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ABSTRACT:

Porous materials have attracted considerable attention due to their versatile
applications, especially in water purification. Materials with interconnected nanoporous
structures are distinguished by their high degree of porosity and resistance to clogging, as well
as their insensitivity to nanostructural orientation. Previously work on randomly-linked blocky
copolymer systems has shown that they can effectively produce disordered cocontinuous
nanostructures, which upon removal of one component yield interconnected nanoporous
materials with well-controlled pore sizes. However, the cocontinuous nanomaterials previously
developed using polystyrene (PS) and poly(D,L-lactic acid) (PLA) strands, and the resulting
interconnected nanoporous PS monoliths, were found to be far too brittle to enable practical
use as membranes. Here, we study the self-assembly of randomly-linked copolymer networks
prepared using blocks of the engineering polymer polysulfone (PSU), instead of PS. A wide
cocontinuous regime (spanning 40 wt. %) was found for randomly end-linked copolymer
networks (RECNSs) constructed from PSU and PLA strands, via a combination of mechanical
testing, gravimetric analyses, small-angle X-ray scattering, and scanning electron microscopy.
The PSU/PLA cocontinuous nanomaterial with symmetric composition showed 2.4 times
higher Young’s modulus and ~ 100 times greater toughness than a corresponding PS/PLA
sample. The interconnected nanoporous PSU fabricated after etching of PLA even exhibited a
1.6 times greater toughness than PS/PLA prior to PLA removal. To facilitate the production of
thin films of cocontinuous nanomaterials, we applied solution-processable randomly-linked
linear multi PSU/PLA blocks (RLMBs) onto ultrafiltration membranes via spin coating. The
interconnected nanoporous PSU thin film generated by selectively etching PLA was found to
effectively reject 50 nm diameter particles without significantly compromising permeability.

This discovery presents a valuable addition to the existing techniques used to fabricate PSU



membranes. In contrast to traditional methods, which are sensitive to processing conditions,
produce a wide range of pore sizes, and offer limited adjustability of pore size, the current
technique is anticipated to enable interconnected PSU membranes with more uniform and

tailorable porosity.

KEYWORDS: disordered cocontinuous nanomaterials, randomly end-linked copolymer
networks, randomly-linked linear multiblock copolymers, engineering polymer, polysulfone,

solution/melt processing, ultrafiltration membrane



1. INTRODUCTION

The pressing challenges associated with global water scarcity motivate the development
of high-performance filtration membranes.! Ultrafiltration membranes, with pore sizes
ranging from 1 to 100 nm, are especially important for drinking water and wastewater
treatment.>* These sizes correspond to the hydrodynamic sizes of various contaminants,
including viruses, microbes, and colloidal particles.>® Through the process of polymer
microphase separation, it is possible to achieve these precise pore sizes, leading to significant

advancements in ultrafiltration membrane technology.’

Ultrafiltration membranes are typically produced via non-solvent induced microphase
separation (NIPS), yielding interconnected porous structures with a gradient in pore sizes that
optimize selectivity and permeability.®” However, a significant challenge of NIPS is the precise
control of pore size and distribution, as it is highly sensitive to fabrication conditions.> To
address this, the self-assembly of block copolymers with NIPS (SNIPS) was introduced,
combining methods to form selective layers with uniform pores ranging from 10 to 100 nm.'%-
12 Despite its advantages, SNIPS remains sensitive to the kinetics of fabrication processes, such
as the solvent evaporation rate.’ For instance, selective layers with cylindrical pores are highly

affected by the evaporation rate, leading to variations in the alignment and orientation of porous

domains.'>!* This variability can impair membrane performance, including permeability.
y

In response to these fabrication challenges, interconnected nanopores have come to the
forefront, prized for their uniformity and efficiency across all angular orientations due to 3D
percolation. This characteristic significantly mitigates the impact of varied processing
conditions. Additionally, these structures maintain comparable selectivity to other isoporous
nanostructures,'>"!7 enhance permeability over hexagonal structures due to enlarged pore

volumes,'®!” and improve clogging resistance by reducing pore dead ends through pore
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connectivity.?

Diverse methods have been developed to create cocontinuous phases, including
thermodynamically based techniques that are not sensitive to processing conditions. Typically,
AB diblocks?! and other block copolymers?>?* form cocontinuous phases. However, the

cocontinuous window is limited to narrow composition ranges (i.e., < 5 vol. %), although the

stability of these structures can be enhanced by molecular weight dispersity.?*?> Additionally,
kinetic trapping strategies further support the formation of these structures by quenching
transient cocontinuous morphologies.?® These strategies, however, require precise control over
temperature,?’?° solvent evaporation rates,’**! humidity,? and crystallization.’® A notable
method, polymerization-induced microphase separation (PIMS), also supports the
development of these structures, albeit with some sensitivity to balancing separation and

polymerization kinetics.>*

Recent developments in methods have made the fabrication of interconnected
nanoporous layers accessible. Techniques like crosslinking above the order-to-disorder
transition temperature of (Topr)'”~!7 and quenching to vitrify disordered structures®>*¢ have
been designed to ease fabrication, even with the challenges of achieving the necessary polymer
composition symmetry for cocontinuity. Our group has explored microphase separation of
randomly end-linked copolymer networks (RECNs), where cocontinuous nanomaterials and/or
interconnected nanoporous polymers have been formed over composition ranges as wide as 30
—45 wt. %.3739 This approach shows relatively little sensitivity to kinetics, since the disordered
morphology with well-defined domain spacing d appears to represent an equilibrium
morphology (or as close as is possible given the presence of crosslinking. In addition, we have
studied randomly-linked linear multiblock copolymers (RLMBs),* achieving cocontinuous

nanostructures over a somewhat narrower composition range of =~ 20 wt. %, but with the



offsetting benefit of enabling solution processing. Despite the straightforward access to
interconnected nanoporous structures provided by this approach, we have so far relied on brittle

polystyrene (PS) strands to form the pore walls, thus limiting practical applications.

To enhance the potential applicability of interconnected nanoporous membranes
generated from randomly-linked copolymer architectures, we here focus on replacing PS with
the engineering polymer polysulfone (PSU), known for its superior mechanical, thermal, and
chemical stability.*! We combined PSU and PLA strands via random linking to yield network
(RECN) and linear (RLMB) architectures.>”*° Through mechanical, gravimetric, small-angle
X-ray scattering (SAXS), and scanning electron microscopy (SEM) analyses, we identified a
broad cocontinuous range in PSU/PLA RECNSs (= 40 wt. %). These PSU/PLA nanostructures
exhibited enhanced Young’s modulus and toughness, surpassing those of PS/PLA materials.
We then prepared interconnected nanoporous PSU thin films via solution-processable RLMBs
architectures, followed by selective etching of PLA to yield ultrafiltration membranes that
exhibited high size selectivity without significantly reducing permeability of the macroporous

supports.

2. EXPERIMENTAL SECTION

2.1. Polymer Synthesis

2.1.1. Materials. Bisphenol A (BPA, > 99 %), 4,4-dichlorodiphenyl sulfone (DCDPS, 98 %),
potassium carbonate (K2COs3, > 99.0 %), pentaerythritol tetrakis(3-mercaptopropionate)
(PETMP, > 95 %), acryloyl chloride (> 97 %), triethylamine (TEA, > 99.5 %), anhydrous N-
methyl-2-pyrrolidone (NMP, 99.5 %), anhydrous dichloromethane (DCM, > 99.8 %),

anhydrous ethylene glycol (99.8 %), and 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU, 98 %)
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were purchased from Sigma-Aldrich (St. Louis, MO, USA). D,L-lactide was obtained from
Corbion (Lenexa, KS, USA), and ethylene glycol bis(3-mercaptopropionate) (> 98.0 %) was
purchased from Tokyo Chemical Industry (TCI America, Portland, OR, USA). Toluene (>
99.5 %), sodium bicarbonate (NaHCO3, > 99.7 %), sodium chloride (> 99.0 %), hydrochloric
acid (HCI, 36.5 %), methanol (MeOH, > 99.9 %), and benzoic acid (> 99.5 %) were provided
from Fisher scientific (Hampton, NH, USA). Di-acrylate terminated poly(D,L-lactic acid) (Ac-
PLA-Ac) of 6.0 kg/mol by nuclear magnetic resonance (NMR) was obtained from Advanced
Polymer Materials Inc. (Dorval, Montreal, Canada). Gold nanoparticles (30 and 50 nm)
supplied in 0.1 mM phosphate buffered saline (> 95 %) were purchased from Alfa Aesar
(Haverhill, MA, USA). d-Chloroform was purchased from Cambridge Isotope Laboratories

(Tewksbury, MA, USA). All materials were used as received without additional purification.

2.1.2. Di-hydroxy Terminated Polysulfone (HO-PSU-OH). To synthesize HO-PSU-OH via
polycondensation, a modest excess of BPA over DCDPS was used, with » = [chloride] / [alcohol]

= 0.944, to ensure hydroxy end-groups. To achieve a desired molecular weight (= 10 kg/mol),

1+7r 42
1+r—2rp°

the target degree of polymerization, as described by the Carothers equation Npgy =

would require a conversion of p = 0.98, where Npsy denotes the number-average degree of
polymerization of PSU. BPA (2.85 g, 12.5 mmol), DCDPS (3.46 g, 11.8 mmol), and K>COs
(2.07 g, 15 mmol) were added with a magnetic stirrer into a Schlenk flask connected with a
nitrogen inlet, Dean-Stark trap, and reflux condenser. Under nitrogen purge, anhydrous NMP
(26 mL) and toluene (13 mL) were added to the reactor. The temperature increased to 155 °C
and sat for 4 h. Then the temperature was increased to 175 °C and maintained for 16 h. Once
the reaction was finished, the temperature was cooled down to room temperature, and then a

slight amount of DCM was added to dissolve the precipitated PSU since the solution had
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become concentrated during polycondensation. The concentrated polymer solution was
transferred dropwise to cold MeOH for re-precipitation. This step was repeated by re-
dissolving the PSU powder with DCM and re-precipitating it in cold MeOH. The produced
white powder was dried in vacuo at 100 °C overnight. The molecular weight and dispersity
were characterized by NMR (Figure S1) as M, = 8 kg/mol, corresponding to p = 0.97 from the
Carothers equation, and by size-exclusion chromatography (SEC), which showed a dispersity

(D) of 1.8 (see Supporting Information, Section 2 for full details).

2.1.3. Di-acrylate Terminated Polysulfone (Ac-PSU-Ac). To obtain Ac-PSU-Ac, acrylate
end-functionalization was achieved by our previous method.*® The dried HO-PSU-OH (2 g,
0.24 mmol) was dissolved in 30 mL of anhydrous DCM in a dried round-flask with a magnetic
stir bar, then kept the flask in an ice bath with nitrogen gas purging for at least 20 m. Under a
nitrogen gas environment, acryloyl chloride (400 pL, 4.88 mmol) and TEA (680 puL, 4.88 mmol)
were each added dropwise to the stirring polymer solution, respectively. The reaction continued
overnight. Once the reaction was complete, the solution was washed with 1 M HCI in H>O,
concentrated NaHCO3, and concentrated brine in turn. The product was re-precipitated into
cold MeOH. The functionality of the acrylate group was calculated to be 1.92 by NMR (Figure

S2).

2.1.4. Di-hydroxy Terminated Poly(D,L-lactic acid) (HO-PLA-OH). To synthesize HO-
PLA-OH, ring-opening polymerization of D,L-lactide was performed with dried chemicals and
glassware in an argon-filled glove box. In a glove box filled with argon gas, D,L-lactide (3.3 g,

22.5 mmol) and ethylene glycol (38 pL, 0.3 mmol) were dissolved in anhydrous DCM (22.5



mL) inside a dried round-flask equipped with a magnetic bar. Gentle heat using a heat gun was
applied to make a homogenous solution. Then, DBU catalyst (116 puL, 0.75 mmol) was inserted
at once during vigorous stirring. The reactor was meticulously sealed to maintain its dryness
and then taken out of the glove box. The reaction continued with stirring at room temperature
for 3 h. Once the reaction was complete, the catalyst was quenched with excess benzoic acid
(229 mg, 1.87 mmol). The product solution was concentrated by air-blowing and then re-
precipitated with cold MeOH. This step was repeated by re-dissolving the PLA powder with
DCM and re-precipitating it with cold MeOH. The purified PLA was dried in vacuo at 40 °C
overnight. The molecular weight was characterized by NMR as M, = 11 kg/mol (Figure S3),
and the dispersity was measured by SEC as P = 1.2, respectively (Supporting Information,

Section 2 for full details).

2.1.5. Di-acrylate Terminated Poly(D,L-lactic acid) (Ac-PLA-Ac). To obtain Ac-PLA-Ac,
the same acrylation procedure was followed, as shown for PSU, and its end-group functionality

was measured to be 1.86 by NMR (Figure S4).

2.2. Random Copolymer Systems of PSU/PLA

2.2.1. PSU/PLA RECN Preparation. The RECN samples are named SUupsuLuypLa-@pLA,
where the subscripts indicate the molecular weights (g/mol) of each strand and wpra refers to
the weight percent of PLA. SUgkLi1k RECNs were synthesized by thiol-Micheal couplings.
Firstly, the stock solutions of Ac-PSU-Ac, Ac-PLA-Ac, PETMP, and TEA were fabricated with
NMP at 200, 200, 50, and 50 mg/mL, respectively. To prepare the final solution, the stock

solutions of PSU and PLA were mixed in ratios corresponding to the desired weight ratios,
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with a molar ratio of [acrylate] : [thiol] =1 : 1. The solution concentration was set at 150 mg/mL,
accordingly with the addition of NMP. Once it was homogenously mixed, TEA (1 equiv. of
thiol) was added to the solution, immediately followed by vigorous vortexing. The reaction
continued for 1 d. Once the reaction was complete, the fabricated samples were then allowed
to adopt their preferred microphase separated nanostructures through slow evaporation of
solvent at room temperature in atmospheric condition overnight, followed by drying in vacuo
at 100 °C for 1 d, and then thermally annealing at 190 °C for 1 d under a closed chamber filled

with argon gas (Scheme 1).

Scheme 1. Polymers and crosslinkers applied for RECNs and the processing route for an

interconnected nanoporous PSU monolith.
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2.2.2. PSU/PLA RLMB Preparation. The PSU/PLA RLMB with the symmetric composition
(SUskLek(M)-50) was synthesized by randomly linking Ac-PSU-Ac of 8 kg/mol and Ac-PLA-
Ac of 6 kg/mol with ethylene glycol bis(3-mercaptopropionate) via thiol-Michael coupling.
The molecular weight of PLA was selected as 6 kg/mol to target pore sizes smaller than 50 nm
for filtration tests involving 30 nm and 50 nm Au nanoparticles. Firstly, the stock solutions of
Ac-PSU-Ac, Ac-PLA-Ac, di-thiol chain extender, and TEA were fabricated with NMP at 200,
200, 50, and 50 mg/mL, respectively. To prepare the final solution, the stock solutions of PSU
and PLA were mixed at wpLa = 0.5, with a molar ratio of [acrylate] : [thiol] =1 : 1. The solution
concentration was set at 150 mg/mL, accordingly with the addition of NMP. Once it was
homogenously mixed, TEA (1 equiv. of thiol) was added to the solution, immediately followed
by vigorous vortexing. The reaction continued for 3 d at 60 °C. Once the reaction was complete,
the resulting product was transferred dropwise to cold MeOH for re-precipitation. The

produced white powder was dried in vacuo at 40 °C overnight.

2.3. Ultrafiltration Membrane Preparation. The polymer SUgkLs(M)-50 was dissolved in
chlorobenzene at a concentration of 2 wt.%. The choice of solvent was made based on the
following requirements: good solvent for the polymer, and a bad interaction with both
supporting membranes and a filling solvent. To begin the fabrication process, a porous
polyethersulfone (PES) substrate was filled with water before the stock solution was dropped.
Removing excess water from the PES substrate is an important step in controlling the thickness
and uniformity of the spin-coated materials. The stock solution was then spin-coated onto the
shiny side of the porous PES substrate, as this supporting membrane has a gradual variation in
pore sizes. The shiny side has pores of = 100 nm, while the matte side has pores of ~ 1 pum. The
choice of the spin-coating side is crucial for creating bi-layer membranes with gradient pores,
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where the pore sizes become larger from top to bottom (from the spin-coated to the other). This
process ensured that the spin-coated solution would not infiltrate the supporting membrane
with larger pores, which would lower its porosity and result in irregular and heterogeneous
patterns of pore sizes instead of the desired gradient pattern. After spin-coating, the membranes
were dried under ambient conditions for 10 m and then at 100 °C for 1 h. Subsequently, thermal
annealing was performed at 190 °C for 3 h. It is worth noting that during the drying and
annealing processes, it is common for spin-coated membranes to become curved or warped.
This curvature typically occurs due to differences in drying rates and/or modulus mismatch of
the materials used. To address this issue, substrates with a larger size, a diameter of 4.7 cm in
our case, were used for the spin-coating process. Afterward, the membranes were punched into
smaller discs with a diameter of 1.27 cm. This approach handles/minimizes the creation of
curvatures curving membranes. These smaller discs were then inserted into the membrane

testing cell for further analysis and evaluation (Scheme 2).

Scheme 2. Synthesis of PSU/PLA RLMBs and fabrication of the ultrafiltration membrane

composed of the interconnected nanoporous PSU on the top of PES supporting substrate.
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2.4. PLA Etching. The PSU/PLA RECNs and RLMBs were immersed in a 1 M NaOH in
H>O/MeOH at a 1 : 1 volume ratio for 1 d, followed by washing with a fresh mixture of H.O
and MeOH at a 1 : 1 volume ratio three times. The etched samples were dried under vacuum

overnight.

3. RESULTS AND DISCUSSION

We began by examining self-assembly of RECNs constructed from PSU and PLA
strands. To achieve microphase separation, a critical degree of segregation (yN), where y is the
Flory-Huggins interaction parameter between the polymers and N = N4 + N3 is their combined

degree of polymerization, of at least = 10 must be achieved, as found in a previous study of

PS/PLA RECNs.* While we are not aware of any reports regarding the y value between PSU
and PLA, we chose a target strand molecular weight of = 10 kg/mol, which is presumably long
enough to induce microphase separation but short enough for them to homogeneously mix in

a common solvent.

To identify the composition range over which cocontinuous nanostructures were
formed, we determined the percolation thresholds for both PLA and PSU microphases. For
PLA, we employed gravimetric analysis, leveraging the selective etchability of PLA. To
determine the PSU percolation threshold, we compared Young’s modulus values at 80 °C,
which is below the glass transition temperature of PSU (Tg, psu= 176 °C as shown in Figure
S8), but above that of PLA (Tg, pLa~ 40 °C).?° The gravimetric analysis was conducted by
simply weighing SUgkL11x before and after PLA etching. The y-axis in Figure 1a represents the
decrease in mass Am due to etching of PLA, normalized by the initial sample mass mo, while

the x-axis represents the PLA weight fraction in the RECN, such that the line y = x corresponds
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to full removal of PLA. For SUskL11x-20, only a moderate amount of PLA was etched (19 %),
indicating that most PLA domains were not percolated and thus remained unexposed to the
etchant. In contrast, SUskL11k-30 exhibited essentially complete etching of PLA, indicating full
PLA percolation in this sample. Consequently, the threshold for robust PLA percolation is
established at wpLa = 0.25. Upon increasing the PLA content to SUgkL11k-70 or above, samples
no longer remained mechanically intact and instead broke into many small pieces during PLA

etching, suggesting a lack of PSU percolation at this composition.
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Figure 1. (a) The cocontinuous window (shaded gray region; ~ 40 wt. % in width) for SUgkL11x
as defined by the boundaries for percolation of PLA and PSU (dotted lines) via gravimetric
analysis and mechanical testing at 80 °C, respectively. (b) Comparison of the mechanical
properties of SUgkL11k-50, SiokL11k-50 and etched SUgkL11x-50 at room temperature. SUgkL11x-
50 shows 2.4 times higher Young’s modulus and ~ 100 times greater toughness (8 times larger
stretchability) than SiokL11k-50. The etched SUskL11k-50 exhibits a 1.6 times greater toughness

and stretchability than SioxL11xk-50, while maintaining a similar Young’s modulus.
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Regarding the identity of the PSU percolation threshold, for large PSU contents (small
wrrA), percolation of the glassy PSU phase leads to high (> 100 MPa) Young’s modulus,*’
while in the case of pure PLA, we expect a rubbery modulus of ~ 0.4 MPa, based on our
previous measurement of pure PLA networks composed of the identical strands of PLA and
crosslinker used in this study.? To capture the transition from dispersed to percolated PSU, we
applied the Halpin-Tsai (HT) model, which is commonly used to predict the mechanical
properties of composites of fillers (here, the dispersed PSU phase) in a matrix (continuous PLA

phase).*** For wpra < 0.6, the measured Young’s modulus exceeds the predicted value by

more than 10 times, strongly supporting that PSU is well-percolated for these samples. In
contrast, the close proximity of the Young's modulus of SUgkLi1k-70 to the HT prediction
suggests that the PSU phase was dispersed or very weakly percolated. In concert with the
observation of SUskL11k-70 fragmentation upon etching of PLA, we therefore assign the
threshold for robust PSU percolation at wpLa = 0.65. Using the identified PLA and PSU
boundaries, the cocontinuous window of SUskL11x was defined as being approximately 40 wt. %
wide (i.e., from wpra = 0.25 — 0.65). We note that in previous work on PS/PLA RECNSs, we
have also employed nitrogen absorption porosimetry to help establish the percolation threshold
of the PS phase.’” However, due to the consistency found previously with the other methods
employed here, and the relatively large amounts of sample required, we did not pursue these

measurements here.

To test how the mechanical properties of the cocontinuous SUsgkL11xk RECN compared
to a cocontinuous PS/PLA RECN, we performed tensile tests on SUgkL11k-50 and SiokL11k-50
at room temperature (typically ~ 20 °C). The strain-stress curves in Figure 1b show that the
polysulfone-based SUskL11k-50 had a Young’s modulus of 1.2 GPa, toughness of 930 kN/m?,

and strain at break of 5.1 %. In contrast, SioL11x-50 showed smaller values, i.e., Young’s
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modulus of 0.5 GPa, toughness of 8 kN/m?, and strain at break of 0.6 %. The removal of the
PLA phase to generate an interconnected nanoporous structure inevitably renders the material
more brittle, since the pores act as stress concentrators, reducing the material’s ability to bear
loads.*® Additionally, the introduction of pores reduces the effective elastic modulus since there
is less material to resist deformation under load.*’ Notably, however, even after removal of
PLA, the etched SUskL11k-50 showed 1.6 times higher toughness and stretchability compared
to the unetched SiokL11x-50 while having a similar Young's modulus. Conversely, the etched
S1okL11k-50 sample exhibited extreme brittleness; it often broke even when handled gently with
tweezers, precluding accurate measurements of mechanical properties. The improvement in
mechanical properties suggests that interconnected nanoporous PSU, as well as PSU/PLA
cocontinuous nanomaterials have greater potential for practical applications compared to their

PS-based counterparts.
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Figure 2. (a) SAXS patterns of SUskL11k. Triangles: before PLA etching. Squares: after PLA
etching. No characteristic or noticeable scattering patterns were observed in SUsgkL11x without
PLA etching, possibly due to a very low difference in electron density between PSU and PLA.

To maintain legibility, SAXS patterns for SUgkL11-40 are omitted here but can be found in
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Figure S9. (b) Exponent values obtained from power-law fitting in the Porod regime presented
in Figure 2a, where values close to a = —4 (dashed orange line) suggest nanoporous
structures with sharp interfaces for etched SUgkL11k-30, -50, and -60, while a value of — 1.8 for
etched SUskL11x-70 suggests a collapse and loss of porosity. (c¢) Values of d-spacing, & and f;

obtained from TS fitting.

Additionally, we employed SAXS to gain further insight into the microphase
separation and the cocontinuity range for SUskLiix (Figure 2a). Surprisingly, the SUskL11x
RECNS prior to PLA etching showed no clear characteristic scattering features, as can be seen
for SUgL11x-50 (black triangles; see Figure S9 for the other compositions). We suspect that
this must reflect a very small electron density contrast between PSU and PLA, rather than the
absence of nanostructure. Indeed, after selective etching of PLA by immersion ina 1 M NaOH
solution in H2O/MeOH at a 1 : 1 volume ratio for 1 d, the scattering intensity dramatically
increased, due to the much larger electron density contrast between PSU and vacuum. In
addition, a characteristic shoulder emerged in the SAXS pattern (black squares), consistent
with the presence of a disordered microphase separated structure. We note that here a relatively
broad shoulder appears, whereas in our prior work on PS/PLA RECNSs a more distinct, though
still broad, peak was observed.’”® We suspect that one reason for the additional broadening
of the patterns may be the use of PSU with high molecular weight dispersity due to its synthesis
by step-growth polymerization. This behavior was found in samples containing 30 — 60 wt. %
PLA, indicating the extraction of a considerable amount of PLA, while maintaining the original
PSU nanostructure. In contrast, for SUgkL11k-20, only a weak increase in intensity was observed
upon etching, suggesting that most PLA domains were embedded within a PSU matrix, leading

to only a small amount of PLA extracted. Thus, the SAXS measurements of samples after PLA
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etching indicate that the threshold for robust percolation of PLA lies between SUskL11k -20 and

SUskL11k -30, consistent with the gravimetric results described above.

Furthermore, these broad characteristic patterns indicative of disordered morphologies
were quantitatively analyzed using the Teubner-Strey (TS) model, which is commonly
employed to describe the structure of bicontinuous microemulsions.*® By fitting the data to the
TS model, the following structural parameters were determined: (i) the d-spacing, representing
the center-to-center distance between one polymer domain and a neighboring domain of the
same material, (ii)) the correlation length & representing how rapidly electron density
correlations decay spatially, and (iii) the amphiphilicity factor f,, which indicates the stability
of the microemulsion.*** Values of d-spacing and & were found to be =~ 50 and ~ 10 nm,
respectively, and were nearly independent of the copolymer composition (Figure 2c). In
addition, the small value of the ratio £/d = 0.20 indicates a wide range of d-spacing dispersity,
explaining why the characteristic shoulders were obtained instead of broad peaks.>® The
stability of cocontinuous phases can be evaluated through f; value, and typically stable
cocontinuous phases have a value of f; between -1 and 0.4%4>>! For SUgiL11k-30 to SUskL11x-
50, the f; values are around -0.5, while for SUsL11x-60, the value is close to zero but still
slightly negative. For SUgL11x-70, the significant reduction in d-spacing and the substantially
broader and weaker scattering profile observed after PLA etching suggests a substantial
collapse of the microphase separated morphology. While the SAXS data for etched SUskL11k-

~* in the Porod regime (q > 0.7 - 2 nm™! here)

30 to -60 agree well with the behavior I ~ q
that is expected for nanoporous structures with sharp interfaces, the etched SUskL11k-70 shows

the scaling I ~ q~18 (fitted over ¢~ 1.5 -2 nm' to avoid the tail of the characteristic scattering

feature), indicating a substantial loss of porosity (Figure 2b).>>3% This reflects a non-, or
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weakly-percolated PSU, aligning with the previously established PLA threshold from

measurements of Young’s modulus.

SUgLy;,-20

"

SUgLyy50 |

Figure 3. SEM images of SUskL11x with different compositions after PLA etching. SUgkL11k-
20 shows almost no porosity due to the PLA phase being enveloped by the PSU matrix, while
SUskL11k-30 to SUskL11x-60 exhibit interconnected nanoporous PSU structures with PSU
domain sizes of = 30 nm. SUskL11x-70 shows micron-scale voids attributable to the non-
percolated nature of PSU, accompanied by nano-domain textures as seen in the inset of a

magnified image. White scale bars: 100 nm; yellow: 1 pm.

SEM assisted in understanding the morphology of etched SUskL11k RECNs (Figure 3).
The etched SUskL11x-20 did not show pores since the PSU matrix almost completely
encapsulated the minority PLA phase. As a result, the etchant could not access the PLA domains.
In contrast, the cocontinuous samples from SUskL11x-30 to SUskL11k-60 after PLA etching
showed interconnected nanoporous PSU structures due to percolation of both domains. The
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PSU domain size was measured to be ~ 30 nm, nearly independent of composition. The etched
morphology of SUskL11x-70 did not retain the interconnectivity of its nanoporous structures
because of the non-percolation of PSU, as evidenced by micron-scale voids in a low
magnification SEM image. This observation is consistent with the findings from the decreased
scattering intensity in SAXS and the similar Young’s modulus to the HT prediction. Nano-
domain textures of PSU are observed in a magnified SEM image, although it is difficult to
determine whether the nanopores between the PSU domains are preserved. These SEM images

further corroborate the identification of the cocontinuous window as described previously.

We aimed to apply interconnected nanoporous PSU samples, similar to those described
above, in ultrafiltration applications, owing to their enhanced toughness compared to
corresponding interconnected nanoporous PS. Filtration membranes should selectively reject
materials that are too large to penetrate the pores, while permitting high permeability of the
feed solution through the membrane, however there is inevitably a trade-off between these
characteristics, as high permeability requires larger pore sizes, while selectivity demands
smaller pore sizes.> To minimize the trade-off between permeability and selectivity, it is
common to combine a thin membrane with small pore sizes with a thick supporting thick-layer
with large pore sizes.!” Additionally, creating pore connectivity can be beneficial in minimizing
dead ends of pores and loss of permeability. For the case of anisotropic cylindrical
morphologies, the orientation of pores and a portion of dead-end pores could significantly
decrease permeability.!>>*>5 Misoriented (or mixed) orientations increase grain boundaries,
inhibiting water transport, and dead-end pores cannot contribute as working pores for filtration.

Thus, interconnected nanoporous morphologies have potential to address such issues.

Unfortunately, RECNSs, as covalently-crosslinked networks, cannot easily be solution

processed to form thin films. To overcome this limitation, we have previously shown that
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randomly-linked multiblock polymers (RLMBs), constructed by linking the same constituent
strands using difunctional linkers, offer solution-processability, while maintaining a strong
propensity to form disordered cocontinuous phases.*® Thus, we synthesized SUskLek(M)-50, by
using a di-thiol chain extender in thiol-Michael coupling. In this process, the same di-acrylate
terminated PSU of 8 kg/mol was combined, this time with a di-acrylate terminated PLA of 6
kg/mol and P = 1.1 to further ensure targeting a pore size below 50 nm for subsequent filtration

testing (Supporting Information, Section 2).

Prior to the fabrication of thin films, we first characterized the bulk-assembly behavior
of SUskLex(M)-50 by gravimetry and SAXS (Figure S10). More than 90 wt. % of PLA was
etched, demonstrating robust PLA percolation. No noticeable features were observed by SAXS
without PLA etching, just as for the SUskL1ixk RECNs. However, a broad shoulder became
evident in the scattering pattern around 0.1 nm™! after the etching process. The d-spacing was
estimated as ~ 74 nm using TS fitting, though the accuracy of this value might be compromised
due to its proximity to the low-g limit of the instrument, as only a portion of the characteristic
feature could be accurately fit. We spin-coated a solution of SUgxLek(M)-50 onto nanoporous
PES substrates, resulting in a = 100 nm film (Figure S11). This thickness was determined by

SEM imaging, consistent with methods used in previous studies.>¢->
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Figure 4. (a) UV-Vis spectra of the feed, containing 0.1 mM of 50 nm Au particles in phosphate
buffered saline, and the filtrate. (b) SEM images of the top side of the nascent PES support
(left), interconnected nanoporous PSU/supporting PES before (middle), and after Au-
nanoparticle filtration (right). The PES pores were filled with PSU, resulting in a thin layer that
is impermeable to the Au nanoparticles. (¢) NMR spectrum of the SUskLek(M)-50 after PLA
etching, indicating that the PLA was almost fully removed. (d) Permeability of the PES support

and PES/PSU membrane. Water flux at each pressure difference was measured in triplicate.

Suspensions of gold (Au) nanoparticles with two different sizes (30 and 50 nm

diameters) were selected as feeds, based on the d-spacing and expected pore size (= — = 40

nm). These suspensions were then passed through the membrane at AP = 0.5 bar. The inset
image in Figure 4a visually demonstrates the filtration efficiency for 50 nm Au particles. While
the feed is pink, the filtrate from the PSU/PES membrane is colorless, indicating successful

removal of the particles. Conversely, the light pink color of the filtrate obtained from the
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nascent PES membrane suggests a less efficient filtration process. For quantification, we
employed UV-Vis spectroscopy to measure the absorbance of the Au nanoparticles in both the
feed and filtrate, based on the surface plasmon resonance absorbance in the 500 — 565 nm range

(Figure 4a). Rejection rates were determined by comparing the nanoparticle absorbance in the

feed with that in the filtrate. These rates were calculated using the formula 100 * (1 — W)
feed

where Afiraee and Ageed are the absorbance values of the filtrate and the feed, resulting in

rejection rates of 52% and = 100%, respectively.

In addition, top-view SEM images of the nascent PES and the PSU/PES membranes
before and after Au filtration were captured (Figure 4b). The left image shows the pore size of
~ 100 nm of the PES supporting substrate on a shiny side (the opposite matte side shows ~ 1
um pores in Figure S12). Spin-coating of SUskLek(M)-50 was performed on the shiny side,
followed by PLA etching. The selective layer was positioned at the top of the PES support, as
shown in the middle. After filtering 50 nm Au particles, they were found to accumulate around
the visible PES pores, as they were too large to pass through the PSU pores. This demonstrates
that the nascent PES membrane has pore sizes greater than 50 nm, while the PSU selective
layer has pore sizes less than 50 nm. However, the filtrate from the PSU/PES membrane, when
tested with 30 nm Au particles, maintained a light pink color, indicating only a 52 % rejection
(Figure S13). Thus, the PSU/PES membrane demonstrates a size cut-off ranging between 30 -

50 nm.

To quantitatively evaluate the PLA connectivity within the selective layer, we retrieved
the interconnected nanoporous PSU thin film from the PES support by selectively dissolving
it with chlorobenzene. Following the evaporation of the chlorobenzene, NMR result showed
that 93 wt. % of PLA was removed, corresponding to a high degree of PLA percolation (Figure

4c). The permeability of the PSU/PES membrane shows no significant loss in permeability
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compared to the PES membrane itself (Figure 4d). It is noteworthy that the interconnected
nanoporous PSU layer not only acts as an effective selective layer but also helps in minimizing
permeability loss. This largely stems from the control over pore sizes, # 40 nm in this case,
coupled with both the small membrane thickness and high degree of pore connectivity, similar

to gyroid-based nanoporous membranes described in previous literature.!®

We used the Hagen-Poiseuille equation to estimate an expected permeability of the
nanoporous PSU layer, and indeed found that it is several times larger than that of the PES
membrane, consistent with our observation of a negligible decrease in permeability for the
bilayer membrane (see Supporting Information, Section 6 for full details). To our knowledge,
there has been limited research in developing a thin layer of interconnected nanoporous PSU
onto supporting membranes, a process that seeks to achieve a balance of notable selectivity and
permeability, while also ensuring mechanical stability. We anticipate that the interconnected
nanoporous selective layers formed by microphase separation in RLMBs, which typically yield
pores of > 10 nm, will be a complementary addition to the recently reported ultrafiltration

membranes with pores of ~ 10 nm.3¢
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4. CONCLUSIONS

We employed two randomly-linked block copolymer architectures, i.e., networks and
linear multiblocks, to yield robust formation of disordered cocontinuous nanostructures
containing percolated domains of the engineering polymer polysulfone. Subsequent etching of
the simultaneously percolated poly(D,L-lactic acid) domains led to mechanically robust
interconnected nanoporous polysulfone monoliths and thin films. This system was then
employed to construct an ultrafiltration membrane. In this setup, a thin film of the
interconnected nanoporous polysulfone was supported by a polyethersulfone membrane,
designed to enable size-selective permeation while minimizing permeability loss. In this way,
we address the issue of mechanical fragility inherent in earlier work on randomly-linked
copolymer architectures composed of brittle polystyrene strands. Additionally, this approach
has the potential to overcome challenges in the existing methods of fabricating polysulfone
membranes, like non-solvent induced phase separation. These current methods are known for
their sensitivity to processing conditions and frequently result in a wide distribution of pore
sizes, with limited options for adjusting the pore size precisely. The polysulfone-based
cocontinuous nanomaterials and interconnected nanoporous monoliths are anticipated to be
suitable for various applications, owing to their adaptability to chemical modification and their

superior thermal/mechanical/chemical stabilities.
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