrees
with the observation that very low densities of PS-block-P4VP
copolymer in DOX are sufficient to prepare isoporous integral-
asymmetric membrane, although viscosity is low.””**%%*"
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Figure 18. SAXS patterns of polystyrene-block-poly(4-vinylpyridine) solutions at varying concentrations in (a) DOX, (b) DOX/THE: 70/30 (w/w),
(c) DOX/DME: 95/5 (w/w), (d) DOX/THF/DME: 65/30/5 (w/w/w), (¢) DOX/DME: 90/10 (w/w), and (f) DMF/THE: 50/50 (w/w). The
intensity curves are vertically shifted to avoid overlapping. The arrows correspond to the peak positions (?/ q*)2 =1,2,3,4,5,6,and 7 present a BCC
lattice. Reprinted with permission from ref 84. Copyright 2017 American Chemical Society.

In some studies, it was argued that crew-cut micelles are
formed in the casting solution, where the short block that finally
builds the pore interior forms the micelle corona, and the finally
matrix-forming block forms the micelle core. This interpretation
was mainly based on studies by SAXS and electron
microscopy” ' ~*"* as well as on DPD simulations in conjunction
with SAXS.>'® Opposite interpretations were given on
comparable systems, mainly PS-block-P4VP, based on SANS,
cryo-TEM, and cryo-SEM”” and also dynamic light scattering
and SAXS.** These studies show that the finally pore-forming
block also forms the core of weakly organized micelles, as
depicted in Figure 12. Oss-Ronen et al. carefully analyzed cryo-
TEM data and took advantage of the different sensitivities of the
P4VP and PS blocks toward electron-beam damage, concluding
that P4VP forms the core of micelles in the casting solution. The
same conclusion was reached by a SANS study of block
copolymer micelles in more dilute, mixed DMF/THEF solutions
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that took advantage of contrast matching.”” In a more recent
study, this question was addressed also with NMR-relaxation
spectroscopy, and it was concluded that P4VP blocks form the
core of micelles in mixed solvents of DMF and DOX, as DMF
preferentially swells the P4VP cores.””” The interpretation of
normal (hairy) micelles, in which the longer block forms the
corona, also appears to be in less conflict with the often
observed, hexagonal packing of pores. In the case of crew-cut
micelles being in the casting solution, the formation of the final
membrane structure with the short blocks forming pores would
necessitate an inversion of the curvature of the internal AB

. 298
interface from convex to concave.

5.5. Time-Resolved Studies of the Membrane-Structure
Formation

To provide information about the kinetics of structure
formation in the course of solvent evaporation from copolymer
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Figure 19. SEM micrographs of the top surface (top row), cross-section (middle row), and cross-section close to the top surface (bottom row) of
polystyrene-block-poly(4-vinylpyridine) membranes cast from different solutions at different evaporation times; (a, d, g) 9 wt % in DOX 405, (b, e, h)
15 wt % in DOX/THEF: 70/30 (w/w) 10s, and (¢, f, i) 33 wt % in DMF/THEF: 50/50 (w/w) 5. Reprinted with permission from ref 84. Copyright
2017 American Chemical Society.
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Figure 20. (a) Characteristic length scales during evaporation as a function of time for the three polystrene-block-poly(4-vinylpyridine) block
copolymers S4VP-1, S4VP-2, S4VP-3, and a block copolymer/salt-system S4VP-1/Cu(1II). Solid lines indicate fits to a simple exponential saturation
curve, (b) the same data, rescaled to a reduced time and a reduced length scale showing the common behavior of all investigated block copolymer
systems. Adapted with permission from ref 321. Copyright 2015 American Chemical Society.

films, time-resolved studies were carried out. Using GISAXS, Extending the study to PI-block-PS-block-P4VP triblock

Marques et al. detected hexagonal order at the surface of a PS- terpolymers of different molecular weights and densities, the
block-P4VP solution in mixed solvents containing dioxane.’' authors observed a sequence of morphologies during solvent
14216 https://doi.org/10.1021/acs.chemrev.1c00029
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Figure 21. (a—c) D-SCFT of solvent evaporation from a solvent-swollen asymmetric diblock copolymer film, f= 0.3. The initial solvent fraction is i
= 0.9. The solvent quality for the majority block B increases from left to right, AysN =yssN — ysN =— 7, 0, and 7, and results in a transition from
parallel to perpendicular cylinders. Reprinted from ref 262. Copyright 2014 American Chemical Society.

evaporation from a solution containing a block copolymer with
lower molecular weight, which was interpreted as a transition
from an originally formed body-centered-cubic (BCC) to a
simple-cubic (SC) lattice. The simple-cubic structure of the film
surface is in agreement with the square-like surface symmetry of
these membranes, which is caused by microphase separation of
the PI block from the PS matrix at some stage of structure
formation.”® While GISAXS is mainly sensitive to the film
surface and some part below, depending on the angle of
incidence, SAXS across the sample provides information about
the whole sample. Time-resolved SAXS studies were carried out
on PS-block-P2VP solutions in DMF/THF by Stegelmeier et
al.’>*' They observed the first appearance of a scattering peak
after a few seconds, which grows in intensity and moves toward
smaller scattering angles. This was explained by an increased
chain stretching as a result of increased microphase segregation
strength, mainly caused by the disappearance of the volatile
THEF. After a short initial transient period, the time evolution of
the peak position in Figure 20a relaxes exponentially toward its
equilibrium value.

The same kinetics of the peak position is also observed with
added copper salt, and all experiments can be collapsed onto an
exponential master curve as shown in Figure 20b. In the same
study, the influence of the precipitation step after some
evaporation time was investigated by spraying water onto the
evaporating film. As a result, the structure was not immediately
frozen in because only an insufficient amount of precipitant
could be introduced in that in situ SAXS experiment. However,
the length scale of the structure immediately adopted the final
length scale that was also reached without introducing the
precipitant.””’ Also the spinning of PS-block-P4VP solutions
with and without magnesium salt was investigated by SAXS at
different positions after the extrudate left the spinning nozzle,
which corresponds to different evaporation times. The results
are more complex than in film-cast membranes, as the flow rates
of polymer solution and bore liquid are additional parameters,
which control the shear on the block copolymers in the nozzle
and influence the structure formation.***

5.6. Continuum Models for Studying Solvent Evaporation
from Block Copolymer Films

There are few studies of EISA from solvent-swollen block
copolymer films or NIPS of block copolymer films. Solvent
evaporation is the first step of membrane formation, followed by
a quench into a coagulation bath, and the structures formed in
the course of the initial solvent evaporation template the final

membrane structure as discussed in section 5. The process is
considerably more complex than solvent evaporation from a
homopolymer film because of the additional order parameter—
the AB composition, ¢—of microphase separation in the case of
diblock copolymers. The number of order parameters increases
further for copolymers with more than two blocks. This enlarges
the parameter space, and there is an intricate interplay between
the characteristic length scale of the microphase and the
gradients of the density profiles. Moreover, the microstructure
influences the distribution and transport of solvent inside the
film. In the following, we confine the discussion to diblock
copolymers to highlight some fundamental aspects introduced
by microphase separation into the membrane formation.

For filtration applications, the perpendicular orientation of
cylindrical domains with respect to the film surface is crucial.
According to Phillip, Hillmyer, and Cussler, perpendicular
orientation may kinetically arise from rapid solvent evaporation
even if the equilibrium orientation of the cylindrical domains of
the minority component would be parallel to the film surface.*®
They employed a one-dimensional, model B description of a
solvent-swollen polymer film with a moving-boundary condition
at the film surface. For typical experimental conditions, the Biot
number is large (or the Péclet number is small); i.e., evaporation
is controlled by diffusion of solvent inside the film. After a short
time, 7y, the film surface equilibrates and adopts the densities,

o, of the solvent-swollen polymer film in equilibrium with the
vapor phase. Inside the polymer film, an approximately linear
solvent gradient, dgs/dz =~ —[¢pQ — PpC=/AR < 0, is
established that extends over a length scale Ak ~ /t away
from the film surface.

By virtue of incompressibility, ¢p + s = 1, ¢pp(2) is high at the
film surface and linearly decreases toward the initial value, 0,
over the length, Ah. If the polymer density is sufficiently large,
Qo the solvent-mitigated incompatibility, eq 2, between the
block copolymer species exceeds the ODT-value, yoprN, and
microphase separation starts at the film surface by nucleation.
Because of the equilibrium phase diagram and confinement
effects, initially, spheres will form in the layer where y. N
exceeds yoprN. Subsequently, the existing microphase-
separated structure propagates away from the film surface
toward the substrate with a velocity

R
~ N — N]
Yoyl L () e (&) Xopr (53)
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Figure 22. Evaporation from a solvent-swollen diblock copolymer film obtained by model B dynamics of a continuum model."** The top panel depicts
the density, ¢,(r) of the minority component, f= 0.3, of the diblock copolymer, according to the color bar at the bottom. N = 16, Ng = Ny = 1. Initially,
the composition of the film was ¢p(z) = 0.2, ¢s(z) = 0.8, and ¢y = 0, and small fluctuations were added. y,zN =46, and the air is selective for the
majority component, YN =160 > ypnN = 80. The bottom panels present the transversally averaged density profiles of the components at three

different times. Length scales are measured in units of the cylinder spacing, L,. From ref 323.

according to Goveas and Milner.*** The first factor characterizes

the rate of the underlying single-chain dynamics (or density-
dependent Onsager coefficient), whereas the second factor
quantifies the thermodynamic driving force. This front velocity
depends on the distance from the film surface via the solvent-
density profile, ¢s(z). Phillip, Hillmyer, and Cussler argued that
perpendicular cylinders will form if the front velocity, u,
increases with the distance from the film surface; i.e., the

. R, . .
relaxation rate, ——, increases faster than the driving force

TR(¢5)
decreases as the solvent density increases farther away from the
film surface.

Fredrickson and co-workers used D-SCFT to numerically
study the evaporation from copolymer—solvent mixtures.**”
They combined the accurate free-energy functional of SCFT
with model B dynamics. The free surface of the film was not
explicitly considered but a moving-boundary condition was
applied that related the evaporation of solvent through the
boundary to the shrinkage of the film thickness. The flux, in turn,
was dictated by the difference between the solvent density at the
surface and the coexistence value, ¢5°, of a film in equilibrium
with the nonsolvent (air). One particular benefit of modeling is
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that one can disentangle different effects, e.g., evaporation rate
and solvent-mitigated incompatibility between blocks, that are
difficult to independently vary in an experiment. The study
revealed two key parameters for the evaporation-induced
structure formation: the effective AB incompatibility at the
film surface, y.¢N, according to the dilution approximation, eq 2,
and the strength of the evaporative flux.

Small y.N and a solvent that is selective for the majority
component of the diblock copolymer facilitate the formation of
the desired, perpendicular cylinders at the film surface, as
illustrated in Figure 21. Unfortunately, this prediction cannot be
directly compared to Figure 14 because (i) the experimental
correlation refers to the final membrane morphology after
solvent—nonsolvent exchange and (ii) a mixed solvent,
comprised of components with different volatilities and
selectivities, has been characterized by a single parameter, 7.*'°

The Uneyama—Doi model"*® provides an approximate free-
energy functional for mixtures of diblock copolymers with
solvents. Because of its computational ease compared to D-
SCFT, it is computationally feasible to study the evaporation of a
solvent-swollen film in contact with a nonsolvent, mimicking air,
and study much thicker films.”*® The top panel of Figure 22
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Figure 23. Particle simulation of evaporation from a solvent-swollen copolymer film with SOMA.

t=1.07T,

t=10.70T,

non-solvent

*33 The system geometry is 10 X 10 X 40 R.3. The left

half of the simulation box shows the density of solvent, ¢)s (blue) and nonsolvent, ¢y (brown). On the right, the density, ¢,, of the minority block of the
asymmetric diblock, f = 1/4, is presented, highlighted with contour surface (full box) after microphase separation sets in. The panels present different
snapshots; time increases from left to right. y,pIN = 30, yssN = ypsIN =0, and y,N = ypnIN = 64, and ygy = 0.

illustrates the formation of perpendicular cylinders at the film
surface. Both the preference of the air for the majority block as
well as a rapid evaporation facilitates the formation of
perpendicular cylinders in a layer at the film surface. In this
layer, the polymers are enriched, and the polymer density
exceeds the self-assembly threshold, ¢.. One also observes the
slightly alternating composition fluctuations inside of the
disordered portion of the solvent-swollen film in contact with
the ordered surface layer and the formation of spherical domains
that subsequently fuse into cylinders. Both features have
previously been observed in D-SCFT calculations,”* suggesting
that the simpler Uneyama—Doi model'** appears to reproduce
many features of the SCFT-functional and captured the
universal behavior of self-assembly in block copolymer—solvent
mixtures.

The panels below show the transversally averaged density
profiles of the two components of the diblock copolymer, the
solvent, nonsolvent, and the total polymer density for different
times. The slope of the solvent profile inside the nonsolvent bath
(air) indicates the strength of the evaporative flux. At the narrow
film surface, the densities rapidly vary, and there is an
enrichment of solvent at the narrow surface. Also the minority
component, A, is enriched at the narrow film surface, although
this effect is somewhat suppressed by the nonsolvent being
selective for the majority component. In a particle-based
description, one would also expect such an entropy-driven
segregation of the minority block to the narrow film surface, and
lattice simulations also indicate that a moderate preference of
the vapor for the majority block favors the formation of
perpendicular cylinders.”** Inside the polymer film, the polymer
density increases toward the receding film surface. The dashed
horizontal line indicates the polymer density, ¢, above which
the asymmetric diblock, f = 0.3, self-assembles into a cylindrical
morphology. Once the widths, Ah, of the zone with ¢p(z) > o,
exceed the characteristic scale, L, of the self-assembled
structure, microphase separation begins.”**

5.7. Studying Solvent Evaporation from Block Copolymer
Films by Particle Simulation

The first particle simulations of solvent evaporation from
copolymer films were performed by Tsige et al. using a Lennard-
Jones bead—spring model.”** They observed the formation of a
solvent gradient inside the film, and the concomitant polymer
skin gave rise to the self-assembly of the block copolymer.

Simulations of soft, coarse-grained particle models in
conjunction with DPD molecular dynamics simulation have
subsequently been used to study the kinetics of structure
formation in solvent-swollen block copolymer films in response
to evaporation.”'®**® Potemkin and co-workers studied solvent
evaporation from a film of cylinder-forming diblock copolymers,
representing the segments of the two polymer blocks, A and B,
the solvent, S, and the nonsolvent, N, by soft particles.326 The
nonsolvent describes an inert gas, and solvent particles at a
distance, , away from receding film surface are instantaneously
and irreversibly switched to nonsolvent, similar to the scheme
used by Termonia for homopolymer films.”**~**° In the
molecular simulation, no sharp self-assembly front is observed,
and the ordering of the domains occurs on the time scale of the
polymer relaxation time that is slow compared to the
evaporation of the small solvent particles,”*® potentially giving
rise to viscoelastic effects in the early stages of drying.

This study demonstrated that (i) weak segregation between
the blocks, (ii) fast solvent evaporation, and (iii) a weak solvent
selectivity for the matrix-forming block favor the evaporation-
induced formation of cylinders that are perpendicular to the film
surface. In accord with the D-SCFT study,”®” the simulations
observe that spherical micelles initially form at the film surfaces
and subsequently join to worm-like cylindrical domains. The
vicinity of the ODT facilitates defect annihilation,”*” and the
free-energy barrier for changes of the domain morphology
increases with y,sN.*”**"**® Potemkin et al. rationalized the
requirements of fast evaporation and solvent selectivity for the
matrix-forming block by proposing that the evaporative flow of
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solvent through the matrix (in conjunction with flows at the
internal AB interfaces) aligns the axis of the less swollen and less
permeable cylindrical domains perpendicular to the film
surface.**°

Very large systems can be studied by calculating the
nonbonded interactions via a grid and exploiting the scale
separation between the strong bonded and the weak nonbonded
interactions. Such a highly coarse-grained model can efficiently
be studied by MC simulations in conjunction with the SCMF-
algorithm on graphics processing units (GPUs), using the
program SOft coarse-grained Monte Carlo Acceleration
(SOMA).40’255

Figure 23 illustrates the solvent evaporation from a solvent-
swollen diblock copolymer film in contact with a nonsolvent.
Since the soft, nonbonded interactions do not result in a slowing
down of the dynamics in regions of high polymer density, the
MC simulation employs density-dependent mobilities.'** At
early times, the simulation cell is filled with solvent and
copolymer. Similar to refs 288 and 326, the nonpreferential
solvent particles are switched to nonsolvent particles at the top
of the simulation cell, in order to model evaporation. Upon
evaporation, a polymer-rich layer is formed at the film surface. In
this polymer-rich and solvent-depleted zone, the system’s
mobility is reduced, and microphase separation begins by
initially forming spherical micelles. As the film surface recedes
and the self-assembly front progresses into the film, a gradient of
solvent density builds up inside the film. At the self-assembly
front, the solvent density is high, and the solvent-mitigated
effective incompatibility just passes the ODT-threshold. In
accord with the eguilibrium phase diagram, spherical micelles
form at the front.®® Farther toward the film surface, the solvent
density decreases, and the effective incompatibility between the
blocks increases in turn, resulting in the joining of spherical
micelles to cylinders, in accord with previous studies.”***°
While this simulation technique cannot include hydrodynamic
flow, (i) it is computationally feasible to study large systems*’
with more than 10° soft, coarse-grained particles, (ii) system-
atically and independently explore the high-dimensional
parameter space, and (iii) account for the slow relaxation of
the molecular conformations in the course of solvent
evaporation and self-assembly.

6. CONCLUSIONS AND PERSPECTIVES

We have presented a selection of theoretical approaches—
ranging from simple thermodynamic considerations, via
continuum models, up to particle simulations—and exper-
imental results on the nonequilibrium processes in the formation
of homopolymer and block copolymer membranes. Whereas
technical applications of these polymer membrane materials are
emerging, our understanding of the kinetics of structure
formation in the course of the rather complex fabrication
process still remains rather incomplete: (i) The fabrication of
copolymer membranes involves the complex thermodynamics
of mixture of a block copolymer and multiple solvents. Whereas
the equilibrium phase diagram of linear diblock copolymer melts
can be accurately described by SCET'*® or simulations,*’
already the deceptively simple phase diagram of a mixture of an
AB copolymer with the corresponding homopolymers poses a
challenge,”*°~*** and there are plenty of opportunities to tailor
the equilibrium structure, e.g., by varying the molecular
architecture.'”* Tt remains a challenge to account for these
complex macromolecular architectures in continuum models
such as the Ohta—Kawasaki model*” or the Uneyama—Doi

description'* and relate their parameters to specific polymer—
solvent mixtures. (ii) Since the mixture of polymer materials and
multiple solvents is in contact with a supporting substrate and a
free surface to the vapor or coagulation bath, there will be a rich
interplay between phase behavior in confined %eometry and
wetting or adsorption 3phenomena in equilibrium.”>>**° In turn,
confinement in thin®*° and ultrathin®®’ layers significantly
modifies the self-assembly of copolymers. (iii) The final
membrane structure clearly is a nonequilibrium morphology,
and the details of the fabrication process, e.g,, the time interval of
solvent evaporation before contact with the coagulation bath,
can be used to tailor the membrane morphology.

The latter aspect is most important because many different
nonequilibrium processes such as, eg, solvent evaporation from
a thin film,#3144146,148,262,289,325326 " Jiysive solvent—non-
solvent exchange,”****"**”7*"! macro- and microphase separa-
tion,'®”*”**”” structure formation in the presence of 8property
gradients'*”*°**”**”” or moving fronts,'*'*"?°**** hydro-
dynamic flow,"*%*”7*”% effects of viscoelasticity,'’*'”"'7>2%
and dynamic arrest due to vitrification,**® crystallization, or
gelation conspire in polymer membrane formation, and the
thermodynamic and processing variables span a high-dimen-
sional parameter space that dictates the final nonequilibrium
structure. As we have tried to illustrate with the help of selected
examples, there has been much progress in each of the individual
aspects; however, understanding and predicting their interplay
in the course of process-directed macro- and microphase
separation during NIPS remains a challenge.

By virtue of the long time and large length scales associated
with the formation of polymer membranes, a highly coarse-
grained particle description or field-theoretic, continuum
approach appears to be appropriate. The required level of detail
that needs to be captured by the modeling approach, however,
still remains to be explored: (i) For instance, often in particle
simulations or continuum modeling the starting state is assumed
to be completely homogeneous. Computer simulations,
however, indicate that fluctuations inside the initial polymer
solution are important for the formation of homopolymer
membranes via NIPS.””” Likewise, micelles may already form in
the as-cast block copolymer film, and they may serve as
templates for the subsequent structure formation. (ii) The role
of fluctuations is not well understood. Continuum models and
D-SCFT often ignore thermal fluctuations or merely add
fluctuations in the initial stage to initiate spinodal phase
separation. Particle models, in turn, often represent polymers
with an unrealistically small invariant degree of polymerization,
N, thereby exaggerating the role of thermal fluctuations. A
realistic strength of thermal fluctuations is required to balance
heterogeneous nucleation of domains in a spatially inhomoge-
neous system and surface-directed spinodal phase separation.
(iii) The relation between single-chain dynamics and non-
equilibrium structure formation requires attention. In a field-
theoretical approach, this relation is established by Onsager
coefficients, that are also functions of the local composition
because the segmental friction of a segment depends on its
environment. (iv) Whereas most continuum descriptions
include the hydrodynamic variables, densities, and momenta,
additional variables may be needed. A few works have
considered temperature changes in time and space inside the
film in the course of evaporation or NIPS.”*”~**' Additionally,
the macromolecular conformations may not reach instantaneous
equilibrium with these hydrodynamic variables but, instead,
evolve on a comparable time scale. Integrating out these slow,
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conformational degrees of freedom gives rise to Onsager
coefficients that are nonlocal in space and time'”*~"7° and
viscoelastic moduli in the constitutive equation that relates stress
to velocity gradients.'”" Both effects are not well understood in a
spatially inhomogeneous system or computationally infeasible
to include in the calculation. Alternatively, such slow, conforma-
tional degrees of freedom can be exzplic_itly included in the
coarse-grained continuum model.'””'*>'** The possible choice
of the slow, conformational degrees of freedom and efficient
schemes to compute their contribution to the free energy need
to be explored.” Such effects of viscoelastic phase separation are
expected to have a significant qualitative effect on the domain
morphology but have not yet been systematically studied in the
context of NIPS. (v) Few models have addressed the dynamic
arrest of structure formation via vitrification, gelation, or
crystallization. The latter two mechanisms require additional
order parameters besides densities and momenta.

Thus, there remains a gap in fundamental understanding
between membrane materials, fabrication processes, and
application properties of polymer membranes. In the near
future, no single model will be able to simultaneously address the
interplay between all of the aspects compiled above. Therefore,
the study of judiciously chosen experimental model systems,
highlighting particular nonequilibrium processes, will direct the
modeling efforts by understanding the significance of the
different phenomena in the different regions of the parameter
space and validate the theoretical models. In turn, coarse-
grained continuum models and particle simulations can provide
direct insights into the spatiotemporal evolution and simulta-
neously report on collective properties such as density profiles
and morphology as well as on single-chain conformations.
Moreover, the modeling approaches allow independently
varying of parameters, e.g, changing the dynamic asymmetry
between the components without altering the equilibrium
thermodynamics of the system or switching between entangled
and unentangled dynamics, which may be beneficial for
elucidating membrane formation mechanisms and highlight
the consequences of specific properties and processes. This may
be difficult to realize in experiments and may guide the system
design to simultaneously optimize for high selectivity, high flux,
high stability, large-scale processability, and low costs.

Additionally, data-driven techniques®** may prove useful to
identify important correlations in the already available
experimental data and thereby focus the modeling efforts. In
contrast to systems of hard-condensed matter, the necessary
descriptors of nonequilibrium soft-matter systems have to be
explored. As emphasized in this review, in addition to the basic
thermodynamic characteristics of the constituents, the final
nonequilibrium membrane structure is dictated by the sequence
of processing steps. Developing meaningful and commonly
accepted descriptors for this “history dependence” of non-
equilibrium formation of polymer membranes is a challenge for
the future.

Whereas much progress can be achieved by a careful design
and choice of the coarse-grained model, advances in computa-
tional techniques for continuum models and particle simulations
will additionally contribute to expand the range of scales that
computations can cover, and the small and large scales accessible
to simulations and experiments, respectively, start to converge.
This will allow computations to systematically explore the
parameters that dictate the nonequilibrium processes in polymer
membrane formation and thereby help guide experimental
efforts.

14221

Although there are many experimental investigations on the
preparation and characterization of polymer membranes with
kinetically trapped structures, also from an experimental point of
view there remain a number of open questions. In most studies,
the composition of the atmosphere (air) is not documented,
although humidity can have a strong effect during the
evaporation step.” "*** As the evaporation of solvent is an
endothermic process, the temperature may decrease signifi-
cantly in thin films with an insufficient heat flow and heat
capacity from the substrate. Therefore, temperature is changing
across the film thickness (along the z-direction) and both,
thermodynamics and chain relaxation time, are affected. Thus, it
will be interesting to investigate the temperature profile during
evaporation. Also the temperature difference between the film
after the evaporation and the coagulation bath needs to be
investigated in more detail, as there are only few data available so
far.>** An additional complication arises when solvent mixtures
with a temperature-dependent miscibility are used, which can
induce phase separation between a polymer-rich and a polymer-
lean phase, as it was shown for homopolymer systems. *° In the
case of block copolymers, this could be varied in different ways,
such as using a solvent mixture, where the different components
are selective for the different blocks, or both solvents being
selective for the same block. Such a situation may lead to
hierarchical pore structures, which may be interesting for
membranes carrying different functionalities in different pores. If
stimuli-responsive block copolymers are considered, this will
add more complexity to the structure formation, as the polymer
conformations may be triggered by an additional stimulus, such
as, e.g, light during the membrane formation. Another area
requiring more systematic investigations are hollow-fiber
membranes from spinning and also electrospinning. Because
of the required much larger amount of block copolymer to
perform conventional hollow-fiber spinning from solution, there
are much fewer studies available on hollow-fiber membranes as
compared to flat-sheet membranes. In hollow-fiber membranes,
there are big experimental challenges to obtain an open porous
surface at the inner side, as typically water is used as a bore liquid,
leading to an immediate coa%ulation when the block copolymer
solution leaves the spinneret.””" In the case of dual-layer hollow-
fiber spinning, where a core fiber is spun simultaneously together
with a layer-forming block copolymer, also the control of the
interface morphology is a challenging task because both layers
should stick to each other but form an open porous
connection.”” The effect of the larger shear forces in the
spinneret on the membrane morphology as compared to the
shear imposed by a doctor blade in flat-membrane preparation
deserves more investigations.’”* Shear may influence not only
the surface morphology but also the formation of macrovoids
along the cross-section of the membrane. In flat-sheet geometry,
roll casting is a possible strategy to produce membranes with
significantly less amount of block copolymer,®’” and the
influence of mechanical stress in the process is not studied yet.
There are not many studies yet on the influence of an electric
field during the evaporation time and the effect of the electric
field on microphase separation, and the orientation of the
microdomains is not fully understood.”*> Coupling different
external stress fields such as, e.g, biaxial mechanical stretch-
ing®*® or combining uniaxial shear with an electric field during
membrane casting,347 could influence the final membrane
morphology and may become interesting for membrane
formation. Besides single shear also large amplitude oscillatory
shear is a known way to yield aligned block copolymer
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morphologies, where the orientation of the microdomains
depends on the freguency both in bulk®*7**° and in
concentrated solution.”" Another challenging topic is block
copolymer membranes with pores down to the sub-10 nm range,
which requires low-molecular-weight block copolymers with a
very high y-parameter.”>> Such block copolymer membranes
will likely suffer from low mechanical stability due to the lack of
entanglements in the matrix blocks, a problem which may be
overcome by cross-linking. While we focused our discussion on
cylinder-forming block copolymers, also other morphologies
such as gyroids or lamellae are of interest and have not been
studied yet in the context of integral-asymmetric membranes.
Also more complex block copolymers are interesting, and only
few have been studied so far.”””°

This is obviously an incomplete list of interesting issues to be
addressed in the future. As pointed out before, a single,
overarching modeling and simulation strategy for the complex
nonequilibrium processes in polymer membrane formation has
not yet emerged, but there are various opportunities where
experimental data could assist the development and validation of
models, e.g., by providing information about the initial micelle
formation in copolymer solutions before contact with the
coagulation bath or by systematically exploring the dynamic
asymmetry between the components via changing the molecular
weight of the polymers or tailoring the glass-transition
temperature of the components. Since the polymer membrane
is a dynamically arrested nonequilibrium state, it is important
not only to provide experimental information about final
membrane structure but to quantify the complex spatiotemporal
structure formation along the fabrication process. This will
contribute to identify the necessary descriptors that quantify the
nonequilibrium process-directed structure formation. The
compilation of a suitable data pool will serve to validate and
refine physical models, and, additionally, it could be used for the
application of artificial-intelligence techniques to suggest
process parameters for the preparation of membranes with
specific structures and compositions. Ultimately, the combina-
tion of modeling and simulation in conjunction with data-driven
techniques may be employed as digital twins to complement
experiments in the development of new membrane materials.
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ADDITIONAL NOTES

“In principle, any polymer with a distribution of molecular
weights or composition dispersity in the case of a block
copolymer can be conceived as a multicomponent blend by
itself, resulting in fractionation effects. This complication,
however, is ignored in the following.

bOnly in the case in which the solvent is nonselective and the
interactions between the blocks are sufficiently screened by the
solvent, the behavior of a copolymer in solution will resemble
the behavior of a homopolymer.

“In the case of the Ohta—Kawasaki model'*” or the Uneyama—
Doi model'*® for systems containing copolymers, no mod-
ification is necessary because the functional, eq 8, already
includes the necessary gradient terms.

“The tie lines describe phase coexistence where the chemical
potentials and the pressure in both coexisting phases are equal.
“Ignore that the interactions at the substrate result in a time
dependence of ¢,(z = 0) for t < 7, In this mixing regime, the
densities at the substrate are those of the initial polymer film,
#9. At the contact between substrate and the miscible
polymer—solvent system, an adsorption layer may build up,
but no wetting phenomena can occur.

If ygy is sufficiently large such that solvent and air (nonsolvent)
phase separate, the vapor pressure of the solvent in air should be
below its saturation value.

ZEffects of long-range, van-der-Waals interactions between
substrate and polymer or nonsolvent as well as prewetting
phenomena have been ignored in the discussion.
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