Applied Surface Science Advances 13 (2023) 100361

Contents lists available at ScienceDirect

Applied Surface Science Advances

journal homepage: www.sciencedirect.com/journal/applied-surface-science-advances

ELSEVIER

Check for

Porous thin films with hierarchical structures formed by self-assembly of &
zwitterionic comb copolymers

Papatya Kaner, Ilin Sadeghi, Ayse Asatekin

Department of Chemical and Biological Engineering, Tufts University, Medford, MA 02155, USA

ARTICLE INFO ABSTRACT

Keywords: Zwitterions exhibit high dipole moments and strong intra- and inter-molecular interactions. As a result,

Hie.rarc'hiC'fil amphiphilic copolymers with zwitterionic repeat units easily self-assemble. Here, we explore the wide range of

:"‘l';ttenon]l:l comb copolymer self-assembled morphologies formed by zwitterionic comb-shaped copolymers (ZCCs) comprising a hydrophobic
ell-assembly

backbone and zwitterionic side-chains. We study the effect of polymer structure, architecture, and film prepa-
ration method on self-assembled morphology. We synthesized ZCCs with varying zwitterionic side chain density
and length, and applied each ZCC as a thin film on glass substrates using different methods. We compared the
morphology of these films with ZCCs films coated on a porous substrate by non-solvent induced phase separation,
creating mechanically supported thin films (MSTFs) and comparing them with films on non-porous substrates.
The porous support led to distinct changes in film morphology, creating hierarchical features including ~17 nm
spherical micelles along with larger nanopores (~85 nm). This feature size could be tuned using a zwitterionic
homopolymer additive. MSTFs exhibited significant changes in water permeance and morphology upon exposure
to saline solutions, known to stimulate expansion of the zwitterionic side-chains. These results demonstrate the
wide range of morphologies accessible by this comb copolymer family and document the significant effect of a
porous support on the film formation process.

Porous thin film
Ionic strength responsive

1. Introduction

Polymer self-assembly is a powerful approach for creating nano-scale
structures using scalable, bottom-up methods. Self-assembling co-
polymers can create highly regular structures with monodisperse size
[1-3], hierarchical structures [4-6], porous materials [7-9], micelles
[10], vesicles [10], and other interesting morphologies [11].
Self-assembly in free-standing or supported thin films is of particular
interest for many applications including the manufacture of filtration
membranes [5,9,11-19], patterning materials for information technol-
ogy [20,21], solar cells [21], and others [22-24]. The self-assembled
domain morphology and size is controlled by the polymer structure,
polymer architecture, and processing parameters such as the use of
additives, exposure to solvents, mechanical stresses, magnetic fields, etc.

[8,21,23,25-27]

The wide variety of morphologies accessible through polymer self-
assembly includes hierarchical structures characterized by features at
multiple length scales [28]. Hierarchical structures are ubiquitous in
nature, and serve crucial roles in many phenomena including
super-hydrophobicity [29,30]. self-cleaning [31], adhesion [32,33],
bone toughness [34], and catalysis [35]. Many researchers have
mimicked these phenomena, utilizing hierarchical structures for sepa-
ration membranes with improved capabilities, multi-functional mate-
rials, catalytic systems, microfluidic devices [36], and many other
applications [35]. Generating such hierarchical structures by polymer
self-assembly is of great interest, because this bottom-up approach easily
leverages and plugs into large-scale manufacturing processes [37]. This
enables new technologies to be scaled up more easily and reliably.

Abbreviations: BCP, Block copolymer; LCM, Large compound micelle; LCV, Large compound vesicle; PEO, Poly(ethylene oxide); ZCC, Zwitterionic comb copol-
ymer; PTFEMA, Poly(2,2,2-trifluoroethyl methacrylate); SBMA, Sulfobetaine methacrylate; SB2VP, Sulfobetaine 2-vinyl pyridine; NIPS, Non-solvent indiced phase
separation; MSTF, Mechanically supported thin film; CEM, 2-chloroethyl methacrylate; AIBN, Azobisisobutyronitrile; MEHQ, monomethyl ether of hydroquinone;
PMDETA, N,N,N’,N”,N”-pentamethyldiethylenetriamine; TFE, Trifluoroethanol; IPA, Isopropyl alcohol; THF, Tetrahydrofuran; AFM, Atomic force microscopy; NMR,
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Fig. 1. ZCCs applied as a thin film on glass substrate by spin coating or non-solvent induced phase separation (NIPS).

To date, most studies on polymer self-assembly have focused on
block copolymers (BCPs). Amphiphilic BCPs with immiscible blocks
microphase-separate into domains in which the equilibrium domain size
(typically 3-100 nm) and morphology are governed by the degrees of
polymerization of each block [7], BCPs can self-assemble to form a va-
riety of morphologies including spherical micelles, cylinders, gyroids,
lamellae, vesicles, large compound micelles (LCMs), large compound
vesicles (LCVs), tubules, etc. [20,38-40]. They can also create hierar-
chical structures, though this typically requires a polymer with multiple
block types and/or complex processing [5,28,41,42]. Alternatively,
copolymers with strong inter-molecular interactions may lead to inter-
esting hierarchical structures through supramolecular associations [28].

To date, BCPs (e.g. diblock, triblock) have likely been the most
prominent focus of solid state self-assembly research due to the creation
of highly regular structures as well as applications such as lithography
and photonics [26,43-48]. In comparison, while there are several studies
on other copolymer architectures (e.g. random/statistical [9,49-52],
telechelic [1,53], branched/comb [54-56], bottle-brush [57,58], star
[59,60]), they barely scratch the surface about their ability to form
complex, interesting nanostructures [61]. Comb copolymers feature
regularly spaced side chains that are structurally distinct from the main
backbone. The frequency (or density) and length of the side chains
determine the overall polymer composition. In fact, by changing these
two factors, the same average composition could be obtained for a given
polymer, yet the polymer size, shape and the self-assembly behavior
would be remarkably different [62-64]. Theoretical studies have shown
that comb copolymers may self-assemble into numerous morphologies
that include necklaces of star-like micelles, spherical, cylindrical, or
lamellar micelles depending on side chain chemistry [65-67]. In addi-
tion, self-assembly of amphiphilic comb-like copolymers into polymeric
vesicles (i.e., polymersomes) has garnered special interest [68-71] due
to the hollow structure of vesicles, stimulating diverse applications such
as micro/nanoreactors, drug delivery, chemical and waste transport [72,
73]. Another study leveraged the microphase separation of amphiphilic
comb copolymers by forming thin film coatings on porous supports, or
“selective layers”, that separate small organic molecules such as dyes by
size [74,75]. The comb copolymers used in the study, with hydrophobic
backbones and hydrophilic poly(ethylene oxide) (PEO) side-chains,
microphase separate to support bicontinuous domains of each compo-
nent. The PEO domains, ~1 nm in diameter [13,75], act as effective
nanochannels for the permeation of water, in addition to solutes small
enough to penetrate the channels.

Zwitterions, defined as neutral molecules with equal numbers of
positively and negatively charged functional groups, can easily be
incorporated into amphiphilic copolymers as hydrophilic side groups
[14,15,17]. The high polarity of the zwitterionic groups promotes
microphase separation from a hydrophobic backbone in amphiphilic
copolymers, leading to intriguing self-assembly in bulk [76-81]. Block
copolymers with zwitterionic groups have been shown to form micelles
in aqueous solution [82-84], yet their bulk self-assembled morphology
has not been well documented. The self-assembly of zwitterionic comb

copolymers (ZCCs) has not been explored despite this intriguing po-
tential, and the evident versatility for tuning the nanostructure by
changing the side chain density and length. The strong associations
between zwitterionic groups [85] also indicate the likelyhood of
accessing interesting morphologies.

In this study, we seek to understand how self-assembled morphol-
ogies formed by zwitterionic comb copolymers are affected by side-
chain length, side-chain density, and the film formation process. Our
ultimate goal is to develop selective thin films that derive their
morphology and function from this self-assembled nanostructure. Most
membranes are manufactured on porous supports to improve their
mechanical properties. Therefore, we also explore the effect of using a
porous substrate for these films. Finally, we characterize how the thin
film morphology and polymer chemistry links with water permeability.

For this purpose, we synthesized a series of comb copolymers that
incorporate a poly(2,2,2-trifluoroethyl methacrylate) (PTFEMA) back-
bone and short side-chains formed from the zwitterionic monomer
sulfobetaine-2-vinyl pyridine (SB2VP) (Fig. 1A). The fluorinated
PTFEMA backbone affords a high degree of hydrophobicity to the
copolymer and thus chemical and physical stability in aqueous envi-
ronments [86], whereas the hydrophilic, zwitterionic SB2VP side chains
with uniquely high dipole moment induce phase separation, which leads
to self-assembled nanostructures during film formation [85,87-89].
First, we focused on understanding how the polymer structure (archi-
tecture and composition) and film preparation method affect the
self-assembled domain size and thin film morphology. For this purpose,
we applied copolymers with varying zwitterionic side chain density and
length as a thin film on glass substrate by two methods; spin coating and
non-solvent induced phase separation (NIPS), and characterized the
surface nanostructure (Fig. 1 C, D). Upon screening these self-assembled
nanostructures, we chose a zwitterionic comb copolymer that yielded a
nanoporous network using NIPS for further characterization. We applied
this copolymer by NIPS as a thin layer on a porous membrane support to
attain a mechanically supported thin film (MSTF) aimed at water
transport applications. Interestingly, the use of the porous support led to
a different morphology than those observed on the glass plate. In this
system, self-assembly of the copolymer led to interesting hierarchical
structures comprising 17 &+ 5 nm spherical features in addition to larger
nanopores in 85 + 45 nm diameter range. The size of the features could
be tuned by the addition of the zwitterionic homopolymer PSB2VP in the
copolymer solution. These films also exhibited significant changes in
water permeance and morphology upon exposure to saline solutions,
which are known to lead to the expansion of zwitterionic side-chains.
These results demonstrate the wide range of morphologies accessible
by this family of comb copolymers, and also document the significant
effect of a porous support on the film formation process. MSTFs prepared
from this family of copolymers have the potential for use in many ap-
plications that leverage this nanostructure, from water treatment with
enhanced selectivity to multi-functional membranes that leverage the
enhanced surface area arising from the hierarchical structures.

ZCCs featuring a hydrophobic 2,2,2-trifluoroethyl methacrylate
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Free radical polymerization (FRP) reaction parameters and properties of the product P(TFEMA-stat-CEM) backbone copolymers.

Reaction parameters

Copolymer properties

Polymer name  TFEMA  CEM AIBN  TFEMA:Cl mole ratio =~ DMSO Reac. time  Reac. temp.  Yield TFEMA:Cl mole ratio® M, " (g/mol)  PDI‘
PT30 30g 066g 3mg 36:1 100mL  48h 70°C 60% 30:1 3.2 x10° 2.06
PT50 30g 0.44g 3mg 551 100mL  48h 70°C 70% 50:1 6.3 x 10° 2.07

2 Copolymer composition obtained using 'H-NMR spectroscopy; see Appendix A for details.
b M, was calculated using gel permeation chromatography (GPC) calibrated with poly(styrene) standards.

¢ Polydispersity index (PDI) reported based on GPC data.

(PTFEMA) backbone (pink) and zwitterionic sulfobetaine-2-vinyl pyri-
dine (SB2VP) side chains (blue) were prepared with varying side chain
density and length. Each copolymer was applied as a thin film on glass
substrate either by (B) spin coating or (C) non-solvent induced phase
separation (NIPS), where a polymer solution in trifluoroethanol (TFE)
was coated onto a glass plate and then immersed in a non-solvent, iso-
propanol, followed by water, in an approach that mimics membrane
formation and coating processes in industry. The surface nanostructure
was imaged by Atomic Force Microscopy (AFM). Representative images
from two of the prepared copolymers (II and IV) show that distinct self-
assembly features are obtained by changing the copolymer chemistry or
film preparation method.

2. Materials and methods
2.1. Materials

2,2,2-Trifluroethyl methacrylate (TFEMA) was purchased from Sci-
entific Polymer Products Inc. (Ontario, NY). 2-chloroethyl methacrylate
(CEM) was purchased from Alfa Aesar (Tewksbury, MA). Basic activated
alumina, azobisisobutyronitrile (AIBN), monomethyl ether of hydro-
quinone (MEHQ), 2-vinylpyridine, 1,3-propanesultone, N,N,N’,N”’,N"-
pentamethyldiethylenetriamine (PMDETA), copper (II) chloride
(CuCly), L-ascorbic acid, phosphate buffered saline (PBS) were all pur-
chased from Sigma Aldrich (St. Louis, MO). Dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF), toluene, ethanol, hexane, trifluoroethanol
(TFE), isopropanol (IPA) and sodium chloride (NaCl) were all acquired
from VWR (West Chester, PA). Deuterated dimethyl sulfoxide (DMSO-
dg) was purchased from Cambridge Isotope Laboratory (Tewksbury,
MA). Monomers TFEMA and CEM were passed through a basic activated
alumina column to remove any inhibitor. All other chemicals and sol-
vents were reagent grade and used as received. PVDF400R ultrafiltration
membrane used as support membrane was purchased from Nanostone
Water, Inc. (Oceanside, CA).

Sulfobetaine 2-vinylpyridine (SB2VP) monomer was synthesized
following the protocol reported in our previous publication [90],
adapted from a previous report [91]. In brief, 2-vinylpyridine was dis-
solved in acetonitrile, and a slight excess of 1,3-propane sultone was
added. The flask was sealed, purged with nitrogen, and stirred at 60°C
for three days. The product, a light yellow precipitate, was vacuum
filtered, purified by extracting in diethyl ether twice, and then dried in a
vacuum oven.

2.2. Polymer synthesis and characterization

The backbone copolymer P(TFEMA-stat-CEM) was synthesized by
the Free Radical Polymerization (FRP) of two monomers, TFEMA and
chlorinated monomer CEM. TFEMA, CEM and initiator AIBN were dis-
solved in DMSO in a 250 mL round bottom flask. DMSO was selected due
to its ability to dissolve the monomers and the copolymer. The copol-
ymer also dissolved in THF, TFE, and other common solvents reported
for PTFEMA. AIBN amount was kept low with respect to the total
monomer amount (AIBN:total momoner ratio of ~1:10,000 by mass) to
attain a high molecular weight copolymer product at the end. The so-
lution was purged with nitrogen for 30 min to remove any dissolved

oxygen. The reaction was stirred at 350 rpm for 48 h in an oil bath set to
70°C. To terminate the reaction at the end of 48 h, inhibitor MEHQ (1.5
g) was added, and the reaction content was exposed to air. Then, the
copolymer was precipitated into a 1:1 by volume solution of ethanol:
hexane, followed by three washes in ethanol, each of which involved
leaving the polymer in a fresh ethanol bath overnight at room temper-
ature, to purify the product. For drying, the copolymer was first left
under the fume hood for two days and then two more days in a vacuum
oven set at 50 °C. Chemical characterization was performed by H-NMR
(Bruker Avance III 500 MHz spectrometer, DMSO-dg) d 4.90-4.35, 4.25-
4.10, 3.90-3.75, 2.3-1.35, 1.30-0.5 (all broad signals; sample spectrum is
shown in Fig. Al, the composition calculation procedure is detailed in
Appendix A section Al.1l, and integrated peak areas are listed in
Table Al, Appendix A). Extended delay times of up to 10 s were typically
necessary to get accurate compositions. Two batches of P(TFEMA-stat-
CEM) were synthesized using different CEM density along the backbone,
labeled PT30 and PT50, associated with the PTFEMA:CEM molar ratios
of approximately 30:1 and 50:1, respectively. The very low fraction of
CEM units, which leads to small peak areas for this unit, implies some
error margins around these values. The copolymer properties and re-
action parameters for both batches are given in Table 1. The copolymer
compositions were consistent with the molar ratios used in the reaction
mixture, with possibly a slight enrichment of CEM in the copolymer.
These results imply that the copolymerization was likely close to
random, with reactivity ratios expected to be close to 1. These values
were measured at conversions around 60-70%, expected to be similar to
the reported yield values because the copolymer was precipitated easily
and a significant loss of product during purification was not expected.
While this conversion is not as low as used in accurately determining
reactivity ratios, it is still significantly below 100%. A more in-depth
study of reactivity ratios, performed using a wide range of monomer
ratios and low conversions, would offer deeper insight into the types of
graft copolymer architectures that can be obtained using this backbone
chemistry.

The homopolymer PSB2VP was synthesized by free radical poly-
merization of SB2VP. The SB2VP monomer is soluble in water, TFE,
DMSO, and formamide. It is insoluble in dimethyl formamide, dimethyl
acetamide, THF, and other non-polar solvents. First, SB2VP (10 g) was
dissolved in trifluoroethanol (TFE, 60 mL) in a 100 mL round bottom
flask. Then, initiator AIBN (0.02 g) was added into this solution (AIBN:
total monomer ratio of ~1:500 by mass). After nitrogen purging for 30
min, the reaction was stirred at 350 rpm at 60°C for 48 h. Inhibitor
MEHQ (0.5 g) was used to stop the reaction, and then the polymer was
precipitated in 1:1 by volume solution of ethanol:hexane. For further
purification, the homopolymer poly sulfobetaine-2-vinyl pyridine
(PSB2VP) was subject to three overnight washes in ethanol, performed
as described earlier. After drying, 'H-NMR was employed to confirm the
polymer structure, and the calculated yield was ~40%.

To synthesize the comb copolymer PTFEMA-g-SB2VP, Activators
ReGenerated by Electron Transfer ATRP (ARGET-ATRP) was employed.
The zwitterionic SB2VP side-chains, synthesized according to previous
literature [92], were initiated and propagated from the chlorine atoms
of CEM interspersed along the backbone. In synthesis of comb co-
polymers derived from the PT30 backbone, P(TFEMA-stat-CEM) (2 g)
and SB2VP (18 g, 20 SB2VP units per CEM) were dissolved in DMSO (~
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Table 2
ARGET-ATRP reaction parameters and compositions of the product ZCCs.

Applied Surface Science Advances 13 (2023) 100361

Reaction parameters

Copolymer properties

Polymer name  Reac. temp. Reac. time  Yield Initiation efficiency ©  PTFEMA-stat-CEM backbone  Backbone: SB2VP mass CL:SB2VP mole M, ¢ (g/mol)
ratio ” ratio

PT30-SB6 61°C 18h 40% 50% PT30 89:11 16 3.6 x 10°

PT30-SB13 63°C 18h 65% 40% PT30 82:18 1:13 3.9 x 10°

PT50-SB8 64°C 20h 42% 50% PT50 90:10 1:8 7.0 x 10°

PT50-SB12 64°C 20 h 54% 30% PT50 92:8 1:12 6.8 x 10°

2 Initiation efficiency calculated using 'H-NMR; see Appendix A for details.
b Composition calculated using 'H-NMR; see Appendix A for details.

¢ M, was estimated using the estimate of the backbone M,, combined with the copolymer composition, and thus is a rough estimate.

80 mL) in a 250 mL round bottom flask to obtain a ~4 wt.% solution by
stirring overnight at 500 rpm in an oil bath set to reaction temperature.
After complete dissolution, the mixture was purged with nitrogen for
one hour. In another 250 mL round bottom flask, L-ascorbic acid (0.33
g), copper (II) chloride (CuCly, 0.16 g) and PMDETA (0.5 mL) were
added, and then the monomer mixture was rapidly poured into this
flask. The flask was capped with a rubber septum, sealed with a zip tie
and then placed back in the oil bath set at reaction temperature (see
Table 2) under 360 rpm stirring. The headspace was purged with ni-
trogen for 20 min, and the reaction was kept running for predetermined
time. To terminate the polymerization, the reaction flask was brought to
room temperature, exposed to air and inhibitor MEHQ (0.19 g, 5 wt.% of
the total monomer mass) was added. The reaction content was precip-
itated into a 1:1 by volume solution of ethanol:hexane, and collected by
vacuum filtration. The solid polymer obtained was first kept overnight in
ethanol to extract unreacted monomer, and then washed twice over-
night by immersion in a large volume of deionized water, refreshed
periodically. After filtration, the polymer was kept two days under the
fume hood and two more days in vacuum oven at 50 °C for drying.
PT50-derived comb copolymers were synthesized by adjusting the re-
action contents according to chlorine percentage in the backbone. The
copolymer composition and side-chain length were determined using
1H{.NMR (Bruker Avance III 500 MHz spectrometer, DMSO-dg). In total,
four batches of P(TFEMA-g-SB2VP) were synthesized by growing the
SB2VP side chains at two different lengths from each of PT30 and PT50
backbone. The comb copolymers were encoded PT30-SB6, PT30-SB13,
PT50-SB8 and PT50-SB12, with regard to the backbone used (PT30 or
PT50) and the SB2VP side chain length. The properties of the product
copolymers and reaction parameters are given in Table 2. These co-
polymers were soluble in DMSO at low concentrations, and in TFE at
higher concentrations.

To estimate the molecular weight and polydispersity index (PDI) of
backbone polymer P(TFEMA-stat-CEM), we used a Shimadzu Gel
Permeation Chromatography (GPC) System equipped with a TOSOH
TSK gel GMHh-M mixed-bed column and guard column, equipped with
both UV and refractive index detectors. THF was used as the mobile
phase at 0.75 mL min~! elution rate and calibrated with low PDI poly
(styrene) standards (TOSOH, PSt Quick Kit). To estimate the molecular
weight of the comb copolymers, we assumed the M;, value measured by
GPC was a true molar mass and calculated the total molar mass after
grafting using the backbone:side-chain weight ratio. This molar mass is a
rough estimate, given GPC reports a relative molar mass based on
polystyrene standards. This copolymer did not dissolve in the GPC sol-
vent. Furthermore, GPC measurements of graft copolymers are
confounded by the different degrees of swelling of each component as
well as the fact that side-chains change the hydrodynamic diameter in
different ways than a straight chain. Therefore, the reported value is
intended as an indicator of chain size.

Thermal analysis of the synthesized copolymers was performed using
Differential Scanning Calorimetry (DSC). Polymer samples with a mass
of ~7 mg were encapsulated in aluminum pans, and then measured in
standard DSC mode using a TA Instruments Q100 DSC purged with dry
nitrogen gas at a flow rate of 50 mL/min. The glass transition (Tg)

temperature was measured from an endotherm acquired by heating the
polymer sample at a rate of 10°C/min. The polymer sample was first
equilibrated at -80°C for 5 min. Then, the temperature was ramped up to
250°C at 10°C/min. After a 5 min isothermal hold, the sample was
cooled to -80°C at 10°C/min. After another isothermal hold of 5 min, it
was again ramped up to 250°C at 10°C/min. The last heating cycle is
reported there.

2.3. Thin film formation

The copolymer solutions for thin film formation were prepared by
dissolving 3 wt.% of the copolymer in trifluoroethanol (TFE) by stirring
at room temperature for 24 h. Subsequently, the solutions were filtered
through 1 pm glass fiber syringe filter and kept in sealed vials overnight
at room temperature for degassing. To form a thin film of the copolymer
on glass substrate, we used three different methods:

1 Spin coating for 3 min at 1000 rpm.

2 Spin coating for 3 min at 1000 rpm followed by immersion in
deionized water (hydration).

3 Non-solvent Induced Phase Separation (NIPS), where the solution
was cast with a rolling rod (Gardco, Pompano Beach, FL) calibrated
to a gap size of 6 um, followed by air drying for 12 s, immersion in
isopropanol (a non-solvent) and then immersion in deionized water.

Thicknesses of the films applied on glass substrate were measured by
AFM scratch test. In mechanically supported thin film (MSTF) prepa-
ration, the 3 wt.% copolymer solutions were cast onto PVDF400R sup-
port using the rolling rod with a 6 pm gap size. After casting, the MSTF
was air-dried for a predetermined time to allow solvent evaporation, and
then immersed into isopropanol bath for one hour to precipitate out the
copolymer by NIPS. Air drying time was applied as 5, 12 or 25 s. At the
end, the MSTF was immersed and stored in a deionized water bath with
antibacterial preservative sodium metabisulfite. To change the pore size
and morphology of the MSTFs, we added different ratios of homopoly-
mer PSB2VP at 10, 20 or 60 wt.% of the copolymer, where the copol-
ymer composition was set to be 3 wt.% of the casting solution. Then, we
followed the same film formation procedure using 12 s air drying pre-
ceding NIPS.

2.4. Characterization of thin film nanostructure

To study the comb copolymer self-assembly and thin film surface
morphology, we performed Atomic force microscopy (AFM) measure-
ments with a Dimension 3100 AFM (Veeco, Plainview, NY) in tapping
mode. AFM cantilevers were purchased from Bruker with fo = 50-100
kHz and k = 1-5 N m™!. Thin films deposited on glass substrate were
measured as is, and the MSTFs on membrane support were taped on a
glass slide after drying for the AFM measurements. The sizes of the
surface features were measured using Gwyddion software and pore size
distribution was obtained using ImageJ software [93] from the scanned
images.

Transmission Electron Microscopy (TEM) was conducted to
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Fig. 2. (A) Synthesis scheme for the ZCC PTFEMA-g-SB2VP, (B) 'H-NMR spectrum of the copolymer PT30-SB13, and (C) Heat flow vs. temperature of the PT30-based

ZCC series at a heating rate of 10 °C/min.

characterize the self-assembled nanoscale morphology of the thin films.
Images were acquired using a FEI Technai Spirit Transmission Electron
Microscope in bright field mode operated at 80 keV. For sample prep-
aration, we simulated the thin film preparation procedure by NIPS on
TEM grids (200 mesh, Electron Microscopy Sciences). First, a 0.1 wt.%
copolymer solution in TFE was drop-cast on the copper grid, and the
solvent was allowed to air dry for 5, 12 or 25 s. Then, the grid was
submerged in isopropanol for 10 min, deionized water for 10 min and
dried overnight. No external staining was used. As a control, we pre-
pared a film by air drying only without any immersion step. Feature size
was measured using ImageJ software.

To image these comb copolymer coatings, serving as the selective
layer of the MSTF membranes, we acquired cross-sectional images using
Supra 55 FESEM at 4 keV and 10 mm working distance. In sample
preparation, the MSTFs were dipped in liquid nitrogen and then cut with
a clean razor blade to attain the cross section. The samples were sputter
coated (Cressington 108 manual, Ted Pella Inc., CA) with gold/palla-
dium alloy (60/40) for 120 s at 30 mA current in an argon atmosphere.
The selective layer thickness was measured from the FESEM images
using ImageJ software, averaged over measurements on five different
sections.

2.5. Thin film permeance

Filtration experiments were performed on MSTFs with an Amicon
8010 stirred, dead-end filtration cell (Millipore) with a cell volume of 10
mL and an effective filtration area of 4.1 cm?, connected to a 3.5 L
dispensing vessel. A Scout Pro SP401 balance connected to a Dell laptop
was used to automatically record the permeate weight every 30 s using
TWedge 2.4 software (TEC-IT, Austria). Prior to permeance tests, the
MSTF was stabilized by filtering deionized water for two hours at 10 psi
(0.07 MPa) pressure. After stabilization, the permeance was measured at
10 psi (0.07 MPa) pressure using a cell stirred at 500 rpm. Ionic strength
responsive permeance tests were conducted using sodium chloride so-
lutions with different concentrations (0-1 M) in deionized water.

3. Results and discussion
3.1. Synthesis and characterization of the ZCCs

Comb-shaped zwitterionic copolymers with poly(2,2,2-trifluoroethyl
methacrylate) (PTFEMA) backbone and side-chains formed from
sulfobetaine-2-vinyl pyridine (SB2VP), named PTFEMA-g-SB2VP, were
synthesized using a two-step process. First, the backbone copolymer, or
macroinitiator, was synthesized by the Free Radical Polymerization
(FRP) of 2,2,2-trifluoroethyl methacrylate (TFEMA) and the chlorinated
monomer 2-chloroethyl methacrylate (CEM). Two batches of this
copolymer, P(TFEMA-stat-CEM), were synthesized, with different CEM
density along the backbone. These were labeled PT30 and PT50, asso-
ciated with the PTFEMA:CEM molar ratios of 30:1 and 50:1, respectively
(Table 1) and integrated peak areas (Table A1, Appendix A). Copolymer
composition, characterized using 'H-NMR spectroscopy, was similar to
the monomer composition used in the reaction mixture (Fig. A1, Ap-
pendix A). The resultant compositions were consistent with the molar
ratios used in the reaction mixture with possibly a slight enrichment of
CEM in the copolymer. These results imply that the copolymerization
was likely close to random, with reactivity ratios expected to be close to
1.

The molecular weight of each P(TFEMA-stat-CEM) copolymer was
estimated by conducting gel permeation chromatography (GPC) of the
copolymers in tetrahydrofuran (THF). PT30 had a number-averaged
molar mass M, of 3.2 x 10° g/mol based on polystyrene standards
and a polydispersity index (PDI) of 2.06, whereas PT50 had an M, of 6.3
x 10° g/mol and a PDI of 2.07. These values are reasonable for free
radical copolymerization systems. The difference in molecular weights
could be associated with a decrease in initiator concentration at
increased conversions observed for PT50. We did not expect this dif-
ference in molar masses to significantly change the resultant self-
assembled morphologies. The copolymer properties and reaction pa-
rameters for both batches are given in Table 1.

To synthesize the comb copolymer PTFEMA-g-SB2VP, Activators
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Table 3
Film thicknesses from ZCC solutions in TFE deposited on glass substrate.

Film thickness (um)

Film prep. method PT30-SB6 PT30-SB13 PT50-SB8 PT50-SB12
Spin coat. 0.9 £ 0.05 0.9 £+ 0.04 1.3 +0.04 1.4 + 0.06
Spin coat. + hydration 1.2 £ 0.06 1.1 £0.08 1.5 £ 0.03 1.5 £+ 0.08
NIPS 1.5 + 0.07 1.5 + 0.05 1.9 4+ 0.07 2.1 +0.08

ReGenerated by Electron Transfer ATRP (ARGET-ATRP) was used to
initiate the polymerization of zwitterionic SB2VP from the chlorine
atoms on the CEM units in P(TFEMA-stat-CEM) (Fig. 2A) [94,95]. The
zwitterionic monomer SB2VP was synthesized using previously reported
protocols [92]. SB2VP side-chains were grown at two different lengths
from each backbone. This resulted in four batches of comb copolymers
with average zwitterionic side-chain lengths ranging between 6 and 13
repeat units. These ZCCs were labeled PT30-SB6, PT30-SB13, PT50-SB8
and PT50-SB12, the first denoting the backbone used (PT30 or PT50)
and the second indicating the average SB2VP side-chain length. The
compositions of these copolymers and reaction parameters used in their
synthesis are given in Table 1. All samples used in this study were pu-
rified by extraction in deionized water to remove water-soluble frac-
tions, which would be detrimental to the thin films when they are
immersed in water. When we synthesized copolymers with longer re-
action times to access longer side-chain lengths and/or higher SB2VP
contents, a large fraction of the copolymer was lost during extraction
with water. This indicates that PTFEMA-g-SB2VP copolymers that
contain as much as 85 wt.% of the very hydrophobic monomer TFEMA
can be water soluble. This may arise from the formation of micelles in
water, driven by the molecular structure of the comb-shaped polymers
that positions the hydrophobic segments at the core of the molecule,
surrounded by highly hydrophilic zwitterionic groups. This outcome
may be interesting for various applications, from drug delivery to the
stabilization of emulsions.

A sample 'H-NMR spectrum is shown in Fig. 2B, along with peak
assignments. All peaks with chemical shifts greater than 7 ppm were
assigned to SB2VP units (h i j k), with four protons per SB2VP unit
appearing in that region [92]. The peak at 4.6 ppm was attributed to the
convolution of CHy protons from TFEMA (a) and SB2VP (g). The ratio of
these peaks, together with the TFEMA:Cl ratio from the composition of P
(TFEMA-stat-CEM) used as the macroinitiator, were used to calculate the
final comb copolymer composition. The percentage of chlorine atoms
that initiated ARGET-ATRP (Table 2) was obtained from the ratio be-
tween the CEM peaks at 3.8 and 4.2 ppm, attributed to the unreacted
and total CEM contents, respectively. To estimate the molecular weights
of ZCCs (Table 2), we used the number-averaged molecular weight of
each backbone obtained from GPC, and the backbone:side-chain weight
ratio of each associated comb copolymer. All four copolymers had mo-
lecular weights above 10° g/mol.

Differential scanning calorimetry (DSC) can be used to obtain in-
formation on microphase separation in copolymers. Phase separated
copolymers show two distinct glass transition temperatures (Tg) asso-
ciated with each microphase, whereas a composition-dependent single
T, in a copolymer indicates lack of phase separation [96]. The Ty also
affects various kinetic aspects of self-assembly such as micelle stability.
For instance, glassy blocks of polystyrene in a copolymer lead to very
stable micelles that are kinetically restrained at room temperature, often
termed ‘frozen micelles’ [97]. This may enable the preservation of
meta-stable morphologies formed during the formation of the thin film
by limiting chain mobility once the film is formed and solidified [9].
Therefore, we characterized the thermal properties of the copolymers
synthesized for this study using DSC. Fig. 2C shows the DSC thermo-
grams from reversible heat flow versus temperature plot for the PT30
backbone and the ZCCs derived from it. We could not observe the Ty of
homopolymer PSB2VP, reported to be 250 °C from previous reports [15,
98,99], because it was close to or above the degradation temperature of
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the ZCCs. On the other hand, all copolymers showed a Ty at around 80
°C, similar to that of the homopolymer PTFEMA obtained from previous
literature [15,100,101]. The observed T of the ZCC is identical to that of
the backbone. Analogous findings were observed with the ZCCs derived
from the PT50 backbone (Fig. A3, Appendix A). These results are
consistent with the ZCCs microphase separating to form separate
PTFEMA and SB2VP domains.

3.2. Thin film preparation on glass substrates to study the ZCC self-
assembly

The morphology of thin films depend not only on the molecular
parameters of the copolymers but also on the film formation process,
substrate surface chemistry, film thickness, and annealing conditions
[11,26]. Each of these parameters can be utilized to access new mor-
phologies. In this study, we focused on the film formation procedure.
Most BCP thin films studied in the literature are formed by spin coating,
occasionally followed by an annealing step. However, spin coating is not
scalable to roll-to-roll systems. This limits their use in large scale
manufacture of membranes and other products. Instead, NIPS, known
for its scalability, enables film formation by casting a polymer solution
on solid substrate followed by immersion in a non-solvent bath to pre-
cipitate out the polymer as a film [102]. We wanted to study how this
copolymer self-assembled under these two conditions, and to charac-
terize how interactions with water further modifies the observed surface
morphology. Therefore, we applied the 3 wt.% ZCC solution in tri-
fluoroethanol (TFE) as a thin film on a glass substrate by three different
methods: (1) spin coating; (2) spin coating followed by immersion in
deionized water (hydration); and (3) a process that simulates NIPS
method used for preparing thin film composite membranes from zwit-
terionic copolymers [14,15]. In the NIPS process (method 3), we spread
the polymer solution onto a glass substrate by a rolling rod set to a gap
size of 6 pm. This thickness is much higher than that deposited by spin
coating in Method 2. After air drying for 12 s, we immersed the coated
glass into an isopropanol bath, and then moved it to a bath of deionized
water. We expect that the film still contained some TFE at the time when
it was immersed in the non-solvent, as expected in NIPS. All thicknesses
were measured by AFM scratch tests. Films prepared using this method
were 0.9-2.1 pm in thickness (Table 3). Spin coated films were in general
thinner than those cast by NIPS.

The Atomic Force Microscopy (AFM) images (Fig. 3) of the comb
copolymer thin films on glass substrates demonstrate the dependence of
the surface morphology on both copolymer chemistry and deposition
procedure. The films were fairly smooth and nearly featureless when
prepared by spin coating (Fig. A4, Appendix A). This changes upon the
hydration of the film by immersion in water (Fig. 3, top row), which
selectively swells the zwitterionic side-chain domains. Depending on
zwitterionic side-chain density and length, we observed a variety of self-
assembled surface morphologies. The PT30-SB6 copolymer, which had
the lowest zwitterionic monomer content, remains essentially feature-
less after hydration. Its longer side-chain counterpart PT30-SB13 shows
a disordered nanoscale pattern. The SB2VP content of the copolymer
PT50-SB8 is comparable with PT30-SB6; it has less frequent yet longer
side-chains. This copolymer exhibits a partially connected network of
short rod-like structures with an average diameter of 26 + 5 nm. Its
longer side-chain counterpart, PT50-SB12, displays a combination of
similar morphologies with interspersed spherical features, possibly mi-
celles, 15 to 40 nm in diameter. This last finding aligns with the hy-
pothesis that zwitterionic side-chain length is a driver for the self-
assembled morphology. The observed bimodal morphology possibly
stems from molecular populations with different average side-chain
lengths. The high water solubility of polymers with longer side-chain
lengths, observed in preliminary experiments, also supports this
possibility.

AFM phase images of the films formed by NIPS (Fig. 3, middle row)
display interesting nanoscale patterns on the surface. PT30-SB6 and
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PT50-SB12

Fig. 3. (Top row, A-D) AFM phase images from 1 x 1 pm? surface sections of thin films deposited by spin coating the ZCC solution in TFE on glass substrates followed
by hydration. (Middle row, E-H) AFM phase images from 1 x 1 pm? surface sections of thin films deposited by a method simulating the NIPS process for
manufacturing thin film composite membranes. The ZCC solution in TFE was coated on a glass substrate using a rolling rod, air dried for 12 s, immersed in iso-
propanol and moved to deionized water. (Bottom row, I-L) AFM height images from 5 x 5 um? surface sections of the thin films shown in middle row. Film
preparation method (on left of each row) and ZCC used (on top of each column) are indicated. All AFM images were acquired in dry state.

A) Air dry only = #

Fig. 4. TEM images of thin films deposited by drop casting 0.1 wt.% ZCC solution in TFE on the grid followed with (A) air drying only, (B) air drying for 12 s followed

by NIPS in isopropanol and immersion in deionized water.

PT30-SB13 thin films exhibit porous structures formed from networks of
tubules, 95 + 20 and 55 + 12 nm in diameter, respectively. These
morphological differences between copolymers with the same side-
chain density but different SB2VP content arise not only from the self-
assembled morphology of polymer chains, but also from the complex
interplay between solvent and non-solvent transport, as well as differ-
ences in their phase diagrams. This phenomenon is well-studied in the
field of polymer membrane manufacture. The higher zwitterion content
of PT30-SB13 likely leads to a difference in the time to precipitation
upon contact with water, further complicating structure formation.

Interestingly, PT50-SB8 and PT50-SB12 thin films show a very different
self-assembly pattern. The surfaces appear somewhat porous, but the
features are much smaller. This morphology is consistent with a disor-
dered bicontinuous network, though more detailed characterization is
needed to better understand this structure. The difference likely arises
from the larger spacing between the zwitterionic side-chains and the
higher hydrophobic backbone content. AFM height images from larger
sections of the same films (Fig. 3, bottom row) are also consistent with a
continuous network morphology. SEM imaging with controlled tilt,
combined with image processing, may potentially offer further insight
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B) MSTF-12s
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C) MSTF-25s

Fig. 6. (A, B) Cross-sectional FESEM image of the MSTF-12s; (B) shows a digital zoom of the selective layer. (C) AFM height image from 5 x 5 pm? surface section of
MSTF-12s with a 130 nm z-range, showing distinct hierarchical features comprising 17 + 5 nm spherical micelles together with larger pores of 85 + 45 nm diameter
on average. The micelle size was measured using the z-direction in AFM image because x- or y-direction may not be reliable due to tip broadening effect.

Table 4

Casting solution content, film thickness, estimated pore diameter, pore depth,
center-to-center distance between pores, pore density and water permeance of
the MSTFs.

Property MSTF- MSTF-PSB10 MSTF-PSB20
12s
Casting solution composition in 3 wt.% 3 wt.% ZCC 3 wt.% ZCC
TFE ZCC 0.3 wt.% 0.6 wt.%
PSB2VP PSB2VP
Film thickness (nm)”’ 165 + 10 125 +11 140 +13
Estimated pore diameter (nm)”"*’ 85 + 45 92 + 54 144 + 81
Estimated pore depth (nm)”%’ 20 + 10 21 +5 58 + 10
Center-to-center distance between 637 + 315+ 75 562 + 90
pores (nm)”’ 153
Pore density (x10'2 pores m~2)”’ 3.3 10 4.3
Water permeance (L m~2h™! 93+8 48 + 4 66 + 2
bar™1)

3 Obtained from cross-sectional FESEM images in dry state (Fig. 6A and
Fig. S6D, E).

) Obtained from surface AFM images in dry state (Fig. 7).

9 Obtained from x- and y-direction in AFM image and likely overestimated
due to tip broadening effect.

9 Obtained from z-direction in AFM image

into this morphology. PT30-SB6 and PT30-SB13 thin films show larger
pores, likely due to higher frequency in the placement of zwitterionic
side-chains along the backbone in comparison with PT50-SB8 and PT50-
SB12 copolymers. These findings altogether are significant in explaining
the relationship between ZCC chemistry and self-assembled thin film

properties, and demonstrate the diversity of variables that can be
scanned for desired properties. For this specific work, we chose copol-
ymer PT30-SB13 for further study due to its potential functionality as a
porous selective layer for water transport applications. We hope to
explore other copolymer compositions in future studies for other tar-
geted applications.

The interconnected network structure formed by PT30-SB13 during
the NIPS procedure is quite distinct from the structure formed by spin
coating. We hypothesized that the interaction between the copolymer
with isopropanol and water during the NIPS process led to the formation
of supramolecular assemblies between the copolymer chains, leading to
the interconnected network structure. To test this hypothesis, we
simulated the thin film formation process by NIPS on Transmission
Electron Microscopy (TEM) grids. First, a dilute ZCC solution in TFE was
drop-cast on the grid. The solvent was allowed to air dry for a pre-
determined period of time, followed by isopropanol immersion for 10
min, and then water immersion for 10 min to kinetically “freeze” the
structure. Self-assembly of amphiphilic copolymers in solution may
evolve with the progression of solvent evaporation. This may lead to
significant changes in resultant film morphology. Other groups have
employed careful control of the drying time and solvent volatility to
create nanostructured selective layers with interesting and highly vari-
able functionality [8,26,101]. To explore this parameter, films were
prepared with varying drying times of 5, 12 s, or 25 s. As a control, one
film was prepared by air drying only without any immersion step. TEM
images (Fig. 4) show that a network of tubular polymer structures de-
velops when NIPS procedure is undertaken. The average diameter of
these tubules was determined to be 51 + 8 nm, comparable to the 55 +
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Fig. 7. AFM height image from 10 x 10 pm2 surface section of (A) MSTF-12s, (B) MSTF-PSB10, and (C) MSTF-PSB20; (D) pore size distribution of the MSTFs

calculated from the AFM images using ImageJ.
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Fig. 8. AFM height image from 5 x 5 pm2 surface section of (A) MSTF-12s, (B) MSTF-12s after overnight immersion in PBS (0.01 M, pH 7.4) followed by water

immersion, and (C) plot of Permeance vs. NaCl concentration.

12 nm diameter attained from the AFM image (Fig. 3J). In contrast, air
drying leads to sparse, segregated clusters of spherical enclosures, a few
of which are connected by short rod-like structures. This finding em-
phasizes the importance of the thin film formation procedure on nano-
scale structure formation. Particularly in this system, slower kinetics are

afforded by slow exchange rate between the solvent TFE and non-solvent
isopropanol, which allows for the development of the highly connected
networks. It should be noted that we did not observe an evident change
in film morphology by TEM when varying the drying time to 5 or 25 s
(Fig. A3, Appendix A).
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Table Al
Integrated peak areas from the 'H-NMR spectrum of each backbone copolymer.

Integrated area under the peak

Peak Chemical shift (ppm) PT30 PT50

a 4.60 1 1

d 4.18 0.036 0.022

e 3.80 0.033 0.020
Table A2

Integrated areas of the relevant 'H-NMR peaks.

Integrated area under the peaks

Polymer Initiation efficiency a, g, 1(4.4-5.1 h, i, j, k (7.8-9.2
name ® ppm) ppm)

PT30-SB6 50% 6.1 1

PT30-SB13 40% 3.6 1

PT50-SB8 50% 6.9 1

PT50-SB12 30% 7.8 1

3.3. Self-assembly of the ZCC on a porous support and formation of MSTF

Most studies of polymer self-assembly focus on either free standing
films or thin layers manufactured on non-porous supports, similar to
those described above. Yet, when these morphologies are of interest as
membrane selective layers, these manufacturing methods become
impractical. Free-standing films are either too thick to allow high
enough flux through them, or too thin to withstand the pressures
involved in filtration operations. Films prepared on non-porous sub-
strates have to be removed from this support and often moved onto a
porous one to be used in filtration testing. This is often an arduous
process that is difficult if not impossible to scale up. Instead, most
studies that explore novel polymers as membrane selective layers use
thin film composite membranes where the thin polymer film is sup-
ported by a mechanically robust, porous layer. These supported mem-
branes are prepared by coating the functional polymer onto a porous
support, often a commercial membrane with large pore size. However,
when a coating and self-assembly process that was studied on a non-
porous substrate is translated onto a porous support, the resultant
layer morphology may change. Capillary forces may cause the solvent to
be absorbed into the support, changing the thermodynamic and trans-
port processes that occur during the NIPS process. This effect is even
more significant if the pore size of the support is smaller than the size of
polymer coils or assemblies in solution. In such a case, as the solvent is
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b,
C
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O
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absorbed into the support, the polymer chain concentration in the liquid
film coating is increased. When the membrane is immersed in a non-
solvent, the selective layer will form only on top of the membrane, but
effectively from a layer whose thickness and composition will be
different than if the same solution was deposited on a non-porous sub-
strate. This leads to changes in morphology, pore size, feature/pore size,
and other factors. This premise has not, to our knowledge, been sys-
tematically explored.

Therefore, we wanted to better understand how the use of a porous
substrate in the NIPS process to create a mechanically supported thin
film (MSTF) would affect the self-assembled layer morphology of ZCCs.
We prepared MSTFs from the PT30-SB13 ZCC using the NIPS process
described above, replacing the glass substrate with a commercial
PVDF400R ultrafiltration membrane as the porous support (see Fig. A6,
Appendix A). Similar to the procedure above, a 3 wt.% solution of the
copolymer in TFE was spread onto the support with a rolling rod at a gap
size of 6 pm. The MSTF was air dried for a predetermined period of time.
Three air drying time periods were screened, 5, 12 or 25 s, and the
corresponding MSTFs were encoded MSTF-5s, MSTF-12s, and MSTF-
25s, accordingly. Then, the coated membrane was immersed into an
isopropanol bath for one hour to precipitate out the copolymer. Finally,
the MSTF was immersed and stored in a water bath.

The surface morphologies of these MSTFs were characterized by
AFM. Close examination of the thin film surfaces display interesting,
hierarchical features; we observe, in addition to the pores, small
spherical features, likely attached frozen micelles, covering the surface
(Fig. 5). The size and density of these smaller features appear to increase
with increasing drying time. Lower magnification/larger area imaging
of the surface morphology of the MSTFs displayed a macroporous
structure with pores ~30-200 nm in diameter, spread randomly across
the surface (Fig. A7, Appendix A). Porous materials that feature hier-
archical structures ranging between nano to macroscopic scales are
intriguing because they afford high flux and pore accessibility together
with high surface area [5,28,41]. These are highly demanded charac-
teristics in separation, membrane chromatography, catalytic conver-
sions, detection, energy conversion and storage, to name a few. Most
processes for attaining hierarchically structured materials are
multi-stage and tedious [103]. Instead, the hierarchical features of the
MSTFs in this study develop spontaneously, with no added
manufacturing steps.

Water permeation tests showed permeances of 75 + 5, 93 + 8 and 29
+3Lm 2h ! bar! for the MSTFs formed using 5, 12 and 25 s drying
times, respectively. These results suggest that controlled solvent

___
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Fig. A1l. 'H-NMR spectrum of the backbone copolymer P(TFEMA-stat-CEM) labeled PT30.
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Fig. A3. Heat flow v.s. temperature of the PT50-based comb copolymer series
at a heating rate of 10 °C/min.

evaporation prior to phase inversion affects selective layer permeability.
This may arise due to evolving self-assembly during solvent evaporation
from the solution-air interface. Although AFM images indicated that the
pores seemingly became larger with increasing solvent evaporation
time, the lowest permeance was observed in MSTF-25s with the longest
evaporation time. This may be a consequence of pores not percolating
the entire thickness of the film. Alternatively, the longer evaporation
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time may lead to some of the copolymer entering into the inner pores of
the support membrane through capillary forces, clogging them up.
Variations in permeance may also arise from differences in film thick-
ness and/or overall layer porosity. In general, further in-depth studies
with larger sample sizes and more controlled environments would be
needed for deeper conclusions. Among the MSTFs prepared, we chose to
conduct a more thorough analysis of MSTF-12s because it showed the
highest permeance.

To determine the film thickness of MSTF-12s, we acquired a cross-
sectional FESEM image (Fig. 6A-B) and analyzed it in comparison with
the cross-sectional FESEM image of the uncoated porous support
(Fig. A6A, Appendix A). The ~165 nm thick film layer of MSTF-12s
adheres well to the support membrane through partial penetration of
the copolymer into support membrane pores via intermolecular
interactions.

A detailed visual from the 5 x 5 pm? surface section of MSTF-12s
(Fig. 6C) allows better visualization of the distinct hierarchical fea-
tures comprising 17 + 5 nm spherical features together with larger pores
of 85 + 45 nm diameter. The spherical feature size was measured using
the z-direction in AFM image because x- or y-direction may not be
reliable due to tip broadening effect. While there are limitations to
calculating pore sizes by AFM (e.g. identifying pores versus peak and
valley structures), previous studies have shown AFM data to be consis-
tent with membrane pore sizes calculated from rejection curves [104].
Further in-depth SEM analysis can potentially offer further insight into
pore size distributions. We also performed a radially integrated FFT on
the AFM image in Fig. 6C, however we did not observe an order in
packing. These features are not present in a similar thin film formed on a
non-porous silicon wafer substrate using the same procedure (Fig. 3J).
The absence of the spherical <30 nm features on this film confirms that a
porous substrate is required for inducing the desired hierarchical
morphology. Observed with each drying time in MSTF-12s, this hier-
archical morphology is interesting because it increases the roughness
and interfacial area of the materials, which may have exciting outcomes
that alter wettability, permeability, selectivity, fouling, and hydrody-
namic resistance to flow across the film surface. In addition, the high
surface area may be interesting for further functionalization to create
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Fig. A4. AFM phase images from 1 x 1 um? surface sections of thin films deposited by spin coating the 3 wt.% copolymer solution in trifluoroethanol (TFE) on a glass

substrate. Comb copolymer used is indicated on top of each image.

Fig. A5. TEM images of thin films deposited by drop casting 0.1 wt.% zwitterionic comb copolymer solution in TFE on the grid followed with (A) air drying, (B) air
drying for 5 s, NIPS in isopropanol and immersion in deionized water, and (C) air drying for 25 s, NIPS in isopropanol and immersion in deionized water.

Fig. A6. Cross-sectional FESEM image of the PVDF400R support.

multi-functional membranes or membrane adsorbers.

3.4. Modifying the nanostructure of MSTF with a zwitterionic
homopolymer additive

While the copolymer architecture and composition is a powerful tool
for controlling the self-assembled morphology, it is often impractical to
synthesize a new copolymer for each targeted application. This has led
us to explore the use of additives to further modify the morphology of
MSTFs prepared by this zwitterionic comb copolymer. Studies that focus
on self-assembling block copolymers show that blending the copolymer
with a component that preferentially segregates into one domain over
another can modify its domain size and morphology [26]. This principle
has been applied to membrane manufacture to tune the pore size [43,
105-107]. For instance, mixing poly(styrene)-block-poly(methyl meth-
acrylate) (PS-b-PMMA) copolymer with PMMA homopolymer leads to
enlarged PMMA domains. The homopolymer can then be dissolved away
in a selective solvent to leave behind pores [106]. The pore size and
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morphology can be tuned by changing the blend composition [107].
Block copolymer self-assembly has also been integrated into membrane
manufacture through an approach termed Self-assembly-Non-solvent
Induced Phase Separation (SNIPS) [43], where the use of additives
that partition into and at times order one domain can alter domain
structure [108-111]. We chose to adapt this simple, scalable approach
to modify the pore size and morphology of MSTF-12s. During film for-
mation, we added different ratios of homopolymer poly
(sulfobetaine-2-vinyl pyridine) (PSB2VP) into the PT30-SB13 copol-
ymer solution in TFE, and then followed the film formation procedure
identical to that of MSTF-12s. We added 10, 20 or 60% of the amount of
the ZCC PT30-SB13, with the ZCC composition set to 3 wt.% of the
casting solution. The resulting MSTFs were encoded MSTF-PSB10,
MSTF-PSB20 and MSTF-PSB60, respectively (Table 4).

The surface AFM images of MSTFs prepared using this additive are
morphologically different than those prepared without the homopoly-
mer (Fig. 7). The addition of 10 wt.% PSB2VP with respect to the
copolymer PT30-SB13 (MSTF-PSB10) led to tripled pore density and an
average pore size of 92 & 10 nm, calculated from image analysis of the
AFM images. The cross-sectional thin film structure was similar for all
the MSTFs, indicated by FESEM images (Fig. A8, Appendix A), with
thicknesses between 120 and 170 nm (Table 4). On the other hand,
water permeance (Table 4) was cut down nearly to half that of additive-
free MSTF-12s. This may potentially be due to an increased number of
pores that do not percolate through the entire film. Alternatively, it may
also relate to the broad distribution of pore sizes in this MSTF, where the
large pores are responsible for the high flux through the membrane.
Increasing the PSB2VP content further to 20 wt.% of the copolymer mass
(MSTF-PSB20) resulted in significantly larger pores with an average
diameter of 144 + 81 nm, and moderately improved the water per-
meance compared to MSTF-PSB10. At 60 wt.% PSB2VP content with
respect to the copolymer (MSTF-PSB60), pores became large with dis-
torted morphology (Fig. A9, Appendix A), and thus further analysis was
not performed on the AFM image. Water permeance was measured to be
62+ 5Lm 2h! bar !, showing no increase compared to that of MSTF-
PSB20. We should note that, similar to additive-free MSTF-12s, all
PSB2VP-added thin films showed hierarchical morphology with
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A) MSTF-5s
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C) MSTF-25s

120nm ©

Fig. A7. AFM images of the MSTFs prepared by casting the 3 wt.% copolymer solution in TFE on porous PVDF400R support followed with air-drying for a pre-
determined time, NIPS in isopropanol and immersion in deionized water. AFM height image from 5 x 5 pm? surface section of (A) MSTF-5s prepared by air-drying for
5 s, (B) MSTF-12s prepared by air-drying for 12 s, and (C) MSTF-25s prepared by air-drying for 25 s prior to NIPS. MSTF code is indicated on top of each column. All
the MSTFs show a macroporous surface with pores spread randomly across the surface and smaller spherical micelles covering the nonporous sections of the surface.

MSTF-PSB10

MSTF-PSB20

Fig. A8. Cross-sectional FESEM images of the mechanically supported thin films (MSTFs) prepared using homopolymer PSB2VP additive fixed at 10, 20 or 60 wt.%
of the copolymer PT30-SB13, where the PT30-SB13 composition was set to be 3 wt.% of the casting solution. The MSTFs are encoded based on the additive PSB2VP
content used as MSTF-PSB10, MSTF-PSB20 and MSTF-PSB60. Magnification (on left of each row) and MSTF codes (on top of each column) are indicated.

Approximate thickness of each film is indicated on the images D-F.

spherical features covering their surfaces. A representative AFM height
image from a 1 x 1 pm? surface section of MSTF-PSB10 clearly displays
this hierarchical structure featuring spherical assemblies (Fig. A10,
Appendix A).

3.5. Ionic strength response of the ZCC and its effect on MSTF
morphology

Polyzwitterions respond to changes in ionic strength, or rather the
presence of small salt (Low Molecular weight Salt, LMS) ions through an
interesting and unusual behavior termed the anti-polyelectrolyte effect
[85,87,88]. In deionized water, polyzwitterions exhibit intra- and
inter-molecular interactions between charged groups that form each
zwitterion. This results in a relatively globular conformation. When a
low molecular weight salt is added, its ions shield these interactions as

13

each charged group comprising the zwitterionic molecule gets sur-
rounded with its counter-ions and a hydration shell, leading to expan-
sion of the polyzwitterion chain as well as zwitterionic groups
themselves. Therefore, polyzwitterion chains are more expanded in sa-
line solutions and behave in a more “hydrophilic” manner. This effect is
likely to be further pronounced in ZCCs because the polyzwitterion side
chains will not only change their degree of hydration but also their
conformation.

In this framework, we can potentially utilize ionic strength as a tool
to control and tune the self-assembly of ZCCs, and transport in the
MSTFs using the external stimulus of changing water salinity. To test this
hypothesis, we filtered NaCl solutions of increasing concentration
through the MSTFs and measured the permeance, defined as the flux of
the solution normalized by the applied pressure difference. The per-
meance decreased with increasing ionic strength (Fig. 8), in agreement
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Fig. A9. AFM height image of MSTF-PSB60 from 10 x 10 pm? surface section
with a z-range of 260 nm. The MSTF surface shows large pores with dis-
torted morphology.

Fig. A10. AFM height image of MSTF-PSB10 from 1 x 1 um? surface section
with a z-range of 70 nm. Spherical micelles cover the film surface.

with previous reports involving zwitterionic membranes [112-114]. A
potential explanation for the ionic strength responsive function is that,
due to anti-polyelectrolyte effect [87], the zwitterionic side chains
expand from the pore walls toward the center of the pores, leading to
pore narrowing and decline in water flux. It is worth mentioning that
neither flux decline nor pore narrowing observed at increased ionic
strength reversed upon change to retrospective feed conditions. This
hysteresis in chain swelling has previously been observed in other
membranes that have a dense brush of responsive polymer chains lining
their pores [115], which was attributed to hydrogen bonding and other
intra- and interchain interactions. Similar effects are likely the cause of
the irreversible changes in water flux observed in these ZCC membranes,
though we believe it also warrants additional future study.

We expected this irreversible change in permeance to also be re-
flected in changes to membrane morphology. Furthermore, we expected
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to observe effects similar to that obtained with NaCl solutions using
solutions commonly used in bioprocessing as well as routine fouling
tests in the membrane field. For this purpose, we immersed a sample of
MSTF-12s in phosphate buffered saline (PBS, 0.01 M, pH 7.4) solution
overnight. We then rinsed it by immersing in deionized water and dried
it. We imaged the film surface by AFM, and compared it with the surface
of a sample that was not exposed to the saline solution. We observed a
clear pore narrowing after the salt effect (Fig. 8A, B), further demon-
strating a reduction in the effective pore size of the MSTF. This shows
that the morphology and pore size of these membranes is sensitive not
only to initial preparation conditions but also to exposure to salt after
the film is solidified. This effect may have applications in tunable
coatings and sensors.

4. Conclusions

We have developed porous thin films that form by the self-assembly
of comb copolymers with zwitterionic side chains. In thin film forma-
tion, we systematically employed different preparation methods to
apply our comb copolymers that feature various side chain length and
density combinations. The self-assembled thin films showed various
nanostructures including a partially connected network of short rod-like
structures with an average diameter of 26 + 5 nm or randomly inter-
spersed spherical micelles ranging from 15 to 40 nm in diameter. We
then studied the effect of the use of a porous substrate to create a me-
chanically supported thin film (MSTF) on self-assembled morphology.
The use of a porous substrate led to distinct changes in surface
morphology, leading to hierarchical features comprising 17 + 5 nm
spherical micelles together with larger pores 85 + 45 nm in diameter.
We could modify the size of these features by changing the air drying
time or by using a zwitterionic homopolymer as an additive. Zwitter-
ionic materials are also responsive to changes in salt concentration. To
explore the effect of feed salinity on the permeance and morphology of
the ZCC MSTFs, we performed filtration experiments using salt solutions
with different concentrations. We observed that the water permeability
and surface morphology exhibited irreversible changes upon exposure
to water with high ionic strength. These results indicate ZCCs are ver-
satile polymers that can lead to a wide variety of complex, nano-scale,
hierarchical and tunable morphologies with various applications
including water filtration and sensing.
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Appendix A. Additional results and discussion

Al. Polymer synthesis and characterization

A1.1 Synthesis and characterization of backbone P(TFEMA-stat-CEM) copolymers

Two batches of backbone P(TFEMA-stat-CEM) were synthesized by Free Radical Polymerization (FRP) using different CEM frequency along the
backbone, labeled PT30 and PT50, based on the approximate TFEMA:CEM molar ratios of 30:1 and 50:1, respectively. The composition of each
copolymer was obtained using the integrated areas of the peaks a and e (Table S1) shown on the 'H-NMR spectrum in Fig. S1. Each polymer was
purified until there were no visible peaks associated with protons attached to vinyl groups of unreacted monomers, between 5.2-6.5 ppm.

The copolymer properties and reaction parameters for both batches are summarized in Table 1.

A1.2 Characterization of zwitterionic PTFEMA-g-SB2VP copolymers

To synthesize the comb copolymer PTFEMA-g-SB2VP, Activators ReGenerated by Electron Transfer ATRP (ARGET-ATRP) was conducted
(Fig. S2A). Four batches of PTFEMA-g-SB2VP were synthesized by growing the SB2VP side chains at two different lengths from each of PT30 and PT50
backbone. The comb copolymers were encoded PT30-SB6, PT30-SB13, PT50-SB8 and PT50-SB12, with regard to the backbone used (PT30 or PT50)
and the SB2VP side chain length. The 'H-NMR spectrum of PT30-SB13 with peak assignments is shown in Fig. S2B.

All peaks with chemical shifts greater than 7 ppm were assigned to SB2VP units (h i j k), with four protons per SB2VP unit appearing in that region.
The peak at 4.6 ppm was attributed to the convolution of CHy protons from TFEMA (a) and SB2VP (g). The integrated area under these peaks
(Table A1), together with the TFEMA:Cl ratio from the composition of PTFEMA-stat-CEM used as the macroinitiator, were used to calculate the final
comb copolymer composition. In addition, the P(TFEMA-stat-CEM) backbone peak at 3.8 ppm (e;) shifts to 1.6 ppm (e3) in PTFEMA-g-SB2VP, thus a
residual peak at 3.8 ppm in the NMR spectrum of PTFEMA-g-SB2VP indicates unreacted Cl groups, and that can be used to estimate the initiation
efficiency. With that, we obtained the percentage of chlorine atoms that initiated ARGET-ATRP (Table A2) from the ratio between the CEM peaks at
3.8 (e1) and 4.2 ppm (d) (Fig. A2), attributed to the unreacted and total CEM contents, respectively.

Using the integrated peak areas and estimated initiation efficiencies listed in Table A2, we calculated the final comb copolymer composition and
side-chain length as detailed below. First, we can write the two equations below using the 'H-NMR peak areas:

Areay, jx = 4 X nspvp

Area, o1 =2 X Nyppma + 3 X nggovp

From these equations, we can obtain nggyyp and nyggya, which are the relative number of moles of the SB2VP and TFEMA units in the copolymer.
Using the backbone P(TFEMA-stat-CEM) composition (PTFEMA:CEM molar ratio of 30:1 and 50:1), we can also calculate the relative mole number for
CEM units in the copolymer:

NTFEMA NTFEMA

eew = T30 " T

We can obtain the weight percentage of SB2VP in PTFEMA-g-SB2VP by using the relative mole number and molar mass of each component, where
the molar mass of each component is M,, rrema = 168.11 g/mol, M,, cey = 148.59 g/mol and M, spovp = 227.28 g/mol. The weight percentage of
SB2VP (wgpoyp) can be obtained as:

nsgove X My, spave
Wspovp = ( x 100

nspave X M, SBZVP) + (nTFEMA xM,, TFEMA) + (nCEM xM,, CEM)

To obtain the average side-chain length, we need to calculate the number of Cl units that have been initiated (ncguy. initiared) during ARGET-ATRP
using the initiation efficiency (i):
NCEM nitiated = NcEM X 1

Then, we can estimate the average side-chain length (ngge chain), Which is simply the average number of SB2VP units propagated from each
activated Cl, calculated as:

_ Nspvp
Nside—chain =
NCEM initiated

The mass composition and side-chain length of each comb copolymer are listed in Table 2.
A2. Thermal transitions of PT50-based copolymers by differential scanning calorimetry
Fig. A3 shows the Differential Scanning Calorimetry (DSC) thermograms from reversible heat flow versus temperature plot for comb copolymers

derived from the PT50 backbone. All the PT50-based copolymers display a glass transition temperature (Tg) at around 80 °C, and this Ty does not shift
from the backbone to comb copolymers, indicative of phase separation.
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A3. Thin film preparation and characterization

A3.1. Thin films deposited on glass substrate by spin coating without hydration

We applied the 3 wt.% comb copolymer solution in trifluoroethanol (TFE) as a thin film on glass substrate following three different procedures: (1)
spin coating; (2) spin coating followed by immersion in deionized water (hydration); and (3) casting followed by air drying for 12 s, non-solvent
induced phase separation (NIPS) in isopropanol bath and immersion in deionized water. Atomic Force Microscopy (AFM) images in Fig. A4 show
that the thin films are nearly featureless when prepared by spin coating only to create a fairly smooth film.

A3.2. Thin films deposited on transmission electron microscopy (TEM) grid using different solvent evaporation times prior to non-solvent induced phase
separation (NIPS)

To study the self-assembly of PT30-SB13 copolymer during NIPS procedure, we simulated the thin film formation by NIPS on TEM grids. First, a 0.1
wt.% copolymer solution in trifluoroethanol (TFE) was drop-cast on the grid. The solvent was allowed to air dry for a predetermined period of time,
followed by isopropanol immersion for 10 min, and then water immersion for 10 min. Films were prepared with varying drying timesas 5s, 12's, or 25
s because self-assembly of amphiphilic copolymers in solution may evolve with the progression of solvent evaporation. For comparison, one film was
prepared by air-drying only without any immersion step. Fig. A5 shows that NIPS procedure leads to formation of a continuous tubular network,
whereas air-drying yields randomly distributed, isolated assemblies. On the other hand, we did not observe an evident change in film morphology by
varying the drying time to 5 or 25 s prior to NIPS.

A4. Preparation and characterization of mechanically supported thin film (MSTF) with selective layer on a porous support

A4.1. Support membrane cross-sectional and surface morphology
Fig. A6 shows the cross-sectional FESEM and surface AFM images of the commercial PVDF400R ultrafiltration membrane used as support in the
MSTFs. To form the MSTF, a thin layer of the PT30-SB13 copolymer was applied as a selective layer on the PVDF400R support.

A4.2. Mechanically supported thin film (MSTF) prepared using different solvent evaporation times prior to non-solvent induced phase separation (NIPS)

In MSTF preparation, we cast the 3 wt.% PT30-SB13 solution in trifluoroethanol (TFE) on PVDF400R support, air-dried for a predetermined period
of time to allow solvent evaporation, and then immersed the MSTF into an isopropanol bath for one hour to precipitate out the copolymer. Air-drying
time was employed as 5, 12 or 25 s, and the corresponding MSTFs were encoded MSTF-5s, MSTF-12s, and MSTF-25s, accordingly. Finally, the MSTF
was immersed and stored in a water bath. Fig. A7A-C shows that surfaces of all the MSTFs feature a macroporous structure with pores ~30-200 nm in
diameter spread randomly across the surface.

Pore diameter and pore depth estimated from AFM image of each MSTF were 85 + 30 and 16 + 6 nm for MSTF-5s, 85 + 45 and 20 + 10 nm for
MSTF-12s, and 140 + 50 and 25 + 9 nm for MSTF-25s. (Fig. A7)

A4.3. Mechanically supported thin film (MSTF) prepared using zwitterionic homopolymer additive

To modify the pore size and morphology of MSTF-12s, we added different ratios of homopolymer poly sulfobetaine-2-vinyl pyridine (PSB2VP) into
the PT30-SB13 copolymer solution in TFE, and then followed the film formation procedure identical to that of MSTF-12s; 12 s air-drying preceding
NIPS in isopropanol and water immersion. Additive PSB2VP content was fixed at 10, 20 or 60 wt.% of the copolymer PT30-SB13, where the PT30-
SB13 composition was set to be 3 wt.% of the casting solution. Resulting MSTFs were encoded MSTF-PSB10, MSTF-PSB20 and MSTF-PSB60,
correspondingly. Cross-sectional FESEM images in Fig. A8 show that selective layer structure is similar for all the MSTFs, dense with a thickness
in 120-170 nm range.

As seen in Fig. A9, addition of 60 wt.% PSB2VP with respect to copolymer PT30-SB13 (MSTF-PSB60) led to large pores with distorted morphology.

Fig. A10 shows that spherical micelles are ubiquitous on the film surface.
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