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Abstract: Vertically oriented nanoporous cylinders, demonstrating an unprecedented
alignment persistence, were produced within freestanding poly(1,1-dimethyl silacyclobutane)-
block-polystyrene-block-poly(2-vinyl pyridine) (PDMSB-b-PS-b-P2VP) layers (~15 um thick)
blended with short PS-b-P2VP chains by combining the non-solvent induced phase separation
(NIPS) process with a solvent vapor annealing (SVA) treatment. Here, the NIPS step allowed
for the formation of an asymmetric and porous PDMSB-b-PS-b-P2VP film having a top surface

exhibiting poorly-defined nanopores while the subsequent SVA treatment enabled to produce
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a symmetric layer that possesses highly-ordered cylindrical nanodomains arranged into a 27 nm
period square array. As the unblended NIPS/SVA-made PDMSB-b-PS-b-P2VP monoliths
exhibited a mixed orientation of parallel and perpendicular cylinders, a blending strategy was
used to achieve tetragonally-packed PDMSB and P2VP nanodomains having an exceptional
vertical alignment persistence. Such solvent-annealed (3h, CHCIlz) PDMSB-b-PS-b-P2VP
monoliths blended with 20 wt % of PS-b-P2VP chains showed a water permeance close to the
value measured through their parent NIPS-made terpolymer films having poorly-ordered

nanopores.

Keywords: Solvent vapor annealing, block copolymer membrane, self-assembly, vertical
alignment, long-range order.

Introduction

Dense arrays of monodisperse nanodomains having a perpendicular orientation and
physical continuity through the entire material thickness are highly-desired in diverse
nanotechnology-related applications, including next-generation of electrolytes' and isoporous
membranes.>® For instance, the perfect separation of proteins and viruses having a diameter of
tens of nanometers is still challenging, and requires, for a practical use, ultrafiltration (UF)
membranes endowed with uniform nanopores in a high areal density.!° In another example,
lithium-ion solid electrolytes have demonstrated an optimized ionic conductivity when the ion
conductive nanochannels are aligned perpendicularly to the current-supplying electrodes.!*3

Among the different solutions to manufacture materials with large area of vertically
aligned monodisperse nanodomains at low cost, the block copolymer (BCP) self-assembly
route is one of the most promising approach. Indeed, highly-ordered dense arrays of uniform
cylinders having an unidirectional alignment have been achieved in thin film configuration (<1

um) by using different methodologies such as equalization of surface energies,'**® rough



surfaces,'®>® top coating,'®?° solvent vapor annealing (SVA)?:?*and blending strategy.?® For
instance, Guliyeva et al. have produced tetragonally-packed cylinders with a perpendicular
orientation from blended ABC-type BCP thin films exposed to a solvent vapor.?®

To facilitate the implementation of the BCP solution, especially in membrane and solid
electrolyte applications, the fabrication of several micrometers thick (freestanding) polymeric
films is required in order to reach sufficiently good mechanical properties. However, cylinder-
forming BCP films in thick film configuration (>1 um) often exhibit cylindrical domains with
a mixed orientation (i.e., horizontal and perpendicular), making that the ability to generate
vertically aligned nanodomains in materials of arbitrary thickness remains difficult to manage
with the approaches mentioned above. To overcome this issue, the Osuji group has recently
used an interesting electrospray deposition methodology to remarkably produce vertically
aligned non-porous polystyrene (PS) cylinders with physical continuity in 4 um thick
polystyrene-block-poly(ethylene-random-butylene)-block-polystyrene (SEBS) films.?” Even
more striking, Sakurai and coworkers have observed a spontaneous perpendicular orientation
of PS cylinders through the directional coalescence of spheres within 15 pum thick SEBS films.?8

Here, we use a process that combines a solvent annealing step with a blending strategy to
demonstrate a fully perpendicular orientation of nanoporous cylinders within 15 pum thick
terpolymer films. This approach applied to a solvent-annealed poly(1,1-dimethyl
silacyclobutane)-b-PS-b-poly(2-vinyl pyridine) (PDMSB-b-PS-b-P2VP) layers blended with
PS-b-P2VP chains enabled the formation of tetragonally-packed cylinders having an
exceptional vertical alignment persistence. The physical continuity of highly-ordered
nanoporous P2VP domains through the entire film thickness was also confirmed by water
permeability measurements. We envision that this particular methodology, enabling the
production of vertically oriented nanocylinders with an unprecedented alignment persistence,

can provide guidance for the manufacture of novel isoporous freestanding BCP materials.



Results

The linear ABC triblock terpolymer used in this work consists of PDMSB (6.7 kg.mol™,
gromss ~ 0.15), PS (37.3 kg.mol™?, ¢ges ~ 0.70) and P2VP (8.5 kg.mol?, geove ~ 0.15), where ¢
is the volume fraction of the corresponding block. The synchrotron SAXS profile presented in
Figure S1 indicates that the low disperse PDMSB-b-PS-b-P2VP chains (b ~1.06) are arranged
into an alternating cylindrical structure having a tetragonal-packing in bulk. Indeed, the
scattering peaks follow the ratio of g/q” = 1:2Y/2:412:5Y2:10%2:132 and are associated with the
(10), (11), (20), (21), (31) and (32) diffraction planes, respectively, of a square lattice having a
period, p, of ~26.7 nm as determined from the first-order peak position (q"= 0.0235 A, p =
2n/q"). Bulk self-assembly of non-frustrated linear ABC triblock terpolymers, that are
geometrically symmetric (i.e. ga = ¢c) with equivalent surface energies between the A/B and
B/C interfaces (i.e. yas = ysc Where y represents the Flory-Huggins interaction parameter), has
been reported in the literature. 23! For instance, Mogi et al. have demonstrated that a
tetragonally-packed cylindrical structure is formed in bulk from various polyisoprene-b-PS-b-
P2VP (PI-b-PS-b-P2VP) terpolymers having their PS mid-block volume fraction, ¢rs, in the
ranges of 0.68 < ¢rs < 0.76.%° This result is in accordance with the phase behavior of the non-
frustrated and geometrically symmetric PDMSB-b-PS-b-P2VP system studied in this work (ges
~ 0.70). Note that the tetragonally-packed alternating cylindrical structure was theoretically
predicted by Phan and Fredrickson as the most stable phase for linear ABC-type BCP chains in
the strong segregation limit (SSL).32 Using the self-consistent field theory (SCFT) in the
moderately to strongly segregated regimes, Matsen also confirmed that the tetragonal packing
yields a lower free energy than the hexagonal one commonly observed within self-assembled
AB-type BCP systems.*

Figure 1la illustrates the NIPS-SVA process route used to produce vertically oriented

cylinders through the entire film thickness. For that purpose, a square shaped PDMSB-b-PS-b-



P2VP film blended with 20 wt. % of PS-b-P2VP chains was first drawn onto a (3 x 3 cm) silicon
substrate by using a simple tape casting technique with 250um gap from a 18 % wt. terpolymer
solution in a di-solvent mixture (DOX/THF: 80/20 by weight) (1). To generate an asymmetric
terpolymer thick film by NIPS, the solvents were allowed to evaporate during 45s at room
temperature (RT) to form a (dark blue) dense air surface layer with a kinetically trapped
nanoporous structure (2). The blended PDMSB-b-PS-b-P2VP material was subsequently
immersed into a deionized water bath at RT for 5 min to produce a (blue) sponge-like
substructure (3). Cylinders with an out-of-plane orientation were finally formed within the
PDMSB-b-PS-b-P2VP film by using a SVA treatment (3h, CHCI3) (4). The AFM topographic
images displayed in Figure 1b indicate that the top surface of the blended PDMSB-b-PS-b-
P2VP film generated by NIPS exhibits a poorly-defined phase-separated structure. Conversely,
the AFM topographic views presented in Figure 1c show that a highly-ordered structure is
produced on the film top surface after the SVA treatment. Indeed, after using a low energy CF4
plasma to improve the contrast between the “three-colored” domains (i.e., by preferentially
etching PDMSB chains), the pattern consists of a PS matrix separating an alternation of
PDMSB (dark) and P2VP (bright) nanodomains arranged into a square array. Note that the 27
nm period square array presented in Figure 1c, having a single grain orientation over an area
of 2 um?, does not exhibit voided domains after the plasma treatment since the etched depth of
PDMSB cylinders was only a few nanometers under the plasma conditions used (45 W, 75

mTorr CF4, and 90s).
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Figure 1: (a) Schematic illustration of the NIPS-SVA process route used to produce vertical
cylinders with an exceptional alignment persistence. (b) and (c) AFM topographic images
showing the film top surface before and after the SVA treatment, respectively. The poorly-
defined phase-separated structure generated by NIPS is transformed into a highly-ordered
structure having large grains of tetragonally-packed and vertically aligned cylinders. Samples
were treated by a low energy CF4 plasma prior AFM imaging to remove the PDMSB top layer
and enhance the contrast between the “three-colored” domains so that the PS matrix can be
distinguished from the PDMSB and P2VP domains appearing in dark and bright, respectively.
Insets: Magnified AFM topographic views confirming the formation of a poorly-defined phase
by NIPS and showing more clearly the (dark) PDMSB and (bright) P2VP nanodomains. Scale
bars: 250 nm.

Figure S2 shows a (3 x 3 cm) freestanding NIPS-based PDMSB-b-PS-b-P2VP/PS-b-P2VVP
film having a thickness of about 21 pum. To know more about the free surface morphology and
gain insight into the porosity within the blended PDMSB-b-PS-b-P2VP films generated by
NIPS, SEM images were also acquired (see Fig. S3). The SEM images presented in Figure
S3a-b show that a poorly defined nanostructure with polydisperse pore sizes is produced on the
film top surface while a microporous substructure having large pores can be observed within
the terpolymer layer (see Fig. S3b). These results indicate the NIPS process allows generating
an asymmetric terpolymer film with a highly porous substructure that can be useful for
membrane and solid electrolyte applications. However, more often than not, monodisperse
nanopores are preferred on the material top surface for nanotechnological applications
involving a high selectivity (i.e., a sharp cutoff),>** which is not the case of the kinetically

trapped phase generated by NIPS.



To achieve monodisperse nanopores, the top surface morphology of the terpolymer material
was reconstructed by using a SVA treatment. Although the NIPS-SVA method requires an
additional step to produce isoporous BCP materials compared to the appealing SNIPS (self-
assembly + NIPS) process, this methodology does not require extensive optimization to
manufacture novel nanostructured membranes, due to complex interplay of influencing
parameters inherent to SNIPS, such as solvent composition, polymer molecular weight, casting
solution concentration, and evaporation time.*® In other words, the NIPS-SVA process is a
unique method to produce monodisperse nanopores (at equilibrium) when the NIPS
methodology cannot be easily applied on a specific BCP system to generate an asymmetric
membrane with a skin layer endowed with a well-defined (kinetically trapped) nanostructure.

Because vertically aligned nanochannels are essential in the fabrication of both membranes
and electrolytes, a blending strategy has been used to adjust the domain orientation. The SEM
images presented in Figures 2a and S4 show that solvent-annealed (3h, CHClz) PDMSB-b-PS-
b-P2VP films doped with 20 wt. % of PS-b-P2VP chains (20 kg.mol?, ¢s ~ 0.52) exhibit
vertically oriented PDMSB and P2VP cylinders arranged into a highly-ordered square array
having a period of ~27 nm. The magnified SEM view presented in Figures 2b allows
visualizing different plane cuts of the cylindrical phase in the very close region of the film free
surface while the cylinder long axes can be clearly seen from the SEM image displayed in

Figures 2c.



Figure 2: (a) Top view SEM image showing of'a 27 nm period square array of vertically aligned
cylinders formed on the top surface of a PDMSB-b-PS-b-P2VP/PS-b-P2VP film generated by
NIPS-SVA (3h, CHCIz3) and then treated by a CF4 plasma. (b) and (c) Magnified top view SEM
images showing different plane cuts of the tetragonally-packed cylinders and their long axes,
respectively. Scale bars: 250 nm.

To further confirm that the cylindrical nanodomains are essentially vertically oriented,
GISAXS measurements were also performed on blended terpolymer films exposed to a
chloroform vapor for 3h. The 2D GISAXS pattern presented in Figure 3a displays Bragg rods,
modulated in intensity along the g direction, which evidence an out-of-plane orientation of
cylindrical nanodomains through the entire film thickness. Indeed, the critical angle was set at
0.2° to ensure a full penetration of the X-Ray beam in the terpolymer layer since a such angle
allows a penetration depth > 15 pm in a PS-b-P2VP-based film at 12 keV.%’ The associated intensity
cut along the in-plane gy direction (integrated around the Yoneda position) shows a first-order
Bragg peak, ", at 0.022 A and four higher order peaks located at g/q” = 1, 2*2, 2, 5?and 82,
which is consistent with an alternating cylindrical phase having vertically oriented PDMSB and

P2VP domains arranged into a 27 nm period square array (see Fig. 3b).
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Figure 3: (left) 2D GISAXS pattern of a PDMSB-b-PS-b-P2VVP/PS-b-P2VP film generated by
NIPS-SVA (3h, CHCI3). The incidence angle was set at 0.2°, above the material critical angle,
to ensure a full penetration of the X-Ray beam in the terpolymer layer. (right) Associated
GISAXS intensity cut along the horizontal gy direction (taken around the Yoneda band)
exhibiting a first-order Bragg peak, q*, at 0.022 A~ and higher order peaks having relative
positions in accordance with a square array of cylinders with a pAmm symmetry.

The combination of the SVA technique with a homopolymer additive strategy has been already
used to achieve a perpendicular domain orientation within the BCP thin films.? For instance,
the Hillmyer group has demonstrated the formation of vertically oriented nanoporous
poly(lactide) (PLA) cylinders over a large thickness window in solvent-annealed PS-b-Pl-b-
PS-b-PLA thin films blended with 5 wt. % of PLA homopolymer, knowing that a perpendicular
alignment of PLA cylinders over a limited range of thicknesses was observed from their
unblended homologs.® Conversely, the incorporation of AB-type BCP chains to induce an out-
of-plane domain orientation is less commonly reported. For example, highly ordered out-of-
plane core-shell cylinders were produced on topographically patterned silica substrates
regardless of the film thickness by inclusion of 25 wt. % of PDMSB-b-PS chains within solvent-
annealed (3h, CHCl3) PDMSB-b-PS-b-poly(methyl methacrylate) (PDMSB-b-PS-b-PMMA)

thin films while their unblended homologs showed a mixed of orientation of parallel and

perpendicular core-shell cylinders depending of the terpolymer film thickness.*



As we previously demonstrated that the SVA treatments with a long anneal time (> 90 min)
can deeply affect the substructure morphology of BCP layers,*%*! cross-sectional SEM images
showing different regions of the blended PDMSB-b-PS-b-P2VP material manufactured by
NIPS-SVA (3h, CHCI3) were also acquired. The cross-sectional views presented in Figure 4a
show that the 15 pm thick PDMSB-b-PS-b-P2VP/PS-b-P2VP film has lost its asymmetric and
highly-porous architecture generated by NIPS (see Fig. S3). Indeed, the blended terpolymer
material strongly densified during the SVA treatment to form a symmetric film entirely
composed of vertically oriented cylinders that are locally straight (i.e., arranged into a single
grain) over several micrometers of the film thickness (see the inset SEM image). The
representative SEM images taken in the vicinity of the top and bottom surfaces of the blended
PDMSB-b-PS-b-P2VP monolith, however, suggest that the grain sizes appear larger in the
upper region of the material (see Fig. 4b-c and S5). A decrease of the grain size in the deeper
region of the terpolymer film has been recently observed for a perforated-lamellar (PL) phase
generated by NIPS-SVA.*° This phenomenon was explained by the fact that the microporous
substructure must densify prior to transform into a well-ordered PL structure, which takes more
times in the material lower region due to both the asymmetric architecture of the film generated
by NIPS and the solvent accessibility. Here, we speculate that the need to densify the film prior
to form the cylindrical nanostructure would further accentuate the development of a grain
growth front (at the expense of the sponge-like substructure®®4?) that is inherent to the formation
of a gradient in solvent concentration along the z-direction during the SVA treatment.*>*3 This
behavior would ultimately favor the formation of anisotropic grains (i.e., larger in the z-

direction) containing vertically-aligned cylinders, especially when a blending strategy is used.



Figure 4: Cross-sectional SEM views of a PDMSB-b-PS-b-P2VP/PS-b-P2VVP monolith
generated by NIPS-SVA (3h, CHCIs) showing (a) the full material having a thickness of ~15
pm and the presence of vertically oriented cylinders located on the film (b) top and (c) bottom
surfaces. Inset: Cross-sectional SEM images showing (a) straight cylinders over 6.5 um of the
film thickness and (b) a magnified view of cylinders close to the top surface. Scale bars: 500
nm.

As one possible application of monoliths entirely composed of vertically oriented P2VP-
based cylinders is their used in membrane technology, flux performance measurements were
conducted on both NIPS- and NIPS/SVA-made PDMSB-b-PS-b-P2VP films blended with 20
wt. % of PS-b-P2VP chains. For that purpose, the mean water permeance of three different

PDMSB-b-PS-b-P2VP/PS-b-P2VP films exposed to a CHCI3 vapor for 3h has been plotted as

a function of the hydraulic pressure applied from 0.5 to 2 bar, using a dead-end stirred



ultrafiltration cell, and was compared to the mean value obtained from the as-cast (no SVA)
material (see Fig. 5). Regardless of the SVA treatment duration, all blended PDMSB-b-PS-b-
P2VP films deposited on a porous (0.1 um) hydrophilic PVDF support demonstrated an
excellent stability over material failure even at 2 bar since a linear change in water flux with
the increase in pressure drop is observed (water conditions: pH =7 and T = 22°C). We also
observed that the highly porous (asymmetric) terpolymer films generated by NIPS showed a
mean water permeance value of 156 L h"t m? bar?, which is in the same range than the mean

value measured from denser (symmetric) materials generated by NIPS-SVA (114 L h™* m™ bar

1).
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Figure 5: Water fluxes, J, of the NIPS made PDMSB-b-PS-b-P2VP/PS-b-P2VP materials
exposed to a CHCI3 vapor for different times: (red dots) 0 min (only NIPS) and (black dots)

180 min (NIPS-SVA). Error bars are the standard deviations of the mean relative permeability
values calculated for 3 different samples.

It is quite surprising to notice that the (as-cast) asymmetric film feebly outperform the solvent-
annealed (3h, CHCI3) 15 um thick monolithic material since the former exhibits a high porosity

as revealed by the SEM images presented in Figure S3. This unexpectedly low permeability



might be due the formation of a poor connectivity between the pores during the NIPS process,
resulting in the creation of some dead-end pores. At the opposite, the PDMSB-b-PS-b-
P2VP/PS-b-P2VP monoliths, having vertical cylinders with a long range order, show a higher
permeability than that reported in the literature from Pl-b-PS-b-P4VP membranes, comprising
a sponge-like substructure and a 100 nm thick top surface with P4VP porous domains packed
in a 26 nm period square lattice (~24 L m2 h'! bar1).** For these P1-b-PS-b-P4VP membranes,
the Wiesner group determined that the calculated permeability (310 L m2 h! bar™®) using the
Hagen-Poiseuille (H-P) law (discussed below) is greater than the measured permeability which
suggests that the sponge-like substructure contributes to permeability. In other words, the
hydraulic pathways formed in their asymmetric substructure are not fully effective like those
generated by NIPS within our PDMSB-b-PS-b-P2VP/PS-b-P2VP films, notably in the absence
of a pore-forming agent such as P4VP homopolymer.® To extend the comparison, it is worth
noting that the hydraulic permeability value measured from an unblended PDMSB-b-PS-b-
P2VP film generated by NIPS-SVA (3h, CHCl3) was found to be very low (~2 L m2 h™ bar?)
(see Fig. S6). This behavior is due to fact that in-plane (i.e., dead-end) cylinders are mainly
formed within the unblended terpolymer material (see Fig. S7 and S8). This result also
implicitly confirms that perpendicular cylinders are produced within the blended PDMSB-b-
PS-b-P2VP films generated by NIPS-SVA (3h, CHCI3).

As the NIPS/SVA-treated material exhibits monodisperse cylindrical nanochannels with a
fully perpendicular orientation, we attempted to estimate the P2VP pore radius (Rpravp)
according to the Hagen-Poiseuille law:

. w d*AP
128 x u xT XL

J

where J is the flux, N is the areal density of pores (1.36 X 10% pores/m?), d is the pore diameter,
AP is the transmembrane pressure, u is the viscosity of water (9.54 X 10 Pa.s at 22°C), ris

the pore tortuosity (z = 1 for vertically aligned cylinders) and L represents the nanochannel



length. In our case, a permeability, JJAP, of 114 L m~2 h™! bar! was measured which gives a
P2VP pore radius value of ~9.5 nm, assuming that the hydrophobic PDMSB domains are not
permeable to water. This value remains consistent with the lattice constant (a = 27 nm), and is
in fairly good agreement with the one extracted from the AFM image (Rpave.aArm = 8.4 NM)
presented in Figure S9 from which a PDMSB domain radius of ~6.6 nm was also measured.
Note that the P2VP domains are found slightly larger than the PDMSB ones in accordance with
the different volume fractions of the terpolymer films blended with 20 wt. % of PS-b-P2VP
chains (¢rompe ~ 0.14, ¢ps ~ 0.68 and ¢grove ~ 0.18).

To know more about the selectivity of PDMSB-b-PS-b-P2VP/PS-b-P2VP monoliths
generated by NIPS-SVA (3h, CHCIy), the rejection tests of commercial 20 nm and 40 nm
(diameter) gold nanoparticles (NPs) were conducted (see Fig. 6). In this regard, UV-visible
spectroscopy measurements were performed to determine the Au NP concentrations in the feed
and permeate solutions, and the absorbance data were used to calculate the rejection percentage,

R, as follows:*
Ay
R = (1--2) x100
Ag

where As and A, are the UV-visible maximum absorbance values of the feed and permeate

solutions, respectively.
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Figure 6: (a) and (b) UV-visible spectra of the feed (blue) and permeate (black) recorded over
the 400-800 nm spectral range for the 20 nm and 40 nm gold NPs, respectively. All the UV-
visible spectra mainly consists of a peak centered at approximately 520 nm (530 nm) that
corresponds to the surface plasmon polariton generated by the 20 nm (40 nm) gold NPs. Inset:
Photographs showing the (left) feed and (right) permeate solutions.

A rejection of ~43% of 20 nm NPs was achieved at 0.5 bar from the solvent-annealed (3h,
CHCl3) PDMSB-b-PS-b-P2VP/PS-b-P2VVP monolith (see Fig. 6a). This behavior is in
accordance with the Gaussian distribution showing a mean radius value of P2VP domains
centered on ~8.4 nm (see Fig. S9b) and confirms that the water transport is not dominated by
the formation of macro defects (> 100 nm) within the blended terpolymer membrane during the
SVA process. Interestingly, although the permeate appears colorless in the photograph
presented in Figure 6b, the 40 nm gold NPs were not completely blocked as expected since a
rejection of ~75% was demonstrated at 0.5 bar from the blended PDMSB-b-PS-b-P2VP
monolith generated by NIPS/SVA. To elucidate this phenomenon, dynamic light scattering
(DLS) were performed on the feed, permeate and retentate solutions, and it was observed that
the average hydrodynamic diameter of Au NPs contained in the permeate solution was ~31 nm
while average sizes of ~40 nm and ~43 nm were determined in the feed and retentate solutions,
respectively (see Fig. S10). Although these results clearly show that only the smaller gold NPs,
initially contained in the feed solution, were not blocked by the P2VP pores during the filtration,

some defects with a diameter > 30 nm were necessary formed within the blended PDMSB-b-



PS-b-P2VP monolith, and would explain why the P2VP pore radius determined by the H-P law

(Ru-p ~ 9.5 nm) is slightly larger than that measured by AFM (Rarm ~ 8.4 nm).

Conclusion

We have demonstrated the fabrication of freestanding nanoporous terpolymer monoliths
(~15 um thick) entirely composed of tetragonally-packed and vertically oriented cylinders. A
fully perpendicular orientation of nanoporous nanodomains was achieved by combining a
blending strategy with a NIPS-SVA process. This perpendicular orientation of cylinders was
demonstrated by direct microscopy (SEM and AFM) and indirect scattering (GISAXS) methods
while their physical continuity through the entire film was confirmed by water permeability
tests. Such freestanding nanostructured monoliths endowed with vertically aligned
monodisperse pores are expected to find applications in advanced membrane and electrolyte

technologies.

Experimental
Material: The PDMSB-b-PS-b-P2VP chains were prepared by anionic polymerization via

a sequential addition of 1,1-dimethylsilacyclobutane (DMSB), styrene (S) and 2-vinylpyridine
(2VP) monomers in THF/heptane (1:1,v/v) solvent mixture at -48°C using sec-Butyllithium
(sec-BuLi) as initiator (scheme S1).The reaction was terminated using degassed methanol
(MeOH) and the PDMSB-b-PS-b-P2VP chains were precipitated twice in MeOH prior to be
dried in oven at 45°C for overnight. The PDMSB-b-PS-b-P2VP terpolymer has a molecular
weight, Mn, of 52 kg mol™ (b ~ 1.06) and volume fraction ratios of PDMSB/PS/P2VP =
15:70:15. The PS-b-P2VP chains were synthetized by anionic polymerization as described
previously*® to achieve M, and ¢rs of 20 kg.mol™* (P ~ 1.1) and 0.52, respectively. The 20 nm

and 40 nm gold NPs, used for the rejection tests, were purchased from Sigma Aldrich.



Fabrication of asymmetric PDMSB-b-PS-b-P2VP thick films by NIPS: Unblended and
blended asymmetric PDMSB-b-PS-b-P2VP films were generated by NIPS following the
procedure described in Figure 1 (steps 1-3). To perform the water permeability tests, some
NIPS-based PDMSB-b-PS-b-P2VP films were deposited on a 100 nm thick poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Sigma Aldrich, 2.8% wt. in
water) layer in order to facilitate the removal of the terpolymer layer from the substrate. In this
case, silicon pieces were treated by an oxygen plasma in a home-made chamber (plasma
conditions: 45 W, 75 mTorr Oz, 10 min) prior the deposition of the sacrificial PEDOT:PSS layer
(spin-coat conditions: speed = 1000 rpm, acceleration = 500 rpm.s™', time = 90s).

Fabrication of nanostructured PDMSB-b-PS-b-P2VVP monoliths by SVA: To produce
monoliths entirely composed of a cylindrical phase, unblended and blended PDMSB-b-PS-b-
P2VP films generated by NIPS were exposed to a CHCIz vapor for 3h as shown in Figure 1
(step 4). Here, a continuous flow system was used to control the CHCI3 vapor pressure (32 sccm
CHCls + 8 sccm Ny) in the SVA chamber as described previously.*’ Note that the PDMSB-b-
PS-b-P2VP films were blended with 20 wt % of PS-b-P2VP chains to achieve vertically aligned
cylinders while a higher doping level of PS-b-P2VP chains (e.g., 30 wt %) within the
terpolymer layer resulted in the formation of unidentified phase having hexagonally-packed
nanodomains (see Fig. S11). Besides, although a residual Debye-Scherrer ring could be
observed on the 2D-GISAXS pattern, perpendicular cylinders arranged into a square array were
also mainly produced within solvent-annealed (3h, CHCI3) PDMSB-b-PS-b-P2VP/PS-b-P2VP
films spin-coated from a 18 % wt. terpolymer solution in a di-solvent mixture (DOX/THF:
80/20 by weight) (see Fig. S12). The morphology of vertically-aligned cylinders generated by
spin coated-SVA is shown in Figure S13. Interestingly, the 2D-GISAXS pattern presented in

Figure S12a showed a Debye-Scherrer ring consistent with the presence of randomly oriented



nanofeatures having a period of ~31.4 nm within the as-cast (spin-coated) blended terpolymer
film.

AFM and SEM imaging: Atomic force microscopy (AFM Nano-Observer, CSInstruments)
was used in tapping mode to characterize the surface morphology of PDMSB-b-PS-b-P2VP
thick films. Silicon cantilevers (PPP-NCH, Nanosensors) with a typical tip radius of ~5 nm
were used. The resonance frequency of cantilevers was about 235 kHz. Scanning electron
microscopy (SEM, Hitachi S-4800) was used at an accelerating voltage of 5 kV to acquire top
view and cross-section images of both asymmetric thick films and monoliths. Prior to use the
AFM and SEM imaging techniques, PDMSB-b-PS-b-P2VP thick films were treated with a
fluorine based plasma in a home-made chamber to improve the image contrast (plasma
conditions: 45 W, 75 mTorr CF4, and 90s).

SAXS and GISAXS characterizations: SAXS experiments were performed on the
D2AM French-CRG Beamline at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. A XPAD 2D pixel detector was used for recording the 2D scattering images,
and a 2400 mm sample-to-detector distance was chosen. The energy of the X-ray beam was 11
keV. The 2D images were radially averaged around the center of the primary beam to obtain
the isotropic SAXS intensity profiles. The scattering pattern from a specimen of silver behenate
was used for the calibration of the wavevector scale of the scattering curves. Finally, the data
were normalized to the intensity of the incident beam to correct for primary beam intensity
fluctuations. GISAXS experiments were performed on the Dutch-Belgian Beamline
(DUBBLE) at the European Synchrotron Radiation Facility (ESRF) station BMZ26B in
Grenoble.*® A monochromatic beam of 12 keV was set using a Si (111) double crystal
monochromator. The sample (typical size of 150 mm?) was shone with the X-ray beam with an
incidence angle of 0.2°, that was above the critical angle of the polymer, ensuring full

penetration of the X-ray beam in the material and hence, analyzing the full volume of the



sample. The 2D scattering patterns were collected with a PILATUS3 S 1 M detector. The
scattering vector and the sample to detector distance were calibrated using silver behenate as
standard, obtaining a sample-to-detector distance of 7500 mm.

Water flux performances and gold nanoparticle filtrations: The water permeability of
the different PDMSB-b-PS-b-P2VP thick films was measured in a 10 mL filtration cell
(Amicon 8010 stirred cell) connected to a water reservoir and a compressed air line. The
measurements were performed on 2.5 cm diameter PDMSB-b-PS-b-P2VP material discs
supported by a high permeable hydrophilic PVDF material (water permeability of ~ 2900 L h-
1 m2 bar)* in order to achieve reproducible measurements between 0.5 and 2 bar, notably by
avoiding large deformations (and eventually ruptures) of the terpolymer film when the pressure
drop is higher than 1.5 bar. The mass of water passing through the stacked materials (permeate)
was recorded using a connected balance at regular time intervals for 7 min. Water temperature
was maintained at 22°C during the measurements while the error bars were calculated from 3
different samples. In order to avoid a non-linear behavior of the water flux with the increase in
pressure drop, a transmembrane pressure of 2.5 bar was systematically applied during 10 min
on each terpolymer film prior measurements to determine their permeability performance. An
UV-visible spectrometer (Shimadzu, UV-2401 PC) was used to measure the 20 nm and 40 nm
nm gold NP concentrations in the feed and permeate solutions by recording the UV-visible
spectra over the 400-800 nm spectral range. The hydrodynamic diameter distributions of the
gold NPs contained in the feed, permeate and retentate solutions were determined with a DLS
instrument (Anton Paar, Litesizer 500) equipped with a 40 mW He-Ne laser operating at 658

nm. Samples were analyzed in quartz cuvettes, and the temperature was set at 25°C.
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