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ABSTRACT

We investigated the self-assembly of block copolymers during hollow fiber membrane (HFM) fabrication
by conducting in situ small angle X-ray scattering (SAXS) and ex situ scanning electron microscopy (SEM)
studies. SAXS enables us to follow the structural rearrangements after extrusion at different distances
from the spinning nozzle. The kinetics of the spinning process is examined as a function of the composition
of block copolymer solutions and the spinning parameters. We studied the influence of the extrusion rate
on the block copolymer microdomains and their self-assembly in weakly segregated and ordered
solutions. The addition of magnesium acetate (MgAc;) leads to ordering of micelles in the block copolymer
solution already at lower polymer concentrations and shows an increased number of micelles with larger
domain spacing as compared to the pristine solution. The SAXS data show the effect of shear within the
spinneret on the self-assembly of block copolymers and the kinetics of phase separation after extrusion.
Itis observed that the ordering of micelles in solutions is decreased as indicated by the loss of crystallinity
while high extrusion rates orient the structures perpendicular to the fiber direction. The structural
features obtained from in situ SAXS experiments are correlated to the structure in the block copolymer
solutions in absence of shear and the morphologies in flat sheet and HF membranes obtained by ex situ
SEM. This allows a systematic and comparative study of the effects varying the microdomain ordering

within different block copolymer solutions and the formed membrane structures.
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Highlight of work:

Study of the self-assembly of block copolymers in ordered and weakly segregated solutions after extrusion
during fabrication of isoporous hollow fiber membranes.
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Introduction

The self-assembly of block copolymers enables the design of highly ordered nanostructures. Covalently bound
incompatible block segments tend to exhibit microphase separation instead of a macroscopic phase separation
providing lateral order of tailorable microdomains applicable for many potential purposes.'® The self-assembly of
block copolymers can be easily trapped kinetically in metastable or other non-equilibrium states, which is a
consequence of the low free-energy density of polymers in general and their structure formation kinetics, which is
also often sufficiently slow for in situ observation.® In particular, block copolymer membranes with self-assembled
densely packed uniform pores can be an efficient structure in membrane technology to enhance permeability and
separation efficiency.1®?> Such block copolymer membranes having an isoporous surface supported by an
asymmetric and more open porous substructure can be fabricated in “one-step” via self-assembly of block
copolymer in solution and non-solvent induced phase separation (SNIPS).%® The first integral asymmetric isoporous
membranes were fabricated in flat sheet geometry. A solution of polystyrene-block-poly(4-vinylpyridine) (PS-b-
P4VP) diblock copolymer in a solvent mixture of N, N-dimethylformamide (DMF) and tetrahydrofuran (THF) was cast
on a nonwoven support and the as-cast film was immersed in the precipitation bath after providing a short
evaporation time. The more volatile solvent THF is selective for PS while DMF is selective for pore forming minority
block P4VP.?® 17 Here, the self-assembly and, thus, the arrangement of uniform pores depends on the specific
segregation strength of the chosen block segments, the solvents, and the concentration of the block copolymer.®
18 This can be further actuated by introducing small amount of additives in the block copolymer solutions, such as
metal salts or carbohydrates or by applying external stimulating directional forces.? >22 In this study, magnesium
acetate (MgAc,) was used as an additive due to the known complexation of Mg cations with the pyridine moieties.
A similar influence can be achieved by adding other metal salts like copper(ll), nickel(ll), cobalt(ll), iron(ll),
cadmium(Il) etc., however, the transition metal salts are not appropriate additives for the aimed applications of
these membranes due to their often toxic nature. The additives allow to reduce the block copolymer concentration
required for the onset of microphase separation, which is of great economical interest for cost reduction and
resources preserving applications. In addition, the membranes prepared by using highly concentrated polymer
solutions tend to form more compact structures and result therefore in lesser permeability.?

Recently, the capability of the SNIPS process to generate functionalized membranes was further improved yielding
isoporous structures on the outer or the inner surface of a hollow fiber membrane (HFM).2>%*° The HF geometry
provides a high active surface area per unit volume and close packing of these self-supported membranes in filtration
modules, which make them preferable to flat sheet membranes for large-scale installations.3°3> However, during
the HF spinning process, additional structure controlling factors gain importance as the extrusion of a compressible
viscoelastic polymer solution and the swelling of the extrudate afterwards affect the structure formation and
performance of the formed membrane. In addition to the already mentioned parameters, factors like the spinneret
(design and dimensions), spinning parameters (air gap and flow rates of polymer solution and bore fluid) and

environmental conditions also influence the self-assembly.?* 2> The HF spinning process has been investigated vastly



for the fabrication of commonly used asymmetric HFM via non-solvent induced phase separation (NIPS).333¢ Pranzas
et al. investigated the dynamic aggregation processes during HF spinning of polyetherimide (PEl) homopolymer by
conducting in situ SAXS experiments.>” However, in fabrication of isoporous HFM, the shear induced free energy
changes in the block copolymer solution during and after extrusion control the morphology and thus the
performance of the formed membranes.> 2* In HF spinning, the structure formation takes place in the air gap
between the spinneret and the precipitation bath. The strain in the fiber due to the gravitational force limits the
range of applicable extrusion rates and the air gap, which defines the evaporation time. Thus, a good understanding
of the process is required to attain the needed control to fabricate high quality isoporous HF membranes. Open
guestions exists about the key parameters which direct the self-assembly of block copolymers in this very short time.
After extrusion, a subtle balance exists between the block copolymers trying to reach their equilibrium state, which
is disturbed due to the shear forces and the ongoing evaporation that induces self-assembly and precipitation. So
far, fundamental studies have mainly been focused on the effects of solvents and block copolymer concentration in
the solutions using dynamic light scattering (DLS) and synchrotron SAXS, and on the flat sheet membrane fabrication
by cryo-scanning electron microscopy (SEM) and cryo-transmission electron microscopy (TEM).& 3844 Although SAXS
has been an important tool to understand various mechanisms already for a long time, e.g. by providing insights in
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the mechanism of phase transitions and structure development of soft matter, and in situ SAXS and grazing

incidence small angle X-ray scattering (GISAXS) experiments were conducted to investigate the kinetics of structure
formation during isoporous flat sheet membrane fabrication for the commonly used block copolymer solutions,>2-5°
the structure formation in block copolymer HFM has not been probed by in situ characterization techniques.
Therefore, it is of great interest to explore the behavior of different polymer solutions at different spinning
parameters after extrusion by conducting in situ SAXS experiments, enabling us to develop new pathways to tailor
the structure formation in HFM.

In this study, we aim to understand the key factors driving the self-organization of PS-b-P4VP diblock copolymer,
with and without the additive MgAc,, at different evaporation times for HF spinning. The structure formation in HF
is more sensitive towards changes in the solution compositions such as the presence of additives with reduced
polymer concentration as compared to flat sheet membranes. So, the weakly segregated solutions as well as the
ordered solutions are investigated to check the influence of extrusion on the micellar lattices of microphase
separated solutions and on the structure formation afterwards. Instead of the ordered solution with high polymer
concentration, we chose the ordered solution with additive MgAc, at comparatively lower polymer concentrations
while the solvent compositions were kept constant to reduce the number of influencing parameters. For these
experiments, we installed a lab scale HF spinning set-up into the beamline P03 at DESY,>® which allowed us to change
the spinning parameters while simultaneously measuring the structural features by SAXS. The selected polymer
solutions and the spinning parameters offer a systematic and comparative study. We identify the influence of the

solution characteristics and processing parameters on the distinct microscopic mechanisms and correlate them with



the membrane morphology, where in a certain range of spinning parameters the alignment of microdomains

dominates over self-assembly of block copolymers into hexagonally packed isopores on the outer surface of HFM.

1. Experimental section

1.1. SAXS of polymer solutions and bulk films

The polymer solutions were prepared by stirring a specific concentration of PS-b-P4VP diblock copolymer, with and
without additive, in a mixture of DMF/THF in equal weight ratio (wt/wt); all concentrations are given in wt%, a
detailed explanation is given in the ESI. For investigation of the polymer structure in the spinning solutions, the
solutions were filled into quartz capillaries with a wall thickness of 10 um and a diameter of 2 mm and sealed by
epoxy glue to prevent evaporation.

For the investigation of the bulk morphologies of the PS-b-P4VP diblock copolymers, films were prepared as reported
in ESI. The films were characterized by SAXS and TEM, see Fig. S1 in ESI. SAXS experiments on the equilibrated films
were performed on a Bruker Nanostar, Karlsruhe, Germany. The lab source is equipped with a copper anode
providing an X-ray beam with an energy of 8 keV. The set-up utilizes a VANTEC-2000 detector with a pixel size of 68

um. The sample to detector distance was 1.5 m providing a g-range from 0.06 to 2.2 nm™.

1.2. In situ synchrotron SAXS

The SAXS experiments were performed at the microfocus end station of the beamline P03, PETRA lll, Deutsches
Elektronen-Synchrotron (DESY), in Hamburg, Germany.*® An X-ray beam having an energy of 12.981 keV was used
to have a good transmission through the block copolymer solution in the shell around the bore fluid. The beam was
focused to 28 x 14 um? (horizontal x vertical) by using an assembly of parabolic beryllium compound refractive
lenses. The exposure time was 0.2 s with a total number of 20 frames for each measurement resulting in a total
acquisition time of 4 s. Background measurements were carried out in between by moving the HF out of the beam.
We used a sample-to-detector distance of 8.91 m, which allowed a g-range from 0.04 to 1.1 nm™ to capture all
occurring structural changes in the range of ca. 5.7-157 nm. We used the Pilatus 1M fast-readout detector.

For the data integration, masking and normalization the software package DAWN was used.”” The two-dimensional
images were averaged azimuthally to obtain a trace of intensity vs. the scattering wave vector q (g = 4 sin(29/2)/A,
where 2% is the scattering angle and A is the wavelength of the X-rays). The characteristic length or domain spacing
(d) is determined from the primary peak corresponding to the scattering vector g°, as d = 2r/q”. In a further step,
the patterns were averaged radially in a certain g-regime, which was chosen to include the occurring structure factor.
The resulting curves showing the intensity vs. the azimuthal angle allow investigating whether orientation effects
are occurring or not. In the case of no orientation, a constant intensity is observed whereas for orientation effects
two maxima within a distance of 180° can be seen. For background subtractions, frames showing only air scattering

were subtracted from the averaged data. The fitting of the correlation peaks and background subtraction were done



using MATLAB. All the data for a distinct horizontal scan were compared. No significant variation along the cross-
section of the fiber could be seen. Thus, the data at one horizontal height were averaged.

For the experiments, a standard spinning set-up was used as schematized in Fig. 3. The set-up consists of one double
orifice spinneret for extrusion of polymer solution and bore fluid (water), syringes, two high-precision pumps and
precipitation baths as described in our previous work for outside-in isoporous HFM fabrication.?* The used double
orifice spinnerets have outer diameters of 0.32 and 1.3 mm for the bore fluid and polymer solution, respectively.
The wall thickness separating the two orifices is 0.1 mm. Glass syringes with Luer-lock tips were used for the
experiment and were connected to spinneret via transparent polyethylene tubes. In order to get rid of air bubbles,
the syringes were filled one day before the beam time and well sealed afterwards to avoid solvent evaporation. The
micro-precision pumps were mounted outside the experimental hutch for easy control of the flow rates of polymer
solution and bore fluid. The precision pumps and the glass syringes were connected by tubes filled with water.

The spinning system (spinneret, holder and syringes) was fixed to a remote controlled micro-precision stage to move
the set-up in the plane perpendicular to the X-ray beam in order to change the distance with respect to the beam
passing through the extruded fiber. A precipitation bath on a rotating motor was fixed ca. 50 mm below the beam
on the available granite bridge. The vertical distance, between the positions of spinneret holder on the x-y stage
from the beam, corresponds to a certain air gap distance (Lq) providing a certain evaporation time for as-spun fiber.
While, the horizontal moving was used to scan across the fiber with a step size of 30 to 100 um.

The fibers were thoroughly scanned at different L, from the nozzle for various block copolymer solutions and
spinning parameters, polymer flow rate (Q) and bore fluid (water) flow rate (Qu). Simultaneously, the spun fibers
were collected in a rotating precipitation bath which was located ca. 50 mm below the beam providing a total air
gap, L = Ly + 50 mm, where L, was varied from 1 to 80 mm; so, there was always an additional effect of gravity and
strain in the fiber during SAXS measurements. However, in order to correlate the SAXS curves and HFM morphology
influenced by spinning parameters and solution characteristics, the HF spinnings were repeated in the lab. In the
repeated HF spinning for morphological investigations by SEM, the structures in as-spun fibers were quenched at
particular L, (so, L = L;). We note that scanning along the fiber by keeping a constant air gap was not possible.
Constructing a set-up where the air gap could be kept constant while scanning along the fiber would have been too
heavy for the available micro-precision motor stages. Therefore, the water bath was fixed at the bottom of the
beamline and only the spinning system was motorized.

The data were integrated azimuthally and radially in order to get the scattered intensity as function of g and as

function of the azimuthal angle to check for orientation effects.

1.3. Membrane fabrication and morphological characterization

To fabricate the flat sheet membranes, the polymer solution was cast on a glass plate using a doctor blade with gap

height of 200 um and immersed in the precipitation bath after providing an evaporation time of 2 and 5 s,



respectively. During flat sheet membrane fabrication, the relative humidity in the lab was ca. 20 % and the ambient
temperature was ca. 20 °C.

For morphological investigations in HF, we repeated the experiments with spinning conditions (spinneret, spinneret
holder), spinning parameters (Lq, Q, and Qu) and the polymer solutions (with recycled block copolymers) similar to
the in situ SAXS experiments to achieve the same morphologies. The environmental conditions during HFM
fabrications were ca. 30-40 % for relative humidity and ca. 21-26 °C for ambient temperature.

The morphology of flat sheet membranes and HFM were evaluated by a SEM LEO 1550VP (Carl ZEISS, Oberkochen,
Germany), at an accelerating voltage of 2-5 kV. To investigate the surface morphology of the membranes, individual
pieces were cut and fixed on the sample holders. For the study of the cross-section morphology, the samples were
prepared under cryogenic condition (fracturing in liquid nitrogen). All the samples were sputtered with ca. 2 nm thin

conductive layer of Pt.

2. Results and discussion

2.1. Influence of block copolymer solution on membrane morphology

Table 1. Details of PS-b-P4VP block copolymers and their bulk characterization. For PS-b-P4VP,%, a denotes the amount of P4VP
block in wt% and b denotes M, where M, is number averaged molecular weight in kg mol-1. D is dispersity of the respective block
copolymer. gpui” is the primary peak corresponding to the scattering vector and dpuk = 21t/quui” is the characteristic length or
domain spacing of the bulk block copolymer film. All g* and d have an error bar of + 0.002 nm and *+ 0.6 nm, respectively.

Block copolymer | M, PS P4vP b Qouik” dbuik

(kg mol1) (Wt%) | (wt%) (nm1) (nm)
PS-b-P4VP,g150 150 82 18 1.04 0.172 36.5
PS-b-PAVP11® | 170 81 19 1.07 | 0152 | 412
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Fig. 1. SAXS of casting solutions and SEM micrographs of fabricated membranes. (a) The SAXS curves of solutions, which are
adjusted vertically for clarity. (b,c,e,f) SEM micrographs of the top surface of blade-cast membranes from the weakly segregated
solutions 26 wt% PS-b-P4VP151%(b,c) and 25 wt% PS-b-P4VP15170 (e,f) in DMF/THF 50/50 (wt/wt); evaporation times were 2 s (b,e)



and 5 s (c,f). (d,g) The micrographs show autocorrelated patterns of SEM micrographs c and f. The micrographs b,c,e,f and d,g
have the same scale bar.

Table 2. List of PS-b-P4VP block copolymer solutions. All g* and d have an error bar of + 0.001 nm! and + 0.4 nm, respectively.

Block copolymer | Polymer solution (in DMF/THF 50/50 (wt/wt)) q" d
(nm1) (nm)
PS-b-P4VP5150 26 Wt% PS-b-P4VPg150 0.147 42.7
PS-b-P4VP14170 25 wt% PS-b-P4VP 4170 0.120 52.4
28 wt% PS-b-P4VP 4170 0.117 53.7
23 wt% PS-b-P4VP19170 and 1.0 wt% MgAc; 0.114 55.1
21 wt% PS-b-P4VP19170 and 1.5 wt% MgAc; 0.114 55.1

In order to identify appropriate solution conditions required for steady HF spinning and periodic nanostructure
formation, the solution compositions, the composition and molecular weight of the block copolymers were chosen
in the range of our previously reported work on HFM.?* 2> The details of selected block copolymers and their bulk
characterization are given in Table 1, more details about bulk characterization (SAXS curves and TEM micrographs)
and the film fabrication are given in ESI (Fig. S1). The block copolymer solutions used in this work are reported in
Table 2. The isoporous structure formation using these solutions was checked in flat sheet membranes prior to the
SAXS experiments. The optimized concentration for the block copolymers PS-b-P4VP15**° and PS-b-P4VP19'"° were
found to be 26 wt% and 25 wt% in the solvents DMF/THF 50/50 (wt/wt), respectively (Fig. 1 and Table 2). The SAXS
patterns of the block copolymer solutions show a single broad peak indicating a weakly segregated solution where
the copolymers are associated in micellar aggregates. The details of SEM micrographs in Table S2 show that the
increase in segregation with increase in concentration, due to the evaporation of solvent(s), leads to the formation
of more open pores with reduced average center-to-center distance between pores (d..c). The SEM micrographs in
Figs. 1c,f have the hexagonal arrangement of pores, which is shown by autocorrelated patterns in Figs. 1d,g.

With an increase of the PS-b-P4VP15%7° block copolymer concentration from 25 wt% to 28 wt%, the macromolecules
self-assemble, which lead to the formation of a crystalline phase by spontaneous packing of micelles into an ordered
lattice (Fig. 2a). Due to the increased segregation, the domain spacing increases from 52.3 + 0.4 nm to 53.7 £ 0.4 nm.
As shown in Fig. 2a and Table S1, the primary peak with two clear higher-order peaks correspond to the peak
positions (g/g*)? = 1, 2 and 3, which indicate a well-developed body centered cubic (bcc) structure. We note that
this data is normally not sufficient to rule out simple cubic packing, but based on experimental and theoretical
results, bce is almost undoubtedly the actual symmetry.'® A similar reversible disorder-order transition in solution
was observed previously, however, indicating a 2D hexagonally packed cylindrical (hcp) structure.® This difference
of structure in solutions might be a result of different block copolymer and solution compositions.

As mentioned before, the ability of nitrogen atoms of the vinyl pyridine units to coordinate with the Mg(ll) ion of
MgAc; facilitates the structure formation of the PS-b-P4VP block copolymer.? Interestingly, the SAXS curves in Fig.
2a show that with addition of MgAc, the ordered micellar structure could be observed at comparatively lower block

copolymer concentrations due to the selectivity of MgAc, to one particular block (P4VP), which increases segmental



incompatibility. As far as we are aware, such an ordered phase is reported for the first time for a diblock copolymer
solution with MgAc; as additive. As shown in Fig. 2a and Table S1, the addition of 1.0 wt% MgAc; in conjunction with
a decreased polymer concentration of 23 wt% of PS-b-P4VP14'"° leads to the formation of a lyotropic liquid crystalline
phase in form of a bcc structure with a domain spacing of 55.1 + 0.4 nm. A further increase in the concentration of
MgAc, to 1.5 wt% and a decrease in the block copolymer amount to 21 wt% shows an increased peak height due to
more prominent micelles, with equal domain spacing 55.1 + 0.4 nm. It also seems that under these conditions two
different bcc phases are present as the scattering curves indicate a peak splitting for the higher order peaks.
Moreover, the ordered solution with 1.5 wt% MgAc; of comparatively very low block copolymer concentration of 21
wt% shows a larger domain spacing and peak heights as compared to the solution with 28 wt% block copolymer
concentration. This small increase in characteristic length points toward an increase in the volume of pore forming
P4VP microdomains because the selective incorporation of MgAc, leads to a stronger segregation as compared to
highly concentrated neat solutions. The increase in segregation minimizes unfavorable contacts between PS and
P4VP and therefore minimizes the overall enthalpic interaction. The Flory-Huggins-Staverman interaction parameter
() is effectively increased and the size of the micelles increases. Moreover, the increased y moves the order-

disorder transition farther that will be discussed in section 2.3.
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Fig. 2. SAXS of casting solutions and membrane fabrication. (a) The SAXS patterns; the SAXS curves of each solution is adjusted
vertically for clarity. (b-e) SEM micrographs of the top surface of blade-cast membranes from the PS-b-P4VP1417° solutions having
different polymer concentration (and additive) in DMF/THF 50/50 (wt/wt) and evaporation time 2 s: 25 wt% (b); 28 wt% (c); 23
wt%, 1.0 wt% MgAc; (d); 21 wt%, 1.5 wt% MgAc; (e). The SEM micrographs b-e have the same scale bar.

The SEM micrographs in Figs. 2b-e show the possibility to achieve hexagonally packed pores on top of flat sheet
membranes for very short evaporation times using both disordered micellar (25 wt%) and ordered (28 wt%, 23 wt%

and 1.0 wt% MgAc,, and 21 wt% and 1.5 wt% MgAc,) solutions. Similar disorder-order and order-order transitions



have been reported from disordered or bcc in solution to hcp in membranes.!® 38 55 58 59 The disorder-order
transition is defined as the transition where long-range order appears and distinct micelles can be discerned from a
disordered casting solution experimentally, while the order-order transition occurs from a bcc lattice in the casting
solution to the hexagonal close packed open pores in the membrane. To compare the structure formation occurring
at short solvent evaporation times, which would be relatively similar to the HF spinning, the structure of the solution-
cast films were quenched by immersing them into the precipitation bath after 2 s. The growth of microdomains
occurs very quickly, so the morphology representing the hand-cast membranes for evaporation time 2 s may differ

slightly; the approx. values of average pore diameter (D,) and d...of these membranes are given in Table S2.

2.2. Influence of spinning parameters on structure formation in HFM
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Fig. 3. Experimental overview. (a) Set-up of spinning apparatus installed at the beamline PO3 of PETRA Il at DESY for in situ
SAXS investigations. (b) As the polymer solution is extruded through the spinneret having non-solvent (NS) in the lumen, the
polymer chains relax and the volatile solvents start to evaporate from the outer surface. The as-spun fiber could be
investigated closest at 1 mm from the nozzle of the spinneret. (c) L, was varied up to 80 mm, the microphase separated
structures develop on the outer surface of HF. The spun HF are collected in the precipitation bath.

For the interpretation of the experimental data, it is important to remember the main properties controlling the
structure formation. As schematized in Fig. 3, in fabrication of isoporous HFM, the main implication is the occurrence
of evaporation induced self-assembly of block copolymers, which initiates just after extrusion. For a certain L,, the
selection of Q, determines the evaporation time. A relatively similar evaporation time can be provided at a higher
Q, along with a higher L,. However, the kinetics of the self-assembly for both cases will significantly differ as the

shear thinning of the polymer solution in the spinneret at the higher Q, as well as the increase in the gravitational




force acting on the nascent fiber in the air gap.?* Thus, desired morphologies are achieved by controlling the distinct
balance between the relaxation of the polymer chains due to the shear forces driving them out of equilibrium and
the macromolecular rearrangement due to the evaporation of the more volatile solvent (THF), which fixes the PS
matrix while the P4VP microdomains are highly swollen in DMF (Figs. 3b and 3c). This process of self-organization
stops as soon as the HFM is immersed in the precipitation bath. Therefore, the study on the self-assembly of
macromolecules in HF is focused on to the changes happening in the gap between the spinneret and the

precipitation bath.

2.2.1. Influence of polymer flow rate.
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Fig. 4. Influence of Qp: (a,b) SAXS curves, (c,d) SAXS patterns, and (e-h) SEM micrographs of as-spun HF using block copolymer
solution 26 wt% PS-b-P4VP131%0 (a,c,d) and 25 wt% PS-b-P4VP15170 (b,e-h) in DMF/THF 50/50 (wt/wt) at different spinning
parameters. The spinning parameters polymer and bore fluid flow rate (mL/min) are mentioned as Q, and Qu, respectively, and
the air gap as L, (mm); the set of parameters in figures can be followed as Q, Qu_Lq. The SAXS data are plotted in log-log scale
and Y-offset is adjusted for better visibility. (c,d) The images show the ring origination from the domain correlation. The fiber runs
in the vertical direction and is slightly tilted due to the movement of the precipitation bath. (e-h) The SEM micrographs show the
influence of spinning parameters (Q,_Qu._Lq) on the morphology of the outer surface (e,f), cross-sections near the outer surface

(g,h). The SEM micrographs e-h have same scale bar.

Table 3. Details of SAXS curves of as-spun fibers using block copolymer solutions having 26 wt% PS-b-P4VP15150 and 25 wt% PS-
b-P4VP19'70 in DMF/THF 50/50 (wt/wt) for different spinning parameters (Q,_Qu._La). All g* and d have an error bar of + 0.005
nmand £ 1.1 nm, respectively.

L, 26 wt% (0.8_0.4_L,) | 26 wt% (1.2_0.6_L,) = 26 wt% (1.6_0.8_L,) = 25 wt% (0.8_0.4_L,) | 25 wt% (1.2_0.6_L,)
(mm) | g*(m?)  d(m) | g*(m?)  d(nm) | g*(m?)  d(nm) | g*(nm?)  d(nm) | g*(nm?)  d(nm)



Solution | 0.147 42.7 - 0.120 52.4 -
1| - - | 0144 43.6 - - 0.120 524 | 0.120 52.4
10 | o014 446 | 0139 452 | 0131 47.9 0.117 53.7 | 0.119 52.8
20 | 0138 455 | . 0133 47.2 0.116 542 | 0.116 54.2
40 | 0135 465 | 0.136 46.2 | - - | 0113 556 | 0.113 55.6
Q,_Q, Outer Surface CSs Inner Surface CS, CS
L i P

Fig. 5. The SEM micrographs show the influence of spinning parameters (Q,_Quw_Ls) on the morphology of the outer surface,

cross-sections near the outer surface (CS,s), the inner surface, cross-sections near the inner surface (CS;s) and the full cross-section
(CS) of HFM. The HFM were spun using block copolymer solution of 25 wt% PS-b-P4VP1517% in DMF/THF 50/50 (wt/wt) for Q, 0.8,
1.2 and 1.6 mL/min, at L = Ly, 40 and 100 mm. The SEM micrographs in a column have the same scale bar.



Initially, the spinning solution is in a thermodynamically stable equilibrium as a weakly segregated spherical block
copolymer solution. The extrusion of this viscoelastic solution through a spinneret disturbs this equilibrium by
inducing uniaxial deformation as a result of the shear force. This deformation depends on various factors such as
polymer solution, extrusion rate, spinneret design, die gap for extrusion, roughness of spinneret walls etc. In the
reported in situ experiments, all the used spinnerets were made of the same material and the dimensions of channels
and orifices were kept equal, thus, providing a similar shear stress distribution throughout the experiments.
Consequently, the variables having significant impact on the shear distribution are Q, and the composition of the
polymer solution. In this work, the variation in polymer solution includes changes in the concentration of block
copolymer and additive MgAc,, which is discussed in section 2.3.

The influence of Q, on the integral structural dimensions of weakly segregated block copolymer solution and on the
self-assembly of block copolymers is shown in Fig. 4 and Table 3. The comparison of scattering curves for a particular
set of spinning parameters are shown in Figs. S2-S4, in the ESI. Firstly our data show that the ordering of micelles in
all the polymer solutions is reduced as a course of the extrusion as compared to the conditions under rest, see the
scattering curves in Figs. 4a,b and 6. It should be noted that the SAXS scans provide the structural information for all
fiber material along the beam and for an area of ca. 28 x 14 pm? in a single scan, more details are in section 1.2.
Therefore, the SAXS curves mainly show the influence of extrusion on structural characteristics of the as-spun fiber,
which is still a viscous polymer solution within the fiber wall up to L, ca. 80 mm depending on the polymer solution
and the thickness of the as-spun fiber.

In the scattered intensity of the weakly segregated polymer solutions of 26 wt% PS-b-P4VP15'* (Fig. 4a) and 25 wt%
PS-b-P4VP15'7° (Fig. 4b), no significant difference could be identified at a particular L, for variation of Q, from 0.8 to
1.2 mL/min. The main difference is a decrease of the overall intensity and a slight shift in the peak position with
increasing Ly, which is attributed to the precipitation from the inner side of the fiber resulting in a change of the
scattering contrast, and the evaporation of the more volatile solvent and relaxation from shear induced effects,
respectively. However, with further increase in Q,, an orientation of the structures in the polymer solution becomes
evident. Depending on the shear stresses, the meso-phase structures may transform from an isotropic (Fig. 4c) to
an oriented state (Fig. 4d). Figs. 4c,d are shown on a larger scale in Fig. S2 in ESI. A significant influence of the increase
in Qyto 1.6 mL/min can be seen on the orientation of the structures by development of a structure factor in the 2D
SAXS images, at L, 10 mm (Figs. 4d and S5). The scattering image shows an orientation effect perpendicular to the
fiber axis as the ring shows the maximum intensity corresponding to the perpendicular axis of the fiber; this also
applies to the structure factor. This orientation of structures is accompanied by an increase in the correlation length
indicating larger domains with anincrease of shear (Figs. 4a and S2 and Table 3), which shows more chain orientation
of the polymers and the formation of anisotropic structures. This might influence the thermodynamic driving forces
which govern the self-assembly and progression of the microphase separation which affects the membrane

morphology.



It is worth noting here that the influence of shear on the membrane morphology as observed by SEM and on the
structure in as-spun fiber as observed by SAXS helps to understand the process, however, the spatial resolution of
both methods is quite different. While the influence of spinning parameters in SAXS is measured for 28 x 14 um?,
the SEM micrographs of cross-sections near the outer surface show the morphology only for a few microns from
surface. In addition, SEM investigations are done in dried membranes while in situ SAXS experiments are conducted
on as-spun fibers that almost resemble the polymer solution characteristics under shear. The influence of shear
during extrusion significantly varies at different L, due to the influence of solvent evaporation, relaxation of polymer
chains and strain due to gravity.

The SEM micrographs in Figs. 4e-h show the influence of Q,, 0.8 and 1.6 mL/min, at L, of 40 mm on the morphology
of the outer surface and the cross-section near the outer surface of the HFM. The lower extrusion rate of 0.8 mL/min
induces a lower shear rate along with a longer evaporation time. The deformation of spherical domains into
ellipsoids or cylinders in the flow direction of the polymer solution can be seen in the SEM micrographs of Figs. 4e,g
instead of the desired hexagonally packed pores on the outer surface. However, for Q, 1.6 mL/min, the fabrication
of isoporous structure on the outer surface of HFM can be seen in Fig. 4f although the evaporation time is shorter
due to the higher Q, at Lo 40 mm. The reason for a hexagonal packing of the microdomains in this comparatively
short time provided in Ly 40 mm at Q, 1.6 mL/min might be a result of an already occurred ordering of microdomains
in the block copolymer solution after experiencing higher shear rates. However, at lower shear rate these
microdomains tend to align and progress in the direction of shear. At higher shear rate (Q, 1.6 mL/min), the ordering
in the weakly segregated domains tend to increase in the direction perpendicular to the fiber. Moreover, this shear
induced orientation of microdomains is higher near the outer surface, which is due to the higher shear rates at the
walls of the spinneret and can be seen in the SEM micrograph of the cross-section near the outer surface, see Fig.
4g.

The detailed influence of Q, (0.8, 1.2 and 1.6 mL/min) and L, (40 and 100 mm) on the morphologies of the outer
surface, the inner surface, the cross-section, and cross-sections near the outer and inner surfaces of the HFM can be
derived from the micrographs shown in Fig. 5. The values of D, and d... from the analysis of SEM micrographs of the
outer surfaces are given in Table S3, which shows decrease in D, values with increase in Q,. The deformation and
ordering of microdomains for Q, of 0.8 mL/min and 1.6 mL/min, respectively, is still in a metastable state which
disappears with increase in L, to 100 mm and results in less-ordered pores on the outer surface (Fig. 5). The
structures aligned on the outer surface of the HFM at Q, 0.8 mL/min and L, 40 mm transform into randomly located
pores oriented perpendicular to the surface at L, 100 mm. This growth of microdomains perpendicular to the surface
is driven by an increase in the evaporation time that induces a concentration gradient of volatile solvents from the
top surface.'® %0 The isoporous structure developed at conditions of Q, 1.6 mL/min and L, 40 mm also vanishes with
an increase of L, to 100 mm, respectively to a longer evaporation time. This disordering might have occurred due to
the faster relaxation of microdomains after extrusion at high shear rate and due to the elongational forces as well.

In average of Q, 0.8 mL/min and 1.6 mL/min, the shear stress applied with Q, 1.2 mL/min leads to isoporous



structures for L, 40 and 100 mm, by offering a balance between ordering in the polymer solution due to shear
stresses and disordering due to the relaxation in combination with the required evaporation time. While on the
other side of the HFM, on the inner surface, with increase in Q, or shear stress at a particular Lg, the inner surface
morphology gets slightly tightened. Also the SEM micrographs of HFM cross-sections show lesser macrovoids due to
the increase in the molecular orientation and chain packing. Therefore, a variation in Q, strongly varies the solution
characteristics during extrusion. The Q, together with the available evaporation time drives the block copolymer
microdomains to reorganize into hexagonally packed pores on the surface. This process of self-assembly is
significantly faster for more segregated or ordered block copolymer solutions because after extrusion, the block
copolymer micelles try to achieve the initial equilibrium of a well-defined self-assembled nanostructure. This
reorganization can be expected to occur faster in more segregated micellar solutions, what is discussed in section
2.3 for the block copolymer solutions containing MgAc,. Therefore, different block copolymer solutions cause
different effects of alignment as well, as seen in our experiments. So, in contrast to the flat sheet membrane,
evaporation time is not the only important variable of self-assembly and structure formation in HFM fabrication, Q,

plays a key role as well under similar conditions.

2.2.2. Influence of the evaporation time given by the distance L,

While discussing evaporation induced self-assembly, the distance between the spinneret and the precipitation bath
(Lg) remains a key factor, as it defines the evaporation time at a certain Q. Table 3 and Fig. 4 (particular sets are
plotted in Figs. S3 and S4) show that the structural changes occur in the nm-range on the time-scale of milliseconds
before the fiber is immersed in the precipitation bath. At the solution/air interface, an increase of the evaporation
time increases the interfacial chain segregation which would result in an increase in peak-height of the scattering
intensity. This behavior was observed during in situ SAXS study of flat sheet membranes.>* However, for the
fabrication of a HF geometry, a precipitant is required on one side of the as-spun HF. The structural evaluation in
this three-phase system consisting of air on one side and precipitant on the other side of a polymer solution is
significantly different, and increases the complexity in understanding the macromolecular organization in HF
fabrication. For sake of simplicity, the ratio Q,/Q. was kept constant as two in order to provide similar conditions of
coagulation from the lumen side at different volumetric flow rates (Qp). In addition, this gives a uniform cross-section
and relatively similar membrane thickness as well.

With increasing L, during the HFM fabrication, the precipitation front moves inwards and increases the coagulation
of polymer solution from the lumen side due to the solvent and non-solvent exchange between the flowing polymer
solution and the bore fluid. The increase in coagulation increases the gelation/spinodal decomposition of the
polymer solution from the lumen side. This behavior can be observed in the in situ SAXS data, which show a decrease
in the peak height with increasing L, (Figs. 4a,b and 6). This proofs an increase in the coagulation from the lumen
side as the number of micelles decreases. Further support to this assumption is given by the observation that the

peak width gets smaller indicating a narrowing of the size-distribution for micelles due to the precipitation. For a



less viscous or weakly segregated polymer solution we also observe a lower size distribution, which hints at a higher
mobility and, thus, kinetics in this situation, see Table 3. Figs. 4a,b show that the primary scattering peak vanishes
completely for the commonly used weakly segregated solutions and significantly reduces for the ordered solutions
(Figs. 6b,c) as well. This shows that the structure formation in as-spun fibers quenches within a short L,. Moreover,
anincrease in Lgincreases the strain in the nascent fiber due to gravitational force, which changes the fiber diameters
and influences the structure formation and assembly of uniform pores on the top surface of membranes (Figs. 5, 7,
S7 and Tables S3, S4). Thus, for a uniform pore formation L, is preferred to be < 100 mm, which further significantly

differs for different polymer solutions and spinning conditions.

2.3. Influence of adding MgAc; to the block copolymer solutions in HF spinning

a 25% PS-b-P4VP19170 b 23% PS-b-PaVP 19170, 1.0% MgAcs c 21% PS-b-PaVP19170, 1.5% MgAcs
—— solution solution solution
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Fig. 6. SAXS of as-spun HF using block copolymer solutions having different concentrations of PS-b-P4VP19170 and MgAc; in
DMF/THF 50/50 (wt/wt) at Q, 1.2 mL/min, Qx 0.6 mL/min and different L, (mm). (Y-offset adjusted for better presentation)

Table 4. Details of SAXS curves of as-spun fibers using different PS-b-P4VP14170 block copolymer solutions at different Ly (mm),
for Qp 1.2 mL/min and Q, 0.6 mL/min. All g" and d have an error bar of + 0.005 nm™ and + 1.1 nm, respectively.

Lq 25 wt% 23 wt% and 1.0 wt% MgAc; 21 wt% and 1.5 wt% MgAc;
(mm) q* (nm-?) d (nm) q* (hm?) d (nm) q* (hnm?) g’ (nm1) d (nm)!
Solution 0.120 52.4 0.114 55.1 0.114 0.161 55.1
1 0.120 52.4 0.109 57.6 0.109 0.205 57.6
10 0.119 52.8 0.111 56.6 0.111 0.193 56.6
20 0.116 54.2 0.111 56.6 0.110 0.194 57.1
40 0.113 55.6 0.108 58.2 0.107 0.200 58.7
80 = = 0.105 59.8 s s -
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Fig. 7. The SEM micrographs show the influence of spinning parameters (Q,_Quw_Ls) on the morphology of the outer surface,
cross-sections near the outer surface (CSos), the inner surface, cross-sections near the inner surfaces (CS;s) and the full cross-
section (CS) of HFM. The HFM were spun using block copolymer solution of 21 wt% PS-b-P4VP 14170 and 1.5 wt% MgAc, in DMF/THF
50/50 (wt/wt) for Q, 0.8, 1.2 and 1.6 mL/min, at L = L,, 40 and 100 mm. The SEM micrographs in a column have the same scale
bar.

The SAXS curves in Fig. 6 show the influence of the extrusion parameters on the ordering of different block
copolymer solutions having different amount of MgAc,, at a certain L,. The comparison of solutions for a particular
set of spinning parameters is shown in Fig. S6, in ESI. During extrusion, the shear stresses distort the structural
features of the polymer solution, i.e., bcc in polymer solutions having 21 wt% PS-b-P4VP1'7° and 1.5 wt% MgAc,,
and 23 wt% PS-b-P4VP15*° and 1.0 wt% MgAc, in DMF/THF 50/50 (wt/wt). After extrusion, the sharpness and
intensity of the primary peak decreases and the peak position shifts to a slightly lower g as compared to the

respective solution. The scattering pattern of the as-spun fiber, at L, 1 mm, from spinning of 25 wt% PS-b-P4VP14"°



solution does not show a significant change in the peak position as compared to the steady solution while the peak
gets wider and loses the intensity, as discussed in section 2.1 (Figs. 4b or 6a). However, in case of the ordered
solutions, the higher order peaks disappear and with increasing L, even the shoulder becomes gradually harder to
discern (Figs. 6b,c). This confirms that the extrusion of an ordered solution resultsin a lesser or only partially ordered
solution afterwards.

Interestingly, just after extrusion at L, of 1 mm, the scattering curve from polymer solution 23 wt% PS-b-P4VP417°
and 1.0 wt% MgAc; in DMF/THF 50/50 (wt/wt) shows only one broad peak with an increase in domain spacing as
compared to the respective solution, see Fig. 6b and Table 4. However, the second shoulder in the scattering curves
appears at L, of 10 and 20 mm with a decrease in domain spacing, which again disappears for L, ca. 40 mm and
shows an increase in domain spacing. This trend in SAXS curves and domain spacing values hint at ongoing structural
transitions in the block copolymer solution. We speculate that the competing interactions of shear stresses during
extrusion, relaxation after extrusion, and the increase in segregation of block copolymers due to evaporation are
responsible for this behaviour. During extrusion, the structural ordering of the block copolymers is disturbed and
due to the shear stresses the ordered micelles might enlarge showing an increase in domain spacing. After extrusion,
these structures in as-spun polymer solution try to achieve the initial equilibrium of block copolymer solution by
releasing the shear effects and shows a decrease in domain spacing. On the other hand, with increasing L, the
influence of evaporation on the self-assembly and the precipitation from the lumen side on coagulation increases
significantly. Thus, the observation of the second shoulder for block copolymer solutions of 23 wt% with 1.0 wt%
MgAc; shows that up to 20 mm the bulk relaxation dominates which is overwhelmed by the segregation and self-
assembly afterwards.

A similar trend in the height of the second shoulder and in the domain spacing can also be seen during the spinning
of the solution containing 21 wt% PS-b-P4VP15"° and 1.5 wt% MgAc, in DMF/THF 50/50 (wt/wt), Fig. 6¢c and Table
4. However, here the second shoulder is stronger and can be seen up to L, ca. 40 mm. This indicates that with
increasing the concentration of MgAc, from 1.0 wt% to 1.5 wt% and respectively decreasing the P4VP segments
(with decrease in block copolymer concentration) the cation-pyridine complexation gets stronger and the structural
ordering gets kinetically trapped. So, due to the higher MgAc, concentration, the initial structural properties of block
copolymer solutions are more dominating and the system tries to return to the initial state faster as compared to
the pristine solution after coming out of the spinneret. This is induced by the increased effective y parameter. As
discussed in section 2.1, the solution scattering curves in Fig. 2 show that the increased addition of MgAc; leads to
more prominent microphase separation in the solution of polymeric amphiphiles, which might be due to less
mobility of polymer chains or reduced micelle mobility, and all together lowers the structural transitions.

The SEM micrographs in Fig. 7 show the influence of spinning parameters, Q, of 0.8, 1.2 and 1.6 mL/min, and L, of
40 and 100 mm, on the morphology of HFM spun using an ordered block copolymer solution of 21 wt% PS-b-
P4VP14170 and 1.5 wt% MgAc, in DMF/THF 50/50 (wt/wt). The influence of solution characteristics on the formation

of isoporous structures can be seen in the SEM micrographs of the outer surface of the HFM spun using two different



solutions, in Figs. 5 and 7. The HFM with isoporous outer surface could be achieved for a wider range of Q, (0.8, 1.2
and 1.6 mL/min) at L, 40 mm using ordered solution containing MgAc; (Fig. 7) as compared to the pristine weakly
segregated solution having higher polymer concentration of 25 wt% PS-b-P4VP15'7% in DMF/THF 50/50 (wt/wt) (Figs.
5 and S7). For Q, 0.8 mL/min, at L, 40 mm, formation of isoporous structures can be observed for the ordered
solution containing MgAc,, while the pristine weakly segregated solution shows a random alignment of cylinders on
the outer surface. This shows that the shear induced ordering for isoporous structure formation is more probable
even at lower shear rates for already ordered solutions, after losing the crystallinity during extrusion, while for the
weakly segregated solutions higher shear rate is necessary to achieve ordering of the microdomains.

The metastable hexagonal ordering of microdomains on the outer surface disappears for all three Q, values (0.8, 1.2
and 1.6 mL/min) within L, of 100 mm. The SEM micrographs of cross-sections near the outer surface show the
random cylindrical growth of micelles in this short evaporation time, see Fig. 7. However, for the weakly segregated
solution, in Fig. 5, such random cylindrical ordering in the cross-section near the outer surface is missing and a rather
asymmetric structure can be recognized, and the self-assembled isoporous structures can be seen for Q, of 1.2
mL/min, up to Ly of 100 mm (Fig. 5). An influence of solution characteristics can also be observed on the morphology
of the inner surface of HFM, where the pores look more elongated in Fig. 5 as compared to Fig. 7. Also, the
morphology of cross-sections near the inner surface is significantly different. Therefore, the HFM morphology
completely depends on the solution characteristics and the spinning parameters. The isoporous structure formation
and growth of microdomains is faster and facilitated in ordered solutions containing MgAc, as compared to the

pristine solutions.

3. Conclusion

We present the first in situ SAXS measurements of the self-organization of block copolymers during HF spinning and
its relation with the solution characteristics and the spinning parameters. For this, we selected the ordered solution
having MgAc, with comparatively lower polymer concentrations and the weakly segregated pristine PS-b-P4VP block
copolymer solutions. The real-time synchrotron SAXS measurements provide insight into the microscopic processes
relevant for ordering of microdomains and their self-assembly after extrusion of concentrated block copolymer
solutions. These structural features are correlated to the structure in the block copolymer solutions under rest and
to the final morphology of the flat sheet and HF membranes, investigated by ex situ SEM. The SAXS data show that
the shear stresses during the spinning of block copolymer solution results in disordering of already ordered solution
and reduces the micellization in weakly segregated solution as well. We note that the dependence of structure
formation on the block copolymer solution and the polymer flow rate results from a subtle balance between the
driving force of the relaxation of macromolecules after extrusion and the evaporation induced self-assembly. The

extrusion rate governs the mechanism of self-assembly along with evaporation time, which is strongly influenced by



the segregation conditions within the block copolymer solution. The rather fast ordering of microdomains as
hexagonally packed pores on the outer surface could be observed for higher extrusion rates of block copolymer
solutions which is further facilitated in more segregated block copolymer solutions, i.e., MgAc, containing ordered
solutions. The morphological investigations by SEM show that the MgAc; containing ordered solution shows faster
evaporation induced self-assembly on the outer surface of HFM after loosing the ordering during extrusion. The
ordered solution provide isoporous structures for wider range of polymer flow rate and in shorter air gap distance

as compared to the weakly segregated pristine solution.
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