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Introduction



Chapter 1

1.1 Scope of the thesis

Clean water is one of the most important resources for every living being. The world popu-
lation is increasing, however clean water resources are limited. Using renewable sources is
a key concept for a sustainable society. Therefore, water purification is crucial to be able to
provide enough clean water. Membrane based water purification is advantageous since it is
more cost-effective and less energy consuming compared to other separation methods such
as disinfection and distillation which require chemical additives and thermal inputs.! Pol-
ymeric membranes are more favored over inorganic membranes since they are lower in
cost and easier to produce and handle.2 Moreover, with the attempts to increase the quality
of human life, as the contamination by nanomaterials (e.g. proteins, drugs, hormones, vi-
ruses and inorganic nanoparticles) caused by human activities are growing, water purifica-

tion at the nanoscales becomes an essential requirement.!

Fouling, the accumulation of small particles in and around the pores of a membrane, which
causes a reduction in the flux and separation quality of such membranes, is one of the main
challenges in membrane technology field. A promising solution is to use stimuli-responsive
membranes to obtain easy-to-clean properties. In industry, since a practical parameter to
control is often the temperature, it is advantageous to introduce thermo-responsive proper-

ties to the membrane.

Block copolymers (BCPs) are comprised of at least two different homopolymer blocks that
are covalently bonded to each other. When the block copolymer consists of chemically dis-
tinct blocks, it can self-assemble into regular nanostructures. By combining the self-
assembly behavior with the easy tunable properties of BCPs, advanced functional mem-
branes can be obtained with desired properties such as thermo-responsivity. In this thesis,
we aimed to investigate the block copolymer self-assembly concept and use the advantages

of BCPs to produce thermo-responsive membranes.

1.2 Synthesis of block copolymers

Polydispersity index (PDI) is a quantitative definition of the molecular weight distribution

of the polymer chains and expressed as PDI = M,,/M,, where M,, and M, are the number

2
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average molecular weight and weight average molecular weight of the polymer, respective-
ly. Since the success of block copolymer self-assembly is proportional to the uniformity of

the block copolymer chains, we need block copolymers with a low PDL3

To obtain a low PD], a high control on the active chains is necessary, which is succeeded by
using controlled/living polymerization (CLP) techniques. The control in CLP is mainly
achieved by fast initiation, slow propagation, and without irreversible deactivation of the
active centers, such as irreversible transfer and termination reactions that frequently occurs
in classical free radical polymerization (FRP). Instead, for a well-controlled polymerization,
the deactivation of the active centers is reversible. As an example, for comparison, 100 initi-
ator molecules correspond to only 1 active center molecules for CLP, whereas the number
of initiator molecules and active centers are both equal to 100 for FRP. This means in CLP,
only one active center will propagate the polymerization reaction at a time and by reversi-
ble transfer of the radical to the other polymer chain, this active center becomes dormant
and another active chain propagates the reaction. A dynamic equilibrium establishes be-
tween the growing chains and dormant chains (Scheme 1). A fast exchange with the active

and the dormant chains is required for good control over the molecular weight and PDI.4

Scheme 1. A generalized CLP mechanism.4

° kdeact
~Pr o+ X = A P—X
. K kact
kp +M ‘\\t
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1.2.1 Types of controlled/living polymerizations

The most common CLP’s are anionic polymerization, nitroxide mediated polymerization,
atom transfer radical polymerization (ATRP) and reversible-addition-fragmentation-

transfer (RAFT) polymerization.

Anionic polymerization was the first living polymerization realized later due to its living
character of the growing polymer chains by fast initiation and slow propagation reactions,
which is carried out by using alkyl lithium initiators in non-polar solvents. Here, ion pairs

are considered as dormant chains and free ions as active centers. Even though anionic
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polymerization results in very well-defined polymers (PDI < 1.1), the synthesis conditions

are strict and not all the monomers can polymerize anionically.

In nitroxide mediated polymerization, alkoxylamine initiators, e.g. 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO), form a dynamic equilibrium with actively growing chains which
generate polymers with high stereochemistry and well-defined character. High tempera-

tures (>110°C) are required for this polymerization method.

In ATRP, 1:1 adducts of alkyl halides and alkenes are formed, which are catalyzed by tran-
sition metal complexes. Dormant chains are activated by these transition metal complexes
to produce radicals by an electron transfer. When the transition metal reaches a higher oxi-
dation state, a dynamic equilibrium is formed which shifts to low radical concentrations.
Since each growing chain has the same probability to contribute to the propagation reac-
tion, polymer chains with similar molecular weights are obtained. Although ATRP is one of
the most widely used CLP’s to produce well-defined polymers in the literature, transition
metals do not tolerate certain reactive monomers and transition metal complexes should be
removed from the product due to its toxicity.* RAFT, as being the most recent CLP, requires
a chain transfer agent to control the propagation reaction. RAFT polymerization will be ex-

plained in more detail in the next part.

1.2.2 Reversible-addition-fragmentation-transfer polymerization

RAFT polymerization uses dithiobenzoates, trithiocarbonates, dithiocarbonates or xan-
thates as chain transfer agents to acquire the controlled manner of the polymerization. The
structure of the RAFT agents can be shown in a general formula as Z-C(=S)-S-R where R
acts as the leaving group which initiates a new polymer chain and Z is the group responsi-

ble for reactivity and radical stability.

The reaction mechanism of RAFT is illustrated in Scheme 2. The initiation reaction is simi-
lar as in FRP. At the beginning of the polymerization, a propagating radical (Pn-) reacts with
a thiocarbonylthio compound (1) which is followed by the fragmentation of the intermedi-
ate radical to a polymeric thiocarbonylthio compound and a new radical (R.) (3). This new
radical reacts with monomer forming a new propagating radical (Pm). Then a dynamic

equilibrium takes place between the propagating radicals and the dormant thiocarbonyl-
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thio compound (3-4-3). This creates an equal probability between each propagating radicals
which leads to polymer chains with uniform lengths therefore a low PDI. The reaction mix-
ture is cooled when the reaction is desired to be stopped which can be reinitiated again

with the introduction of new radicals.®
Scheme 2. A generalized RAFT polymerization mechanism.5
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By using RAFT polymerization, AB type BCPs can be produced by first synthesizing the
first block, the so-called, a macro-RAFT agent, which is extended with the monomer of the
other block by further polymerization. ABA type block copolymers can be synthesized by
sequential polymerization of A, B and A; using a similar route as used for AB block copol-
ymers. An easier way to obtain ABA type block copolymers in two polymerization steps is
to use difunctional RAFT agents, which contain two leaving groups (R) at each side of the
RAFT agent. Star polymers and polymers with other complex architectures can be also suc-

cessfully synthesized by using suitable RAFT agents.
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RAFT polymerization is superior compared with other CLP methods, not only because
there is almost no monomer limitation in this polymerization, but also conventional FRP
conditions can be used. Furthermore, polymerizations can take place even in water and at
low temperatures. Selection of the RAFT agent is the most crucial parameter for a success-
ful polymerization. Drawback of this polymerization is the odor and yellow color of sul-

phur, which is more pronounced for low molecular weight polymers.

1.3 Block copolymer self-assembly

BCPs comprise of two or more polymer blocks that are covalently bonded to each other.
When the block copolymer consists of blocks that are chemically distinct, even though they
want to phase separate, the chemical bonds between the blocks prevents it. Instead of phase
separation on the macroscale (macrophase separation), a microphase separation occurs on
the nanoscale.® Microphase separation is driven by a tendency to minimize the interaction
enthalpy that limits the number of unfavorable interactions between the blocks. By doing
so, it may induce stretching of the polymer chains. This stretching reduces the conforma-
tional entropy. In effect, the system minimizes its Gibbs energy, which implies a balance
between keeping the enthalpy low while trying to limit the entropy losses. When there is no
solvent involved in the system, the block copolymer must fully occupy the space which also
introduces an inhomogeneous stretching of the chains. By an optimization of these tenden-

cies, BCPs can self-assemble into regular structures on the scale of 10-100 nm.37

The incompatibility between the A and B blocks in the copolymer that drives the mi-
crophase separation is quantified by the Flory-Huggins parameter (y,z). This parameter is
specified in Equation 1, wherein Z is the number of nearest neighbors per monomer; kj is
the Boltzmann constant; kgT is thermal energy; &45, €44 and epp are the interaction energies
between AB, AA and BB units, respectively. In case of block copolymer melts, x5 is ex-
pressed as y since there is no other effect that forms an additional y parameter such as sol-

vent.

Z

1
kB_T) [SAB 3 (e44 + €55) 1)

XAB=<
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The product yN is the overall segregation strength of microphase separation. In this prod-

uct, N is the degree of polymerization which often is referred to as the chain length.

1.3.1 Block copolymer phase diagram

An AB diblock copolymer (Figure 1a) can self-assemble into various nanostructures (Figure
1b) which can be predicted using a theoretical block copolymer phase diagram constructed
using self-consistent field (SCF) modelling (Figure 1c).8 In this plot, N is the previously de-
fined segregation strength and f is the volume ratio of the A block to the total volume of
the blocks. Depending on yN and f values of the block copolymer, lamellar (L), spherical
(S), cylindrical (C) and bicontinuous gyroid (G) phases can be obtained (Figure 1b).3 Below
a certain segregation strength in the phase diagram, the so-called ‘critical point’, no mi-
crophase segregation occurs, instead the system stays disordered. According to the model-
ling studies where the chain length is assumed to be infinitely long?, the critical point is lo-
cated at a segregation strength of yN = 10.495. However, considering the critical point as a

function of chain length yields a more accurate estimation, such as in Equation 2.10
XN =10.495 + 41,022 N~1/3 @)

Experimental phase diagrams are generally found to be similar to the theoretical phase dia-
gram except for a deviation from symmetry that may be due to polydispersity of the poly-
mer chains® or presence of metastable phases which were detected experimentally. Fur-
thermore, more complex structures could be identified on the experimental phase diagrams
such as hexagonally perforated lamellae in the polystyrene-b-polyisoprene system (Figure

1d) which might as well be a metastable phase.

1.3.2 Mesophases obtained from block copolymers

Besides the common spherical, cylindrical and lamellar phases; many interesting
mesophases can be attained from BCPs. The most prominent ones are previously men-
tioned gyroids i.e. single gyroid (SG) and double gyroid (DG), hexagonally perforated la-
mellae (HPL) phases and the double diamond (DD) phase.
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Figure 1. (a) Schematic representation of an AB block copolymer chain consisting of A (red) and
B (blue) blocks. (b) Equilibrium phases for an AB diblock copolymer.? Segregation strength, yN
(x: Flory interaction parameter, N: degree of polymerization) as a function of A block ratio (f4) in
the (c) theoretical phase diagram of an AB diblock copolymer predicted using SCF modelling
and (d) experimental phase diagram of a polystyrene-b-polyisoprene block copolymer. S: body
centered cubic spheres, CPS: closely packed spheres, C: hexagonally packed cylinders, G: gyroid,
L: lamellae, PL: hexagonally perforated lamellae (HPL).8 (b) was reproduced from ref 3 with the
permission of Elsevier. (c,d) were reproduced from ref 8 with the permission of the American

Institute of Physics.

The single gyroid (space group /4,32) was discovered in 1967 by Luzatti ef al. in strontium
soap surfactants!! and identified by Alan Schoen who classified 17 such minimal surfaces,
named it as gyroid or Schoen G surface!? (Figure 2a). The SG structure was also detected in
natural systems such as in butterfly wing scales!® and in the retinal cone mitochondria of
tree shrews.!* The SG is a rare phase when it is compared to the DG and DD. Even though
the SG was not found in diblock copolymers, because of its superior optical properties,
there is a current approach to produce SG templates from a DG forming ABC BCPs such as

poly(isoprene-b-styrene-b-ethylene oxide) by etching the blocks and metal deposition.1>
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Figure 2. Unit cell representations of (a) the single gyroid (b) the double gyroid (c) hexagonally
perforated lamellae and (d) the double diamond. Regions rich in the minority phase are given in
red, the majority phase is made transparent for presentation purposes. The SCF parameters used

to produce the unit cells are given in detail in Chapter 4.

The double gyroid (space group Ia3d), which consists of three continuous subvolumes
with two non-intersecting SG’s exhibiting the same volume and a third remaining matrix
phase (Figure 2b). By gyroid, it is often meant the ‘double gyroid” in the literature. It was
discovered in 1986 by first being misinterpreted as the DD, then correctly identified by
two independent groups in 1994.1718 The DG was identified in various diblock,’*-20 ABA

triblock?1-22 as well as ABC triblock copolymers.2> There remain some points of debate

9
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about the stability of the DG. According to the SCF calculations from Matsen and Bates,**
the DG cannot be stable at strong segregation after reaching a triple point around yN=60,
while Cochran et al. claim that the DG is a stable phase up to yN=100 thereby broadening

the stability window.*’

Hexagonally perforated lamellae (space group R3m) (Figure 2c) were experimentally ob-
tained in diblock copolymers2-27 and were predicted to be nearly stable for diblock copol-
ymers in the SCF calculations of Matsen et al..?* According to Wang et al., HPL is an inter-
mediate state that occurs during cylindrical phase to the DG transition in diblock copoly-

mers.28

Another mesophase, the double diamond (space group Pn3m) (Figure 2d) was first detect-
ed in polystyrene-polyisoprene star BCPs.1¢ Later the DD phase was identified in diblock
copolymers?® and their copolymer blends with homopolymers3? as well. Since the DG high-
ly resembled the DD in TEM images, after re-examining studies, it was realized that some

DD phases were actually DG.3!

1.4 Block copolymer membranes

Nanoporous membranes gain more significance with the increasing contamination of nano-
sized impurities in water with the increase in nanotechnological applications.! Block copol-
ymers receive a great deal of attention in the membrane production, because they can
readily microphase separate into regular structures on length scales of 10-100 nm. They re-
sult in membranes with nano-sized well-defined pores” which makes them advantageous
for ultrafiltration applications where pore sizes of 10 to 100 nm are required.3? Block copol-
ymer membranes offer high pore densities, tunable pore sizes, narrow pore size distribu-
tions, tunable mechanical and chemical properties and the ability for selective functionali-
zation such as the incorporation of stimuli-responsive functionality which can be used to

produce easy-to-clean membranes.
1.4.1 Block copolymer thin films

Block copolymer thin film membranes can be prepared using spin-coating the dilute block

copolymer solution on a support. However, since spin-coating is a fast process, as-spun

10
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films usually exhibit a metastable morphology with a short-range order. To achieve the de-
sired morphology, which is generally perpendicularly oriented cylinders or bicontinuous
morphologies such as the gyroid, and to improve the long-range order in the block copol-
ymer thin films, an annealing step is required. Thermal and solvent annealing are the most
common annealing methods. In both annealing methods, mobility of the polymer chains is
increased, either by applying temperature over the glass transition temperature (T) of the
blocks or introducing solvent vapor into the thin film. As the temperature exceeds the Tg, or
solvent vapor acts as a plasticizer that reduce the T, of the block copolymer, the polymer
chains are free to self-assemble to their equilibrium morphology. Although the thermal an-
nealing method is effective, it can cause degradation of the BCPs which deteriorates the fi-
nal morphology.3+42 Solvent annealing does not pose the risk of polymer degradation, also
by annealing with selective solvent mixtures which causes a volume fraction change in the
selective block, more morphologies can be produced that cannot be attained by thermal an-
nealing.4245 With this way, only one block copolymer is sufficient to obtain different mor-
phologies which is time-saving, since there is no need to synthesize a new block copolymer
with different molecular weight and/or block ratio for another morphology.4¢ Plus, if per-
pendicular cylinders are desired, it is possible to control the orientation of the cylinders by

tuning the selectivity of the solvent mixture.4> 47-49

After annealing, usually an additional step is applied for membrane production i.e. etching
the minority block or removing pore forming additives to increase the permeability, even
though there exists block copolymer thin films directly used as a membrane without etch-
ing any blocks as well.22 Furthermore, the substrate, on which the solution is being spin-
coated should be porous to readily use the material as a membrane. Otherwise the thin film
needs to be transferred to a porous support afterwards, which is a delicate and time-

consuming process.

1.4.2 Self-assembly and non-solvent induced phase separation method

A recent alternative to prepare block copolymer membranes is a phase inversion method
which is referred to as self-assembly and non-solvent induced phase separation (SNIPS).

For SNIPS membranes, an additional transfer of the membrane to a porous support step is

11
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not necessary. Different from spin-coating, pores can be produced directly without the need

of other steps such as etching, or rinsing the additives.>

Our method of choice in this thesis is mainly the self-assembly and non-solvent induced
phase separation (SNIPS) method due to its superiority among the other methods such as
fast production, easy handling plus its industrial relevance. In SNIPS (Figure 3), a viscous
solution of the block copolymer is cast using a film applicator with a known gate height.
The solvent in the film is evaporated for a known amount of time, which is generally less
than one minute, which causes a concentration gradient perpendicular to the film surface.
The film is then transferred into a non-solvent bath where the organic solvent in the poly-
mer film and the non-solvent are exchanged which forms the final morphology.

b’

n
wates o

S

glass substrate film applicator membrane film
Figure 3. Schematic representation of the SNIPS method.

SNIPS membranes were first produced by Peinemann et al. from a polystyrene-b-poly(4-
vinylpyridine) (PS-P4VP) block copolymer that resulted in a membrane with an isoporous
surface and a spongy cross-section.>® Isoporous surface is mainly the result of the block co-
polymer self-assembly mechanism during evaporation. Spongy cross-section forms because
of the precipitation of the block copolymer in the non-solvent after the film was transferred
to a non-solvent bath (water).50 Other studies followed Peinemann’s work to improve the

properties of PS-P4VP membranes and SNIPS of several BCPs.”'**

Even though SNIPS is an easy and quick method to create block copolymer nanoporous
membranes, many parameters should be considered for a successful membrane production.
The most important parameters are polymer concentration,®®> evaporation time until the
transfer to the non-solvent bath,” gate height of the film applicator,5 selectivity of sol-

50,57

vents,” ' type and temperature of the non-solvent.>

12
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1.4.3 Stimuli-responsive block copolymer membranes

Introduction of stimuli-responsive pores to the membrane systems is a beneficial approach
to produce easy-to-clean membranes which offer advantages to decrease fouling problems
in the industry.>-¢7 When we apply a stimulus (e.g. thermal, pH, light, magnetic and elec-
trical) to these membranes, the sizes of the pores increase which results in easy removal of

the impurities (Figure 4).

stimuli

responsive

block
pH or
temp

Figure 4. Working mechanism of a stimuli-responsive membrane by the applied stimulus e.g.

pH, temperature.

Because of their high tunable character, block copolymers can be utilized to incorporate
stimuli-responsive properties to the membrane, which can be achieved by introducing at

least one stimuli-responsive block into the copolymer.

Thermo-responsive membranes can be produced using block copolymers which contain a
thermo-responsive block with a lower critical solution temperature (LCST). When the envi-
ronment reaches a temperature higher than the LCST of the block, the swollen block col-
lapses leading to larger pores in the membrane. Since it is a reversible process, when the
temperature is lowered, the thermo-responsive block swells which leads to a decrease in

pore size back to its original size.

In the literature, thermo-responsive membranes were produced by spin-coating polysty-
rene-b-poly(N-isopropyl acrylamide)-b-polystyrene?? and poly(ethylene glycol methyl ether
methacrylate)-b-polystyrene-b-poly(ethylene glycol methyl ether methacrylate)®® block co-

13
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polymer thin films on a porous support, followed by annealing to obtain a desired mor-
phology. Thermo-responsive properties were incorporated to PS-b-P4VP block copolymers

by introducing poly(N-isopropyl acrylamide) to the membrane.52

1.5 Aim and outline of the thesis

In this thesis, we aimed to use the advantages of block copolymers in membrane applica-
tions and investigate the properties of the membranes which are produced using the SNIPS
method. To reach this aim, first, the synthesis of the block polymers needed to be accom-
plished. Therefore, we optimized the synthesis of well-defined polystyrene-poly(N-
isopropyl acrylamide) (PS-PNIPAM) BCPs with the desired properties for a successful
membrane fabrication. We performed both experimental and theoretical investigations to
gain further insight in block copolymer self-assembly behavior. Thus, we studied the self-
assembly of BCPs using self-consistent field theory of Scheutjens and Fleer (SF-SCF). We
worked on the several regions in the theoretical block copolymer phase diagram using SF-
SCF modelling to examine the stability of some well-known mesophases and the critical
point. At the same time, we investigated the self-assembly behavior of the block copolymer
thin films when they were annealed in selective solvents. Finally, we fabricated free-

standing membranes out of the synthesized BCPs.

In Chapter 2, we discuss the optimization of RAFT polymerization parameters for the syn-
thesis of well-defined high molecular weight PS-PNIPAM BCPs where polystyrene (PS) is
the matrix block as a mechanical support and poly(N-isopropyl acrylamide) (PNIPAM) is
the thermo-responsive block. We found that the polymerization yield increased significant-
ly when we used PNIPAM macro-RAFT agent instead of PS macro-RAFT agent while
maintaining a low polydispersity. We successfully produced free-standing nanoporous ful-
ly reversible thermo-responsive membranes by SNIPS process using the solutions of high
molecular weight PS-b-PNIPAM block copolymer prepared from the solvent mixture of N-
methyl-2-pyrrolidone and tetrahydrofuran.

Chapter 3 is concerned with a theoretical approach to study the self-assembly behavior of
diblock copolymers. Here, we investigate the block copolymer phase diagram of diblock

copolymers using self-consistent field theory of Scheutjens and Fleer (SF-SCF). Our focus is
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to present chain length dependence on the critical point to confirm the accuracy of the
method for block copolymer systems. Next, we examine the stability of some well-known
mesophases such as single and double gyroids, hexagonally perforated lamellae and dou-
ble diamond which occurs between the lamellar and hexagonal regions on the block copol-
ymer phase diagram at intermediate segregation regime of yN=30. Moreover, we analyzed
the stability of double gyroid at strong segregation regime of yN=120 which is a point of

debate among researchers.

In Chapter 4, we describe the production of PS-b-PNIPAM-b-PS BCP thin films and present
the self-assembly behavior of these BCPs during solvent annealing. Thin films were an-
nealed using solvents with different selectivity to obtain long-range order and to tune the
morphology. The morphology change in the thin films were analyzed using atomic force
microscopy (AFM) and in-situ grazing incidence X-ray scattering (GISAXS) techniques. We
showed that by solvent annealing a lamellar forming PS-b-PNIPAM-b-PS block copolymer
in methanol-tetrahydrofuran or methanol-toluene solvent mixtures resulted in a hexagonal-
ly ordered cylindrical morphology, having the cylinders oriented perpendicular to the sub-

strate.

Chapter 5 reports the tuning of the SNIPS parameters to produce nano- and isoporous
thermo-responsive membranes. Here we discuss the influence of solvent, evaporation time
and polymer concentration on the surface structure of the membrane. We produced na-
noporous membranes using PS selective solvent mixtures, however they did not result in
membranes with uniform pores. In contrast, using PNIPAM selective solvent mixtures used
for SNIPS process successfully resulted in nano- and isoporous membranes while maintain-
ing its fully reversible thermo-responsive character. We pointed out that solvent mixtures
should contain a high difference in the evaporation rates to form suitable solvent concentra-
tion gradient that leads to an isoporous surface. We accomplished to fabricate free-standing
membranes with nano-sized and uniform pores with a large parameter space which is not

common for SNIPS process.

In Chapter 6, a general discussion of the thesis is presented. Even though we have demon-
strated that well-defined high molecular weight PS-PNIPAM BCPs can be successfully used

to produce free-standing fully thermo-responsive iso- and nanoporous membranes, there
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remains plenty of room to consider for improvement. Some of these challenges and rec-

ommendations for future direction are discussed in this chapter. Finally, we will conclude

with a summary of our findings at the end of the thesis.
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Chapter 2

2.1 Abstract

The incorporation of stimuli-responsive pores in nanoporous membranes is a promising approach
to facilitate the cleaning process of the membranes. Here we present fully reversible thermo-
responsive nanoporous membranes fabricated by self-assembly and non-solvent induced phase
separation (SNIPS) of polystyrene-poly(N-isopropylacrylamide) (PS-PNIPAM) block copolymers.
A variety of PS-PNIPAM block copolymers were synthesized by reversible addition-fragmentation
chain transfer (RAFT) polymerization and the reaction conditions were optimized. The aimed co-
polymers featured: a (1) thermo-responsive PNIPAM block, (2) majority PS fraction, (3) well-
defined high molecular weight, which are requirements for successful fabrication of free-standing
responsive membranes using SNIPS. The resulting membranes exhibited a worm-like cylindrical
morphology with interconnected nanopores. The thermo-responsive character of the membranes
was studied by measuring the permeability of the membranes as a function of temperature. The
permeability was found to increase by almost 400% upon going from room temperature to 50 °C

and this thermo-responsive character was fully reversible.

2.2 Introduction

Fouling, both biological and colloidal in nature, can be considered as one of the biggest
challenges membrane technology faces. It is the process where biomolecules, cells or sus-
pended particles deposit reversibly or irreversibly on the membrane surface that leads to
reductions in flux and/or in the separation quality, and consequently in reduced produc-
tion capacity and increased operation costs. Fouling can especially be a problem for mem-
branes with smaller pore sizes (below 20 nm), as cleaning such as back flushing is more
challenging due to low shear forces that can be achieved in such small pores. To reduce this
problem, by facilitating the cleaning process of the membranes, several methods have been
developed.! A promising approach is the incorporation of stimuli-responsive pores into the
membrane, which can be achieved by using polymers having a stimuli-responsive charac-
ter.21% Upon the application of an external stimulus, e.g. thermal, pH, light, magnetic and
electrical, the size of the pores increases. This in turn allows for higher back flush speeds

and thus for higher shear forces that leads to much more efficient physical cleaning.? 910,15

20-21

22



Free-standing thermo-responsive nanoporous membranes

Block copolymers (BCPs) are an interesting class of materials for nanoporous membrane
applications, as block copolymer self-assembly can lead to monodisperse nanopores.?2-31
Common methods for the fabrication of block copolymer membranes include spin-coating
and a method called self-assembly and non-solvent induced phase separation (SNIPS).
Spin-coating of a thin block copolymer layer on a porous support, or transferring the thin
film to a porous support, is followed by annealing (and possible etching of one of the
blocks) resulting in porous films suitable for membrane applications.32-33 Nykénen et al. re-
ported that membranes prepared from a spin-coated polystyrene-b-poly(N-
isopropylacrylamide)-b-polystyrene triblock copolymer showed thermo-responsive proper-
ties due to the poly(N-isopropylacrylamide) (PNIPAM) block exhibiting a lower critical so-
lution temperature (LCST) of 32 “C.3¢ Recently, another thermo-responsive membrane was
obtained by spin-coating of poly(ethylene glycol methyl ether methacrylate)-b-polystyrene-
b- poly(ethylene glycol methyl ether methacrylate) BCPs.3

In SNIPS, a viscous polymer solution is cast on a substrate with a known wet thickness, fol-
lowed by solvent evaporation to densify the membrane top layer and finally transferred in-
to a non-solvent bath to form the desired porous structure.® The major advantage com-
pared to spin-coating is that since the films are free-standing, a transfer of the membrane to
a porous support step is not necessary for SNIPS membranes. Moreover, pores can be pro-
duced directly, without the need of additional steps such as etching of one of the blocks, or

removal of the additives.

Polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer membranes produced by
the SNIPS process were studied in detail due to the polymer’s ability to self-assemble into
isoporous structures and its pH-responsive behavior.6-7. 16, 19-20, 3738 Despite the excellent re-
sults obtained for PS-b-P4VP copolymers, SNIPS is not limited to this copolymer and was
extended to other responsive BCPs, including poly(isoprene-b-styrene-b-4-vinylpyridine),1”-
18 polystyrene-b-poly(2-(dimethylamino)ethyl methacrylate)> 11 and poly(styrene-co-
isoprene)-b-poly(N,N-dimethylaminoethyl methacrylate).? The poly(N,N-
dimethylaminoethyl methacrylate) containing membranes showed both pH- and thermo-
responsive behavior. This dual responsive behavior was also obtained by Clodt et al. by

coating a PNIPAM layer onto a pH-responsive PS-b-P4VP membrane.?
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SNIPS of isoporous membranes is based on the formation of spherical micelles which is fol-
lowed by the formation of perpendicularly oriented cylinders that leads to an isoporous
surface after a short solvent evaporation step (< 1 min) and subsequent transfer into the
non-solvent bath.1% 2237 A worm-like cylindrical morphology with nanopores, which occurs
after longer evaporation times, is an interesting alternative to the commonly employed iso-
porous morphology for nanoporous membranes, because it can be produced for a wide
range of parameter values.? In our study, we use BCPs containing polystyrene (PS) as the
supporting block and thermo-responsive PNIPAM to produce free-standing membranes by
using SNIPS. Well-defined high molecular weight PS-PNIPAM BCPs were synthesized
with a minority PNIPAM fraction using reversible addition-fragmentation chain Transfer
(RAFT) polymerization. RAFT polymerization was chosen since it yields well-defined pol-
ymer products using conventional free radical polymerization conditions.0 RAFT is partic-
ularly attractive, because polymerization of acrylamide monomers using other con-
trolled/living polymerization methods may result in side reactions necessitating multistep
procedures.*142 The synthesized PS-PNIPAM BCPs were used for the first time in a SNIPS
process and free-standing membranes were fabricated. The membranes exhibited a worm-
like cylindrical morphology with nano-sized pores. By measuring the permeability values
at different temperatures, it was shown that the membranes were thermo-responsive and

that the thermo-responsive behavior was fully reversible.

2.3 Experimental Section

2.3.1 Materials

Styrene (Sigma-Aldrich, >99%) was vacuum distilled after stirring overnight over calcium
hydride. N-isopropylacrylamide (NIPAM) (Sigma-Aldrich, 97%) was purified by recrystal-
lization from toluene. 2,2'-Azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich, 98%) was
recrystallized from methanol. Diethylether (Biosolve B.V.) and methanol (Fisher Scientific)
were used as received. Acetone, calcium hydride (95%), carbon disulphide (CSy) (anhy-
drous, 299%), chloroform (anhydrous, 299%), 1,4-dioxane (anhydrous, 99.8%), 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DTMA) (98%), hydrogen chloride
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(HCI) (37%), mineral spirits, tetrabutylammonium bisulfate (299.0%), tetrahydrofuran
(HPLC Grade, >99.9%), N-methyl-2-pyrrolidone (299.0%), sodium hydroxide
(NaOH)(pellets, 99-100%), toluene (299.9%) and NMR solvents (deuterated chloroform
(CDCls) (99.96% D) and deuterated dimethyl sulphoxide-d¢ (DMSO-ds) (99.96% D)) were

purchased from Sigma-Aldrich and were used as received.

2.3.2 Synthesis procedures

2.3.2.1 Synthesis of S,S’-bis(a,a’-dimethyl-a”’-acetic acid) trithiocarbonate. A difunctional
RAFT agent S,S’-bis(a,a’-dimethyl-a’’-acetic acid) trithiocarbonate (BDAT) was synthesized
using the method of Lai et al*® and characterized by 'H and 3C NMR. CS; (4.11 g), chloro-
form (16.12 g), acetone (7.85 g) and tetrabutylammonium bisulfate (0.36 g) were dissolved
in mineral spirits (18 mL) in a jacketed reactor and cooled with tap water under N> atmos-
phere. After full dissolution, 50 wt% aqueous NaOH solution (30.24 g) was added dropwise
over the course of 90 minutes to keep the temperature lower than 25 °C. After stirring over-
night, water (135 mL) was added to dissolve the solid. To acidify the aqueous layer, concen-
trated HCI (18 mL) was added (caution: corrosive gas, mercaptan odor!). The reactor was
purged with nitrogen for 30 min under continuous stirring. The solid was filtered and
rinsed thoroughly with water. It was dried in a vacuum oven for two days at room temper-
ature. The product was recrystallized from 60% acetone solution and dried in a vacuum ov-
en for two days at room temperature giving yellow powder (1.2 g, 11%). mp: 165+3 °C
(from 60% acetone, capillary method). 'TH NMR (400 MHz, DMSO-de): 6 =1.59 (12H, s, -
CH3), 12.91 (2H, s, -COOH). 13C NMR (400 MHz, DMSO-dg): 6 = 25.76, 57.25, 176.26, 220.50.

2.3.2.2 Synthesis of PS macro-RAFT agents. Freshly distilled styrene, BDAT and AIBN
were dissolved in 1,4-dioxane by stirring at room temperature. The solution was trans-
ferred to a Schlenk ampoule using syringes. After degassing by three successive freeze-
pump-thaw cycles using a high vacuum Schlenk line, the solutions were heated to 70 °C by
using a temperature controlled oil bath. The solution was allowed to polymerize for a cer-
tain amount of time. The reaction was stopped by cooling the ampoules in liquid nitrogen.
The product was precipitated twice in cold methanol and dried in a vacuum oven at room
temperature overnight to yield a white-yellowish powder. TH NMR (400 MHz, CDCls): & =
6.2-7.1 (5H, m, Ph), 1.2-2.4 (3H, m, -CH-CH>-) (Figure S1).
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2.3.2.3 Synthesis of PS-b-PNIPAM-b-PS copolymers. The PS macro-RAFT agent, NIPAM
and AIBN were dissolved in 1,4-dioxane. The solution was degassed by three successive
freeze-pump-thaw cycles and heated in a temperature controlled oil bath to 70 °C for 18 h.
Then the reaction was stopped by cooling the reaction mixture in liquid nitrogen. 1,4-
dioxane was removed with a rotary evaporator and dissolved in THF. The block copolymer
was precipitated in diethyl ether and cold water, respectively. The precipitant obtained
from diethyl ether precipitation was separated by centrifuging with PTFE centrifuge tubes
and decantation. The product was separated from the homopolymer PNIPAM by centrifu-
gation (45 min, 5000 rpm) three times. The purified copolymer was freeze-dried. TH NMR
(400 MHz, CDCls): 6 = 6.2-7.1 (5H, m, Ph), 4.0 (1H, s, -NCH-), 0.8-2.5 (3H, m, -CH-CHo>- for
PS and 9H, m, -CHj3, -CH-CH> for PNIPAM) (Figure S2).

2.3.2.4 Synthesis of PNIPAM macro-RAFT agents. Both a mono- and a difunctional RAFT
agent were used for the synthesis of PNIPAM macro-RAFT agents, ie. 2-
(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DTMA) and the previously syn-
thesized S,S’-bis(a,a’-dimetyl-a”"-aceticacid) trithiocarbonate (BDAT), respectively. AIBN,
NIPAM and RAFT agent were dissolved in 1,4-dioxane. The solution was transferred to a
Schlenk ampoule. After three freeze-pump-thaw cycles, the solution was heated to 70 °C for
a certain time. The reaction was stopped by cooling the solution with liquid nitrogen. The
solution was precipitated in diethyl ether and reprecipitated three times with cold ether af-
ter dissolution using a minimum amount of acetone. The product was dried overnight in a
vacuum oven at room temperature. 1H NMR (400 MHz, CDCl;): 6 = 4.0 (1H, s, -NCH-), 0.8-
2.5 (9H, m, -CHs, -CH-CHy-), 5.8-7.5 (1H, br, -NH-) (Figure S3).

2.3.2.5 Synthesis of PS-b-PNIPAM block copolymers. PNIPAM macro-RAFT agent, styrene
and AIBN were dissolved in 1,4-dioxane by stirring at room temperature. Styrene was puri-
fied by vacuum distillation right before the polymerization. Samples were transferred to
ampoules by using syringes. After three successive freeze-pump-thaw cycles, the solutions
were heated to 70 °C by using a temperature controlled oil bath. Polymerization was al-
lowed to proceed for 48 hours. Then the reaction was stopped by cooling in liquid nitrogen.
1,4-dioxane was evaporated using a rotary evaporator. The polymer was dissolved in THF

and precipitated in cold water several times to remove unreacted PNIPAM macro-RAFT
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agent until no homopolymer peak was found in the GPC elugram and precipitated twice
from diethyl ether to remove unreacted styrene. The copolymers were dried in a vacuum
oven at 35 “C. TH NMR (400 MHz, CDCls): 6 = 6.2-7.1 (5H, m, Ph), 4.0 (1H, s, -NCH-), 0.8-2.5
(3H, m, -CH-CH>- for PS and 9H, m, -CHj3, -CH-CHz-for PNIPAM) (Figure 54).

2.3.3 Reaction parameters

For RAFT polymerization, the molecular weight (number average molecular weight) (M,,)
can be predicted from Equation 1. This equation is based on the assumptions that (a) the
amount of polymer chains grown from the initiator is negligible and (b) the yields which
were calculated using gravimetrical results correspond to the monomer conversions. We
used this equation to calculate the [M]o/[CTA], ratio required for the polymerization to
achieve the desired M,,. Here [M]o, [CTAl]o, #imon and mcra correspond to the initial concen-
trations of monomer, chain transfer agent and molecular weights of monomer and chain
transfer agent, respectively. Conversions are taken as the average gravimetrical yields esti-
mated in the previous syntheses. In case of block copolymers, the initial concentration of
macro-RAFT agent was used instead of the initial concentration of chain transfer agent, and
molecular weight of the macro-RAFT agent was used instead of the molecular weight of
chain transfer agent (Equation 2). With the presence of polydispersity index (PDI) values,
theoretical PS weight fractions found from Equation 2 and experimental PS weight fractions
obtained from NMR analysis were compared to evaluate the control of the polymerization
in the block copolymer. The discrepancy between the theoretical and experimental PS frac-
tions can be attributed to material losses during purification processes. Since the calcula-
tions are based on the assumption that the yields represent the conversions, the theoretical-

ly calculated PS fractions should be taken as close estimates only.

(M]

M, =mcr, + [CTA‘] X Myyon X CONVersion )
o

M =M [M]o .

M, = My macrorarr + [macroRAFT], X Mpmon X CONVErsion 2)
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2.3.4 Membrane preparation

A 20 wt% polymer solution, which was prepared from a N-methyl-2-pyrrolidone-
tetrahydrofuran (NMP-THF) mixture with a volume ratio of 4:6, was poured onto a glass
substrate and a thin film of polymer was formed using a manual film applicator with a gate
height of 200 pm. After a certain evaporation time, the polymer film was transferred into a
non-solvent bath (water). The polymer film was left in this bath for at least four hours. For
AFM and SEM analysis a small portion of this film (1 x 1 cm) was cut and fixed on a Si wa-
fer with double sided tape and dried in a vacuum oven overnight at 40 °C. For permeability
analysis, the membrane film was stored in demineralized water and cut into the desired

dimensions just before the measurements.

2.3.5 Characterization

H and 3C nuclear magnetic resonance (NMR) spectroscopy measurements were carried
out on a Bruker AMX-400 spectrometer (400 MHz) at room temperature. The ratio between
PS and PNIPAM blocks in the BCP was determined by comparing the integral of the aro-
matic PS protons at 6.2-7.1 ppm (5H, m, Ph) to the lone PNIPAM proton at 4.0 ppm (1H, s, -
NCH-).

Gel permeation chromatography (GPC) of PS macro-RAFT agents and their copolymers
was run using a set-up consisting of an Agilent Technologies 1200 series gel permeation
chromatograph, a PLgel 5 pm Mixed-D column (Mw range 200—400 000 Da, Polymer La-
boratories Ltd.) and an Agilent 1200 differential refractometer. The column was calibrated
using PS standards. Each polymer sample was injected into the tetrahydrofuran (THF) elu-
ent at 30 °C and a flow rate of 1 mL/min. GPC of PNIPAM macro-RAFT agents and their
copolymers was run on a Viscotek GPCmax equipped with 302 TDA model detectors, us-
ing a guard column (PSS-GRAM, 10 pum, 5 cm) and two analytical columns (PSS-GRAM-
1000/30 A, 10 pm, 30 cm) at a flow rate of 1 mL/min in dimethyl formamide (containing
0.01 M LiBr) at 50 °C. Poly(methyl methacrylate) standards were used for calibration of the
column. Molecular weight and PDI of PNIPAM macro-RAFT agents and PDI of PS-b-
PNIPAM block copolymers were calculated using Viscotec Omnisec software by using re-

fractive index and light scattering signals, respectively.
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For scanning electron microscopy (SEM) measurements, the samples were placed on flat
aluminum stubs with double-sided adhesive, conducting carbon tape. Samples were coated
with a 10-nm layer of tungsten using a Leica EM SCD 500 sputter-coater. SEM images were
recorded on an FEI Magellan 400 field-emission SEM at an acceleration voltage of 2.0 kV.
For the SEM of cross-sectional films, samples were fractured in liquid nitrogen and mount-

ed onto 90° SEM stubs with the cross-section facing upwards.

The surface morphology of the films was analyzed with a Bruker Multimode 8 AFM in-
strument using the Nanoscope V ScanAsyst imaging mode. DNP-10 model non-conductive
silicon nitride probes with a spring constant of 0.24 N/m (Bruker) were used. Images were
recorded at 1.50 Hz and processed using NanoScope Analysis 1.5 software. At least three
different regions on the same film sample were probed to assure that the obtained surface
morphology was representative for the entire sample. Before analysis, membrane films
were cut into small pieces and fixed on Si wafers of 1 X 1 cm size using double sided tape

and dried in vacuum oven at 40 °C overnight.

2.3.6 Permeability experiments

Permeabilities of the membranes were studied using a dead-end filtration set-up by meas-
uring the flux of Milli-Q pure water at different pressures (1-3 bar). The membrane was cut
into a round shape with a diameter of 2.5 cm, and subsequently placed in an Amicon type
filter cell with a volume of 40 mL. The cell was connected to a pressure vessel filled with
Milli-Q pure water, where pressure was applied using compressed nitrogen. The cell and
the vessel were heated to specific temperatures ranging from 20 °C to 50 °C by placing them
inside larger vessels filled with water which were heated using temperature controlled
heating plates. To ensure a stable temperature, the cell was stored at a specific temperature
for half an hour before the measurements. For all experiments, the membranes were placed
on top of a non-woven fabric that acted as an additional mechanical support. Because the
non-woven fabric consists of relatively large voids and has a high permeability value
(~750,000 L.m2.h-1.bar!), we assumed that it had no influence on the results of the permea-
bility experiments. The permeability (L.m2.h-1.bar?) was calculated as the ratio of the flux
over the applied pressure as shown in Equation 3, where V is the permeate volume (L), 4 is

the membrane area (m?), t is the time in hour (h), J is the permeate flux (L.m2.h1) and AP is
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the pressure change along the membrane (bar). For the temperatures higher than 20 °C,
permeability results were corrected by multiplying the result with the dynamic viscosity of
water given at the specified temperature. Error bars of the flux and permeability measure-
ments in Figure 4 and 5 were obtained by using the standard deviations which were calcu-

lated from the average permeabilities for five different pressure values.

Permeability = V/(A -t - AP) = J/AP 3)

2.4 Results and Discussion

In this study, we optimized the synthesis of PS-PNIPAM BCPs to obtain high molecular
weights and PS majority fractions. These features are preferential for membrane fabrication
using SNIPS: a high molecular weight will ensure a suitable viscosity for the SNIPS process
and both features will provide mechanical stability of the membrane. To obtain the desired
polymers we compared two routes: in route 1, a PS macro-RAFT agent was extended with
NIPAM and in route 2, a PNIPAM macro-RAFT agent was extended with styrene using
two different types of RAFT agent. Thiocarbonyl compounds as RAFT agents can be shown
in a generalized structure as Z-C(=S)-5-R where R acts as the leaving group which initiates
a new polymer chain and Z is the group responsible for reactivity and radical stability; this
group can also be written as SR’ for the trithiocarbonate RAFT agents used in our work.
The difunctional BDAT and monofunctional DTMA RAFT agents (Scheme 1) were chosen
because of their suitable R and Z groups for the polymerization of styrene and NIPAM, as
both give a good stability and sufficient reaction rates for each block.*> Scheme 1 represents

the synthesis routes that were used.

2.4.1 Synthesis and optimization of homopolymers and copolymers

According to the literature, the optimal route for RAFT polymerization of PS-PNIPAM
BCPs using trithiocarbonates is to start with styrene polymerization and extension with
NIPAM (reaction (1) in Scheme 1).34 4445 ]t is reported that the polymerization of styrene
from a PNIPAM macro-RAFT agent causes retardation of the styrene polymerization due to

slow initiation, slow fragmentation of the intermediate radicals and/or irreversible termi-
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nation reactions.** Higher PDI values were obtained in case a PNIPAM macro-RAFT agent
was used for the PS-PNIPAM copolymer synthesis as compared to the use of a PS macro-
RAFT agent when a dithiocarbonate RAFT agent was used.#> Therefore, our initial choice
was to synthesize a PS macro-RAFT agent first and subsequently polymerize NIPAM from
this macro-RAFT agent to obtain PS-PNIPAM copolymers as shown in reaction (1) in
Scheme 1.

Scheme 1. Synthesis routes of the BCPs (1) PS-b-PNIPAM-b-PS, (2) PNIPAM-b-PS-b-PNIPAM, and
(3) PS-b-PNIPAM.

[} o]
S S (1)
OH OH 2
AIBN 1,4-dioxane AIBN, 1,4-dioxane NH
70°C 70°C

BDAT

PS macro-RAFT agent PS-b-PNIPAM-b-PS
DY
EJ
07 °NH o) [¢) o Q
i i )\
s._§ S _S
s._S
OH& T %LOH - = > "’ZT "‘ oH < . Ho 78} mHT g OH
s AIBN, 1,4-dioxane o o AIBN, 1,4-dioxane o S 0 )
70°C NH  HN 70°C NH HN,
BDAT —< >7 { >7
PNIPAM macro-RAFT agent PNIPAM-b-PS-b-PNIPAM

2 EJ
o o NH Ie)
s. s )\ s s s s
\(\/t T 7&% _— M‘ oH T . M'T 3)
AIBN, 1,4-dioxane ! 7 AIBN, 1,4-dioxane
° 70°C S 70°C s

DTMA —

PNIPAM macro-RAFT agent PS-b-PNIPAM

Since we aim for high molecular weight PS-PNIPAM copolymers and large PS volume frac-
tions, the initial monomer concentration ([M]o), the ratio of initial monomer and chain
transfer agent concentrations ([M]o/[CTA],), consequently molecular weight of PS macro-
RAFT agent were increased compared to the previously reported literature on PS-PNIPAM
copolymer synthesis.3* The molecular weight can be as well augmented by increasing the
reaction time (f), and decreasing the ratio of initial chain transfer agent and initiator concen-
trations ([CTA]o/[l]o). Although a decreased [CTA]o/[I]o value improves the rate of
polymerization, this parameter also preserves the controlled manner of the polymerization
reaction, therefore it should be kept at an optimum value. Since long reaction times and low
[CTA]o/ [1]o values typically result in high PDI values, a balance for these parameters had to

be found to achieve a low PDI, high molecular weights and acceptable yields. This resulted
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in a [M]o/[CTA]. ratio of 1915 and a ratio of [CTA]o/[I]o ratio of 10 and a reaction time of 24
h as the optimum values for the desired properties of the PS macro-RAFT agent. Table S1
lists all the synthesized PS macro-RAFT agents. Optimum conditions were reached for PS-9
having M,, = 92 kDa, PDI = 1.21 and yield = 16%.

An inherent disadvantage is that since we aim for BCPs with a large PS fraction, the chemi-
cal difference between the PS macro-RAFT agent and the copolymer became smaller when
the PS fraction was increased. Thus, removal of PS macro-RAFT agent residue by precipita-
tion became more difficult which resulted in a large decrease in the yield, plus theoretical
and experimental PS fractions deviated strongly from each other. At the end, no copoly-
merization reaction took place (See CP-4 in Table 1). Therefore, here the second concomi-
tant disadvantage is the difficulty for the monomers to reach the active center located at the
middle of the chain due to hindrance and/or hydrophobicity of the already long active
chain which inhibited the copolymerization reaction. It has been observed before by Wong
et al that longer macro-RAFT agent chains decrease the reaction rate, resulting in very low
reaction yields.4¢ Since synthesis route (1) did not result in optimal yields,*> 4> we switched
the order and first synthesized the PNIPAM macro-RAFT agent and extended the polymer
with styrene to obtain PS-PNIPAM BCPs which are shown in reactions (2) and (3) in
Scheme 1.

Similar as for the PS macro-RAFT agent synthesis, for the PNIPAM macro-RAFT agent syn-
thesis, a higher [M], and a higher [M]o/[CTA], ratio led to higher molecular weights (Table
S2). Extension of the reaction times resulted in higher PDI values due to the possible side
reactions, thus four hours of reaction was selected to obtain polymers with both low poly-
dispersity, the desired molecular weights and high yields. Hence, PNIPAM macro-RAFT
agents having M, = 25-40 kDa, PDI = 1.03-1.10 were synthesized with 80% yields, which
were significantly higher than the yield of PS macro-RAFT agents that was only around 10-
20%.

The extension of the PNIPAM macro-RAFT agent with styrene was optimized, using a
[CTA]o/ [1]o ratio of 10 (Table 1). However, due to slower kinetics of styrene polymerization,
higher reaction times of 48 h were necessary, which resulted in acceptable yields with low

polydispersity values. In addition, starting with the polymerization of PN-3, we changed
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the RAFT agent from the difunctional BDAT (reaction (2) in Scheme 1) to the monofunc-
tional DTMA (reaction (3) in Scheme 1) (Table S2). When DTMA was used as the RAFT
agent, we obtained PS-b-PNIPAM diblock copolymers, following reaction route (3) in
Scheme 1. We found that PDI values of the resulting PS-b-PNIPAM copolymers were de-
creased when DTMA was used (Compare CN-1 (BDAT) with CN-2 (DTMA) in Table 1).
Thus, the yield of the polymerization of styrene from PNIPAM macro-RAFT agent was
found to be significantly higher than the yields obtained for polymerization of NIPAM with
PS macro-RAFT agent with more consistent PDI values of 1.3-1.4 (Table 1). Experimentally
determined PS fractions match well with the theoretical PS fractions indicating a well-

controlled reaction.

Typical GPC elugrams of the PS and PNIPAM macro-RAFT agents and their copolymers
are given in Figure 1. These monomodal GPC curves indicate that there is no evidence of
any residual PS and PNIPAM macro-RAFT agents in the copolymers and suggest homo-
and block copolymers were synthesized with relatively narrow molecular weight distribu-
tions. The peaks were found to be almost symmetrical with a slight tailing in the case of
PNIPAM macro-RAFT agents which is probably due to the interaction of the polymers with
the column material in GPC. As PS does not interact with the column material, the tailing is
less pronounced for the PS macro-RAFT agents. As a conclusion, we found that reaction
route (3) is preferred, in case a high molecular weight PS-PNIPAM block copolymer with a
high PS volume fraction is desired with high yields and low polydispersities.

PS-b-PNIPAM-b-PS (a) PS-b-\F:NIPAM (b)
s PNIPAM

Y

5 6 7 8 9 5 6 7 8 9 10
Elution time (min) Elution time (min)

Figure 1. GPC elugrams of (a) CP-1 and its homopolymer PS-1, (b) CN-3 and its homopolymer
PN-5.
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2.4.2 Membrane fabrication by SNIPS

A high molecular weight PS-PNIPAM block copolymer with high PS volume fraction is
required to obtain mechanically stable free-standing membranes. Therefore, CN-3 with a
M,, of 194 kDa, frs of 83 wt% and PDI of 1.34 was selected as the most suitable block copol-

ymer for membrane production.

A successful SNIPS process is dependent on many parameters such as block copolymer
type, block length, molecular weight, polymer concentration, type of solvent/ solvent mix-
tures, type of non-solvent, evaporation time, temperature of polymer solution and non-
solvent bath and solvent content in non-solvent bath.22 The type of solvent is one of the
most important parameters for SNIPS, due to the significant effects on the final material
properties. N-methyl-2-pyrrolidone (NMP) is one of the most commonly used solvents in
commercial phase inversion membrane production.4”48 THF is also frequently used for the
preparation of block copolymer membranes, due to its high volatility, and its ability to cre-
ate ordered morphologies.!l. 17-18, 20, 37, 49-51 Eor example, for the PS-b-P4VP system, it is well-
known that THF plays an important role in the pore formation.?2 Therefore, to produce the
membranes we applied a solvent combination of both water miscible NMP and THF, with a

volume ratio of 4:6, and water as the non-solvent.

Comparing the y interaction parameters of the blocks and solvents, which were calculated
using Hansen solubility parameters, indicates that NMP is a PS selective and THF is a
PNIPAM selective solvent (Table 2). (Details on the calculation of y parameters can be
found in the Appendix.) According to the vapor pressure values of the solvents given in
Table 2, THF will evaporate faster than NMP from the cast polymer film. For an NMP: THF
volume ratio of 4:6, increasing the evaporation time will result in evaporation of more THF
which consequently results in a more viscous and more PS selective solvent system. During
evaporation, a PS matrix is formed and due to poor affinity of PS with water, PS precipi-

tates when the viscous polymer film is transferred to the non-solvent.52

AFM images in Figure 2 show the morphology changes of the membrane film as a function
of evaporation time. For the evaporation times of 0 and 10 seconds, the polymer solution
still contained a high amount of solvent. When the film was transferred to the non-solvent

bath, the remaining solvent in the cast film was exchanged with water resulting in an open
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porous structure with a small number of worm-like cylinders and possibly spherical mi-

celles underneath them.

Table 2. Calculated y parameters of the blocks and solvents and vapor pressure of the solvents

THF NMP

X parameters PS 078 092

PNIPAM 046 135

Vapor pressure at 25 °C
(kPa)

216  0.04

As the evaporation time was extended to 15-30 seconds, the viscosity of the polymer solu-
tion increased, the cylinders got closer, fused together and formed branched worm-like
structures. Plus, the roughness of the films started to decrease. For even longer evaporation
times (50-80 seconds), the distances between the worm-like cylinders became even smaller,
and a compact structure with nanopores was obtained consistent with the evaporation
time-dependent SNIPS results reported by Phillip et al..18 Films prepared with long evapo-
ration times exhibited a smoother surface than the films prepared with shorter evaporation
times. In addition, more opaque films were obtained for shorter evaporation times and
films became more transparent when the evaporation time was increased. This difference in
transparency of the films may be due to differences in pore sizes. When the size of the pores
is larger than the wavelength of visible light (380-700 nm), films appear white due to light
scattering and as they are lower than the wavelengths of visible light, films appear more

transparent.>?

Figure 3a shows an SEM image of the membrane surface prepared using an evaporation
time of 80 seconds. The image clearly indicates that a nanoporous surface is obtained. The
SEM image of the cross-section of the membrane in Figure 3b demonstrates that similar
worm-like cylinder characteristics and interconnected nanopores are present throughout

the total thickness of the film.
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220.0 nm

100.0 nm

-100.0 nm & i S -100.0 nm

Figure 2. AFM images showing the effect of evaporation time on the membrane morphology.

These similar characteristics may be due to the long evaporation time of 80 seconds causing
a large amount of solvent evaporation in the polymer solution. Therefore, the self-assembly
of the BCPs also took place throughout the film to form cylindrical micelles with intercon-
nected nanopores. The total film thickness was found to be 50 pm (+/-5 pm) (Figure 3c) and

the membrane was free-standing with a transparent appearance (Figure 3d).
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Figure 3. SEM images of the membrane prepared using 80 s of evaporation time (a) the surface of
the membrane, (b) the cross-section of the membrane (c) a 3D view of the membrane and (d) ap-

pearance of the membrane.

2.4.3 Permeability measurements

In order to investigate the thermo-responsive properties of the membrane, we first studied
membrane permeability at two different temperatures, one below (at 20 °C) and one above
(at 50 °C) the LCST of PNIPAM (32 °C). The water flux through a membrane is determined
by the applied pressure and the membrane permeability. However, for a true comparison
of the membrane permeability or pressure normalized flux for different temperatures, the
permeability also needs to be normalized for the temperature-dependent changes in viscos-
ity of the water passing through the membrane at an elevated temperature. This is ana-
logue to the established methods of membrane resistance calculations.>* Therefore, we ar-
gue that this correction is required in order to properly analyze the changes of the mem-
brane alone. To eliminate the effect of a decreased water viscosity at 50 °C on the flux val-

ues, viscosity corrected flux values were obtained by multiplying the dynamic viscosity of
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water at 50 °C with the flux values. Figure 4a shows the change in flux values at 20 °C, flux
values which are viscosity corrected at 50 °C and uncorrected at 50 °C as a function of pres-
sure. A linear flux increase is expected for all membrane systems when the pressure in-
creases. This linear relation between flux and pressure for both temperatures demonstrates
the mechanical stability of the membrane, as compaction or rupture of the membrane
would have led to strong deviations from linearity. The slope of the line for viscosity cor-
rected flux values at 50 °C was still considerably bigger than the slope at 20 °C which clear-

ly demonstrates the thermo-responsive character of the membrane.
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Figure 4. (a) Flux measurements of the membrane at 20 and 50 °C as a function of pressure.
Curves with circles, triangles and squares correspond to the flux values at 20 °C, viscosity cor-
rected at 50 °C and uncorrected at 50 °C, respectively. (b) Increase in permeability as a function of

temperature at 1 bar.

We also studied the permeability increase at several temperatures between 20 "C and 50 °C
at a pressure change of 1 bar as shown in Figure 4b. Here, only viscosity corrected permea-
bility values are indicated. The transition mainly occurred between 26 °C and 38 °C, with
the steepest permeability increase around the LCST of PNIPAM. These results demonstrate
that the thermo-responsive behavior of the membrane is a result of the collapsing PNIPAM
chains at the LCST of the polymer. This behavior also suggests that the pores of the mem-

brane were coated with PNIPAM domains.18

Reversibility of the membranes was tested by measuring the permeability for several tem-
perature cycles (i.e. switching between 20 and 50 °C) (Figure 5). Here, similarly as shown in

Figure 4a, both viscosity corrected and uncorrected permeability values show that the
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thermo-responsive behavior is an outcome of the chain collapse of PNIPAM above its
LCST. Identical permeability values were obtained for each temperature cycle demonstrat-

ing that the thermo-responsive property of the membrane is fully reversible.
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Figure 5. Reversibility of thermo-responsive behavior of the membrane showing both viscosity

corrected (circles) and uncorrected (squares) permeability values.

2.5 Conclusions

Well-defined high molecular weight PS-PNIPAM BCPs with large PS volume fractions
were successfully synthesized. The optimal route to obtain this copolymer is by synthesiz-
ing a PNIPAM macro-RAFT agent first and extending the chain with styrene. SNIPS meth-
od was used for the first time to produce free-standing nanoporous membranes from PS-b-
PNIPAM copolymers. The membranes had a worm-like cylindrical morphology with nano-
sized pores, and showed thermo-responsive behavior and the thermo-responsive behavior
was fully reversible. To the best of our knowledge, the production of a fully reversible
thermo-responsive block copolymer SNIPS membrane has not been reported before. Mem-
branes with fully reversible thermo-responsive character offers prospects for further devel-

opment of advanced easy-to-clean membrane applications.
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Table S1. Synthesis conditions and characterization results for PS macro-RAFT agents.

PS CTA | [Mlo | [M]o/[CTA], | [CTALo/[1]o | £ (h) | M, PDI | Yield
(M) (kDa) GPC (%)
GPC

PS-1 |BDAT | 220 |3142 0.875 48 57 142 |23
PS-2 | BDAT [ 2.60 | 2500 10.1 72 124 135 |11
PS-3 | BDAT |4.80 |1915 35 24 87 130 (13
PS-4 | BDAT | 6.40 |1915 3.5 24 101 128 |15
PS-5 |[BDAT | 640 | 2867 7 24 162 1.28 |15
PS-6 | BDAT | 6.40 | 2867 10 24 165 126 |11
PS-7 | BDAT | 6.40 |1915 10 24 110 1.26 |15
PS-8 | BDAT |7.78 | 1915 10 24 110 1.22 |20
PS-9 |BDAT |8.04 |1915 10 24 92 1.21 |16
PS-10 | BDAT | Bulk | 1915 10 24 45 127 |4
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Table S2. Synthesis conditions and characterization results for PNIPAM macro-RAFT agents.

PNIPAM | CTA | [M]o |[M]o/[CTAL|[CTAlo/[Ilo | ¢t (h) | M, |PDI | Yield
(kDa) | GPC | (%)
GPC

PN-1 BDAT |1.77 |260 5 48 |41 115 |82

PN-2 BDAT |1.18 |216 10 24 |33 113 |83

PN-3 DTMA |1.77 |216 10 4 |4 1.04 |84

PN-4 DTIMA |1.18 |162 10 3 |35 1.03 |77

PN-5 DTMA |1.18 |145 10 4 |25 110 |81
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Figure S1. TH-NMR spectrum of PS macro-RAFT agent (PS-1).
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Figure S2. TH-NMR spectrum of PS-b-PNIPAM-b-PS copolymer (CP-1).
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Figure S3. TH-NMR spectrum of PNIPAM macro-RAFT agent (PN-5).
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Figure S4. TH-NMR spectrum of PS-b-PNIPAM copolymer (CN-3).
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Calculation of Hansen solubility parameters

To compare the selectivity of the used solvents for the blocks of the copolymer, we calculat-
ed the Flory interaction parameters (y) using Hansen solubility parameters. y parameters

were calculated using Equation Al and A2.1
A1,2 = [(6D2 - 6D1)2 + 025(6P2 - 6P1)2 + 025((S‘HZ - 6H1)2] (Al)

In Equation Al; ép, 6p and on are Hansen solubility parameters for dispersive, polar and
hydrogen bonding contributions of the two blocks of the BCP, respectively.l 2 Subscript 1

stands for the solvent and 2 for the polymer block.
Xiz = VAi2/RT (A2)

In Equation A2; V, R and T correspond to the molar volume of the solvent, the ideal gas
constant and the absolute temperature, respectively. Although some of the calculated y
values were significantly higher than experimental values reported in the literature, for our

experiments it was sufficient to compare the selectivity of the solvents between the blocks.
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Chapter 3

3.1 Abstract

We have used the self-consistent field formalism of Scheutjens and Fleer (SF-SCF) to complement
existing theoretical investigations on the phase behavior of block copolymer melts. In this paper, we
discuss how the phase diagram depends on the molecular weight of the polymer in the critical re-
gion and we focus on the transition region from the hexagonal to lamellar phase at intermediate
segregation yN = 30 as well as strong segregation yN =120 (here y is the Flory-Huggins interaction
parameter and N is the chain length). The lattice based SF-SCF method includes non-local contribu-
tions to the segment potentials and therefore is expected to predict finite chain length effects better
than traditional methods. Implementing the freely jointed chain model, we solve the self-consistent
field equations with an unbiased Hessian-free optimization scheme which relies on an initial guess
and appropriate boundary conditions for its convergence to a particular segregation state. In ac-
cordance to the literature, the corrections on the well-known infinite chain length limits for features
of the phase diagram (e.g. critical point) are of order 1/N. In the critical regions, we report the scal-
ing behavior of the free energy density and the density differences between the domains as a func-
tion of Ay = y — x°". The characteristic spacing D of the lamellar phase is found to accurately follow

D= %\/ N at the critical conditions and therefore, for finite chain lengths, the widths of the interfaces

remain finite at the critical point. We present SF-SCF predictions for the single gyroid (SG), double
gyroid (DG) phases and hexagonally perforated lamellar (HPL) phase, in the region where the hex-
agonal phase (HEX) and lamellar (LAM) ones compete. The HPL phase consists of strongly curved
layers with a hexagonal ordering of holes. At the location of a hole the two adjoining lamellae bend
towards it so that the average distance between lamellae remains (close to) homogeneous. Interest-
ingly, the HPL phase is related to the double diamond (DD) phase: when in HPL the two adjoining
lamellae would merge inside a pore of a central one, the HPL transforms smoothly into DD. At
XN =30 and N = 300 we found SG, DD and HPL phases to be metastable with respect to either the
lamellar or hexagonal phases. In accordance to the literature the DG was found to be stable in a nar-
row region of the asymmetry ratio f in the block copolymers. We present the structural evolution of
the metastable HPL phase with f and this gives insight in how a system can migrate (e.g. upon ad-
dition of a selective solvent) from one microphase topology to the other. In contrast to latest litera-
ture predictions, at strong segregation (yN = 120) we were unable to find any stable triply periodic
phase: for chains with N = 300 at such strong segregation also the DG phase is metastable with re-
spect to the HEX or LAM phases.
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3.2 Introduction

Typically, when two chemically different polymers with a small but positive interaction pa-
rameter y are mixed, when time permitted, they will demix into two macroscopic phases of
which one is rich in one polymer and depleted in the other while the other phase obtains
the opposite composition.! The phase diagram is characterized by a critical volume fraction
and a critical interaction parameter. When the two polymers are equally long (each com-
posed of N segments) the critical volume fraction is, for symmetry reasons, ¢ = 0.5, while

the critical interaction parameter decreases with the chain length as y" = % In the critical

region, one finds power-law behavior of the interfacial tension y « (Ay)* = (y — x“")%, the
density difference between the phases Ap « (Ay)? and width of the interface W = (Ay)°.
The first two tend to go to zero (both @ and £ are larger than zero), whereas the latter quan-
tity diverges (6 < 0), upon an approach towards the critical point. In the mean field theory,
a=3/2,=1/2,and § = —1/2.23

When the two polymers are combined into a block copolymer, the tendency to demix is still
present, but macrophase segregation is impossible. Instead, microphase segregation occurs.
There are domains rich in one segment type and depleted in the other, while the other do-
mains develop with opposite composition. Again, a phase diagram may be found which
separates a homogeneous from a microphase segregated state. The lowest possible interac-
tion parameter for which segregation is possible, occurs for the case that the two blocks are
equally long (f = 0.5), and again the critical interaction parameter decreases with overall
chain length roughly as x" = % In the critical region, we again should expect power-law
dependences, e.g. for the free energy density (compared to the free energy of the homoge-
nous phases) —g x (Ay)%, and the difference of volume fractions in the two regions
Ag o (Ay)P with both @ and g are positive. Below we will show that in this case, @ =2 and
B =1/2. However, as there is a finite characteristic length scale in the system (the dimen-
sion of the microphases), the width of the interface cannot diverge because it is upper

bounded by this characteristic length scale.

Here we use a self-consistent field (SCF) theory with the discretization scheme of Scheut-

jens and Fleer (SF-SCF) to study microphase segregation.*> Apart from the use of a lattice,
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there are noticeable differences between the classical SCF models used in the literature and
SF-SCF. To be more specific, SF-SCF implements besides local also non-local contributions
to the contact interactions in the segment potentials (see below and Appendix for more de-
tails), whereas in the literature the non-local effects tend to be neglected for the study of mi-
crophase segregation.®7 This is a minor issue when the gradients in the densities are very
small, e.g. close to the critical point, but it becomes more important when the gradients in
densities are large, e.g. for strong segregation. The non-local effects are also thought to be
more relevant for finite chain lengths and less important for the infinite chain length limit.
Typically, within SF-SCF the focus is explicitly on finite chain lengths. The infinite chain
length limit is only found by extrapolation. SF-SCF has been used successfully for model-
ling inhomogeneous polymer and surfactant systems, including self-assembly of surfac-
tants and lipids in aqueous solutions,?13 however, to date the SF-SCF has not yet been used
for microphase segregation of block copolymers. Therefore, it is timely to consider the ap-
plicability of SF-SCF by comparison of predictions with available data from literature. For
this reason, it is natural to first focus on the critical region before addressing finite chain
length effects in other parts of the phase diagram such as for the lamellar-to-hexagonal

phase boundary.

Unlike in the macrophase segregation for which y“" = =, for microphase segregation we

2
N
expect that the quoted value x = % is not the exact (mean field) result for finite chain
lengths (a more accurate coefficient 10.495 is mentioned in the literature® 1417). In the litera-
ture, there have been few reports about possible finite chain length corrections and our re-
sults presented below are consistent with these.1> From this we conclude that SF-SCF is ac-

curate and reliable.

In practice, block copolymers are rarely found in the weak segregation limit. When interac-
tions are stronger, the phase diagram progressively becomes richer. One can find various
topologies of microstructures that results from a balance of opposite tendencies: (i) The
larger is the interaction parameter y, the higher is the energetic cost to have an A-B inter-
face in the system and therefore the tendency to reduce this area becomes progressively
stronger. (ii) A small interfacial area per molecule will imply the brush-like stretching of the

two blocks to avoid overcrowding effects. Of course, this implies a conformational entropy
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loss. Hence the system will try to minimize stretching and this will increase the area per
molecule. (iii) The copolymer will need to occupy the total volume and leave no voids.
Therefore, the stretching of the chains cannot always be homogeneous: there may be re-
gions in the volume which are further away from the “interface’ than others, the filling of
these distant volumes require extra stretching of chain parts. Inhomogeneous stretching is

avoided as much as possible.

These above set of tendencies are not easily accounted for analytically and that is why mi-
crophase segregation is the domain of numerical analysis. It is well known that the outcome

Ny .
Nain, nan Ay,By, block copolymer. At extreme values

depends on the fraction f = f, =

of f, we have spherical domains of the minority phase and these domains may be packed in
regular order. At intermediate values, we have a cylindrical topology and these are packed
in a hexagonal packing and around f =1/2 there is a lamellar phase. Depending on the
strength of the interactions, other competing mesostructures are found between the hexag-
onal (HEX) and lamellar (LAM) phases. The most prominent examples are (double) gyroid,
double diamond (DD) and hexagonally perforated lamellae (HPL).

Single gyroid (SG) (space group /4,32) was observed for the first time in 1967 by Luzatti et
al in strontium soap surfactants'® and identified by Alan Schoen who classified 17 such
minimal surfaces, named it as gyroid or Schoen G surface.!®* However now, the term gyroid
is being used more commonly for double gyroid structures. In nature, SG structure was de-
tected in butterfly wing scales. The formation of these biophotonic nanostructures, which
produce the brilliant colors on butterfly wings, was explained as the deposition and
polymerization of chitin on the initially formed double gyroid (DG) structure and as the
cell dies air replaces cell content and a SG structure consisting of chitin and air remains.20
Similar SG structures were also found in the retinal cone mitochondria of tree shrews.?! SG
structure was rarely observed compared to DG and DD. Even though SG was not found in
diblock copolymers, a current approach is to produce SG templates from a DG forming
ABC block copolymers such as poly(isoprene-b-styrene-b-ethylene oxide) by etching the
blocks and metal deposition.2 The double gyroid (space group Ia3d), which consists of
three continuous subvolumes with two non-intersecting SG’s with the same volume and

the remaining volume as the matrix phase, was discovered in 1986 by first being misinter-
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preted as DD?2, then correctly identified by two independent groups in 1994.242> DG was
identified in various diblock copolymers?6-27, ABA triblocks?-? as well as ABC triblock co-
polymers.®0 In the SCF calculations of Matsen et al hexagonally perforated lamellae (HPL)
(space group R3m) phase was predicted to be nearly stable for diblock copolymers.6 Wang
et al. speculated that HPL is an intermediate state during HEX-DG transition in diblock co-
polymers.3! Nevertheless, the metastable HPL phase could be experimentally obtained in
diblock copolymers.3>33 Another common mesophase, the double diamond (space group
Pn3m) was first discovered in PS-PI star block copolymers.3 DD phase was also identified
for diblock copolymers3* and their homopolymer blends.®> After a re-examining of some of
the obtained DD morphologies, it was figured out that they were only misidentified DG
morphologies, since DG highly resembled DD in TEM images.3¢

The modelling of the stability of DG has contributed significantly to the state of the art, but
to date there remain points of debate. More specifically, according to the early SCF calcula-
tions performed by Matsen and Bates®, the DG cannot be stable at strong segregation after
reaching a triple point around yN = 60, while more recent predictions of Cochran et al.
claim that DG is stable up to yN = 100 with a broadening stability window.” Plus, it is still
necessary to prove whether the above results are also applicable for finite chain lengths. As
mentioned above, for finite chain length and strong segregation, it may be necessary to
have a chain model that remains accurate when the chains become strongly stretched. The
freely jointed chain (FJC) is expected to behave better than the Gaussian chain in this re-
spect. Also for strong segregation the interfaces become more narrow and the gradients in
density increase. In such situation, a theory which accounts for non-local effects in the seg-
ment potential is expected to be more accurate than theories that ignore these subtleties. It
is therefore timely to use the SF-SCF method for the modeling of microphase segregation in
this limit.

We have analyzed the phase boundary between HEX and LAM phases by taking the SG,
DG, DD and HPL phases into account. Using the SF-SCF approach, we confirm the litera-
ture prediction that there exists a narrow region in f for which at yN = 30 and N = 300 di-
block copolymers prefer the DG phase over the HEX or LAM phases. Other phases such as

the DD, SG and HPL phases were found to be metastable. In contrast to the more recent
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predictions, we confirm early results of Matsen and Bates® by giving evidence that at strong
segregation (YN = 120), the HEX phase gives directly way to the LAM phase as now also
the DG is metastable. We haste to mention that this result is for finite chain length, i.e.,, N =
300 and the result may change when N is significantly increased. Moreover, it may not be
excluded that the conclusion of metastability of mesophases at strong segregation is affect-
ed by lattice issues. The latter reservation can only be lifted when a grit refinement study is

implemented. This remains work for the future.

The remainder of this paper is the following. We will first present aspects relevant for the
modeling of microphase segregation of the SF-SCF approach. The idea is to give sufficient
information to the reader to understand how the results were generated. Other details of
the modeling are deferred to the Appendix. In the results section, we will first outline the
procedures which were followed to identify the relevant results of the SF-SCF modeling.
We will subsequently present our result for the near critical region of the phase diagram
and then proceed with the systematic analysis of the HEX to LAM phase transition regions
at intermediate and strong segregation regimes. In the discussion, we will elaborate on our
expectations about how the SF-SCF method can be further used for the analysis of block

copolymer self-assembly. At the end, we formulate our conclusions.

3.2.1 SF-SCF characteristics and parameters

The SCF machinery follows from optimizing a mean field free energy functional which is
expressed in terms of segment volume fraction profiles and complementary segment poten-
tial profiles (see Appendix). Both the potentials and the segment densities are a function of
the spatial coordinates. The rule how to compute the potentials from the segment densities
follows from the optimization of the free energy with respect of the segment densities. The
rule how to compute the segments densities from the segment potentials follows from the
minimization of the free energy with respect to the segment potentials. When we follow
both rules and implement the incompressibility conditions, we can evaluate the equilibrat-
ed free energy (and obtain relevant thermodynamics from this) and evaluate the relaxed
structural details of the system. The input for this machinery consists of four elements. (i)
Info on the molecular components. In the current system, there is only one type of mole-

cule, namely a block copolymer Ay, By, in the system, where N, is the degree of polymeri-
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zation of the A-block and Nj is the degree of polymerization of block B. The molecules fol-
low the FJC model for their conformational degrees of freedom. This chain model imple-
ments a finite chain extension, as all chain bonds are fixed in length. It ignores bond angle
correlations. This implies that the statistical segments can go in any direction on the lattice
including back folding. The latter obviously is an approximation, but we note that this ex-
cluded volume error is partially corrected by the compressibility condition. (ii) Info about
the interactions. As we have no solvent, there is only one relevant interaction parameter
X = xap. We thus expect that segments only feel each other when they occupy nearest
neighbor sites. The number of segment-segment contacts is estimated using the well-known
Bragg-Williams (mean field) approximation. (iii) A specification of the coordinate system.
Mostly we consider an elementary 3-gradient (x-y-z) cell, which can be used to construct
the complete spatial distribution of the copolymers. For the HEX phase, we can reduce the
calculations to two-gradients (x-y) while the cylinders lie in the z-direction, and for the
LAM phase we consider only the direction normal to the planes (x-direction) which allows
a reduction to a one-gradient calculation. (iv) Specification of the boundary conditions. In
all the three-gradient cases we have implemented periodic boundaries, in the other phases
we have used reflecting (mirror-like) boundaries. Below we will pay attention to both ele-

ments (iii) and (iv) for each type of calculation that is discussed.

It is important to mention the four most important differences of the SF-SCF method com-
pared to the SCF methods typically used for microphase segregation. (A) The SF-SCF
method needs an initial guess which is then iteratively adjusted using a Hessian-free opti-
mization method (for example a steepest decent (SD) or a direct inversion in the iterative
subspace (DIIS) scheme).37-38 This method does not need any further input on the symmetry
of the solution and the precision does not depend on e.g. the specification of test-functions
of any sort. (B) We have implemented the FJC model. Within this model there exists an ef-
ficient propagator formalism to compute the volume fractions (see Appendix). The chain
model is appropriate for finite chain lengths and is expected to outperform the Gaussian
chain model as soon as the chains become strongly stretched. This is more of an issue at
strong segregation than at weak segregation. (C) The length scale of the segments (bond
length) is also used to discretize space (lattice model). Other numerical SCF methods also

rely on a discretization scheme, but in SF-SCF the discretization is built in more rigidly than
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in alternative approaches. (D) The SF-SCF model features segment potentials u(r) that in-
clude non-local contributions. The physical meaning of the segment potential is the work of
bringing a segment from the reference phase (where the potentials is zero) to the coordinate
r. Apart from a contribution which is adjusted to obey to the incompressibility relation,
there is a contribution due to the segment interactions, i.e. Ex(r) for segment type X at co-
ordinate r. As specified in the appendix this contribution implements the Bragg Williams
approximation and typically is given for segment A by E,(r) = y¢g(r) and a similar equa-
tion applies for segment type B. This local definition of the interactions is correct/accurate
in the absence or vanishing gradients in the segment density. In SF-SCF one typically ac-

counts for the gradients and the interactions are computed by E,(r) = x{pp(r)) =
x(@p(r) + %azq)B (r)/or?) (see Appendix). The latter contribution implements information

on the ‘curvature’ of the density profile. Similar ‘corrections’ are implemented in the free
energy functional. The curvature correction in the segment potential is referred to as the
non-local contribution because in the lattice the second derivative is implemented by using

the local averaging of the segment densities around a specified coordinate (see Appendix).

3.3 Results

In the following we will first discuss how relevant SE-SCF results are obtained. Typical re-
sults for various mesophases are discussed and evaluated. This discussion is followed by a
systematic analysis of the systems near the critical region. After this we report on the spac-
ing of the LAM phase for systems that are not near the critical point. The remainder of the
results is focused on the transition region between the HEX and LAM phase and more spe-

cifically to the question of (meta)stability of the DG phase.

3.3.1 Box size adjustment for free energy optimization

As explained above (and in the Appendix), the SCF free energy features segment potentials
and segment densities that are mutually dependent. The optimization of it leads to rules of
which the fixed point is known as the SCF solution. Let us now assume we have such an
SCF solution, we can evaluate the free energy using Equation A3. One can easily see that

for an SCF solution, Equation A3 can be simplified resulting in:
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T
where the free energy of the homogeneous reference (the bulk) as the reference as usual, q
is the single chain partition function, which can be computed with the propagator formal-
ism from the segment potentials, V the system volume and a(r) is the value of the La-
grange field which takes values such that the system is incompressible at each coordinate,
ie. @a(r) + @p(r) = 1. To compare systems with different size and structure to each other, it

is appropriate to evaluate the free energy density for each of these systems:
G
9=y 2

Typically, the free energy density is negative because the microphase segregated state de-
velops spontaneously from the homogeneous state. The system with the lowest free energy

is the preferred one.
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Figure 1. Free energy density g (in units of kzT/b?) as a function of the spacing L, for a
LAM phase f = 0.5, N = 1600 and y = 0.09. The line is a parabolic fit through the data
points. The optimal spacing D (in units b) as well as the corresponding optimal free ener-

gy density are indicated.

Inspection of the procedure reveals that we should fix the values of Ly, L, and L, before we
can start solving the SCF equations. Hence, we end up with a free energy density which is a

function of the specified spacing D, i.e. g = g(D). There is no guarantee that for an arbitrary
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choice of the system size, the optimized SCF free energy density is at its minimal value.
Therefore, we need to vary the value of L, in the lamellar phase, or the combination of L,
and L, in the hexagonal phase or the value of L = L, = L, = L, in (e.g.) the gyroid case to
find the optimal spacing D = L}. A typical result of such procedure for a lamellar phase is
presented in Figure 1. The free energy that is optimized with respect to the spacing is la-

belled by an asterisk, g*.

Apart from the system size we need, though the choice of the number of gradient directions
and the type of boundary condition, to specify the phase of choice of considerations. To il-
lustrate this, we will visit the topologies that are used below, namely the LAM, HEX, SG,
DG, DD and HPL phases in order.

3.3.1.1 The lamellar phase. For a LAM phase, we reduce the calculations to the one-gradient
case r = x and the mean field approximation is applied in y and z directions. The system

size is given by L, and we use reflecting boundary conditions:
9(0) = 9(1) (3a)
P(Ly +1) = ¢(Ly) (3b)

All other quantities which are a function of the spatial coordinate, such as the segment po-
tentials, the end-point distributions follow these rules. In this case, the free energy G is per
unit area and the free energy density is found by g = G/L,. Typically, we will have one A-B
interface somewhere half-way in the ‘box’ (depending on f) and the lamellar spacing is
given by D = 2L,. We select the A-rich domain to be at low x-values and the B-rich domain

at high x-values by means of an initial guess for the segment potentials.

A schematic representation of the LAM phase and the optimized (with respect to the spac-
ing) density profile are given in Figure 2a and 2b. In Figure 2a, red and blue regions belong
to the A and B blocks, respectively. The spacing (D) and width of the interface (W) are indi-
cated on the lamellae. The same parameters (D and W) are defined more precisely on the
density profiles ¢,(x) and ¢ (x) shown in Figure 2b. In this graph, also the density differ-
ence Ap = ¢, — ¢pp = 1 — 2¢g with ¢ is the volume fraction midway in the A-rich phase, is

indicated. As the coordinate x = 0 is fixed to the position of the steepest gradients in the
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density, the evaluation of the density difference takes place at x = — % ¢ =p(— %). Finally,

the width of the interface, as graphically illustrated in Figure 2, is computed from the pro-
files according to

Agp

w =
Pa (_ %) —Pa (%) @

In Figure 2b, the curves in red and blue belong to the density profiles of A and B blocks for
xN = 12 in the weak segregation regime where the optimized spacing is D = 42, whereas
density profiles shown in pink and light blue belong to the A and B blocks of a copolymer
in the strong segregation region of yN =75 with optimized spacing D = 64. For weakly seg-
regated block copolymers, Ag easily deviates highly from unity and its value approaches
zero in the limit towards the critical point, whereas it approaches unity for strong segrega-
tion limits. From its definition (Equation 4), it is easily seen that the width of the interface
W is small for strong segregation and increases upon the approach towards weak segrega-

tion. Obviously, W cannot exceed D/ 2.

3.3.1.2 The hexagonal phase. The hexagonal packing of cylindrical domains of the minority
phase surrounded by the majority phase requires a two-gradient computation box. Ideally,
the ratio of the box sizes in the gradient directions is L,/ L, = V3. Below, we will accept
small errors in the lattice dimensions and consider integer values for the system size in the
x-gradient direction, L,, and y-direction, L, while we apply a mean field approximation in
the z-direction. For a given SCF fixed point, the free energy of G is given per unit area and
the free energy density follows from g = G/L,L,. The lattice spacing is given by D =
JL% + [2. Hence when the correct ratio is implemented we have D = 2L,. We follow the
same definition for the spacing D when integer values are used for the sizes of the system in
the gradient directions. While optimizing the lattice spacing, we adjust the combinations of
L, and L, such that the V3 ratio is met as closely as possible (excluding the settings for
which the ratio is far from the ideal value). However, there is always some imprecision re-
maining on the spacing values obtained for this phase and therefore we typically slightly

overestimate the free energy.
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Figure 2. (a) Schematic representation of symmetrical LAM phase. Red and blue regions in-
dicate blocks of A and B, respectively. The lamellar spacing D and the width of the interface
W are indicated. (b) SF-SCF density profiles (¢) as a function of layer number x where x =0
is taken halfway the A-B interface. Parameters: f = 0.5 and N = 1000; red and blue lines are

for weak segregation yN = 12, optimal spacing is g =21 of A and B blocks, respectively and

pink and light blue lines are for strong segregation yN = 75, 2 = 31 of A and B blocks, re-

spectively. The parameters A, D and W are stated for yN = 12.

As in the LAM case, for the HEX phase reflecting boundary conditions are implemented.
That is, both in x as y directions the densities as well as the potentials and thus the end-
point distributions obey to the implementation of zero gradients across the boundaries as

given in Equation 3a and 3b.

In Figure 3, a typical result for the density profile of HEX phase is given for D = 60 which
happens to be close to the optimal spacing for N = 1000, yN = 30 and f = 0.30. The two-
gradient results are ‘multiplied” 8 times in x and y directions and about 50 times in the z-
directions. Here and below we give equal density color maps wherein the minority phase is
given in red, while the majority phase is in blue (more intense color implies a higher densi-
ty; the in between white color is the interface). In addition, the blue domain is made “trans-
parent’ to allow the visualization of the cylinders in the HEX phase more clearly. It is pos-
sible to give, similarly as in the LAM phase a cross-sectional density profile. We do not
show such profile because the features (apart from the fact that the interface is not centered)

are very similar features to those given in Figure 2b.
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Figure 3. SF-SCF predictions for the density profile of HEX phase for D = 60, N = 1000,
XN =30 and f = 0.30. The spacing D is indicated. Color coding is as follows. Regions rich
in the minority block (segment type A) are given in red, the blue regions are rich in the
majority phase (segment type B). The majority phase (blue) is made more transparent the
higher is its density for presentation purposes. Mirror-like boundary conditions apply in

all directions.

3.3.1.3 Various mesophases that require three-gradient SF-SCF. There are many three-
gradient solutions of the SCF equations. Some of these, e.g. the Im3m cubic phase, requires
reflecting boundary conditions.!? Here our interest is in, e.g., the SG and DG structures that
lack symmetry planes. For such structures, one requires periodic boundary conditions. We
restrict our analysis to three-gradient SF-SCF computations with equal sizes in the three
gradient directions: L = L, = L,, = L,. The periodic boundaries are implemented by realiz-
ing that coordinates 1 and L are ‘neighbors” where it is understood that the potentials and

end-point distributions follow the same rules:

0(0,y,2) = oLy, y,2) ¢Ly+1,y,2) =0,y,2)
9(x,0,2) = p(x,Ly,2) @(x,Ly,+1,z) = ¢(x,1,2) (5)
o(x,y,0) =9y L) ¢y l,+1) =0yl

Next, similarly as in other systems we vary L systematically to find the optimal spacing.
Here we choose the spacing D = L for which the free energy density is minimized with re-
spect to L. The SG phase has many interesting aspects which are well documented in the

literature.1%-22 Our result for the SG phase closely follows all these features. As mentioned
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already, the SG lacks mirror symmetry. There only exists a three-fold symmetry axis along
one of the diagonals of the unit cell as is easily seen from the profile given in Figure 4a. Var-
ious other features of the SG appear when we multiply the unit cell a few times. As the ma-
jority phase is made transparent, we notice spherical holes with a hexagonal pattern when
viewed from the view direction given in Figure 4b. From other view directions (not shown)

one can see the holes in a square packing.

As proven below, the SG is metastable as one can easily find for f = 0.33 either a HEX
phase or a LAM phase for which the free energy density is lower. The reason for this rela-
tively high free energy density is clear. The majority phase fills up 2/3 of the volume
whereas the minority phase fills the remainder of the volume in a gyroid-like. The interface
in between the A and B rich domains deviates from the being a minimal surface (zero mean
curvature throughout the interface), which is only expected for the SG gyroid phase with
f = 0.5. Such balanced SG phase does not exist as for f = 0.5 the lamellar phase is the low-

est in free energy.

A typical unit cell of a DG phase is depicted in Figure 4c. The viewgraph of 8 unit cells
(Figure 4d) now lacks the ‘holes” because these ‘holes are now the place in which the second
gyroidal labyrinth of the minority phase is placed. Below we show that the DG phase is a
candidate ground state as it is lower in free energy than the HEX and the LAM for a small

region of f values.

As compared to the SG, the DG has two gyroidal labyrinths with equal volume and the ma-
jority phase is in between the two and in this sense the symmetry is restored. From the per-
spective of the majority phase, the two sub-phases of the minority phase are spaced sym-
metrically around it even though f = 0.33. As compared to the SG the optimal spacing of
the DG increased almost by a factor of two as it went up from D = 43 for SG to D = 74 for
DG. Again, the DG has no symmetry planes and only one three-fold symmetry axis. Inter-
estingly, the two minority phases only have three-fold junction points where three tubular
domains come together. This appears sufficient to generate a so-called triply periodic struc-
ture, i.e. one can travel inside a minority phase in any of the three directions; x, y and z

throughout the system. As explained above, we do not impose a particular symmetry for a
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Figure 4. (a) SF-SCF predictions for the volume fraction profiles of a SG unit cell for
D =43, N =300, YN =30 and f = 0.33. (b) 8 unit cells of a SG (result of (a) is doubled in
each direction). (c) Volume fraction profiles of a DG unit cell for D =74, N =300, yN =30
and f = 0.34. (d) 8 unit cells for the DG (result of (c) is doubled in each direction). The col-

or coding is the same as in Figure 3.

particular segregated state during the SF-SCF optimization procedure, but instead imple-
ment an initial guess and apply appropriate boundary conditions. By accident, one of the
calculations targeted for a SG phase deferred to a HPL phase. A possible reason for this un-
foreseen result was found posteriori by the observation that the HPL is competitive free-

energy wise with the SG for the f value that was selected in the computations (see also be-
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low). Upon inspection of the HPL phase, a strong resemblance with the DD was found and
therefore we present these phases side by side in Figure 5. For both phases, we employed
periodic boundary conditions, and again for both phases, we have systematically varied the

box size L and present the resulting structure for the optimal spacing D.

Referring to Figure 5a and 5c we present the DD morphology from two perspectives: a) a
view from along one of the diagonals from which the three symmetry planes can be seen
and c) a view with any of the planes of the unit cell placed perpendicular to the viewing di-
rection. The DD morphology has often been described in the literature3+% and the phase
that was predicted by SF-SCF is completely in line with this. The structure has three sym-
metry planes which are rotated with respect to each other by 60 degrees. Similarly as for the
DG, the minority phase forms two non-intersecting triply periodic regions with opposite
handedness, while the majority phase is draped in between the minority labyrinths. The
morphology of DD (space group Pn3m) is characterized by four-fold junctions similarly as

in the tetragonal C-network in diamond (or the structure of methane).

In Figures 5b and 5d, we show the typical HPL phase with an optimized spacing for an
asymmetry fraction of f = 0.30 for which the free energy density is lower than that of the
corresponding SG (see below). The two viewgraphs show the structure from two view-
points identical to the ones given for DD: (b) gives the view in the direction along the axis
of the unit cell. For this point the three symmetry-planes can be seen, and (d) gives the view
face-on with one of the planes of the unit cell perpendicular to the view direction. The
comparison between panels (a), and (b) as well as (c) and (d) in Figure 5 are apparent and
informative. Comparing HPL and DD, we notice that the curvatures of the interfaces are
clearly similar. There are however important differences. As the DD has four-fold connec-
tions, in the HPL phase there are only three-fold connections (as in gyroids). (This is not
easily recognized from the viewgraphs but this is better observed by inspection of the HPL
from many viewing directions). As compared to the DD the fourth connection is “broken’.
As a consequence, the HPL phase is lamellar and not triply-periodic: one can peel off one
layer after another layer from the HPL phase, which is best seen from the images of (2) and
(3) in Figure 11. (2) and (3) correspond to the morphology when we have the compositions

of f = 0.30 and 0.50, respectively. The layers together feature holes in hexagonally orga-
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nized patterns. In (2) at low f, the hexagonally ordered pores are more apparent because

the lower volume of the minority phase does not alter the visibility of the holes.

Figure 5. (a,c) Three-gradient equal density contour plots for 8 unit cells of the double di-
amond DD phase (b,d) Three-gradient equal density contour plots for 8 unit cells of the
hexagonal perforated lamellae HPL phase. For (a) and (b), the two phases are given in the
orientation that reveals the three three-fold symmetry planes. In panels (c) and (d), we
present a side view of 8 unit cells (viewgraphs with x-y or y-z or x-z planes perpendicular
to the viewing direction are all similar). The color coding is similar to the one given in
Figure 3. Parameters for DD phase: D = 45, N = 300, YN = 30 and f = 0.33,

HPL phase: D =43, N = 300, YN = 30 and f = 0.30.
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In between the holes, lamellae strongly bend toward a neighboring layer in the direction of
the missing connector. Two neighboring lamellae have opposite bending characteristic;
hence there are two types of layers in the HPL phase which alternate, each having inversed
curvatures. These two types of layers resemble the two networks with opposite handedness
in DG or DD phases. Characteristic for the HPL phase is that the odd layers almost touch
each other across the pores of the even layers and vice versa. Indeed, if at these places the
odd layers would re-establish their connection and when similar connections were made
between the even layers, we restore exactly the DD phase without the need to modify the
curvatures of the interfaces much (as is best seen from close inspection of the differences
between Figure 5c and 5d). The reason for the HPL phase to have lamellae with locally
strong curves is to ensure a homogeneous distance between the lamellae in the presence of
pores in the lamellae. Such homogeneity in interlamellar distances is a desired property as

this ensures homogeneous stretching of the copolymer blocks.
3.3.2 Systematic dependences

By examining finite chain length effects near the critical region, we are faced with a prob-
lem. In order to find y", we need to have an accurate guess for the optimal spacing at the
critical point, which we will refer as D*. The latter we can only find by extrapolation. The
(approximate) procedure that we followed is illustrated by referring to Figure 6a. In this
graph, we present the optimal spacing of the lamellar phase with f = 0.5 for a given overall
chain length of N = 1600 as a function of the product yN. Hence for this graph we varied
the y only and each point on the graph is the result from an optimization of the box size.
We find D* by extrapolation to yN = 10.5. It would have been better if we would have ex-
trapolated to the exact critical value for the chain length N = 1600 (which we will find be-
low slightly lower than 10.5), however the error in D* that is introduced in this way is neg-
ligible. We can collect D* as a function of chain length but which is presented later. We first
analyze how the LAM phase is changed when we approach the critical point. These results
are shown in Figure 6b, 6¢c and 6d, wherein we present the free energy density, the width of
the interface and the density difference, respectively as a function of Ay = y — x“" for a la-
mellar phase with f = 0.5 for which D" is very close to an integer number. Hence for such a

case we know that in the limit of Ay — 0, we enforce an optimal spacing to the system. For
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systems away from the critical region, one possibly would have acquired slightly different

D values, but this requirement cannot be implemented in a lattice model.
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Figure 6. (a) The optimal spacing D in lattice units b plotted as a function for yN and N = 1600.
Here optimal spacing at the critical point D* = D(10.5) is obtained by the linear fit. (b) Abso-

lute value of free energy density (—g) (in units of kgT/b%) as a function of Ay in double loga-
rithmic coordinates. (c) The width of the interface (in units b) as a function of Ay in double
logarithmic coordinates. (d) Density difference (A¢) as a function of Ay in double logarithmic
coordinates. D* /2 values of 76 and 150 were used for N = 12996 (solid lines) and 50624 (dashed
lines), respectively in plots (b), (c) and (d). Dotted lines represent the fits. The slopes are indi-

cated on the plots.

As can be seen from Figure 6b and 6d, we obtain power-law dependences for both —g(Ay)

as well as Ap(Ay). Indeed, these scaling dependences have been employed to identify y¢:
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the value of y“" was adjusted until the best power-law scaling was observed in Figure 6b
and 6d in the limit of Ay — 0. Inspection of Figure 6b shows that we find —g o Ay?. This
value should be contrasted to the well-known result for the interfacial tension mentioned
above for the liquid-liquid interface for macroscopic phase separation for which the coeffi-
cient is 3/2. We attribute the increase in the exponent to the observation that the width of
the interface does not diverge (see Figure 6c). At high value of Ay the free energy density

—g tend to level of a bit as it becomes more linear dependent on Ay.

Inspection of Figure 6d shows that Ag o Ay'/?

in the limit of Ay — 0 and goes to the con-
stant value of unity for large values of the interaction parameter. The scaling exponent near

critical is identical to the one found for macrophase segregation.

The width of the interface has a more complex behavior as illustrated in Figure 6c. It was
already mentioned above that the width of the interface cannot exceed D*/2. Hence the
width should level off in the limit of Ay — 0. In this case, the solid line is for N~13000 while
the dashed line is for N~50000. The corresponding values for D*/2 are 76 and 150, respec-
tively. Inspection of the limiting value of the width, we notice that the width goes to ap-
proximately 2/3 of the value of D*/2. Interestingly for rather high values of Ay, the width of
the interface follows approximately W o« Ay~'/2 similar as in the macrophase segregation
problem. Apparently, as long as W « D*/2, we witness an increase of the interfacial width

as if the two blocks would have been disconnected.

We have collected the optimal spacing at the critical point D* for a wide range of chain
lengths and present these results in Figure 7a. To a good approximation, the results are rep-
resented by D* = gx/ﬁ . Next, we collected the critical interaction parameter y“"again for a

wide range of chain lengths and present the results in Figure 7b. In this graph, we have
plotted y“"N as a function of 1/N and found to a good approximation as a straight line. The

fitting result is indicated in the legend of Figure 7b. Within the accuracy of the fitting pro-
cedure, we thus find y“"N =10.495 (1 + %). These results are compatible with finite chain

length corrections for the critical point found in the literature.!®

We may use a Flory-like argument to elaborate on the scaling of the spacing with the chain

length. In this argument, we will balance the entropic penalty for stretching of the chains,
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written as D?/N (ignoring numerical coefficients) with the free energy to enlarge the contact
area between the A and B blocks, ya, where 7 is the interfacial free energy associated with

this surface and a is the area per molecule.

(@

D*

0 0.001 0.002
I/N

Figure 7. (a) The spacing at the critical point D* of a lamellar phase at f = 0.5 as a function of
the chain length N in double logarithmic coordinates. The fit of D* = 2\/ N is drawn to guide

the eye. (b) N-dependence on the critical yN value. The function yN = 10.495(1 + 4/N ) is

drawn to guide the eye.

The latter can be estimated from the filling of the system by chains, hence a = N/D and
thus the free energy per chain is:
D? §N

Ty (©)
where the free energy per chain is in units of kzT and that numerical coefficients are ig-

nored. Optimization with respect to D gives D = #*/3N?/3. The interfacial energy of an A-B

interface is known to depend on the square root of the interaction energy, 7 « x/2.3 Using

the result that at the critical point y « N ~1 we notice that D « )7§N % =N _%N % =+/N. We can
apply the same argument to systems that are not close to the critical point. In Figure 8a, we
present the optimal spacing for LAM phase with f =1/2 for low, intermediate and strong
segregation regions of yN = 12, 30 and 75, respectively as a function of the chain length N.
Hence for each of the lines, we varied y such to keep yN fixed. Again, we find that the spac-

ings obeyed D o« v/N to a good approximation. This must be contrasted to the results pre-
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sented in Figure 8b. In this figure, we present the optimal spacing for the symmetric LAM
phase (f =1/2) as a function of the chain length for fixed value of the interaction parame-
ter. Hence in these cases, we only changed N and the interfacial energy ¥ was approximate-

ly constant. As a result, the spacings obeyed D o« N?/3 to a good approximation.

w [T T

Figure 8. (a) The optimal spacing (D) as a function of the chain length (N) in lamellar
phase for yN values labelled next to the lines in double logarithmic coordinates. All lines
have a slope of 1/2. (b) The optimal spacing (D) as a function of the chain length (N) in
lamellar phase for fixed y values that are labelled next to the lines in double logarithmic

coordinates. All lines have a slope of 2/3.

Next, we present the optimal spacing D as a function of f for LAM and HEX in Figure 9 for
a given value of N = 300 and yN = 30. When changing f, we will pass the phase boundary
around f = 0.34. Hence in Figure 9, we showed the data points of the stable phases as filled
dots and squares for LAM and HEX, respectively and data points for the non-stable phases
were shown as empty. With increasing f, we find an increase in the optimal spacing. For
the LAM phase, the slight increase in the spacing to a plateau region was successfully fitted
by D o« [f2/3 4+ (1 — f)¥?]. This is the expected dependence when the two blocks inde-
pendently find the optimal width. A significantly stronger dependence for D(f) was found
for the HEX phase where to a reasonable approximation « f1/3. This result must be at-
tributed to the decreased space occupied by the minority block in the cylindrical domains.
We would have like to report on the chain length dependence of the HEX to LAM phase

transition (f*") at a finite value of yN. We tried to obtain such result for yN = 30.
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Figure 9. Optimal spacing (D) of LAM and HEX phases as a function of composition (f)
for N = 300 and yN = 30. For LAM phase, the fit of D  [f?/3 + (1 — £)?/3] is drawn to
guide the eye. Open and closed symbols refer to the metastable and stable points, respec-
tively.

We tested a range of chain lengths of N = 100—1000. Within the numerical noise of our pro-
cedure, we could not detect the expected chain length dependence for f*". This may be at-
tributed to the noise in the data which was amplified slightly because we could not satisfy
the box dimensions for the HEX phase L, /L, = V3 with enough precision. Instead, we fo-

cused on the stability of the various mesophases in the neighborhood of f*".

3.3.3 The stability of various mesophases

Let us focus next on the stability of various mesophases near f". For all phases, we have
computed the optimized free energy density as a function of the asymmetry ratio, g*(f).
Plotting these free energy densities as a function of the asymmetry fractions results in lines
which are nearly parallel (cf. Figure 10b). The results are more easily discussed when we
take the ratio g*/gp¢ as a function of f. Obviously, this dependence results in unity for the
DG phase. Recalling that the free energy densities are negative, we find that when the ratio
is smaller than unity, i.e. when g* < gp; the DG is preferred and when g* > g the other
phase is stable. In Figure 10a, we show this ratio as a function of f for the HEX, the LAM
and the DG phases. Literature points to a stability domain for the DG phase between f =
0.320—0.349.6 We found DG as the most stable phase between f = 0.328—0.347. These re-
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sults are consistent with each other also considering the fact that the SE-SCF results are for a

fixed chain length N = 300.

In Figure 10b, the bottom line presents the lowest free energy values that were obtained, i.e.
it connects the data of the HEX phase to those of the DG and then to the LAM phase. The
vertical dashed lines present the phase boundaries. The point X gives the free energy densi-
ty of the DD phase which is indeed slightly larger than the DG at the same f value. The two
top lines are the free energy density of the HPL and the SG phase. Both these phases are
metastable as their free energy density is higher than the HEX, DG, LAM phase boundary.
As shown in the inset, the free energy densities of the HPL and SG cross each other around
f = 0.37. For smaller f values the HPL is preferred over SG and above this crossing point

the SG is more stable.
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Figure 10. (a) Optimized free energy density g* in units of kzT of HEX (blue) and LAM (red)
phases divided by the free energy density of DG (g*/gp¢) as a function of composition f for
N =300, YN = 30. Stable phases of HEX and LAM occur when their g*/g}; > 1. Blue, yellow
and red regions represent the HEX, DG and LAM stable regions. (b) Free energy density (g*)
of HEX, LAM, DG, DD, SG and HPL phases as a function of composition (f) for N =
300, xN = 30. DD phase is shown in one point only. Only stable regions of HEX, DG and
LAM are shown in the graph. The inset gives an expanded view near the crossing point of

the HPL and SG free energy densities as a function of f.

Of all phases that we have considered the HPL phase is possibly the most novel. It turned

out that the phase is computationally very robust and it was very easy to find HPL phases
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for various values of f covering the whole relevant range from region where the LAM
phase is stable (e.g. f = 0.5) to near the order-disorder line for f < 0.2. In Figure 11, we put
three variants of the HPL phase for f = 0.19, 0.3 and 0.5 side by side. The first one is the
HPL in the region where spherical phase is the preferred state. Number 2 is near the region
where the HEX is the stable phase. Number 3 is the HPL for the case where obviously the
LAM phase is the ground state. It is noticed that at large values of f, the lamellae of the
HPL are close to planar (f = 0.5, i.e. nr 3) and the hexagonally ordered holes are relatively
small. The holes become bigger when f decreases. At the same time the layers become
more strongly curved (f = 0.3, i.e. nr 2). Now the connection points are more apparent as
three cylindrical domains come together. When f is decreased even more (f = 0.19, i.e. nr
1) the cylindrical domains are no longer homogeneous in thickness. Instead the tubular
fragments develop similar to spherical regions with a neck in between. This is consistent
with spherical detached domains being preferred for systems with such low f values. For
small f values the minority phase becomes smaller and smaller in volume and therefore the
holes where the majority phase exists in the HPL phase grow larger and larger. In other
words, the tubular regions which keep the layers intact become thinner and thinner. The
lamellae also become more curved and the direction of the thin tubular fragments are al-

most perpendicular to the planar lamellae found close to f = 0.5.

In Figure 12, we present our results for the strong segregation yN = 120. We kept the chain
length at N = 300, and thus increased the interaction parameter. Here we plot the free ener-
gy density g* normalized by this value for the DG (similarly as in Figure 10a) as a function
of the f value. Again, only when this ratio is smaller than unity we expect the DG to be sta-
ble (recall that the free energy density is negative). Inspection of Figure 12 proves that the
ratios are larger than unity for both the HEX as well as the LAM phase. This proves that the
DG phase is metastable for these high values of the interaction parameter. The free energy
densities of the HEX and LAM phases cross at f ~ 0.3065, which is slightly below the value
found for the HEX-LAM transition region for yN = 30. This is in line with the general
knowledge of the phase diagram that the phase transitions all move slightly to smaller f

values with increasing yN.
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Figure 11. Equal density contour plots for
the HPL phase for N = 300, L =43 and yN =
30. Labels from 1 to 3 correspond to f values
of 0.19, 0.30 and 0.50, respectively. Unit cell

was doubled in each direction. Color cod-

ing as in Figure 3. Note that we did not op-

timize the box size in this case.

g*

We note that the ratio S are just of order 1.0015, which means that the free energy differ-

DG

ences are minor. Nevertheless, the differences are significantly larger than the noise in the
data (data point not shown are exactly on the lines) and we believe that these results are

sufficiently accurate.

A typical value for the optimal D for the DG at yN = 30, N = 300 was D = 74. The optimal
spacing for the DG at yN = 120 for N = 300 near f = 0.31 was found to be D = 101. This
growth with a factor 1.36 in optimal spacing is a bit larger than expected from D « 7¥/3N?/3,
which implies D « x'/¢ and hence a growth by only a factor 1.26. We also investigated the
free energy density of the HPL phase for the strong segregation yN = 120. In line with the
results at lower segregation, the HPL phase is also metastable and indeed the DG phase
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outperforms the HPL phase also at yN =120 as % =0.991 (the DG free energy density

DG

g = —0.0583 while that of the HPL is g* =~ —0.0578 for the corresponding f values).
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Figure 12. (a) Free energy density of HEX (blue) and LAM (red) phases divided by the free
energy density of DG (orange) (9*/9p¢) as a function of composition f for the system
N =300, yN = 120. Stable phase occurs when the corresponding phase has the value of
9"/9p¢ > 1. HEX and LAM phases are stable in blue and red regions, respectively.

3.4 Discussion

Microphase segregation of block copolymers is a rich topic. Experimentally there are many
challenges when it comes to exploit all the potential features of these systems to the best.
That is why theoretical investigations are still timely. We forwarded the results of SF-SCF
calculations for finite chain lengths and complement existing modeling efforts.®” Indeed,
most of the predictions mentioned above are fully in line with the common knowledge of
microphase segregation. It is not necessary to re-iterate all of these, but a few of these must
be mentioned once again. Most prominently we showed finite chain length corrections near
the critical region are of order 1/N. These corrections have been established before and it

shows that the SF-SCF method is accurate and reliable.

The second aspect of microphase segregation that we focused upon was the stability of the
DG phase. We found that at intermediate segregation yN = 30 for N = 300 the DG phase
has a narrow region of stability in between the HEX and LAM phase. For fixed N, we
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showed that a four-fold increase in y made the stability window to disappear. The later re-
sult is not in line with recent SCF calculations which suggested that at high yN the DG
should remain stable. We haste to mention that the high yN limit of 120 can be reached in
two ways. Either the chain length is increased at fixed value of the interaction parameter, or
the interaction parameter is increased at fixed chain length. We have chosen for the latter.
Indeed, by increasing y the width of the interfaces decreases and this may have destabi-
lized the DG phase compared to the HEX or LAM phases, which have curvature-wise more
smooth surfaces. It is not excluded that when the chain length would have been increased
at fixed y, the outcome could have been different. In such a situation, the interfacial width
would have been preserved. More systematic calculations are necessary to make the situa-

tion clearer. Such works are in progress.

We may also speculate that the metastability of the DG phase at high y values is due to lat-
tice artifacts. Indeed, when the interfaces sharpen it to such an extent that the width is of
the interface is not wide compared to the discretization, the path followed by the interface
may deviate from the best possible path. In other words, the interfaces follow low energy
paths provided by the lattice rather than the ones dictated by stretching, area minimization
and volume filling. As a result, one would overestimate the free energy density of the phas-
es that cannot optimize the position of the interface with respect to the lattice. We believe
that this is not what caused the metastability of the DG to occur in our case, but in order to
exclude this option we need to implement a lattice refinement study. This work is post-

poned to the future.

There are several interesting aspects of the SF-SCF approach for further studying copoly-
mer segregation. There are a number of modifications of the system, which are readily
available in the existing implementations of the theory, that allow one to undertake similar
studies for: (i) multi-block copolymers, (ii) polydisperse copolymers,* (iii) additions of sol-
vents with non-trivial partitioning, (iv) branched or topologically complex chain architec-

tures, 442 (v) including longer ranged interactions, for example electrostatic interactions.#3-45

In the above, we have focused on the stability issue of DG phase, which occurs near the
HEX to LAM transition. We believe that the region between spherical and HEX phases is

also of interest for further investigations. We have preliminary data showing that a phase of
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short dumbbells is stable at high value of yN. Such phases may be isotropic (dumbbells ori-
ented in three, possibly in 6 directions e.g. x - y — and z directions as well as in three diago-
nal directions but also anisotropic (dumbbells oriented all parallel or ordered in two direc-
tions e.g. in planes). Such phases may have interesting optical properties when the refrac-
tive index of the minority phase is sufficiently different from the majority phase. Work in

this direction is in progress.

Finally, we may reflect on the HPL results. We have seen in the calculations that this phase
is very robust. We may speculate that this also has a physical interpretation. This might ex-
plain why in experimental cases, the HPL phase is relatively frequently reported as being
metastable after annealing block copolymer films.323% The HPL phase has the features close
to the disconnected spheres when f < 0.2, it shows features of the hexagonal cylinders at
intermediate f = 0.3 and it is close to lamellar when f = 0.5. We then take this result to
speculate that the HPL phase is an intermediate phase which ‘transports’ the system from
one phase into the other. We have seen how it resembles, e.g. the DD when f = 0.3, we see
how it can transform into lamellae when the f value is larger, or how it can transform the
system into a hexagonal phase when the f value is smaller. Such transitions may be possi-
ble upon the addition of a selective solvent which effectively changes the f value in the sys-
tem. Such insights may help experimentalists to further explore the micro-phase segrega-

tion phenomenon.

3.5 Conclusions

We have used the SF-SCF formalism to study microphase segregation of block copolymers.
Most of our results are in line with previously undertaken SCF studies. We contributed to
the problem by focusing on finite chain length effects. We believe that the SF-SCF method is
appropriate to investigate microphase segregation of block copolymers and remains accu-
rate at strong segregation because of the non-local contributions in the segment potentials
are considered. We analyzed the structure of the LAM phase in the neighborhood of the
critical point and reproduced the finite chain length corrections near the critical point. We
found that the free energy density and the density difference scales with the distance to the

critical point as a power-law. The width on the interface remains finite. We found that at

80



Microphase segregation of diblock copolymers studied by SF-SCF

intermediate segregation the DG phase has a narrow stability region in between the HEX
and LAM phases and most significantly we forwarded the prediction that for strong segre-
gation, that is, for high y-values, this stability domain vanishes. We note that the computa-
tion strategy is unbiased with respect to the symmetry of the solution. We only need an ini-
tial guess and appropriate boundary conditions to focus on a particular solution. The rich
structure of the HPL is an example of the type of results that one obtain by the SF-SCF
method. The curvature of the lamellae as well as the size of the holes and the undulations
in the connectors all vary with the asymmetry ratio f and these effects made us speculate

about the role of HPL to mediate the system from one phase into another.
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APPENDIX

Details of the Scheutjens-Fleer self-consistent field method

Let us consider lattice sites with length of b and volume of v = b3. Below all linear lengths
are given in units of b. Space is built up by a simple cubic ordering of these sites. Introduc-
ing a Cartesian coordinate system of lattice sites, x =1,2,-,Ly, y =1,2,---,L, and z =
1,2,-,L,. We will refer to a particular site by r = (x,y,z). The dimensionless volume of
the system (box) is given by V = L, L, L,. The idea of the specified volume is that it will rep-
resent a unit cell of the system of interest. To properly implement this, we need boundary
conditions. As these boundary conditions depend on the type of system that is aimed for,

we will pay attention to this separately below.

In this system, we introduce flexible copolymer chains which are built up by a linear string
of spherically symmetric segments such that each segment occupies one lattice site. Let the
composition be given by Ay,By, where segments s = 1,2,-+,N, are of type A and the re-
mainder of the segments are of type B, i.e,, for s = Ny + 1, -+, N, where the total number of

segments per chain is given by N = N, + Np. Hence, the fraction of A segments is given by

f=5 IiAN . Below we will adopt the freely jointed chain (FJC) model to describe the chain
A B

statistics. In this model, two consecutive segments along the chain occupy neighboring lat-

tice sites, but longer ranged correlations are ignored.

Below we will use a mean field approximation. In such an approach the key quantity is the
probability that a site is filled with segment type A or B and will be given by volume frac-
tions of the ¢, and ¢p, respectively. One way to envision such volume fractions is that we
consider not just one box, but an ensemble of boxes and that the focus is on the ensemble

average.

It is a good approximation to consider most liquids as incompressible. This also applies to
copolymer melts. We therefore implement an incompressibility condition on each site. This
means that we are only interested in the solution for which at each coordinate r, when

0a(™) + @p(r) = 1.
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It is convenient to define so-called site averages, e.g. for the segment density, which is de-
noted by angular brackets and encompasses an average of the volume fractions over the

nearest neighbor coordinates:

1
(¢(X,y,Z)) :g[()b(x_ 1,%2) +¢(x+ 1')/!2) +¢)(x1y_ 1'Z)

+dl,y+1L,2)+o(x,y,z— 1)+ d(x,y,z+ 1)]

(A1)

It is known that in the limit of small lattice spacings (weak gradients) the site average ac-

counts for the local density as well as the curvature of the density in three directions:

1
(@) = d(0) + V2 (r) (A2)

In an exact lattice theory, the sites are filled either by a segment A or B and the local seg-
ment interactions should be evaluated accordingly to the instantaneous surroundings.
Within mean field approximations, the exact counting of contacts is replaced by an estimat-
ed counting using probabilities that sites are filled, e.g. based on the volume fractions. This
simplifies the evaluation of the partition function because it then boils down to the evalua-
tion of the so-called single chain partition functions, q, wherefore the molecules feel the
surroundings by potential fields. Hence, in the mean field theory there are, complementary
to the volume fractions, so called segment potentials u,(r) and up(r), ‘felt’ by the A and B
segments, respectively. It can be shown that the mean field free energy (G) in terms of the
volume fraction and segment potentials can be written as below which is specified in units

of the thermal energy kgT.

6=-1nL = > 0 @pum) +us (a0} + Y 2 (940 (s ()

(A3)
FoplpN + Y ) fpa®) +9p®) - 1)

Here, n =V /N is the number of copolymers in the volume. The factor %2 is present to cor-
rect for the double counting as the two terms within the square brackets are the same after
summation over r has taken place. The incompressibility constraint is added to the mean

field free energy though the use of a Lagrange parameter a(r). This will allow for an easier
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differentiation of the mean field free energy. It turns out that we need a saddle point of G,
that is we need a maximum of G with respect to the segment potentials and the Lagrange
field and a minimum with respect to the volume fractions. The search for such a saddle
point leads to the self-consistent field protocol, which specifies (i) the rule how to compute
the segment potentials from the volume fraction, (ii) the rule how to compute the volume
fractions from the potentials and finally (iii) how to find the value for the Lagrange field.
These rules will be discussed in the following sections. After the free energy is optimized
we can simplify it and make sure that it is normalized such that when the system turns

homogenous, the free energy vanishes. We will return to this below.

When we take the derivative of Equation A3 with respect to the volume fractions and set
the result to zero we find an equation for the segment potential. The result for segment type
Ais

oG

EPRC) = —uy(r) + a(r) + x{pz(T)) =0 "

Note that in the segment potentials, the interaction term is including curvature information
through the angular brackets. Again, when the curvature in the volume fractions is minor
we find that u,(r) = a(r) + y@p(r), and this form of the potential is used classically in the
field of block copolymer self-assembly. Typically, we will normalize the potentials such

that when the system is homogeneous, the potentials are zero, hence in practice we use
uy () = a(r) + x((ps(M) — (1 - ) (A5a)

ug(r) = a() + x(ea(m) - f) (ASb)

The optimization of the mean field free energy with respect to the segment potentials lead

to the rule how to compute the volume fractions:

06~ ndlng
du (r)  du,(r)

—9a(r) =0 (A6)

Hence, we need the evaluation of the molecular partition function g. It turns out that sub-
sequent differentiation of the In q is not needed because the propagator formalism gives be-

sides the value of q also the volume fractions.
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It is convenient to introduce the Boltzmann weights G,(r) = exp —u,(r) and Gp(r) =
exp —up(r). Next, we introduce so-called free segment distribution functions G(r,s) =
G,(r) when segment s = 1,2,-+-, N, is of type A and G (I, s) = Gp(r) othewise. These quanti-
ties are used to compute so-called end-point distribution functions G(r,s|1) or G(r,s|N)

with the propagator equations
G(r,s|1) = G(r,s){G(r,s — 1]|1)) (A7a)
G(r,s|N) = G(r,s){G(r,s + 1|N)) (A7Db)

which are started by realizing that at the ends of the chain, we can use the free segment dis-

tributions:
G(r,1]1) =G(r, 1) (A8a)
G(r,N|N) = G(r,N) (A8D)

In passing we note that when we Taylor expand the free segment distribution function
G(r,s) = 1 —u(r,s) and replace the angular brackets as in Equation A3 with the local end-
point distribution plus the curvature contribution, we can rewrite the right-hand side of
Equation A7 and obtain 4 terms on the right-hand side. Neglecting the product of the po-
tentials and the second derivative (both should be small) we can arrange the result and ob-

tain the Edwards diffusion equation.!

oG 1
= V%G — A9
s 6V G —uG (A9)

Note that the latter equation is applicable for Gaussian chains, whereas the propagators are
representing FJC’s. There is only a noticeable difference between the Gaussian chain and
the FJC when the chains become strongly stretched in the limit of their contour length. This

will not easily occur for block copolymer self-assembly.

The partition function can now be computed by:

a=) 6N = > 6 1IN) (A10)
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and the combination of two complementary end-point distribution functions leads to the

segment densities:

_ nG(r,s[1)G(r,s|N)
(p(r: S) - a G(r, S)

(A11)

In this equation, the division by G(r,s) is needed to prevent that the statistical weight for

the segment s is counted twice. Finally, the volume fractions of the segment types become:

Na
AOEDRTCD (A122)
s=1
N
pp(r) = Z o(r,s) (A12Db)
s=Ng+1

Optimization of the free energy (Equation 3) to the Lagrange parameter a(r) gives the
compressibility constraint (Equation 1). Below we discuss the iteration scheme, but part of
this is the need to know the Lagrange field. This quantity is updated at iteration k simply

by adding the constraint:
a(®)® = a@D + n(p,0)® + @p(r)* - 1) (A13)

The idea behind Equation A13 is the following. When the local volume fractions do not add
up to unity, the value of the Lagrange field should be adjusted. When the overall volume
fraction (density) exceeds unity, we need to push segments away from that coordinate. This
is done by increasing a. Inversely, when the volume fraction is less than unity we need to
attract segments to this site. We do this by decreasing a. Equation A13 exactly will do this.
In Equation A13, n < 1 is a damping parameter. Typically, a value of 0.1 is needed to find

smooth convergence.

The above set of equations is closed. As mentioned already, we need an iteration to find the
fixed point. Let’s define the interaction term, E,(r) = u,(r) — a(r) and Ep(r) = up(r) —
a(r). According to Equation 5, we can compute this interaction term when the volume frac-
tions are available. Let's assume that at iteration of k — 1, we have the interaction terms

E,(r)¥~ and Ez(r)*~ as well as the potentials u,(r)*~ and uyz (r)*~V. The latter ones
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are used to compute volume fractions (cf Equation A12) ¢,(r)® and ¢z (r)®. With these
we may evaluate E,(r)® and Ez(r)®. Next, we use Equation A13 to find an update for
the Lagrange field a(r)® and update the segment potentials, e.g. for segment type A, ac-

cording to the Pikar mixing:
ua (M@ = a(@® +nEy (P + (1 —mE () Y (Al4)

Now the loop is closed and we can continue until the potential fields as well as the segment
volume fractions between two consecutive iterations differ less than a tolerance value. We
typically continue until we have 7 significant digits. Note that is Pikar-like iteration does
not require the storage of a large matrix and hence can be used also for three-gradient ap-

plications.

In practice, we do not use this Pikar scheme because it needs relatively many iterations. In-
stead we use target functions specified by Evers et al.2 and use the DIIS algorithm? to find
the fixed point. The method is remarkable fast and typically requires only an order of 100
iterations and even for 3-gradient applications one obtains solutions within a few minutes
CPU time. When necessary the procedure can be implemented on graphical cards which for

large enough systems can lead to improvements in wall time by a factor of 5 to 10.
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Chapter 4

4.1 Abstract

Block copolymer (BCP) thin films are interesting material systems for nanofabrication since they can
form well-defined periodic nanostructures by microphase separation. However, attaining a specific
morphology with the required orientation can be challenging. In this study, we investigated the
morphological behavior of polystyrene-b-poly(N-isopropylacrylamide)-b-polystyrene  (PS-b-
PNIPAM-b-PS) BCP thin films by using atomic force microscopy (AFM) and in-situ grazing-
incidence X-ray scattering (GISAXS) during selective solvent annealing. Thin films of a lamellar
BCP were annealed by using various solvents with different selectivity for the blocks, such as
PNIPAM-selective methanol, non-selective tetrahydrofuran (THF) and PS-selective toluene. Solvent
annealing using methanol: THF 1:2 (v:v) or methanol: toluene 1:1 (v:v) resulted in the formation of
hexagonally ordered perpendicular cylinders, whereas no sustained long-range order was found
when only one type of solvent was used. PS-b-PNIPAM-b-PS BCP thin films that have hexagonally
ordered perpendicular cylinders are promising for applications where thermo-responsiveness is

desired, such as nanofiltration and biomedical applications.

4.2 Introduction

Block copolymer (BCP) thin films having a hexagonally ordered cylindrical morphology,
with the cylinders oriented perpendicular to the substrate, are attractive for many applica-
tions such as nanoporous membranes!, pattern transfer? and nanolithography?®. These ap-
plications often require that the films are well-ordered and maintain perpendicular orienta-
tion over large areas, which can be obtained by using annealing techniques. The most wide-
ly used annealing techniques are thermal and solvent annealing. In these techniques, either
the temperature of the thin film is increased over the glass transition temperature (Ty) of the
blocks or solvent vapor acts as a plasticizer on the BCP and reduces the T; of the blocks be-
low room temperature which causes an increase in chain mobility. As a consequence, the
lateral ordering of the BCP microdomains is significantly promoted. Although thermal an-
nealing is an effective method to create ordered morphologies*!!, application of high tem-
peratures to BCP thin films may result in the degradation of one or more blocks, causing
the final morphology to deteriorate.120 This can also bring a loss to the long-range ordering

of the morphology.16-17, 21
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Solvent annealing, does not pose any risk of polymer degradation, is faster?>23 and intro-
duces structures which are not approachable using thermal annealing.18-20. 2427 Solvent an-
nealing also offers the possibility to choose solvents selective for one of the blocks in the
copolymer.1% 26,2836 A selective solvent swells one block more than the other block(s) caus-
ing an increase in the effective volume fraction of that block during the annealing process.
In this way, it is possible to shift through the BCP phase diagram to different regions which
correspond to different morphologies without changing the molecular weight or block ratio
of the copolymer.?0. 23,37-38 Thus, selective solvent annealing is a useful approach to achieve
non-equilibrium morphologies without the need of more than one BCP.3> For example,
Chavis et al. used one poly(2-hydroxyethyl methacrylate)-b-poly(methyl methacrylate)
(PHEMA-b-PMMA) BCP to create four different morphologies including hexagonally or-
dered cylinders by using selective solvent annealing3l. Precise control of selective solvents
was also used to shift to different morphologies during annealing of polystyrene-b-poly(2-

vinylpyridine) (PS-P2VP) BCPs as reported by Park et al..33

An additional interesting feature of using selective solvents is that the orientation of the cy-
lindrical morphologies may be modified.? 36 3840 For PS-b-P4VP BCPs, parallel cylinders
were obtained using the non-selective solvent chloroform whereas cylinders oriented per-
pendicularly in case of using the PS block selective solvent 1,4-dioxane.?-3 Brendel et al.
showed a perpendicular cylindrical morphology for a semiconductor BCP by annealing
with a selective solvent which was not possible to attain with thermal annealing methods.40
Similarly, Berezkin et al. reported that a certain selectivity of the annealing solvents is nec-
essary for perpendicular orientation of the cylinders while thermal annealing was only able

to produce parallel cylinders.2

In this work, we study the effect of selective solvent annealing on a stimuli-responsive BCP
system. Stimuli-responsive thin films are used in various applications such as stimuli-
responsive nanoporous membranes*!, chemical sensors for microelectromechanical systems
(MEMS), drug release systems, actuators in biomedical applications*>43, nanolithography*
and cell adhesion.#> Stimuli-responsive thin films are often prepared by grafting a stimuli-
responsive polymer to the surface. However, the use of BCPs, containing one or more re-

sponsive blocks, forms an interesting alternative.*3
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There exist several solvent annealing studies of BCPs containing pH responsive blocks, in-
cluding polyacrylic acid (PAA)*, P2VP and P4VP?8 33 38 4751 and pH and temperature du-
al-responsive blocks, including poly(N,N’-dimethylaminoethylmethacrylate) (PDMAEMA)
and poly(N,N’-diethylaminoethylmethacrylate) (PDEAEMA).>2 One of the most widely
used thermo-responsive blocks in BCPs is poly(N-isopropylacrylamide) (PNIPAM) which
has a lower critical solution temperature (LCST) at 32 °C. Thomas et al. investigated the
morphological properties of bulk films of protein-PNIPAM BCPs using selective solvent
annealing.’® In addition, PS-PNIPAM BCPs were successfully used for thermo-responsive
nanofiltration purposes!, cell adhesion and growth studies for biomedical applications.>
However, to the best of our knowledge, there is no systematic study for solvent annealing

for PS-b-PNIPAM-b-PS BCP thin films using selective solvent systems.

In our study, we fabricated PS-b-PNIPAM-b-PS BCP thin films which were annealed using
various selective solvents. The morphologies of the thin films were analyzed using Atomic
force microscopy (AFM) and in-situ grazing incidence X-ray scattering (GISAXS) tech-
niques. We show that by solvent annealing in methanol-THF or methanol-toluene solvent
mixtures, a hexagonally ordered cylindrical morphology, with the cylinders oriented per-
pendicular to the substrate, can be obtained from a lamellar BCP thin film. Having the abil-
ity to control the order and to maintain the perpendicular orientation of temperature-

responsive BCP thin films is particularly promising for membrane applications.

4.3 Experimental Section

4.3.1 Materials

Styrene (Sigma-Aldrich, >99%) was vacuum distilled after stirring overnight over calcium
hydride. N-isopropylacrylamide (NIPAM, Sigma-Aldrich, 97%) was purified by recrystalli-
zation from toluene. 2,2'-Azobis(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) was
recrystallized from methanol. Diethylether (Biosolve), methanol (Fisher Scientific), tetrahy-
drofuran (THF), 1,4-dioxane and toluene (Sigma-Aldrich) were used without further purifi-

cation.
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4.3.2 Synthesis

4.3.2.1 Synthesis of PS macro-RAFT agent. A difunctional RAFT agent S,S’-bis(a,a’-
dimethyl-a""-acetic acid) trithiocarbonate (BDAT) was synthesized by using the method re-
ported by Lai et al.% and characterized by 'H NMR and 3C NMR. The synthesis of the PS
macro-RAFT agent and the copolymer were based on the procedure reported by Nykinen
et al.? BDAT (0.7 mM, 14 mg), freshly distilled styrene (2.2 M, 16 g) and AIBN (0.8 mM,
9.2 mg) were dissolved in 70 mL of 1,4-dioxane by stirring at room temperature. The solu-
tion was transferred to a Schlenk ampoule by using syringes. After degassing with three
successive freeze-pump-thaw cycles by using a high vacuum Schlenk line, the solutions
were heated to 70 °C with a temperature controlled oil bath. The solution was allowed to
polymerize for 48 hours. The reaction was stopped by cooling the ampoules in liquid nitro-
gen. The product was precipitated twice in cold methanol and dried in a vacuum oven at
room temperature overnight to give a white-yellowish powder (22% yield). TH NMR
(CDCls): 6.2-7.1 (Ar-5H), 1.2-2.4 (3H, PS backbone). GPC: M,= 57 kDa, PDI = 1.42.

4.3.2.2 Synthesis of PS-b-PNIPAM-b-PS copolymers. The PS macro-RAFT agent (3 g, 1.2
mM), NIPAM (6 g, 0.9 M) and AIBN (1.99 mg, 0.206 mM) were dissolved in 60 mL of 1,4-
dioxane. The solution was degassed by three successive freeze-pump-thaw cycles and heat-
ed in a temperature controlled oil bath to 70 °C for 18 h. The reaction was stopped by cool-
ing the reaction mixture in liquid nitrogen. 1,4-dioxane was removed with a rotary evapo-
rator after which the BCP was dissolved in THF. The BCP was reprecipitated from diethyl
ether and cold water, respectively. The precipitant obtained from diethyl ether precipitation
was separated by centrifuging with PTFE centrifuge tubes and decantation. The product
was separated from the homopolymer PNIPAM by centrifugation (45 min, 5000 rpm) three
times. The purified copolymer was freeze-dried giving 41% yield. The molar ratio of the PS:
PNIPAM blocks is equal to 0.90 which was calculated from the NMR data. This corre-
sponds to a PS weight fraction 0.45 and a PS volume fraction (frs) of 0.44 (using pps = 1.05
g/cm3,% and ppnipam = 1.10 g/cm3,%7). TH NMR (CDCls): 6.2-7.1 (Ar-5H), 4.0 (1H, -NCH-),
0.8-2.5 (3H, PS backbone and 9H, PNIPAM -CHs and the backbone). GPC: M, = 127 kDa,
PDI =1.40.
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Scheme 1. Synthesis route of PS-b-PNIPAM-b-PS BCP
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4.3.3 Polymer characterization

TH NMR measurements were carried out on a Bruker AMX-400 spectrometer (400 MHz) at
room temperature. The ratio between PS and PNIPAM blocks in the BCP was determined
by comparing the integral of the aromatic PS protons at 6.2-7.1 ppm (5H, Ar-H) to the lone
PNIPAM proton at 4.0 ppm (1H, -NCH). Gel permeation chromatography (GPC) of the
polymers was carried out by using a set-up consisting of an Agilent Technologies 1200 se-
ries gel permeation chromatograph, a PLgel 5 pym Mixed-D column (Mw range 200-400.000
Da, Polymer Laboratories Ltd.) and an Agilent 1200 differential refractometer. The column
was calibrated by using PS standards. An amount of 100 pL of each sample was injected

into the THF eluent at 30 °C and a flow rate of 1 mL/min.

4.3.4 Bulk film preparation

A 3 wt% copolymer solution in THF was prepared and stirred overnight for full dissolu-
tion. The solution was poured into a PTFE beaker. This beaker was transferred to a desicca-
tor, containing a beaker full of THF, which forms the desired solvent atmosphere, and sol-
vent annealed for 2 weeks. After annealing, the THF beaker was taken out and the film was
transferred to a vacuum oven where vacuum was applied slowly for 6 hours at room tem-
perature. Then the temperature of the vacuum oven was increased stepwise first to 40 °C

and then to 60 °C. The beaker was kept under vacuum at 60 °C for at least 18 hours. Then
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cooled to room temperature after which the vacuum was released, yielding a solid film

without any air bubbles.
4.3.5 Thin film preparation

Films were deposited from 2 wt% solutions of copolymer by spin-coating on Si wafers at
3500 rpm for 15 seconds with a Laurell WS-650MZ-23NPP spin-coater in N2 atmosphere.
1 x1 cm and 2 x 2 cm sized Si wafers were used for solvent annealing experiments in the
desiccator and for in-situ GISAXS experiments, respectively. Solvent annealing was stopped
by fast quenching, which was executed by opening the cap of the desiccator and removing
all the solvent from the desiccator. Si wafers were pre-treated with piranha solution (atten-
tion: highly oxidizing!) and stored in a methanol-water solution and rinsed with acetone just
before use. THF was used as the solvent for the preparation of the solutions for spin-
coating unless stated otherwise. The thickness of the films was measured with spectroscop-
ic ellipsometry (Sentech Instruments GmbH) at an incidence angle of 70° with a wavelength
of 632.8 nm and was found to be around 100 nm. The spin-coated films that were not used
for in-situ GISAXS experiments were annealed at room temperature in a desiccator saturat-

ed with solvent or with a solvent mixture for a certain amount of time.

4.3.6 Atomic force microscopy (AFM)

The surface morphology of the films was analyzed with a Bruker Multimode 8 AFM in-
strument using the Nanoscope V ScanAsyst imaging mode. DNP-10 model non-conductive
silicon nitride probes with a spring constant of 0.24 N/m (Bruker) were used. Images were
recorded at a frequency of 1.50 Hz and NanoScope Analysis 1.5 software was used for the
processing of the data. At least three different regions on the same thin film sample were
probed to assure that the obtained surface morphology was representative for the entire

sample.

4.3.7 Small angle X-ray scattering (SAXS)

Small angle X-ray scattering measurements were performed on a SAXSLAB GANESHA 300
XL SAXS system equipped with a GeniX 3D Cu Ultra Low Divergence micro focus sealed
tube source. The wavelength A was 1.54 A at a flux of 1x108 photons/s. A Pilatus 300K sili-
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con pixel detector with 487 x 619 pixels and a size of 172 x 172 pm was placed at a sample-
to-detector distance of 1513 mm. Silver behenate was used for calibration of the beam cen-
ter and the g-range. The calibrated detector response function was used together with the
known sample-to-detector distance, measured incident and transmitted beam intensities, to
bring the two-dimensional SAXS patterns to an absolute intensity scale. The corrected
SAXS patterns were azimuthally averaged to obtain one dimensional SAXS profiles. SAXS-

GUI v2.13 software was used to analyze the data.

4.3.8 Grazing incidence small angle X-ray scattering (GISAXS)

In-situ GISAXS experiments were carried out at beamline D1 at the Cornell High Energy
Synchrotron Source (CHESS) at Cornell University, Ithaca, New York, USA. The wave-
length A was 0.1162 nm and the beam size 0.5 mm x 0.1 mm. A CCD camera with a pixel
size of 46.9 pm was used as detector and placed at a sample-to-detector distance of 1825
mm. The sample was placed in a custom-made annealing chamber having a volume of 110
mL. 3 mL of solvent was injected into the chamber. Two or three exposures were taken be-
fore injection of the solvent and every 5 minutes during the annealing process. The sample
was being moved to a previously unexposed area after around 10 exposures to avoid beam
damage of the sample. The annealing chamber was connected to a flowmeter which was
used to control the evaporation rate of the solvent inside the chamber.5® It was equipped
with a FilMetrics F30 optical spectroscopic reflectometer for monitoring the thickness of the
films during the annealing process. The spots where the thickness was measured were not

exposed to X-rays.

ProcessGIXS 8 software was used to analyze the data. Error bars in Figure 7 and Figure 10
were calculated by taking the standard deviation between the second order polynomial fit
and the raw data of around 20 data points. Since the resulting error bars were smaller than

the size of the marker on the graph, they were not plotted in the figures.

4.4 Results and Discussion

In this work, we aim to fabricate PS-b-PNIPAM-b-PS thin films having a cylindrical mor-

phology with hexagonal perpendicular alignment by using solvent annealing. We explore
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the effect of several selective solvents and combinations of them on the ordering of the BCP
thin films. Common laboratory solvents were selected, i.e. THF, methanol and toluene. The
vapor pressures of all solvents are similar except for toluene, which has a lower vapor pres-
sure as shown in Table 1. Since slow drying of the swollen film will often lead to changes
in the final morphology of the block copolymer thin film,?” we rapidly quenched the films
to kinetically trap the morphology.>®

To compare the selectivity of these solvents for the blocks of the copolymer, we calculated
the Flory interaction parameters () using Hansen solubility parameters. y parameters were

calculated using Equation 1 and 2.60
Ay = [(8p2 = 6p1)? + 0.25(8pz — 6p1)? + 0.25(8z — 841)?] @™

In Equation 1; ép, 6r and 0n are Hansen solubility parameters for dispersive, polar and hy-
drogen bonding contributions of the two blocks of the BCP, respectively.t0-61 Subscript 1

stands for the solvent and 2 stands for the polymer block.
Xiz = VA /RT @

In Equation 2; V, R and T correspond to the molar volume of the solvent, the ideal gas con-
stant and the absolute temperature, respectively. The calculated results, given in Table 1,
indicate that methanol is a better solvent for PNIPAM than for PS, while toluene is a better
solvent for PS. THF can be considered as a neutral solvent for both blocks. Although some
of the calculated y values were significantly higher than experimental values reported in
the literature, for our experiments it was sufficient to compare the selectivity of the solvents

between the blocks.

Table 1. Calculated y parameters and vapor pressures

methanol THF toluene
X parameters PS 214 0.78 0.74
PNIPAM 113 0.46 1.21
Vapor pressure at 25°C (kPa) 16.9 21.6 3.79
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4.4.1 Bulk morphology

The triblock PS-b-PNIPAM-b-PS copolymer with a total molecular weight of M, = 127kDa,
PDI = 1.40 and fps = 0.44 was successfully synthesized by RAFT polymerization (CP-1 in
Chapter 2). The bulk morphology of the copolymer was characterized by using SAXS and
AFM, after solvent annealing of the bulk copolymer film. As shown in Figure 1a, the inten-
sity profile of the SAXS data shows a well-defined first-order peak and a higher order re-
flection at a g spacing ratio of 34*. The AFM image, shown in Figure 1b, shows a lamellar
morphology perpendicularly aligned to the surface with an average interlayer distance of
59 nm (+/- 2 nm). This interlayer distance is in agreement with the SAXS data from which
an interlayer distance of 59.3 nm was obtained. In the SAXS traces, no clear second order
peak at g spacing ratio of 2g* was observed, which can indicate that the lamellae of the two

blocks are similar in thickness.®2 This is consistent with the almost equal volume fractions

of the polymer blocks.
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Figure 1. Bulk film characterization. (a) Intensity profile of the SAXS data. Peak positions as ex-
pected for a lamellar morphology are indicated. (b) AFM height image. Scale bar = 400 nm.

4.4.2 As-spun samples

Copolymer thin films with a thickness of around 100 nm were prepared by spin-coating
from PS-b-PNIPAM-b-PS solutions in THF or methanol: THF 2:1 (v:v) solvent mixtures. The
variation in thickness for a set of samples annealed with a particular solvent (mixture) was

+/- 10 nm. Methanol is a more selective solvent for PNIPAM than for PS. THF is almost
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neutral for both blocks. The AFM images in Figure 2 show a disordered micellar morpholo-
gy for both types of solvent systems. The light regions in the images correspond to PS and
the dark regions correspond to the PNIPAM part of the block copolymer. The micelles can
either indicate spheres or perpendicular cylinders. The GISAXS images in Figure SI show a
weak first-order peak and confirm that there is only short-range ordering in the lateral di-
rection with domain spacings of 62.8 nm for THF and 40 nm for methanol-THEF. This rela-
tively large difference in domain size, may be due to the poor solubility of PS in methanol.
Since the obtained as-spun morphologies are metastable due to the rapid solvent evapora-
tion during spin-coating, collapse of the PS chains in solution may cause a decrease in do-
main size. Both the AFM and the GISAXS data indicate that the methanol-THF solvent mix-
ture slightly improved the uniformity of the domains. Therefore, the use of selective sol-

vents improved the morphology.5!

Figure 2. AFM topography images of as spun thin films prepared by spin coating solutions of the
BCP in (a) THF and (b) methanol-THF. Scale bars = 400 nm.

4.4.3 Solvent annealing
4.4.3.1 Solvent annealing with pure solvents

We solvent annealed as-spun BCP thin films using three different pure solvents: THF,
methanol and toluene, and studied the morphological behavior using in-situ GISAXS and
AFM. The GISAXS analysis was performed on films swollen with solvent and AFM analy-
sis on quenched dry thin films after solvent annealing. The as-spun morphology for solvent

annealing was always disordered micellar as shown in Figure 2. In all solvent annealing
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experiments, including with pure solvents and solvent mixtures, there was always an initial
first order peak in the dry state which immediately disappeared when it came into contact
with the solvent vapor. The occurrence and disappearance of this initial peak will not be

mentioned for each system separately.

Toluene is a good solvent for PS, but a poor solvent for PNIPAM. For toluene, a weak first
order peak was observed for a short time, after which the film became and stayed disor-
dered during the solvent annealing process (Figure 3a). GISAXS images of the integrated
plots in Figure 3 can be found in Figure SII. While the thickness of the film increased by
50% (from ~100 to 150 nm) there was apparently insufficient plasticization to induce any
reordering of the BCP domains. The initial weak first order peak may be lost due to a small

screening effect by the toluene of the non-favorable interactions between the blocks.

For both THF and methanol annealing, a stable and well-defined first order peak was ob-
tained, as can be seen in Figure 3b and 3c, respectively. For THF the film could be swollen
up to 363% relative to its original film thickness, but no higher order peaks were obtained
during the process. Since THF is an almost non-selective solvent for the PS-PNIPAM sys-
tem increasing the solvent content in the film not only increases the chain mobility but also
leads to an increased screening of the non-favorable interactions between the blocks. There-
fore, the lack of higher order may also indicate that the solvent concentration during in-situ
GISAXS was too high to obtain well-defined morphologies. To complement the swelling
data, we performed separate AFM studies on solvent annealed films that were rapidly
quenched by removing the samples from the annealing desiccator. According to the AFM
images in Figure 4, after 60 minutes of THF annealing there was almost no change in the
morphology of as-spun samples and after 120 minutes, worm-like micelles were formed.
After 240 minutes, there was a mixed morphology of parallel lamellae and either parallel
cylinders or perpendicular lamellae. Although phase transitions could be observed with
AFM, none of the images showed order over large areas, in agreement with the GISAXS da-

ta.

For solvent annealing with methanol a final film thickness of 171% the original film thick-
ness was reached. This value lies between the final thickness of toluene and THF, which is

due to a combined effect of vapor pressure and solvent quality of the respective solvents.
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Figure 3. In-plane GISAXS profiles obtained during solvent annealing in (a) toluene, (b) THF
and (c) methanol vapor. Polymer fractions for toluene, THF and methanol were 0.84, 0.53 and

0.37, respectively. Corresponding 2D GISAXS data can be found in the appendix in Figure SII.
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Methanol has higher interactions parameters with the polymer blocks than THF and tolu-
ene, but toluene has a low vapor pressure. At similar conditions (temperature and air flow)
the low vapor pressure of toluene results in a lower driving force for the toluene to diffuse
into the film as compared to more volatile solvents. In-situ GISAXS data showed that next
to a well-defined first order peak, a second order shoulder at 2¢g* was observed during sol-
vent annealing upon reaching a polymer fraction of 0.47. The peak intensities increased un-
til a polymer fraction of 0.37 was reached at the end of the experiment. The improved order
obtained in GISAXS for methanol-annealing as compared to THF-annealing may be ex-
plained by the fact that methanol is a more selective solvent than THF and the screening
effect of non-favorable interactions will be less pronounced. The complementary AFM
study, as shown in Figure 5, only indicated micelles with short-range order even after 2
hours of solvent annealing. Apparently, quenching of the methanol swollen films leads to

loss of long-range order.
4.4.3.2 Solvent annealing with selective solvent mixtures

After establishing that no sustained long-range order was found by using pure solvents, we

continued with selective solvent mixtures.
4.4.3.2.1 Methanol-tetrahydrofuran

Figure 6a shows a series of in-plane GISAXS profiles that were collected during annealing
of a BCP thin film using a 1:2 (v:v) methanol-THF mixture. The corresponding 2D GISAXS
image for a polymer fraction of 0.44 is given in Figure 6b and the rest of the 2D images are
given in Figure SIII. During the annealing process the thickness of the film was monitored
and Figure 7 shows the domain spacing as a function of the polymer volume fraction ¢;.
The polymer volume fraction is determined by the ratio of the dry polymer film thickness,

to, over the swollen film thickness, t:

Pacp = f?o ©)

Similar as with the pure solvent systems, the as-spun morphology for solvent annealing
was always disordered micellar. Upon swelling of the film the first order peak was initially

lost.

104



Self-assembly of PS-b-PNIPAM-b-PS thin films via selective solvent annealing

7.0 nm

-9.0 nm

5.0 nm

-7.0 nm

Figure 4. AFM images of time dependent solvent annealing using THF. Scale bars = 400 nm for 0,

60 and 120 minutes and scale bar = 1pm for 240 minutes.

8.0 nm 14.0 nm
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Figure 5. AFM images of time dependent solvent annealing with methanol. Scale bar = 1pm for 0

minutes and scale bar = 400 nm for 120 minutes.
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A well-defined first order peak, corresponding to a domain spacing of 55.1 nm, reappeared
when the films started to show significant reorganization at a polymer fraction of 0.66.
Higher order reflections at g spacing ratios of v3¢* and V74* started to become visible after
reaching a polymer fraction of 0.48 and after the domain spacing had shifted to 57.1 nm.
This profile is consistent with hexagonally ordered perpendicular cylinders. The peaks
sharpened and intensified upon further swelling (from a polymer fraction of 0.46 to 0.44)
and the perpendicular orientation of the cylinders was maintained. Due to the selectivity of
methanol for PNIPAM it is expected that the PNIPAM forms the majority matrix phase sur-
rounding PS perpendicular cylinders. During the annealing process the thickness of the
film increased by 123% (reaching a polymer volume fraction of 0.44) and the domain spac-

ing started at 55.1 and shifted to 69.8 nm.
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Figure 6. (a) In-plane GISAXS profiles collected during annealing of a BCP thin film using a 1:2
(v:v) methanol: THF mixture. Polymer volume fractions are indicated next to the profiles. (b)
Corresponding 2D GISAXS images for a polymer fraction of 0.44. The red box indicates the inte-
grated area.

The domain spacing did not constantly increase with polymer fraction, as is indicated in
Figure 7. An increasing domain spacing is indicated by green data points and a decrease by

red data points. An increase in domain spacing indicates that the film is simply taking up
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more solvent, whereas a decrease in domain spacing (despite the solvent-uptake) usually
results from relaxation of the BCP chain at the interface due to the increase in screening of

the non-favorable interactions.
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Figure 7. Domain spacing as a function of the polymer volume fraction for methanol: THF (v:v)
1:2 solvent annealing Green data points and arrows indicate an increasing trend in d-spacing and
red data points a decreasing d-spacing. Error bars are smaller than the size of the markers and are

therefore not shown in the graph

The GISAXS study was again combined with a separate AFM study. Figure 8 shows that
disordered micelles started to gain some mobility after 20 minutes of solvent annealing.
Ordering improved after 40 minutes and after 70 minutes of solvent annealing, well-
defined hexagonally ordered perpendicular cylinders were observed. Upon further increase
of the solvent annealing time, it was observed that cylinders tend to align parallel to the
substrate. After 120 minutes of solvent annealing, all cylinders showed a parallel alignment.
These observations that hexagonally ordered perpendicular cylinders are obtained for short
annealing times and cylinders start to align parallel after longer annealing times are in
agreement with several reports in the literature.> ¢ However, no change in orientation of

the cylinders was observed during the in-situ GISAXS experiments.

In addition to varying the annealing time, we also changed the methanol-THF volume ratio
and studied the morphological behavior with AFM after annealing in the vapor of 1:1 and

2:1 (v:v) solvent mixtures (see Figure SIV).
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Figure 8. AFM images of time dependent solvent annealing using methanol: THF (v:v) 1:2 sol-

vent mixture. Scale bars = 600 nm.

Upon increasing the amount of methanol in the solvent mixture from 1:2 (Figure 8) to 1:1
(Figure SIV) the morphological rearrangements occurred after a longer annealing time.
Whereas for the 1:1 volume ratio, small grains with hexagonally ordered perpendicular cyl-
inders were obtained, for the 2:1 volume ratio no long-range ordering was observed (Figure

SIV). The delayed rearrangement of the BCP chains is consistent with the data of Park et al.

108



Self-assembly of PS-b-PNIPAM-b-PS thin films via selective solvent annealing

where the presence of a poor solvent was also found to increase the annealing time before
well-ordered nanostructures were obtained.? The reduction in ordering is attributed to the

poor solubility of PS in methanol, resulting in a lower mobility of the chains.
4.4.3.2.2 Methanol-toluene

Solvent annealing using methanol-toluene mixtures is expected to be considerably different
from the use of methanol-THF mixtures, since both solvents are selective. As shown in Ta-
ble 1, toluene and methanol are selective for PS and PNIPAM, respectively. The volume ra-

tio of methanol: toluene solvent mixture that we used was 1:1.

In-situ GISAXS analysis of the annealing process, presented by in-plane profiles in Figure
9a, showed the reappearance of a broad first-order peak after an initial disappearance at the
start of the annealing process. The corresponding 2D GISAXS images for a polymer fraction
of 0.50 and 0.22 are given in Figure 9b and 9c and the rest of the 2D images are given in
Figure SV. The first-order peak reappeared at a polymer volume fraction of 0.55. A sharp-
ening of the first-order peak and broad higher order reflections at g spacing ratios of V3¢*
and V7g* started to become visible when the polymer volume fraction was 0.50. This profile
is consistent with hexagonally ordered perpendicular cylinders. However, close inspection
of the 2D GISAXS images revealed that the order and orientation of the cylinders did not
reach the same level as for methanol-THF annealing. In addition, we noted differences in
the 2D GISAXS images in the g.-direction at polymer volume ratios of 0.50 and 0.22 (Figure
9b and 9c, respectively). The vertical stripes in the 2D GISAXS image of Figure 9b were
found to be more curved than those of Figure 9¢ which is an indication that the orientation

of the cylinders is not fully perpendicular to the substrate.3

A surprising feature was the fact that although the polymer volume fraction decreased to
0.22 during the annealing process, the domain spacing of the film did not change signifi-
cantly and stayed 60.4 nm during the entire solvent annealing procedure, as shown in Fig-

ure 10.

Moreover, at a polymer volume fraction of 0.49 the higher order reflections disappeared
and during the course of solvent annealing these peaks reappeared at their original posi-

tions at a polymer volume fraction of 0.24. The disappearance and reappearance of the

109



Chapter 4

peaks in the GISAXS profiles may indicate that the system was passed through the order-

disorder transition into the disordered state, after which it returned to the ordered state.
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Figure 9. (a) In-plane GISAXS profiles col-

lected during annealing of a BCP thin film

using a 1:1 (v:v) methanol-toluene mixture.
Polymer volume fractions are indicated next
to the profiles. Corresponding 2D GISAXS

images for a polymer volume fraction of (b)

0.50 and (c) 0.22. The red box indicates the

integrated area.

However, since the solvent concentrations did not decrease during the course of these
events, reappearance of the order can only occur if the solvent mixture volume ratio in the
film was altered. This may occur, because vapor pressure and solvent quality differences
may result in solvent composition variations within the film. At short annealing times, at a
polymer volume fraction of 0.50 (see Figure 10), the film will be rich in methanol and will

create a more selective environment for PNIPAM, resulting in PS cylinders surrounded by
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a PNIPAM matrix. At a polymer volume fraction of 0.49, the higher order peaks disap-
peared in GISAXS, which indicates that the system rearranged and long-range order was
lost. When the polymer volume fraction decreased to 0.24 the ratio of methanol-toluene va-
por changed in favor of toluene. We attribute this to the outlet of the solvent chamber,
through which more of the solvent with the higher volatility, i.e. methanol, will leave the
system. At this point, the amount of toluene in the film may have dominated the amount of
methanol, causing the PS domains to swell and the PNIPAM domains to shrink their vol-
ume. In the presence of a solvent fraction of 0.76, the effective volume fraction of PS do-
mains (including the PS selective solvent) can be as large as 0.85, for which the inverse cy-
lindrical morphology, consisting of PNIPAM cylinders within a PS matrix, is expected to be
the most stable morphology. This would mean that the morphology is inverted without a

change in domain spacing.
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Figure 10. Domain spacing as a function of the polymer volume fraction for methanol: toluene
(v:v) 1:1 solvent annealing. The appearance and the disappearance of the higher order peaks are
indicated with arrows. Error bars are smaller than the size of the markers and are therefore not

shown in the graph.

The AFM study of quenched morphologies after annealing in the vapor of a 1:1 (v:v) meth-
anol: toluene mixture is shown in Figure 11. After 40 minutes the micelles started to become
mobile. Between 40 and 60 minutes of annealing, a cylindrical morphology was formed
with no preferred orientation of the cylinders and only short-range order. After 90 minutes

of solvent annealing, however, the cylindrical morphology seemed inverted. As explained
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above for the GISAXS study this may occur, because vapor pressure and solvent quality
differences give rise to solvent composition variations within the films. Even though per-
pendicular cylinder formation was observed both in GISAXS and in AFM for the methanol-
toluene solvent annealing system, the ordering did not reach the same level as for metha-

nol-THF solvent annealing.

9.0 nm 9.0 nm
-12.0 nm -14.0 nm
3.0nm 2.0 nm
-4.0 nm -4.0 nm

Figure 11. AFM images of time dependent solvent annealing using methanol: toluene (v:v) 1:1

solvent mixture. Scale bars = 600 nm.

4.5 Conclusions

We studied the morphological behavior of PS-b-PNIPAM-b-PS BCP thin films upon solvent
annealing using selective solvents by means of in-situ GISAXS and AFM. The influence of
solvent type, solvent ratio and annealing time were investigated. PS-b-PNIPAM-b-PS was
found to form hexagonally ordered perpendicular cylinders, when annealed with selective

solvent mixtures of methanol-THF and methanol-toluene. However, solvent annealing with
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methanol-THF resulted in a higher degree of order than with methanol-toluene. This mor-
phology could not be obtained when only one type of solvent was used, showing the im-
portance of using selective solvents for direct tuning to a specific morphology. PS-b-
PNIPAM-b-PS BCPs hexagonally ordered perpendicular cylinders may find use in BCP thin
film applications where thermo-responsiveness is required, such as MEMS, biomedical and

nanoporous membrane applications.
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Figure SI. 2D GISAXS images and corresponding in-plane profiles of as-spun thin films pre-

pared with (a) THF and (b) methanol-THF. The red boxes indicate the integrated area.
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Figure SIIL 2D GISAXS images collected during annealing of a BCP thin film using (a) toluene,
(b) THF and (c) methanol. The red boxes indicate the integrated area.

Figure SIII. Corresponding 2D GISAXS images for the integrated profiles as shown in Figure 6

for methanol-THF solvent annealing. The red boxes indicate the integrated area.
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Figure SIV. AFM images of time dependent solvent annealing using methanol: THF (v:v) (a) 1:1
and (b) 2:1.

Figure SV. Corresponding 2D GISAXS images for the integrated profiles as shown in Figure 9

for methanol-toluene solvent annealing. The red boxes indicate the integrated area.
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parameters to control the structure of
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Chapter 5

5.1 Abstract

Fouling is a critical issue in membrane process operation as it greatly compromises the efficiency of
the treatment processes. A promising approach to overcome this problem is to produce of easy-to-
clean membranes by incorporating stimuli-responsive pores. In this study, we fabricated thermo-
responsive polystyrene-b-poly(N-isopropylacrylamide) (PS-b-PNIPAM) block copolymer mem-
branes using the self-assembly and non-solvent induced phase separation (SNIPS) method and sys-
tematically varied several membrane casting parameters i.e. evaporation time, polymer concentra-
tion, solvent type and water content to obtain nano- and isoporous membranes. Whereas, isoporous
membranes were obtained when the block copolymers were dissolved in PNIPAM (poly(N-
isopropylacrylamide)) (minority block) selective solvent mixtures, membranes with a disordered
surface were obtained for polystyrene (PS) selective solvents. Using 1,4-dioxane-tetrahydrofuran
mixtures resulted in isoporous membranes for a large parameter space, indicating the robustness of
structure formation in the PS-b-PNIPAM system. Permeability tests at various temperatures demon-

strated fully reversible thermo-responsive behavior of the membranes.

5.2 Introduction

Nanoporous membranes are essential materials that are used in water filtration to separate
nano-sized impurities such as proteins and viruses. Block copolymers receive a great deal
of attention in this field, since they can microphase separate into regular structures on
length scales of 10-100 nm and have the ability to form membranes with uniform nano-
sized pores.! Block copolymer membranes offer high pore densities, tunable pore sizes, nar-
row pore size distributions, tunable mechanical and chemical properties and the ability for

selective functionalization such as stimuli-responsivity.2

Introducing stimuli-responsive pores in the membrane is a promising approach to create
easy-to-clean membranes!!, since fouling, the accumulation of impurities on the mem-
brane surface, is one of the most important problems in membrane technology. When a
stimulus (e.g. temperature, pH, light, magnetism and electricity) is applied, the size of the
pores increases and accumulated impurities can be removed. A stimuli-responsive charac-
ter can be acquired by fabricating membranes using block copolymers that possess a stimu-

li-responsive character. The most commonly used stimuli-responsive block copolymers for
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membrane production are polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP)7 1214 and
poly(isoprene-b-styrene-b-4-vinylpyridine)'>1¢ due to their pH-responsive character and
their ability to produce well-ordered isoporous membranes. PS-b-P4VP block copolymer
membranes were also modified to attain thermo-responsivity in addition to pH-
responsivity.l” Thermo-responsivity was also directly obtained using polystyrene-poly(N-
isopropyl acrylamide) (PS-PNIPAM) block copolymers either in a spin-coating process'8 or
using a phase inversion method (as discussed in Chapter 2).19 Other pH and thermo-
responsive membranes were produced from polystyrene-b-poly(2-(dimethylamino)ethyl
methacrylate)20-21 and block copolymer consisting of polystyrene and poly(ethylene glycol

methyl ether methacrylate).?2

Recently, block copolymer membranes are produced by a phase inversion method, also re-
ferred to as self-assembly and non-solvent-induced phase separation (SNIPS). In the SNIPS
process, a film is formed from a viscous solution of the block copolymer by using a doctor
blade with a known gate height. The solvent in the film is evaporated for a certain period,
often less than one minute, which causes a concentration gradient perpendicular to the film
surface. This is the main step where self-assembly occurs. The film is then transferred into a
non-solvent bath where the organic solvent in the polymer film and the non-solvent are ex-
changed. This ends the self-assembly process and results in the formation of the porous
structure.’2 SNIPS membranes are free-standing and additional transfer of the membrane to
a porous support step can be omitted. Different from other methods, pores are produced

directly without the need of additional steps such as etching or additive removal.

Although SNIPS is an easy and quick method, there are many parameters in the process
that should be considered and chosen carefully, since they strongly affect the final structure
and properties of the membrane. The main parameters that influence the membrane struc-
ture are solvent type(s) and ratio, polymer concentration, evaporation time, and type of
non-solvent. For a successful SNIPS process, all parameters should be optimized. In our
previous study, we produced membranes from PS-b-PNIPAM block copolymers by using
SNIPS. Whereas the films exhibited fully reversible thermo-responsive behavior, the ob-
tained pore sizes were not uniform (Chapter 2).19 In this work, we aimed to improve the

surface structures of the membranes by systematically tuning the membrane casting pa-

123



Chapter 5

rameters. We investigated the effect of casting solution composition and evaporation time
of the SNIPS process and produced nano- and isoporous membranes from a PS-b-PNIPAM
block copolymer. The membranes with uniform nanopores were obtained for a relatively
large range of parameters. The membranes exhibited thermo-responsive behavior and this

behavior was found to be fully reversible.

5.3 Experimental Section

5.3.1 Materials

Styrene (Sigma-Aldrich, >99%) was vacuum distilled after stirring overnight over calcium
hydride. N-isopropylacrylamide (NIPAM) (Sigma-Aldrich, 97%) was purified by recrystal-
lization from toluene. 2,2'-Azobis(2-methylpropionitrile) (AIBN, Sigma-Aldrich, 98%) was
recrystallized from methanol. Diethylether (Biosolve B.V.) and methanol (Fisher Scientific)
were used as received. 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (DTMA)
(98%), calcium hydride (CaHz) (95%), 1,4-dioxane (anhydrous, 99.8%), tetrahydrofuran
(THF) (anhydrous, 299.9%), N-methyl-2-pyrrolidone (NMP) (299.0%), acetone and deuter-
ated chloroform (CDCls) (99.96% D) were purchased from Sigma-Aldrich and were used as

received.

5.3.2 Synthesis procedures

5.3.2.1 Synthesis of PNIPAM macro-RAFT agent. A monofunctional RAFT agent 2-
(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (DTMA) was used for the synthesis
of PNIPAM macro-RAFT agent. AIBN, NIPAM and DTMA were dissolved in 40 mL 1,4-
dioxane. The initial monomer concentration ([M]o), the ratio of initial monomer and chain
transfer agent concentrations ([M]o/[CTA]o) and the ratio of initial chain transfer agent and
initiator concentrations ([CTA]o/[I]o) were 1.18 mol/L, 145 and 10, respectively. The solu-
tion was transferred to a Schlenk ampoule by using syringes. After three freeze-pump-thaw
cycles, the solution was heated to 70 °C by using a temperature controlled oil bath for 4
hours. The reaction was stopped by cooling the solution with liquid nitrogen. The solution

was reprecipitated in diethyl ether after dissolution using a minimum amount of acetone.
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The product was dried overnight in a vacuum oven at room temperature (Yield: 81%). H
NMR (400 MHz, CDCls): & = 4.0 (1H, s, -NCH-), 0.8-2.5 (9H, m, -CH3, -CH-CH>-), 5.8-7.5
(1H, br, -NH-). M, = 25 kDa, PDI = 1.10 (GPC)

5.3.2.2 Synthesis of PS-b-PNIPAM copolymer. PNIPAM macro-RAFT agent, styrene and
AIBN were dissolved in 90 mL 1,4-dioxane by stirring at room temperature. Styrene was
purified by vacuum distillation just before the polymerization. The initial monomer concen-
tration ([M]o), the ratio of initial monomer and PNIPAM macro-RAFT agent concentrations
([M]o/ [macro-RAFT],) and the ratio of initial PNIPAM macro-RAFT agent and initiator
concentrations ([macro-RAFT],/[I]o) were 4.35 mol/L, 1917 and 10, respectively. The solu-
tion was transferred to a Schlenk ampoule by using syringes. After three successive freeze-
pump-thaw cycles, the solutions were heated to 70 °C by using a temperature controlled oil
bath. The polymerization reaction took place for 48 hours. Then the reaction was stopped
by cooling the reaction solution in liquid nitrogen. 1,4-dioxane was evaporated using a ro-
tary evaporator. The polymer was dissolved in THF and precipitated in cold water to re-
move unreacted PNIPAM macro-RAFT agent until no homopolymer peak was found in the
GPC elugram and precipitated twice from diethyl ether to remove unreacted styrene. The
copolymers were dried in a vacuum oven at 35°C (Yield: 33%). TH NMR (400 MHz, CDCls):
6 =6.2-7.1 (5H, m, Ph), 4.0 (1H, s, -NCH-), 0.8-2.5 (3H, m, -CH-CH>- for PS and 9H, m, -CH3,
-CH-CHa-for PNIPAM). fps = 0.83 (NMR), M, = 194 kDa (NMR), PDI = 1.34 (GPC)

Scheme 1. Synthesis route of PS-b-PNIPAM block copolymer
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5.3.3 Polymer characterization

TH NMR measurements were carried out on a Bruker AMX-400 spectrometer (400 MHz) at
room temperature. Gel permeation chromatography (GPC) was performed on a Viscotek

GPCmax equipped with 302 TDA model detectors, using a guard column (PSS-GRAM, 10
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pm, 5 cm) and two analytical columns (PSS-GRAM-1000/30 A, 10 pm, 30 cm) at a flow rate
of 1 mL/min in dimethyl formamide (containing 0.01 M LiBr) at 50 °C. Poly(methyl meth-
acrylate) standards were used for calibration of the column. Molecular weight and PDI of
PNIPAM macro-RAFT agent and PDI of PS-b-PNIPAM block copolymer were calculated
using Viscotec Omnisec software by using refractive index and light scattering signals, re-
spectively. The molecular weight of the block copolymer was calculated using the molecu-
lar weight of PNIPAM-macro RAFT agent and the block ratio found from NMR. The ratio
between the PS and PNIPAM blocks in the BCP was determined by comparing the integral
of the aromatic PS protons at 6.2-7.1 ppm (5H, m, Ph) to the lone PNIPAM proton at 4.0
ppm (1H, s, -NCH-).

5.3.4 Membrane preparation

A polymer solution was poured onto a glass substrate and a thin film of polymer was
formed using a manual film applicator with a gate height of 200 pm. The polymer film was
transferred into the non-solvent bath after a certain evaporation time. Water was used as a
non-solvent for all the membranes except the one prepared from toluene-THF solutions.
Ethanol was used as a non-solvent for that system due to immiscibility of toluene in water.
Polymer films were kept in the non-solvent bath for at least 4 hours. For atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM) analyses, a small portion of this
film (1 x 1 cm) was cut and fixed on a Si wafer with double sided tape and dried in a vacu-
um oven for at least two days at 40 °C. For permeability analysis, the membrane films were
stored in demineralized water and cut into the desired dimensions just before the meas-

urements.

Humidity might have an influence on the morphology especially because PNIPAM is hy-
groscopic. However, a significant difference was not observed, therefore we did not report
the results. Nevertheless, all samples presented here were prepared at a constant humidity

of 40% RH.

5.3.5 Membrane characterization

The surface morphology of the films was analyzed with a Bruker Multimode 8 AFM in-

strument using the Nanoscope V ScanAsyst imaging mode. DNP-10 model non-conductive
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silicon nitride probes with a spring constant of 0.24 N/m (Bruker) were used. Images were
recorded at 1.50 Hz and processed using NanoScope Analysis 1.5 software. At least three
different regions on the same thin film sample were probed to assure that the obtained sur-
face morphology was representative for the entire sample. Before analysis, membrane films
were cut into small pieces and fixed on Si wafers of 1 X 1 cm size using double sided tape

and dried in a vacuum oven at 40 °C overnight.

For SEM measurements, the samples were placed on flat aluminum stubs with double-
sided adhesive, conducting carbon tape. Samples were coated with a 10-nm layer of tung-
sten using a Leica EM SCD 500 sputter-coater. SEM images were recorded on an FEI Magel-
lan 400 field-emission SEM at an acceleration voltage of 2.0 kV. For the SEM of cross-
sectional films, samples were fractured in liquid nitrogen and mounted onto 90° SEM stubs

as the cross-section facing upwards.

5.3.6 Permeability measurements

The permeability of the membranes was carried out by using a dead-end filtration set-up
by measuring the flux of Milli-Q pure water at different pressures (1-3 bar). The membrane
was cut in a round shape with a diameter of 2.5 cm. It was placed in a filter holder cell hav-
ing a volume of 40 mL. The cell was connected to a vessel filled with Milli-Q pure water,
pressure was applied using compressed nitrogen. The cell and the vessel were heated to 20
and 50 °C by dipping them inside vessels filled with water which were heated using tem-
perature controlled heating plates. In all experiments, the membranes were placed on top of
a non-woven that acted as an additional mechanical support. Because the non-woven con-
sists of relatively large voids and because of its high permeability value (~750,000 L.m=2.
h1.bar?), we assumed that the non-woven used has no influence on the results of the per-
meability experiments. For the temperatures higher than 20 °C, permeability results were
corrected by multiplying the result with viscosity of water at the specified temperatures.
The permeability (L.m?2h"l.bar?) was calculated as the ratio of the flux over the applied
pressure as shown in Equation 1, where V is the permeate volume (L), A is the membrane
area (m?), t is the time (h), J is the permeate flux (L.m2.h-1) and P is the pressure (bar). Error
bars of permeability measurements in Figure 8a were obtained by calculating the standard

deviation of the repetitive measurements at 20 °C and in Figure 8b error bars for 50 ‘C were
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obtained by using the standard deviations that are calculated from the repetitive permeabil-

ity measurements at 50 °C.

Permeability = V/(A.t.AP) = J/AP (1)

5.4 Results and Discussion

In this study, we aimed to obtain isoporous PS-b-PNIPAM membrane surfaces by systemat-
ically varying various parameters that are critical in the SNIPS process (see Scheme 2). PS-b-
PNIPAM used in this study is a high molecular weight block copolymer (M,,= 194 kDa,
PDI = 1.34) that consists of a major PS and a minor PNIPAM block (fps = 0.83, fenipam = 0.17)
(CN-3 in Chapter 2). First, we varied the type and ratio of solvent mixtures to attain the de-
sired solvent combination. Following this, the influence of the evaporation time, polymer

concentration and water content were investigated.

Scheme 2. Representation of the SNIPS process. Modified SNIPS parameters are indicated on top.

*
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5.4.1 Influence of solvent type

We compared the morphological behavior of the membranes prepared from the following
solvent combinations: toluene-tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP)-
THF, methanol-THF and 1,4-dioxane (DOX)-THF. The selectivity of the solvents was esti-
mated by comparing the Flory interaction parameters (x) of the solvents and the blocks. y
parameters were calculated using Hansen solubility parameters?>-2# (see Table 1). If the dif-
ference is a positive number, the solvent is PNIPAM selective; if the number is negative it is

a PS selective solvent. Although the y parameters were moderately higher than some of the
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experimental values reported in the literature, these calculations were sufficient to compare

the affinities of the solvents with the blocks qualitatively.

Table 1. Calculated y parameters for the copolymer blocks and the solvents.

Block NMP DOX THF toluene methanol water ethanol
PS 0.92 0.40 0.78 0.74 214 3.06 211
PNIPAM 1.35 0.21 0.46 1.21 1.13 2.09 0.85

Ay —0.43 0.19 0.32 -047 1.01 0.96 1.27

The ratios of PS selective solvent combinations were toluene: THF (v:v) 6:4, NMP: THF 8:2
and 4:6. The polymer concentration was kept constant at 20 wt%. Water was used as the
non-solvent, except for the membranes prepared from toluene-THF. For this solution, etha-

nol was used as a non-solvent due to immiscibility of toluene and water.

Membranes prepared from the toluene: THF (6:4) solution resulted in a spherical micellar
morphology for a range of evaporation times as observed by AFM imaging. Figure 1la
shows a representative morphology of a membrane prepared with an evaporation time of
10 seconds. It is probable that these spheres exhibited a core-shell morphology with a
PNIPAM core and a PS shell, to avoid undesired interactions of the PNIPAM chains with
the highly PS selective solvent toluene.

The other PS selective solvent mixture, NMP-THF, was investigated in two volume ratios
i.e. 4:6 and 8:2. For the mixture with the 8:2 ratio similar, but smaller micelles were formed
(Figure 1b) as compared to the toluene-THF casting solution. Another noticeable difference
was the height profile of the AFM images of the membrane surfaces shown in Figure 1a
and 1b. The situation for the NMP: THF (4:6) casting solution was different: cylindrical in-
stead of spherical micelles formed with an interconnected structure (Figure 1c). This casting
solution was less PS selective, which reduced the difference in swelling of the two blocks,
which may have favored cylinder formation. Overall, no isoporous membranes were ob-

tained when PS selective solutions were used.
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spectively: (a) toluene: THF = 6:4, 10 seconds;
(b) NMP: THF = 8:2, 40 seconds;
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= (c) NMP: THF = 4:6, 50 seconds.

The results for PNIPAM selective solutions, i.e. methanol: THF (5:5) and DOX: THF (7:3),
again with water being as the non-solvent and with 20 wt% polymer solutions, were signif-
icantly different than the results for PS selective solutions. Height differences of AFM im-
ages were lower as compared to PS selective solutions and the surface structure was found
to be more interconnected. For membranes prepared using a methanol: THF (5:5) casting
solution ill-defined pores were observed when using an evaporation time of 5 seconds
(Figure 2a), however, this morphology was lost when the evaporation time was extended to
15 seconds. Parallel features or cracks were obtained instead of pores (Figure 2b). We spec-
ulate that due to the highly volatile character of both methanol and THF, the evaporation is

so fast that it disrupts the self-assembly process.

Using DOX-THF casting solutions, pore formation was more distinct and uniform spherical
pores were obtained at an evaporation time of 40 seconds. The presence of spherical pores
is a strong indication of cylindrical micelles aligned perpendicular to the surface as previ-

ously reported in block copolymer membrane literature.!?
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The mechanism of cylindrical pore formation is a complicated combination of thermody-
namic and kinetic factors and is not completely understood. We speculate that, during the
SNIPS process, the selectivity of the solvent composition induces micelle formation. Fast
evaporation of mainly THF results in a gradient in concentration and in solvent composi-
tion. Because of this reason THF is a commonly used solvent that helps to obtain regular
structures.?>?8 In the top layer, both the polymer concentration and the incompatibility of
the PS with the solvent system are increased. This decreases the mobility and results in
packing of the micelles. The DOX will evaporate at a much lower rate and limits the reduc-
tion in mobility to ensure structure formation. If the concentration gradient is steep enough,
this will result in perpendicular cylindrical pores with PNIPAM lining the pore walls.?
Since DOX-THF was the only solvent mixture that resulted in membranes with uniform
pores in our initial experiments, we continued the optimization studies using this solvent
mixture. A more detailed look at the morphological behavior of this system will be given in

the next sections.

5.4.2 Influence of evaporation time and polymer concentration

The amount of time between film casting and transfer to the non-solvent bath, i.e. the time
in which solvents are allowed to evaporate is probably the most crucial phase in the entire
SNIPS process since this is the main step where self-assembly of the block copolymer takes

place and therefore substantially determines the morphology of the membrane.

Here we examine the effect of evaporation time and polymer concentration in parallel. In
Figure 3, SEM images of membranes prepared using a DOX: THF (7:3) casting solution are
given for different evaporation times (20, 40, 80, 120, 160 and 200 seconds) when the poly-
mer concentration was kept at 22 wt%. Figure 4 shows SEM images of membranes that
were prepared using the same solvent mixture with a constant evaporation time of 40 sec-
onds, but using different polymer concentrations (20, 22, 25 and 30 wt%). At short evapora-
tion times (20 seconds), a rough irregular porous morphology was formed (Figure 3a). At
that point in time, a large amount of solvent is still left in the wet film, resulting in polymer
chains that are still too swollen and too mobile for a well-defined morphology to form.
When the evaporation time was prolonged to 40 seconds, regular pores were observed

(Figure 3b).
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(c) DOX: THF = 7:3, 40 seconds.

Since the concentration of the polymer and/or the evaporation times were increased, the
solution viscosity was higher so that the chains could arrange in a more ordered morpholo-
gy in a more compact environment. Similar results were obtained for membranes prepared
from polymer concentrations between 20 and 22 wt% (while keeping the evaporation time

constant at 40 seconds) as shown in Figure 4a and 4b, respectively.

For longer evaporation times or higher polymer concentrations (Figure 3c, 3d and Figure
4c) a combination of spherical pores and worm-like features are obtained. We believe that
these worm-like features are cylinders that are aligned parallel to the surface. DOX is a
slowly evaporating solvent which results in a low solvent concentration gradient after some
of the THF has evaporated. A low gradient reduces the driving force for the cylinders to
align perpendicular, so for longer evaporation times the perpendicular cylinders may align

parallel to the surface.

Even longer evaporation times (160-200 seconds) (Figure 3e, 3f) or even higher polymer

concentrations (30 wt%) (Figure 4d) resulted in fewer pores and eventually dense films
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were obtained. Since pores mainly form when the polymer film is transferred into the non-
solvent, i.e. upon the exchange of the remaining solvent and the non-solvent, after long
evaporation times (or high concentrations) there will be almost no solvent left to exchange

with the non-solvent bath.

From these results, we conclude that when using DOX: THF (7:3) casting solutions the op-
timum concentration lies between 20-25% and evaporation times should be kept between
30-80 seconds. Using this relatively large window of casting parameters, membranes with

uniform pores can be produced.

Figure 3. SEM images of membrane surfaces obtained with different evaporation times: (a) 20,
(b) 40, (c) 80, (d) 120, (e) 160 and (f) 200 seconds. SNIPS conditions: DOX: THF (v:v) = 7:3, polymer

concentration = 22 wt%. Scale bars (a-e) = 200 nm and (f) = 500 nm.
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Figure 4. SEM images of membrane surfaces obtained using different polymer concentrations: (a)
20, (b) 22, (c) 25 and (d) 30 wt%. SNIPS conditions: DOX: THF (v: v) = 7:3, evaporation time = 40
seconds. Scale bars (a,b) = 200 nm and (c,d) =500 nm

5.4.3 Influence of solvent ratio

The set of SEM images in Figure 5 provides information about the influence of solvent ratio
on the membrane morphology with increasing evaporation time. When the DOX: THF ratio
was high, i.e. 8:2, the evaporation time required to obtain pores was short. Uniform pores
were already obtained at evaporation times of 20 seconds (Figure 5a). For the 7:3 ratio it
took 40 seconds to reach a similar morphology (Figure 5f). However, this trend was not

clearly observed for higher THF ratios.

Another effect of the use of high DOX: THF ratios was that the morphology switched from
perpendicularly aligned cylinders to parallel aligned cylinders at shorter evaporation times
as compared to lower DOX: THF ratios. Whereas, parallel features occurred for the 8:2 ratio
at an evaporation time of 40 seconds (Figure 5b), for the 7:3 ratio the same structures were
observed at an evaporation time of 80 seconds (Figure 5h). For the 6:4 ratio, probably an
even longer evaporation time is required to obtain a morphology of parallel features. Inter-
estingly, there were almost no parallel cylinders observed for the 3:7 ratio (Figure 5m-p).

This apparent faster formation of the different morphologies upon increasing the relative
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amount of DOX to THF, may be due to the increased incompatibility of the PS with the sol-

vent system.

For intermediate DOX: THF ratios (7:3 and 6:4) more well-defined pores were obtained be-
tween for evaporation times of 40-60 seconds (Figure 5f, g, j, k). For the DOX: THF 3:7 ratio,
fewer pores were obtained at an evaporation time of 60 seconds and at 80 seconds few, less
uniform pores were obtained (Figure 50, p). Apparently, a high amount of THF in the cast-
ing solution limits the range in which well-defined pores can be obtained. We speculate
that this is due to the limited selectivity of THF for one of the blocks, which results in high-

ly swollen polymers and low density micelles.

-~

DOX/THEF ratio

Evaporation time

Figure 5. SEM images of the membrane surfaces cast using 22 wt% polymer solutions with evap-

oration times of 20-80 seconds for DOX: THF ratios of 8:2, 7:3, 6:4 and 3:7. Scale bar = 200 nm.
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5.4.4 Influence of water

We found that the water content in the block copolymer solution decreased the evaporation
time necessary to obtain uniform pores. When no water was used in the polymer solution,
an evaporation time of 20 seconds was not sufficient for proper rearrangement of the chains
to obtain uniform nanopores (Figure 6a). However, in the presence of 1 vol% water, uni-
form nanopores were already formed after 20 seconds (Figure 6d). Parallel features oc-
curred after 80 seconds when no water was added to the polymer solution (Figure 6c),
however in the presence of 1% water, the same features were already obtained after 60 sec-
onds (Figure 6e). These changes in evaporation times to obtain uniform pores are analo-
gous as using a higher DOX: THF ratio. The high selectivity of water for the minority
PNIPAM block affects the self-assembly behavior in favor of uniform pore formation. The
theoretical estimation of y between PNIPAM and water (Table 1) is probably too high, be-
cause water is a good solvent for PNIPAM when T < 32 °C. Therefore, the selectivity differ-
ence between PS and PNIPAM in water is probably considerably higher than the selectivity
difference between the blocks in DOX. In addition, the size of the pores was found to be
larger in case 1% water was added to the polymer solution (Compare the pore sizes be-
tween Figure 6b and 6d and between Figure 6¢ and 6e), which is also caused by the fact that
PNIPAM will swell more in a more PNIPAM selective solvent mixture. We note that the
differences in pore sizes were not significant when a high amount of DOX was used in the

solution.

5.4.5 Thermo-responsive behavior

We studied the thermo-responsive behavior of the membranes prepared using the 22 wt%
DOX: THF (7:3) solution at an evaporation time of 60 seconds. The SEM images in Figure 7a
show that the membrane exhibited an isoporous surface with cross-sections that have
channel-like structures and large voids (Figure 7b and 7c). Film exhibited a white-opaque

appearance (Figure 7d) with a total film thickness of 50 pm (+/-5 pm).

To investigate the thermo-responsive properties, we measured the permeability of the
membranes prepared at the same SNIPS conditions at several temperatures between 20 and

50 °C at a pressure of 1 bar (Figure 8a). For a true comparison of membrane permeability at
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different temperatures, the permeability values need to be corrected for the temperature-
dependent changes in viscosity of the water passing through the membrane. This correction
is necessary to precisely analyze the temperature-dependent changes that occur only due to
the thermo-responsive character of the membrane. This is achieved by multiplying the dy-

namic viscosity of water at a given temperature with the measured permeability values.

No water 1% water

Figure 6. SEM images of the membranes from 22 wt% DOX: THF = 7: 3 solutions (a-c) without
water and (d-f) with 1 vol% water added to the DOX-THF solution, for evaporation times of (a,d)
20 (b,e) 60 and (c,f) 80 seconds. Scale bar = 200 nm.

In Figure 8a, only viscosity corrected permeability values were used to illustrate the perme-
ability increase as a function of temperature. The transition primarily occurred between 26
and 38 °C with the steepest increase around the LCST of PNIPAM (~32 °C). This result

demonstrates that the thermo-responsive behavior of the membrane is a result of the col-
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lapsing PNIPAM chains above the LCST. This behavior strongly suggests that the pores
were coated with PNIPAM domains.1¢

Figure 7. SEM images of the (a) surface, (b-c) cross-section of the membrane. (d) Appearance of
the membrane used for thermo-responsive permeability measurements. SNIPS conditions: 22
wt% polymer solution from DOX: THF = 7:3 with an evaporation time of 60 seconds. Scale bars
for (a) =200 nm, (b) =1 pm and (c) =25 pm.

Reversibility of the membranes was analyzed by measuring the permeability for several
temperature cycles (i.e. switching between 20 °C and 50 °C). In Figure 8b, both uncorrected
and viscosity corrected permeability values are indicated to observe the contribution of the
membrane in the permeability change at 50 °C. When we compare uncorrected and viscosi-
ty corrected permeability values, viscosity corrected permeability values prove that the
permeability increase is only a result of the thermo-responsive character of the membrane
at elevated temperatures without contribution of any other parameters that participate to
the experiment. Identical permeability values were obtained at each cycle which confirms
that the thermo-responsive property of the membrane is fully reversible. Consequently, we

can conclude that these membranes can be repetitively used at room temperature for filtra-
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tion purposes. These fully reversible thermo-responsive membranes offer prospects to pro-

duce industrially valuable easy-to-clean membranes.
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Figure 8. (a) Permeability increase as a function of temperature. (b) Reversibility of the permea-
bility as a function of temperature cycles. SNIPS conditions: 22 wt% polymer solution from

DOX: THF = 7:3 with an evaporation time of 60 seconds.

5.5 Conclusions

We fabricated nanoporous membranes from PS-b-PNIPAM block copolymers by using a
SNIPS process. We investigated the influence of the solvent type, evaporation time and
polymer concentration to attain nano- and isoporous membranes. Isoporous membranes
could be obtained at a relatively large window of the SNIPS parameters, i.e. 20-25 wt% pol-
ymer concentration, evaporation time of 20-80 seconds. We obtained uniform pores when
we used solvent mixtures selective for the minority block, i.e. PNIPAM, in the copolymer.
The membranes exhibited thermo-responsive behavior and this behavior was found to be
fully reversible which is advantageous for future industrial easy-to-clean membrane appli-
cations. The combination of casting parameter optimization and permeability measure-
ments described here demonstrates the ability to systematically design structures in block

copolymer derived ultrafiltration membranes.
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6.1 Remarkable Materials

Block copolymers (BCPs) exhibit a special ability to self-assemble to form regular
nanostructures that can easily be tuned for specific applications. In this thesis, we aimed to
use BCPs to develop thermo-responsive nanoporous membranes that can be used to incor-

porate easy-to-clean properties to the membrane.

We showed that well-defined high molecular weight polystyrene-b-poly(N-isopropyl
acrylamide) (PS-b-PNIPAM) BCPs can be successfully synthesized and used to produce
free-standing thermo-responsive nanoporous membranes via a non-solvent induced phase
separation (SNIPS) process. We found that SNIPS of PS-b-PNIPAM BCPs required parame-
ter settings that were much ‘broader’ than the isoporous SNIPS membranes reported in the
literature.! This feature may offer advantages to produce isoporous membranes in less con-
trolled production conditions. We confirmed that these membranes exhibited fully reversi-
ble thermo-responsive behavior, which makes them interesting for industrial applications.

Fully thermo-responsive behavior was not obtained in any SNIPS membrane before.

We also prepared polystyrene-b-poly(N-isopropylacrylamide)-b-polystyrene  (PS-b-
PNIPAM-b-PS) triblock copolymer thin films and investigated their morphological proper-
ties when these were annealed with solvents of different selectivity. This systematic analy-
sis allowed us to find the conditions that were needed to produce thin films with hexago-
nally ordered perpendicular cylinders. Similar solvent annealing studies may be of use in a
wider context of thin film research e.g., when there is a need to attain different morpholo-
gies using a given block copolymer. In addition, stimuli-responsive block copolymer thin
films have advantages over stimuli-responsive grafted films, since a 3D network is more
stable than grafted brushes. For example, thin films can be transferred from one substrate to
another and depending on the thickness they can be used as standing film as well.2 In gen-
eral, as compared to grafted brushes, more complex nanostructured features can be
achieved in BCP thin films and additional modification reaction steps such as ‘grafting” are

not necessary.

In the process of the thesis work, new insights were obtained and a number of problems

were solved but at the same time various new questions and new ideas for future research
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directions emerged. The purpose of this chapter is to highlight these. The idea is to discuss
how we can improve the properties of block copolymer membranes, so that they will meet

the requirements for (more) industrial applications.

6.1.1 Permeability

As mentioned above, we succeeded to produce isoporous membranes by carefully tuning
the SNIPS parameters. Still, the permeability values can be further improved to meet the
values that are used in industry. To further increase the permeability of these isoporous
membranes, the pore sizes should be increased. In the literature, one typically finds that
pore formation is highly dependent on the minority block of the copolymer. More specifi-
cally, the size of the pores is proportional to the volume of the minority block. Therefore,
when the volume of the minority block is increased, consequently, the pores of the mem-
brane which are surrounded by PNIPAM will be larger after the collapse of PNIPAM
chains. Hence this requires PS-PNIPAM block copolymer with a higher PNIPAM percent-
age. Indeed, Abetz et al. showed that they reached larger pore sizes with a higher percent-
age of minority block with the same block copolymer molecular weight.? Alternatively, one
can blend homopolymers of the type of the minority block with the block copolymer to in-

crease the volume ratio of the minority block.*

Another way to tune the volume ratio of the PNIPAM block is to make use of selective sol-
vents. It may prove feasible to use a solvent mixture which is even more PNIPAM selective
than the solvent mixtures we used to prepare block copolymer solutions reported in Chap-
ter 5. Our studies confirmed that a more PNIPAM selective solvent mixture (water addi-
tion) resulted in isoporous membranes with increased pore sizes (Chapter 5), because the
more PNIPAM selective solvent resulted in more swollen PNIPAM-rich regions. During the
attempts to increase the volume ratio of PNIPAM, it is important to take into account that
the morphology can shift to other regions of the block copolymer phase diagram (Chapter
1). For example, one may go from a hexagonally packed cylinder phase to a lamellar phase.
Such a shift should be avoided because generally a lamellar morphology is not useful for
membranes with filtering capabilities. Hence, one should aim specifically to remain in the

cylindrical phase or more favorably to reach bicontinuous phases such as the double gyroid
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(Chapter 3), since for this phase, a perpendicular alignment of the structures will not be

necessary to target.

Among the mentioned solutions to tune the domain size of the PNIPAM rich regions, we
speculate that the selective solvent approach is the most practical one, since the synthesis of
new BCPs for each pore size is a time-consuming process. Moreover, the solvent selectivity
can be changed significantly with a small adjustment of the solvent ratios. Furthermore,
common laboratory solvents are much less expensive than the use of expensive compounds
i.e. homopolymers. Plus, one can easily find plenty of information in the literature on the

selectivity of the common solvents for the respective polymer blocks.5

Furthermore, there are reports in the literature stating that shorter evaporation times result
in membranes with a thinner selective layer and a larger spongy cross-section. That is why
the permeability of the resulting membranes can also be increased by reducing the evapora-
tion time of the cast film. Nevertheless, during such optimization one should carefully con-
sider the changes in the membrane surface structure. In our own studies, our membranes
did not result in an isoporous surface at short evaporation times. Possibly, with a more
PNIPAM selective solvent mixture, one can improve the surface structures at short evapo-
ration times, since in our own investigations it was observed that the isoporous morpholo-
gy occurs earlier at higher PNIPAM selective conditions (see the results of 1,4-dioxane: THF

(8:2) solvent combination and 1% water addition in polymer solution in Chapter 5).

In addition, when membranes are needed for applications where isoporosity is not a strict
requirement, the membranes prepared using NMP-THF solutions, reported in Chapter 2,
can be readily used for higher permeability values while preserving their fully thermo-

responsive behavior.

6.1.2 Mechanical stability

Membranes fabricated using PS-b-PNIPAM BCPs exhibited in an acceptable strength for
our characterizations. However, for industrial applications, higher mechanical strengths
may be required especially during the handling and transfer of the membranes. To incorpo-
rate a higher mechanical strength to these membranes, the overall molecular weight of the

copolymer can be increased. In case the brittle character of the PS matrix still causes a
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drawback, when highly ductile membranes are desired, incorporating a rubbery block to
the copolymer, such as polybutadiene and polyisoprene offers a favorable solution.* 7 In
this situation, the synthesis methods must be adjusted. The addition of such blocks to the
copolymer may require polymerization methods other than RAFT e.g. anionic polymeriza-

tion which requires concomitantly more strict reaction conditions.

6.1.3 Further characterization

Before membranes can be used in real-life applications, extensive characterization tests are
mandatory. One of such tests involves mechanical strength measurements which include ten-
sile strength testing and dynamic mechanical analysis. The result of such mechanical char-
acterization will inform us on the limitations of use for a particular membrane. We know
from the literature that both stimuli-responsive membranes$13 as well as the presence of a
hydrophilic component on the membrane surface,’* such as PNIPAM,? 11 results in low-
fouling properties. Nevertheless, a solid confirmation of the low-fouling properties of our
membranes remains to be obtained. Hence it is necessary to execute fouling studies. In a typ-
ical fouling study, change in the water flux is monitored after the membrane is fouled using
commercial protein solutions (e.g. bovine serum albumin).’% 15 If the membrane is low-
fouling, the flux should increase when the temperature is increased above the LCST of the
block polymer. Rejection tests will be also helpful to confirm the sizes of the uniform na-
nopores observed in SEM images of the membrane surface and to precisely determine the
filtration range of a membrane. Furthermore, since the membranes exhibit fully thermo-
responsive properties, the confirmation of the long-ferm usage of the membrane should be
also on the program. When the membranes are used for a long time, there is a high possibil-
ity that bacteria will accumulate on the membrane surface, therefore the measurement of an-
timicrobial properties is another necessity to fully confirm that these membranes are suitable

for long-term industrial applications.

6.1.4 Lower cost solutions

Even though the number of industrial attempts to use controlled/living synthesis methods
to produce well-defined polymers in large quantities is increasing,'¢ these controlled poly-

mers including BCPs remain expensive materials.
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To decrease the material cost, one possibility may be to blend the block copolymer with
cheaper additives such as carbohydrates,'” Cu?* or Mg?* salts'®1° which increases the solu-
tion viscosity that leads to more compact structures with a minimum amount of block co-

polymer to attain an isoporous surface.

Another solution is to prepare thin film membranes, since it requires rather less material
than for SNIPS. We know from literature that the thin film should be spin-coated on a po-
rous substrate or on a support membrane and annealed to obtain long-range ordering and
the desired morphology, such as perpendicular hexagonal cylinders that we obtained for
PS-b-PNIPAM-b-PS BCPs in Chapter 4. These materials can be directly used as a membrane
where it is hypothesized that PS plays a role as physical crosslinks? or the permeability can
be further increased by etching the cylinder forming block.?! However, in the second case,
since cylinders consist of PS and PNIPAM being the matrix phase, an additional cross-
linking reaction might be necessary to maintain the mechanical strength of the membrane.
It should be kept in mind that these extra steps necessary in thin film fabrication may in-
crease the product costs as well which finally can result in total costs being even more ex-
pensive than the cost of block copolymer necessary in SNIPS process, therefore, a good bal-

ance should be constituted to choose the optimum conditions.

6.2 Understanding the self-assembly mechanism in

isoporous membrane formation

Since SNIPS is a relatively new membrane production process that involves block copoly-
mers, the role of block copolymer self-assembly on the pore formation mechanism is not yet
fully elucidated. Systematic modelling of the process will shed more light on the pore for-
mation mechanism. We discussed above that typically selective solvent mixtures will be
used in SNIPS to direct a desired morphology to the block copolymer at a given evapora-
tion time. The modeling of the dynamics of this process is highly challenging as we will
need to predict how the change in the amounts of solvent(s) in the system effects the mi-
crophase segregation of the block copolymers. In general, this calls for theories that can ac-

count for systems that are off-equilibrium. However, as a first step we may rely on the in-
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formation that can be obtained from an equilibrium theory. We may use the SF-SCF meth-
od once again and extend the analysis to block copolymer self-assembly in the presence of
one or more (selective) solvents. By fixing the solvent amounts, the system can be modelled
at a specific moment during the membrane formation process. Of course, as compared to
the results of Chapter 3, the parameter space increases significantly and hence it compli-
cates the effective phase diagram. It is however expected that a detailed study on the effects
of selective solvents on the block copolymer morphology will help us to understand what
happens in the dynamical system. Here in line with the simulations, in-situ characterization
of the membrane formation can be investigated using X-ray scattering measurements. Graz-
ing incidence small angle X-ray spectroscopy (GISAXS) has been successfully used for the
membrane formation of PS-b-P4VP BCPs.22 Similar in-sifu characterization of PS-b-PNIPAM
block copolymer using GISAXS will give insights about the instant morphologies of film
occurring during evaporation. When we know which phase to expect at given conditions,
we will have the opportunity to design the process that will lead to better and more well-

defined membranes.

In a systematic study, one should subsequently couple the equilibrium SF-SCF results to the
membranes in a dynamic practical situation. The idea is that SNIPS is a dynamic process
and the self-assembly of the block copolymer can be stopped at a desired morphology
which occurs before the equilibrium is reached. Thus, we can precisely identify the phases
that occur in the system upon the approach toward full equilibrium. These kinetically
trapped systems observed, e.g. in GISAXS measurements, can be compared to the SCF pre-
dictions at given solvent compositions. Such a study will extend the results of Chapter 3
wherein the morphology of the hexagonally perforated lamellar phase (HPL) was followed
as a function of the block ratio. Including solvents to such an analysis may lead to a deeper
understanding of the block copolymer phase transition dynamics. The investigation of the
solvent concentration gradient that occurs on the membrane surface during evaporation
may be yet another challenge. Possibly the SF-SCF theory for microphase segregation can
be extended to account for chemical potential gradients of the solvent across the modelling
volume.?% In parallel, it was claimed that during solvent evaporation the possible for-

mation of metastable phases such as HPL, also studied in Chapter 3, may play a role in pore
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formation thereby further investigation of such phases is promising to unveil the pore for-

mation mechanism of SNIPS membranes.26

6.3 Outlook

In this thesis, we successfully synthesized well-defined high molecular weight PS-PNIPAM
BCPs and produced fully reversible thermo-responsive nano- and isoporous membranes.
We have contributed to the block copolymer literature by proposing a better way for the
synthesis of block copolymers, by studying the self-assembly process and by taking steps to-
wards membrane applications. We are convinced that the thermo-responsive character of our
BCPs will be a key factor for practical membrane applications, however before our type of
membranes will be on the market, more research is needed. We hope that this thesis will
inspire many researches to step in and solve the remaining puzzles so that we will soon
have durable thermo-responsive, easy-to-clean membranes that will allow us to produce

nice, clean drinking water for generations to come.
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Block copolymers (BCPs) are attractive materials because of their high tunability and self-
assembling ability into regular morphologies in the range of 10-100 nm. They can be used
for nanotechnological applications as surfactants, thin films for nanolithography, biomedi-
cine and nanoporous membranes. In this thesis, we aimed to fabricate thermo-responsive
iso- and nanoporous membranes that can be used to purify water from nano-sized impuri-

ties, also to gain a good understanding on the self-assembly properties of the BCPs.

In the introduction of the thesis, given in Chapter 1, we present our scope and aim of the
research and introduce the literature about the synthesis and self-assembly of block copol-
ymers. Next, we report the fundamentals of block copolymer membranes including the
block copolymer thin films, the SNIPS (self-assembly and non-solvent induced phase sepa-

ration) process and stimuli-responsive block copolymer membranes.

In Chapter 2, we synthesized well-defined polystyrene-poly(N-isopropylacrylamide) (PS-
PNIPAM) BCPs using reversible-addition-fragmentation-transfer polymerization to pro-
duce the desired membranes. Poly(N-isopropylacrylamide) (PNIPAM) is thermo-
responsive which exhibits a lower critical solution temperature (LCST) of around 32 °C.
This means that at temperatures lower than the LCST, the block is hydrophilic and there-
fore swollen in aqueous environment and when the temperature is increased above the
LCST the block becomes hydrophobic and collapses. When we have the membranes, the
pore sizes of the membrane should increase at temperatures above the LCST of PNIPAM,
due to collapsing of the PNIPAM chains. The second block of the copolymer, polystyrene
(PS), acts as the matrix thereby preventing the block copolymer from dissolving in water

and maintaining mechanical stability of the membrane.

We optimized the synthesis conditions to obtain BCPs with a high percentage of PS, a high
yield and a low polydispersity index (PDI), which are required to produce thermo-
responsive iso- and nanoporous membranes with a suitable mechanical stability. According
to the literature, the best strategy to synthesize PS-PNIPAM block copolymers was suggest-
ed as first synthesizing the PS macro-RAFT agent and extending it with NIPAM monomer.
However, following this route we found that when PS was chosen as the majority phase,
the obtained yield of this block copolymer was rather low or even zero. Instead, when we

synthesized the PNIPAM macro-RAFT agent first and extend it with styrene monomers, we
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obtained PS-PNIPAM block copolymers with higher yields while maintaining the low PDI
values. We used two different RAFT agents to attain block copolymers with various archi-
tectures such as AB, ABA and BAB types. We used an AB type block copolymer to produce
membranes. The membranes were fabricated using a SNIPS process using a 20 wt% block
copolymer solution in N-methyl-2-pyrrolidone (NMP) and tetrahydrofuran (THF) with a
volume ratio of 4:6. We found that by increasing the evaporation time from 10 to 80 seconds
the membrane surface became more interconnected with smaller pore sizes. Permeability
measurements performed from 20 to 50°C showed that the membranes were thermo-
responsive and this property was found to be fully reversible when several temperature cy-

cles of 20 and 50°C were applied.

To get a deeper insight on the block copolymer self-assembly, we theoretically and experi-
mentally investigated the behavior of block copolymers. Our theoretical work, presented in
Chapter 3, employed the self-consistent field method of Scheutjens and Fleer (SF-SCF)
which consisted of two parts. As the SF-SCF technique was not yet used for the microphase
segregation of block copolymers, we benchmarked the calculations. For this reason, we fo-
cused on the chain length dependence of the critical point in the block copolymer phase di-
agram. In the critical region, we report the scaling behavior of the free energy density and
the density differences between the domains as a function of Ay = y — " where y is the
Flory-Huggins interaction parameter and y°" is the Flory interaction parameter at the criti-

cal point. We found that the characteristic spacing (D) of the lamellar phase is found to ac-

curately follow D = 3\/ N at the critical conditions. The chain length (N) dependence as a for

the critical strength of interactions was found to obey y“"N = 10.495(1 + %) which is con-
sistent with results obtained by complementary approaches found in the literature. We also
report on the spacing of the lamellar phase as a function of chain length for systems that are
not near the critical point and obtained that the spacings obeyed D « N?/3 to a good ap-

proximation for fixed y; whereas for fixed yN, the relation was found to be D o« N/2.

The second issue we addressed was the stability of some common mesophases that occur in
the transition region between lamellar and hexagonal phases in the block copolymer phase
diagram, which is the preferred region to obtain isoporous membranes. These mesophases

include the gyroid i.e. single gyroid (SG) and double gyroid (DG), hexagonally perforated
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lamellae (HPL) and double diamond (DD). These mesophases were investigated at the in-
termediate segregation regime i.e. yN = 30 for N = 300. The structural evolution of the
metastable HPL phase with increasing block ratio (f) gave insights about how a phase can
migrate to the next one. We also analyzed the stability of the DG at strong segregation re-
gime i.e. yN = 120 which is still a point of debate. The DG was found to be metastable for a
fixed chain length of N = 300.

In Chapter 4, we present an experimental investigation on block copolymer self-assembly.
We worked on the solvent annealing of polystyrene-b-poly(N-isopropylacrylamide)-b-
polystyrene (PS-b-PNIPAM-b-PS) block copolymer thin films. In this approach, common
solvents i.e. methanol, toluene and tetrahydrofuran with various ratios were used to tune
the selectivity of the solvent mixtures to the blocks in the copolymer. We used atomic force
microscopy (AFM) and in-situ grazing incidence small angle X-ray scattering (GISAXS)
characterization methods to follow the morphological changes of the BCPs during solvent
annealing. With AFM, the surface of the film was probed with a high resolution on the or-
der of a nanometer, while with GISAXS the morphology of the bulk film was monitored.
The combination of the two techniques proved that we obtained hexagonally ordered cyl-

inders throughout the thickness of the film.

More specifically, we obtained a hexagonally ordered perpendicular cylinder morphology
from a lamellar forming block copolymer using the solvent mixtures methanol: THF (v:v)
1:2 or methanol: toluene (v:v) 1:1. In contrast, no sustained long-range order was found
when only one type of solvent was used. The annealing times to attain hexagonally ordered
perpendicular cylinders were found to be longer when the amount of methanol was in-
creased in the methanol-THF solvent mixture. These thermo-responsive block copolymer
thin films are promising materials to produce nanoporous membranes. We also speculated
that these materials can be used in cell adhesion and growth studies for biomedical applica-
tions and microelectromechanical systems. To the best of our knowledge, there was no sys-
tematic study achieved for solvent annealing for PS-b-PNIPAM-b-PS BCP thin films using

selective solvent systems.

Finally, in Chapter 5, we report our work to improve the surface of PS-b-PNIPAM block

copolymer membranes fabricated by using the SNIPS process. In this chapter, we aimed to
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obtain isoporous membrane surfaces by optimizing the casting parameters. We focused on

the influences of solvent, polymer concentration and evaporation time.

To prepare casting solutions we used solvent mixtures with different selectivities. When we
used a highly PS selective toluene: THF (6:4) (v:v) solution, core-shell micelles were ob-
tained where most likely PS was the core and PNIPAM was the corona. NMP: THF solu-
tions were prepared with two different ratios, i.e. 8:2 and 4:6 (v:v). The 8:2 ratio resulted in
similar core-shell micelles but smaller in size compared to the toluene-THF solution due to
less PS selectivity of the NMP-THF solvent mixture. When the ratio of NMP was lowered
from 8 to 4 (NMP: THF = 4:6), the solvent mixture was less PS selective which resulted in
worm-like cylinders which fused together to form an interconnected surface. However, the

pores formed on these films were not uniform.

When PNIPAM selective solvent mixtures of methanol: THF (5:5) and 1,4-dioxane(DOX):
THEF (7:3) were used well-defined pore formation was observed. For a methanol-THF sol-
vent mixture, these well-defined pores were lost after a short time, most probably due to
fast evaporation rates of both methanol and THF. In DOX-THF solvent mixtures, however,
the stability of the well-defined pores was higher. A suitable solvent concentration gradient
is thought to be formed using this solvent combination which leads to perpendicular cylin-
der formation and thereby isoporous surfaces. Since isoporous membranes could be ob-
tained only with DOX-THF solvent mixtures, we further investigated the influence of

evaporation time, solvent ratio and polymer concentration using this solvent mixture.

At short evaporation times and low polymer concentrations, there still is a high amount of
solvent in the polymer film, and more solvent-non-solvent exchange will take place. These
conditions resulted in rough irregular porous morphologies. At intermediate evaporation
times and polymer concentrations, the formation of uniform pores was observed. For long-
er evaporation times or higher polymer concentrations worm-like features were obtained.
These features are likely cylinders that are aligned parallel to the surface. Even longer
evaporation times or even higher polymer concentrations led to dense films with almost no
pores, since no solvent was left to exchange with the non-solvent. High amount of DOX or
presence of water in the solution led to uniform pore formation at shorter evaporation

times. We found that the presence of more PNIPAM selective solvents affects the self-
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assembly behavior in favor of uniform pore formation. Besides, larger pore sizes were ob-
tained when 1 vol% water was added to the solution. We produced isoporous membranes
with polymer concentrations between 20 and 25 wt%, evaporation times between 20 and 80
seconds, and by varying DOX and THF ratios from 7:3 to 3:7. This is a relatively large pa-
rameter space that was not achieved for a SNIPS process before. Similar to the membranes
reported in Chapter 2, these isoporous membranes also exhibited thermo-responsive be-
havior and this behavior was found to be fully reversible. These materials are promising for

industrial easy-to-clean membrane applications.

In Chapter 6, we present a general discussion of the research and conclude that PS-
PNIPAM block copolymers can be successfully used to attain free-standing fully reversible
thermo-responsive membranes with uniform and nano-sized pores. This makes them excel-
lent candidates for easy-to-clean advanced membrane systems. In this chapter, we also dis-
cussed how to improve the properties of these membranes to be able to use them in indus-
trial applications and suggested some future recommendations. We also report our recom-
mendations to get a better understanding of the self-assembly mechanism in isoporous

membrane formation.
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Blok kopolimerler (BKP’ler) farkli kimyasal tzelliklerdeki iki veya daha fazla polimerin
birbirine kovalent bag gibi bir kimyasal bag ile baglanmasindan olusan yapilardir. BKP'ler,
bloklarinin kimyasal farkliliklarindan dolay: fazlara ayrismak istemeleri ama yapilarmndaki
kovalent bagdan dolay1 zeytinyagi-su oOrneginde oldugu gibi makro olctide fazlara
ayrisamazlar. Bunun yerine blok kopolimerin blok yiizdesine bagli olarak, 10-100 nm
boyutlarinda farkli sekillerde diizenli yapilar olustururlar, buna BKP'nin ‘kendiliginden bir
araya gelme’si (self-assembly) olay1 olarak isimlendirilir. BKP’lerin bu 6zelligi ve bloklarin

uygulamaya gore istenen sekilde secilebilmesi bu malzemeleri ¢ekici kilmaktadir.

Tezin 1. Béliimii'nde verilen Giris kisminda; ¢alismanin kapsami ve amaci belirtilmis,
BKP'lerin sentezi ve yukarida bahsedilen kendiliginden bir araya gelme 6zelligi hakkinda
mevcut literatiir sunulmustur. Daha sonra BKP ince filmler ve bir membran tiretim yontemi
olan ‘kendiliginden bir araya gelme ve ¢oktiirticii tesirli faz ayrimi” (SNIPS) islemi dahil

olmak tizere, BKP membranlar hakkinda temel bilgiler verilmistir.

2. Boliim’de, istenen o6zelliklerde BKP membranlar1 elde etmek igin, tersinir eklenme-
parcalanma zincir transferi (RAFT) polimerizasyonu ile polistiren-poli(N-izopropil
akrilamid) (PS-PNIPAM) BKPlerin sentezi verilmistir. Poli(N-izopropil akrilamid)
(PNIPAM) sicakliga duyarl bir polimer olup 32°C civarinda diistik kritik ¢ozelti sicakligina
(LCST) sahiptir. Bunun anlami, polimer bu sicakliktan daha diisiik sicakliklarda suda
¢oziinebilir haldeyken; bu sicakliktan daha yiiksek sicakliklarda su sevmeyen o6zellik
gostererek suda ¢oziinmez hale gelir. Bu polimerden olusmus membranlarimizin olmasi
durumunda, LCST sicakligimin tizerinde PNIPAM zincirlerinin suda c¢dziinmez hale
gelerek ¢cokmesinden otiirti membran gozeneklerinin genislemesini bekleriz. BKP'nin ikinci
blogu olan polistiren (PS), anafaz olarak davranir ve BKP'nin suda ¢éziinmesine mani

olmakla beraber membranin mekanik dayaniminin artmasma yardimeci olur.

RAFT sentez kosullarini; yiiksek yiizdeli PS, ytiksek verim ve polimerin zincir
uzunluklarmin benzer olmasmin ifadesi olan diisiik polidispersite indisi (PDI) elde edecek
sekilde ayarladik. Bu sayilan kosullar; sicakliga duyarli, birbiri ile ayn1 ve nano boyutlarda
gozeneklere ve yeterli mekanik dayanima sahip membranlar elde etmek igin gerekli
kosullardir. Mevcut literatiir, PS-PNIPAM BKP’ler elde etmek i¢in énce PS makro-RAFT

ajan1 sentezini ve daha sonra N-izopropil akrilamid monomeriyle polimer zincirinin
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uzatilmasini tavsiye etmektedir. Ancak biz yiiksek ytizdeli PS igeren BKP'ler sentezlemek
i¢in bu yontemi kullandigimizda, reaksiyon verimini ¢ok diisiik ve hatta baz1 durumda sifir
olarak elde ettik. Bu sebeple, bu yontem yerine sentezi PNIPAM makro-RAFT ajanindan
baslayip stiren monomeriyle polimer zincirini uzatarak gerceklestirdigimizde, daha ytiksek
verim elde ettigimiz ve PDI degerlerinin de duisiik degerlerde kalmasini sagladigimiz icin
bu yontemi tavsiye etmekteyiz. AB, ABA ve BAB tipi BKI”'ler elde edebilmek igin iki farkl
RAFT ajanmi kullandik. Membran tiretimi igin AB tipi bir BKP kullandik. Membranlar
yukarida bahsedilen SNIPS islemi ile agirlikca %20 polimer ve ¢oziicti olarak hacimce 4:6
oraninda N-metil-2-pirolidon (NMP) ve tetrahidrofuran (THF) igeren ¢ozelti kullanarak
hazirlanmistir. SNIPS isleminde kullanilan buharlasma stiresinin 10 saniyeden 80 saniyeye
¢ikarilmasiyla membran yiizeyinin daha birbirine bagh yapida oldugu ve gozenek
boyutlarinin kii¢ildtigti gozlenmistir. 20°'den 50°C’ye kadar olan sicakliklarda yapilan
gecirgenlik 6l¢timleriyle membranin sicakliga duyarli yapida oldugu ve membrana 20 -
50°C sicaklik devirleri uygulandig1 zaman sicakliga duyarli yapimin tam tersinir oldugu

gorilmustiir.

BKP'lerin kendiliginden bir araya gelme 6zelligini daha detayli incelemek maksadiyla,
teorik ve deneysel calismalar gerceklestirdik. 3. Boliim’de sunulan teorik calismamiz
‘Scheutjens ve Fleer'in kendinden tutarli alan kurami’ (SF-SCF) olarak isimlendirilen
yontemini icermekte olup iki kisma ayrilmaktadir. SF-SCF yontemiyle daha 6nceden
BKP’lerin kendiliginden bir araya gelme olayr incelenmemis oldugu icin oncelikle
hesaplamalarimizi dogrulugunu degerlendirmeyi amagcladik. Bunun icgin o©ncelikle
polimerin zincir uzunlugunun (N) BKP faz diyagraminda bulunan kritik noktaya etkisini
inceledik. Kritik bslgede, serbest enerji yogunlugu ile bolgeler arasinda yogunluk farkinin
Flory-Huggins etkilesim parametre farkinin (Ay) birer fonksiyonu oldugunu gosterdik.
Flory-Huggins etkilesim parametre farki Ay = y — y" olarak tanimlanmakta olup burada y
ve " swrayla belli bir noktadaki ve kritik noktadaki Flory-Huggins etkilesim

parametrelerini ifade etmektedir.

Kritik kosullarda tabakali (lamellar) fazin karakteristik aralik degerinin (D) zincir

uzunluguna fonksiyonunun D = g\/N oldugunu bulduk. Kritik noktadaki etkilesim

glictiniin (x°"N) zincir uzunlugu ile olan iliskisi y*"N = 10.495 - (1 + %) bulunmus olup, bu
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sonu¢ daha o©nceden yaymlanmis literatiir sonuclariyla tutarhidir. Ayrica, sabit y
degerlerinde kritik noktadan uzak olan bolgelerde tabakali fazin aralik degerinin zincir
uzunluguna fonksiyonu D o« N%/3, aymi iligki sabit yN degerleri icin D o« N'/2 olarak

bulunmustur.

Calismanin ikinci kisminda tabakali ve altigen fazlarin arasinda bulunan gecis bolgesinde
goriilen baz1 yaygin arafazlarin kararliliklar: incelenmistir. Bu bolge 6zellikle ayni boyutta
gozenekli membranlar elde etmek icin 6nem teskil etmektedir. Bu arafazlar; tek gyroid (TG)
ve cift gyroid (CG) olarak gyroid’ler, altigen delikli tabakalar (ADT) and cift elmas (CE)
olarak sayilabilir. Bu arafazlar yN = 30 gibi orta diizey ayrisma bolgelerinde ve N = 300'de
incelenmistir. Yar1 kararli olan ADT fazinin artan blok oran (f) ile yapisal gelisimi bir fazin
digerine nasil gecis yapabildigi hakkinda fikirler vermektedir. Ayrica hala goriis birligine
varillamamis olan yN = 120 gibi ytiksek bir ayrisma bolgesinde CG fazimin kararhiligini

arastirdik. N = 300 sabit zincir uzunlugu icin CG fazinin yar1 kararh bir faz oldugu bulduk.

4. Boliim’de BKP'lerin kendiginden bir araya gelme o6zelligini deneysel olarak inceledik.
Burada ABA tipi polistiren-b-poli(N-izopropil akrilamid)-b-polistiren (PS-b-PNIPAM-b-PS)
BKP ince filmlerin ¢oziicii ile tavlama islemi galisilmis olup ¢oziicti olarak metanol, toluen
ve tetrahidrofuran gibi genel laboratuvar ¢oziictileri kullanilmistir. Coziictilerin
kopolimerdeki bloklara secicilikleri, ¢oziici miktarlar1 ve birbirlerine olan oranlar
degistirilerek ayarlanmustir. Tavlama sonucunda BKP’de olusan yapisal degisikliklerin
takibi i¢in atomik kuvvet mikroskobu (AFM) ve anlik gelis agili X-1s1n1 sacilmas: (GISAXS)
yontemlerini kullandik. AFM ile nanometre boyutundaki yiiksek c¢oziintirliikle filmin
ytizeyi arastirilirken, GISAXS ile filmin tiim kalinhigindaki anlik yapisi izlenebilmektedir.
Bu iki yontemin kullanilmasiyla filmin tiim kalinliginda altigen olarak siralanmus silindirler

elde ettigimiz kanitlanmistir.

Daha detayli belirtmek gerekirse, segici olmayan ¢oziictide denge halinde tabakali yap1
olusturabilen bir BKP’den metanol: THF 1:2 (hacimce) veya metanol: toluen 1:1 (hacimce)
secici ¢ozticti karisimlar1 kullanilarak tavlanmasiyla altigen olarak siralanmis silindir yapi
elde edilmistir. Buna karsin tek tip ¢oziicti kullanildiginda siirdiiriilebilir diizenli bir yap1
elde edilememistir. Metanol-THF karisimindaki metanol miktar1 arttirildiginda altigen

olarak siralanmis silindir yap: elde etmek icin gerekli siire artmistir. Bu sicaklia duyarl
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BKP ince filmler nanoboyutta gozenekli membran iiretmek igin gelecek vaad eden
malzemelerdir. Ayrica bu malzemelerin hiicre yapisma-biiytime calismalar1 gibi
biyomedikal uygulamalarda ve mikro-elektro-mekanik sistemlerde de kullanilabilecegini
distinmekteyiz. Bildigimiz kadariyla, PS-b-PNIPAM-b-PS BKP'lerin segici ¢ozictiler
kullarularak sistematik olarak ¢oziicii tavlamasi isleminin incelenmesi daha 6nceden

gerceklestirilmemistir.

Son olarak, 5. Boliim’de SNIPS yontemiyle iiretilen PS-b-PNIPAM BKP membranlarin
yiizeyini iyilestirmek icin yaptigimiz ¢alismayi sunmaktayiz. Bu boltiimde, film dokim
degiskenlerini en uygun sekilde segerek ayni boyutlarda gozenekler iceren membran
yiuzeyleri elde etmeyi amacladik. Bu degiskenlerden o6zellikle ¢oziicti, polimer

konsantrasyonu ve buharlasma siiresinin etkileri tizerinde durduk.

Film olusturmak igin hazirlanan dokiim c¢ozeltisinde farkli segiciliklere sahip c¢oziici
karisimlar1 kullandik. Yiiksek PS seciciligine sahip toluen: THF (6:4) (hacimce) karisimi
kullandildiginda yiiksek ihtimalle cekirdegi PNIPAM’dan ve c¢eperi PS’den olusan
cekirdek-ceper (core-shell) miseller elde edildi. Ayrica ¢dziicti karisiumi olarak 8:2 ve 4:6
olmak tizere iki farkli oranda NMP-THF karisimi da kullanildi. NMP:THF 8:2 oraminda
toluen-THF karisiminda elde edilene benzer cekirdek-ceper yapilar olusurken, bu yapilar
NMP-THF ¢oziicti karisiminin daha diisiik PS seciciliginden 6tiirti daha kiictik boyutlarda
kalmistir. NMP'nin karisimdaki orani 8'den 4’e dustirtildigtinde (NMP: THF = 4:6), ¢oziici
karisiminin daha az PS secici olmas: birbirleri ile biitiinlesen solucan benzeri silindirlerin
olusumuna bu da sonug olarak birbiri ile daha baglantili bir yiizey elde edilmesine sebep
olmustur. Buna ragmen elde edilen bu filmin tizerinde olusan gézenekler ayni boyutlarda
degildir.

PNIPAM secici olan metanol: THF (5:5) ve 1,4-dioksan (DOX): THF (7:3) ¢oziicii karisimlar:
kullamildigr zaman smirlar1 daha iyi tanimli gozeneklerin olusumu gozlemlenmistir.
Metanol-THF ¢oziicti karisimi i¢in bu iyi tanimli gozenekler, biiyiik olasilikla hem
metanoliin hem THF nin hizli buharlasma hizindan 6tiirii kisa stirede kaybolmustur. Buna
ragmen DOX-THF ¢oziicti karisimmin kullanilmasiyla iyi tanimli gézeneklerin daha
yliksek kararhilikta oldugu goriilmiistiir. Bu ¢oziicli birlesiminde ortaya ¢ikan uygun

‘coziicti konsantrasyon meyili'nin kopolimerin yapisinda olusan silindirlerin ytizeye dik
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acida yonlemesine, bunun da ayni boyutlarda gézenekli yiizey olusumuna sebep oldugu
dustintilmektedir. Ayni boyutlarda gozenekli membranlar kararli olarak sadece DOX-THF
karisiminda elde edildigi icin; buharlasma siiresi, ¢6ziicii orani ve polimer konsantrasyonu

gibi degiskenlerin etkisinin incelenmesi bu ¢6zticti karisiminda gerceklestirilmistir.

Kisa buharlagsma stiresi ve diisitk polimer konsantrasyonlarinda, polimer filminde halen
yiiksek miktarda ¢oziicti olmasindan dolay1 ¢oktiirtici banyosunda daha fazla ¢oziici-
¢okturici degisimi gerceklesmistir. Bu kosullar kaba ve diizensiz gozenekli yapilarin
olusumuna sebep olmustur. Orta dtizeyde buharlasma siiresi ve polimer
konsantrasyonlarinda aymt boyutlu gozeneklerin olusumu gozlenmistir. Daha uzun
buharlasma stireleri ve yiiksek polimer konsantrasyonlarinda silindir benzeri olusumlar
elde edilmistir. Bu olusumlar yiizeye paralel olarak siralanms silindirler gibi
goziikmektedir. Buharlasma siirelerinin daha da uzatilmasi veya polimer konsantrasyonun
daha fazla arttirilmasi, ¢oktiirticti banyosunda gerceklesen ¢oziicti-¢oktiirticti degisimi icin
gereken ¢oztictiniin filmde cok az miktarda olmasindan dolay1 neredeyse hi¢ gozenek
icermeyen gecirimsiz yapili filmler olusmustur. Cozeltide yiiksek miktarda DOX veya
suyun varliginda daha kisa buharlasma stirelerinde ayni boyutlu gozenekler elde
edilmigtir. Cozeltide daha fazla PNIPAM secici ¢6ziici  kullamminin, BKP'nin
kendiliginden bir araya gelme davramisim aynmi boyutlu gozenek olusumu lehine
etkiledigini tespit ettik. Ayrica, ¢oziicti karisimina hacimece %1 su eklendiginde gézenek
boyutlarinin biytdigt gozlemlenmistir. %20 ile 25 polimer konsantrasyonlari, 20 ile 80
saniye buharlasma siireleri ve 7:3’ten 3:7'ye degisen DOX: THF oranlar: kullanilarak ayni
boyutlu gozenekli membranlar tiretmeyi basardik. Bu araliklar oldukca genis olup daha
onceden higbir SNIPS islemi i¢in bu kadar genis degisken araliklar: elde edilmemistir. 2.
Boltiim’de verilen membranlar gibi bu ayni boyutlu gozenekli membranlar da sicakliga
duyarli 6zellikte olup bu 6zellik yine tam tersinirdir. Bu malzemeler kolay temizlenebilir

membran uygulamalarinda gelecek vaad etmektedir.

6. Boliim’de, yapilan calismalarin genel bir tartismasi sunulmakta olup sonug olarak PS-
PNIPAM BKP'lerin kendiliginden destekli, birbirine ayni ve nano boyutta gozeneklere
sahip, tam tersinir olarak sicakliga duyarli membranlar elde etmek igin kullanilabildigi

belirtildi. Bu 6zellikler, bu BKP'leri kolay temizlenebilir ileri diizeyde membranlar elde
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etmek igin miikemmel adaylar haline getirmektedir. Bu bélimde ayrica elde edilen
membranlarin sanayide kullanimina uygunlugunu arttirmak i¢in 6zelliklerinin daha fazla
nasil iyilestirilebilecegini tartisttk ve bazi ileriye yonelik onerilerde bulunduk. Ayrica
kendiliginden bir araya gelme mekanizmasimin ayni boyutlu goézenek olusumundaki

etkisinin daha iyi anlasilmasi igin bazi tneriler sunduk.
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Overview of completed training activities

Conferences and Meetings

Controlled/Living Polymerization Symposium* Antalya, TR 2014
Aachener Membran Kolloquium Aachen, GER 2014
Dutch Polymer Days* Lunteren, NL 2015
Euromembrane Conference* Aachen, GER 2015
Frontiers in Polymer Science* Riva del Garda, IT 2015
CHAINS: the Dutch Chemistry Conference*$ Veldhoven, NL 2015
Dutch Polymer Days*$ Lunteren, NL 2016
EUPOC: Block Copolymers for Nanotechnology Gargnano, IT 2016
Applications$

Dutch Polymer Days* Lunteren, NL 2017
APME 2017: Advanced Polymers via Ghent, BE 2017

Macromolecular Engineering*

Discipline Specific Courses

Colloid Science Course Wageningen, NL 2013
RPK-C: Polymer Properties Utrecht, NL 2013
RPK-B: Polymer Physics Utrecht, NL 2014
Membrane Course for Water Technologies Aachen, GER 2015
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General Courses
Competence Assessment
VLAG PhD WeekS$

Voice Matters$

Project and Time Management
High-Impact Writing in Science
Scientific Writing

Scientific Artwork with Photoshop and Illustrator

Optionals

Group meetings and Colloquia$
Social Dutch for Employees
Journal Club

VLAG Dutch Course

PhD Trip*$

PhD Workshop Carousel

PhD Workshop Carousel

*poster presentation, Soral presentation.

Wageningen, NL
Baarlo, NL

Wageningen, NL
Wageningen, NL
Wageningen, NL
Wageningen, NL

Wageningen, NL

Wageningen, NL
Wageningen, NL
Wageningen, NL
Wageningen, NL
London, UK

Wageningen, NL

Wageningen, NL

2013

2013

2014

2014

2015

2016

2016

2013-2017

2013

2014-2017

2014-2015

2015

2015

2016
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