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Abstract

Membranes were preparéy selfassemblyand castingof 5 and 13 wt%poly(styreneb-
butadieneb-styrene) (P$-PB-b-PS) copolymerssolutiors in different solventsfollowed by
immersion in wateor ethanol By controlling the solutiortasting gap, porous films of 50 and 1
em thickness were obtained. gradient of increasing pore size was generated as the distance
from the surface increasednArdered pasus surface layer witbontinuous nanochannetsuld
be observed. ltrmation was investigated, by using thresolved gazing incident small angle
X-ray scattering, electron microscopy, and rheology, suggesting a strong effect of-the air
solution interface on the morphology formatiorhe hin PSb-PB-b-PS ordered filmswere
modified, by promotingthe photolytic addition 6thioglycolic acid to the polybutadiene groups
addng chemical functionality and specific transport characteristws the preformed
nanochannelswithout sacrificing the membrane morphology. Photomodificatrameiasedb-
fold the water permeande aroind 2L m? h* bar?, compared td¢hat ofthe unmodifiedone A
rejecton of 74% was measured fomethyl orange in waterThe membranedabrication with
tailorednanochannels anthemical functionalitiesould be demonstrated using relativiwer
cost block copolymergCasting on porous polyacrylonitrile supports makes the membranes even

more scalable ancbmpetitive in large scale.



1. Introduction

Membranes prepared by combining block copolymerassembly and phase inversioave
been now explored and optimized for a dec8d®.In addition to high porosity and narrow pore
size distribution, he membranesanhaveother interesting propertiegarious stimulresponsive
behaviorg® 4 form complex with different metals for cataly§isor antifouling activity® 7 The
chemical functionality of the membranes can be tailored by incorporating functional groups
useful for different separation8.number of diblock opolymershave beemsedfor asymmetric
membrane fabricatiohy phase inversion. In most casese of the blocks is polystyrerieS)
The following hydrophilic blockshave been investigategoly(4-vinyl pyridine) (P4VP)8-10
poly(2-vinyl pyridine) (P2VP)* poly(ethylene oxide) (PEO)*? poly(acrylic acig.*®l
Membranes have been also prepared from ABC triblock copolymers, spolyiasprened-PS
b-P4VPI4 and PSb-P2VRb-PEO 'S 161 Most preparednembranesperate in the ultrafiltration
range,with well-orderedand uniform pore sizes of 28D nm.The structure formation has been
recently reviewed! It results from a combination of factors, which contributes the
morphology of different layers of the membrak&celle formation inthe casting solution is one
of the key aspectsAmphiphilic block copolymerswith high FloryHuggins interaction
parameters between blockae thereforeparticularly convenient fo morphology contrgl
providing a large flexibility of solvent selection to tune the micelle formatiglembrane
preparation by the same methodology using only hydrophobic blocks has not been explored yet.
In this work, we prepared for the first time meates with welldefined nanostructures based
on a fully hydrophobic terpolymer, poly(styrebéutadieneb-styrene) (P$-PB-b-PS), using
phase inversionFully hydrophobic membranes could be used for applications, such as
membrane distillation, whictequire hydrophobic membranes to repel liquid water, but facilitate
vapor transport.

The second part of this work explores a method of nanopore functionalizhtmne.
recentl{*”! we have demonstrated that nanochanwils 4-5 nm diameter coulte formedwith
a high density of hydrogebondgroups, leading to effective separation of proteins freumnal
solutes of similar size. Here we promote functionalization by conduptiotplytic addition of

thiols to the polybutadiene blocks tune the membranegparatiorcapacity.



2. Results and Discussion

Solid bulk morphology

The synthesize® Sior-b-PBssi-b-P Siok shows typical microstructure (92 wt% 1ghd 8
wt% 1,2) of polybutadiene, in benzems,observed in th#d-NMR spectrum in Figure SThe
size exclusiorthromatographandthe molecular characteristio§ PS, PSo-PB; 4 intermediate
andPSb-PBy 4-b-PStriblock copolymerare givenm the supporting information.

The equilibrium structure dhe bulk of annealeBSiow-b-PBzsk-b-PSi2k terpolymerfilms
was analyzed A solid dense filmwas castfrom 5 wt% terpolymer solution in toluenand
slowly dried for 5 days at room temperature. Figsréa 1b and leshow the transmission
electron microscopelTEM) images of the film stained with Os(selective for butadienegnd
the small angle >ay scattering (SAXS) profile dhe film. The TEM imagesnd tomography
confirmedthe formation ofhighly-ordered bicontinuous structgreiith a complex3D network
of dark/gray stainegolybutadiene domaingithin the brightunstained polystyrene matriXhe
doublewave morphology in the right part ¢igure lais characteristioof the crosssection
trough the(211) plane of a double gyroid structuté.Areas like the ones marked Figure 1b
resemblavagon wheel pattern representing (h#&1) projection and others with the cressction
of double gyroid network paralleb the (110) planel*® The relative position of the peaks in
SAXS profile in Figure le are located alpq*, ¢ g*, Wt 1*, Mu m*, which fall into the
sequence attributed to gyroid morpholpgimilar to report in théteraturefor other systemg9
The lowest diffraction ordepf Vi corresponds to periodic distances of 106 nm. Distances
measured by TEMred scaling marks in Figure laje around.18 nm

Tomograpic analysis of the film was performegthuilding a 3D profile of the film
structure by acquiringa series of TEM images at different tilting angles. It is evident that the
terpolymer formed an ordered bicontinuous structure as shown in FiguamdL H (video

provided as supporting information)
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Figure 1. (a,b) TEM imagesof the bulk of PS;ok-b-PBzsk-b-PSi2k films cast from toluene and
stained with Os@ (c) A 20-nm thick virtual sliceand (d) 3D rendering modeéxtracted from

the tomogram shows the well ordefgidontinuous structure and the double wave morphology
(scale bars are 100 nraind (e) SAXS profile

PorousP Sio-b-PBgsi-b-PSi2x membranes were preparbyg casting 13 wt% solutions in
dioxane, tetrahydrofuran (THF), chlorofoland tolueneMembranegastfrom solutions inpolar
solvents were precipitated in water while those from-polar solvents were precipitated in
ethanol. The membranes prepared from dioxane were precipitated both in water and ethanol.

AFM images of the membranes (Figur@) Zhow tha solvents andnonsolvents
influenced the structure of the membranBise bright areagn the AFM imagesepresent the
polymeric matrix and the dark areas are pores or voids, which are also confirmed by the SEM
images of the corresponding membraimeBigure S4 Various ordered structuregere observed
A highly ordered hexagonal structure was obtained R&ok-b-PBssi-b-PSiok membrane
prepared fronsolutions indioxanecoagulagd in water. When ethanol was usedcaaguétion
bath, a highly isoporous kagonal structure was obtained with pores slightly more open.

Membranes prepared frosolutions inchloroform had a mixture of hexagonally ordered pores



and horizontally aligned cylinders. On the other hand, THF and toluene produced worm like
structures onhe surface.

The SEM images of the membrane cross sections (Faipishowed that the membranes
formed a thin ordered layer on the surfamgpported by a spongublayerstructure.As in the
case of AFM the images indicate cavities and pores, without chemical contrast. To obtain
information on PS and PB block distribution, TEM was u3éd TEM images of the membrane
top layer are shown in Figurg As in Figure 1, lte dark areas corresponablybuadiene
domains, stained with Os@ The bright regions could be unstained polystyrene and open
channels filled with resin in the TEM sample preparation.

The structure formed on the membrane surface was guided by the partial evaporation of
the solvent before ¢himmersion in the nesolvent bath. The seissembly in solution and the
morphology evolution during evaporation were investigated by SAXS and GISAXS, as shown in
Figure 4. Figure 4a gives information on how polymer concentration affects order, kdeping t
solvent composition constarmt. low order is observed in solutions withl8 wt% solutions. 18
wt% solutions are characterized by peaks, which correspond to hexagonal ordeispEong
at this concentration was 43 nm, slightly lower than the distabeeveen the pore centers of
membranes cast from dioxane solution, followed by immersion in water. At higher concentration
(25 wt%), the principal peak was shifted to a lower q, but the characteristic ratio sill corresponds
to hexagonal order. The lower means larger -8pacing, larger periodic features. A more
realistic investigation of the morphology evolution during membrane formation was conducted
by timeresolved GISAXS with solvent evaporation (Figure 4b 4o A film was cast from13
wt% P Sio-b-PBssi-b-PSiok solutions in dioxane. After 10 s evaporation, scattering peaks with
ratios corresponding to hexagonally ordered structure were observed. As evapnateatded
the peakdecamdess evident, indicating that the hexagonal order might be test@iter 200 s.

The first peak practicallydid not shift and the -@pacing calculated from the q values
corresponding to the intensity maximum was 49 nm, very close to the distances between the pore
centers of the membranes prepared from dioxane. Itigemvthat the hexagonal structures
formed on the final membrane are related to the order achieved during solvent evaporation step.
By immersion in the nosolvent bath, a fast solvenbnsolvent exchange is promoted. If the
solution concentration is highnd the order stable, the structures achieved in solution are

practically frozen and pores in the solutioonsolvent interface are formed with solvent



transferring to the coagulation bath. In layers far from the interface solversiolvent
exchange islower and macrophase separation can proceed, forming larger pores, leading to a
morphology, which is less influenced by the block-sssembly.

As reported for other block copolymer membraieshe order in solutiorguides the
final membrane morphology. THeSio-b-PBssi-b-PSi2k membranes were prepared by casting
and immersion in water or ethanol as fsmivents.Selfassembly witha hexagonal order was
confirmed by SAXS and GISAXS3Vhen immersed in water, a fast solvaohsolvent exchange
takes place. The solvent quality arouti copolymer chains fast deteriorate, the polymer
polymer interaction becomes stronger than between polymer and solvent. The friction between
chains increases, reducing the system mobility. The solvent exchange is faster at the copolymer
solutionrnon sdvent interface. Far from the interfadee nonsolvent introduction is slow and a

macrophase separation evolves forming larger and disorperes.
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Figure 2. Images ofP Sok-b-PBgsk-b-PSi2x membranegastfrom 13 wt%terpolymerin various

solvents followed by immersion in wateand ethanol: (a) AFM of the surface and (b) SEM of
crosssections.



(b)
Figure 3. TEM images ofmembranes cagtom PSiok-b-PBssk-b-PSi2k solutionsin dioxaneand
immersed in (awaterand (b)ethanol The dark phase# higher magnificatiorcorrespond to
polybutadiene.
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Figure 4. (a) SAXS curves of P&i-b-PBssk-b-PSik solutions in dioane with different
concentrations; (bI3ISAXS inplane curvesand (c) 2D patterns fdiilms cast from 13 wt%
PSioi-b-PBasi-b-P Si2¢ solutionsaftervarious evaporation times

Other mhysical properties of the polymer solutions were investigated using dynamic light
scattering (DLS) and rheology measurements. The DLS measurements of the dilute solution
showed only a small variation (Z¥ nm) of hydroginamic radii (Zaverage), indicating that the
solvents have similar interactions with the polymer bloZkaverage valuefor PSoi-b-PBgsi-b-

PSS slightly increasd in the following sequencehloroform < dioxane< toluene< THF.

Larger values indicate better solvent qualifijable S2 shows Hansen solubility paramete(s)



of polymer blocks, solvents and nseolventsand solvenblock Flory Huggins interaction
parametersd), estimated from theiti values?!! Polystyrene and polybutadiene have similar
solubility parametertsTheir (block-block) Flory-Huggins interaction parametés as low as
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Figure 5 Frequency sweep of 13 %tP Siok-b-PBssi-b-PSik in various solvents.

The radius of gyration (R can be estimated from values of the hydrodynamic radis)s (R
measured by DLS, using the following equatih
Rhn=0.77R Q)
Rg values for the copolymer in the different solvents are between 13 and 18 nm. firalueR,

the concentration at which the block copolymer coils start to entabg)ecén be estimated by

9
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where M is molecular weight andaNs the Avogadro numbé&?® The values of)“are 12 wt%.

This means that the casting solutions used for membrane prepaaagitnghly entangled
systens. This contributes to some extent of elasticity, reflected in the storage modulus. At higher
oscillation strain values, disentanglement is promoted and the storage modulus decreases.
Particularly toluene might be able to plasticize the chains, leadihger loss modulus over
storage modulus.

The rheology measurements (g 5) showthat PSiox-b-PBssi-b-PSi2¢ in dioxane and
chloroform has higher viscosity compared to other solutions. This is consistent with the DLS
measurementsince dioxane and ahoform are less favorable solvenltisading to the lowest
hydrodynamic radii. Abov@®” a poorer solvenfavors polymerpolymer segmeninteraction
over polymersolvent. Friction between segments increases, reflecting in a higguarsity.
Membranes m@pared fromdioxaneand chloroform formed hexagonally ordered pores, while
those preparedfrom solutions inTHF and toluene formed a wotlike structure.Stronger
interactions between copolymer segments probably contribute to stapiider in solution,
while in a more flexible liquid system order is lost as the membrane formation proceeds to the
final steps, by immersion in the nsolvent.

Both PS and PB blocks are hydrophobic &amtito be equally placed dhe air-solution
interface Since THF and toluene are less selective tharane and chloroforrmon-preferential
wetting is observed during the evaporation step and horizontally aligned cylinders are formed.
Dioxane and chlorofornare more selective to polybutadiene. At tledusonair interface, a
hexagonally ordered structure is more favored, similar to the formation of metastable surface

morphology in confined systems with a constant mean curv@ture.

Membrane modification

In this paper, we explored the possibility axfdingchemical functionalityto the PShb-
PB-b-PS membranes using a simple and scalable photomodifaatute via thieene reaction

PSioi-b-PBzsi-b-PSi2k membranes were modified to introduce functional grotqpgenerate

10



hydrophilic channelsand facilitate separations witlhe transport of molecules preferentially
interacting with carboxylic groupsA photolytic addition to the butadiene groups o€ th
membrane was performed using thioglycolicdacising an analogousgrocedure reported for
modification of1,2-polybutadienavith mercaptoacetic acié’! The membrane was immersed in
thioglycolic acid solutiors in methanol with varying concentratiq®.07, 0.13 and 0.33 M)
Benzophenone was used as photoinitiatadiférent concentratioa (0.0015, 0.003 and 0.0073
M). The reacthn was performed undemn oxygenfree condition for 24 h using 365 nm UV
light.

Figure S5 shows the FTIR spectra of the membranes with various modification degrees
and the scheme of the expected reacthmthe concentration afiioglycolic acidincreased five
fold, a peak at 1710 cf corresponding to carboxylic acid groups, appeared. XPS analysis
(Figure 6) confirmed theincorporationof SCHCOOH groupson the membraneby the
appearance of sulfur peaks in the XPS spectrum. The SEM images of the modified membranes
showan only minordecreasef pore size and no furthenorphologychange(Figure6, inset$.
Water ontact angle measurements the membranebefore and aftemodification indicated
thathydrophilicity increased. The contact anglehange from 98.3 + 2.7for the unmodified film
t0 98.5 £ 2.8, 90.7 = 0.7 and 84.5 + Al® exposing it to 0.07 M0.13M, 0.33Mthioglycolic

acid solutions.

11
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Figure 6. XPS spectra andbEM images (insets) of tHeSyox-b-PBgsi-b-PSi2x membranes before
and after photolytic addition with 0.33 M thioglycolic aeilbng with the reaction scheme of the
photomodifcation (top)

We have demonstrated here that veetlered isoporousnembranes can be fabricated
from PSioi-b-PBssicb-PSiok, a class of block copolymethat are commercially availabln a
large scale. However we recognized that optimization was necessary to improve the water
permeation. This was performed by castingtier PSyo-b-PBssi-b-PSiok films on a porous
polyacrylonitrile  (PAN) support and promoting a photomodification of the hydrophobic
polybutadiene phas€igures 7a and7b showmembranes prepared fromn&% polymer solution
in dioxane leading toa e m s el ect i well-orteeed structure ansdif-assembled
continuous nanochannelén Figure 7b, the dark phasedso correspond toOsQ; stained
polybutadienedomains The bright ares are related tdhe pdystyrene phase aneémpty
nanochannelsViembranes prepared from the 13 wt% (Figure 3) and 5 wt% (Figuslttiors
had a similar crosssectionalarrangementn layers close to the surfaceHowever, in the first
case, thecopolymer concentration was much high&s shown by SAXS in Figure 4 order in
solution increases with concentration. Therefore a more ordered surface morphology was
obtained in membranes prepared from 13 wt% than from 5 wt% (Figure 7a). Evaporation time

was also different in both cases.
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The tin PSo-b-PBgsi-b-PSi2k membranedepicted in Figure Wwas then photomodified
using 0.33 M thioglycolic acid in methanol for 24 h to incorpo&-bCOOH groups. Energy
filtered TEM EFTEM) element map o$ulfur (S)was performed teisudize the distribtion of
SCHCOOHalong the cross sectiarf the photomodified Syok-b-PBgsi-b-P Siok thin membrane
Figure 7c exhibits the Senriched domainson the photomodifiedPSiok-b-PBasi-b-PSiok
membraneconsistent with the bicontinuous structure of tembraneZero loss filtered image
(ZL) of the modified membrane is provided in Figurg Bigure 7d showsmages obtained by
high angle annular dark field (HAADF), scanning TEM (STEM) and electron energy loss
spectroscopy (EELS) technicuat high magnificationIn contrast to EFTEM mode, the bright
phase in the STEM mode corresponds to the /Gd@ned polybutadiene domains, while the
dark phase corresponds to the polystyrelmmains and residfilled nanochannels High
magnification STEMEELS mapping reveadt that S-groups are located, as expectedhe
polybutadiene (Figure 7d)hase We believe that nanochannels are present with walls initially
formed by polybutadiene blocks. The incorporation of carboxylic groups attached to
polybutadiene by thieenereacton turns the channels hydrophilic, potentially increasing the

water permeation as confirmed below.
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Figure 7. (a) SEMimage of the surfacand (b) TEM (OsQ stained) ofcrosssections ofthin
membranes prepared from 5 wt% R&b-PBssi-b-PSi2« solutions in dioxane cast on
polyacrylonitrile (PAN) porous support. Theinset shows the TEM image at a higher
magnificatiory (c) Sulfur-specific Lo 3 edgeEFTEM imaging (d) HAADF images and STEM
EELS map of S tzedgeof themodified PSiow-b-PBgsk-b-PSiok membrane

Filtration measuremesiperformed withthe thin PSio-b-PBssi-b-PSi2« layer (Figure 7)
membrane on PAN support confieeh thatthe photoaddition of thioglycolic acid on the

14



membranes improved the water permeance by a factor of 5 (F8girand doubled the
permeation of methanol compared to that of-nmdifed membranedhis result indicats that
the photomodification creadea higher preferential transpgrathfor water due to the presence
of carboxylic acid groups along the chann&lse membranes before and after modificatical
stable fluxin a continuous deaend filtrationcell for more than 8 hourat 3-bar transmembrane
pressurgindicatingthatthe mechanical stability of the membraireserms of compactiors not
altered by thechemical modification

The membranes rejastt 74% of methyl orange (327 g/mol) and 100% of brilliant blue R
(826 g/mol) in water (Figur8b) with no significant dsorption of dyes on the membrasiaface
(Figure S7). We then examined thaejectionof a nedral dye (vitamin B12 and a positively
charged dye(rhodamine B. The membrane had almost no rejection for vitamin B2
rhodamine B(Figure 8c) A small decrease of the rhodamine B absorption peak in the permeate
was due to a severe adsorption of the dye as depicted in Figufde&imean pore size of the
functionalized membrane was then estimatsidg poly(ethylene glycol) (PE@) neutral solute
with different molecular weight@=igure 8d) The resultsuggestd that the membrane had mean
pore sizes off.4 nm with the pore size distribution presented in Figure A&ough themethyl
orange and brilliant blue have molecular sizé around 1 nm, their transport through the
membranes isighly affected by the sémce chargeof the modified PSiow-b-PBasi-b-PSiok
nanochannels. The presenc&s@HCOOH groupsprovidesmore negativehchargedoore walls
due to the carboxylic acid moietieEhe tortuosity of theP Sioi-b-PBssi-b-PSiok nanochannels
might also influence the solute transporhe transport mechanism of dyes this caseis
similar to the ion rectification mechanism through rfandic channelswhich is influenced by
several factors, which includurface chargesurfaceto-volumeratios, double layer overlagnd
entropic barrier€” Furthermore the significant increase in the water permeance after the
incorporation ofSCHCOOH groups shows thaiur approach provides the opportunity to push
the membrane performance beyond the permeabiitgctivity tradeoff. The permeance can be
further increasedy optimizing the reaction condition (@. temperature, concentration) as well
as increasing thamount of 1,2polybutadiene content in the block copolyndere to its higher

reactivity compared to the tpblybutadiene

15
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Figure 8. (aWater and methanol permeance of modified mmdodified PSok-b-PBasi-b-P Siok
thin membranes(b) UV-Vis absorptionspectra of methyl orange (MO) and brilliant blue (BB)
as well as (c) vitamin B12 (B12) and rhodamine B (Rieefls and permeaté®m the filtration
tess of the modifiedP Syok-b-PBssi-b-PSi2« thin membranegd) Rejection of PEG with different

moleculaweightsof the modifiedP Siok-b-PBssi-b-PSi2« thin membranes

Exploration of other thiekne reactions for the photolytic addition of B®oi-b-PBgsk-b-
PSiok membranes can be done, using different types of thiol compounds. For instahcal
photoaddition of thiolgeportedonto 1,2polybutadiene could be adapted to thedP=®B-b-PS
membranes?® This photoaddition invol thiols containing carbonyl, amino acids, glucose,
and cholesterol molecules thabuld beinterestingfor specific separati® Such functional
groups can create selective nanochannelsich exhibit special interaction (eg. hydrogen
bonding, electrostic interactions, etc) with molecules passing through the membranes to
perform separations that cannot be done by conventional membranes, as previously demonstrated
by our group, using a block copolymer containing hydrogen bonds &fleln addition the

increased hydrophilicity of the membranes after modification can be beneficial to improve the
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anti-fouling properties of the membranes. Our approach can open the avenue to develop robust
nanofiltration membranes, having a sharp selectivity in thenanbmeter rangen addition to
anotherinteresting approach using post pore functionalizatiecenly demonstratedy Zhang
et al?®! On the other handaporous hydrophobic block copolymer membranes have fagely
reported before and therefore new applications can profit from this clasembnanes. The
hydrophobicity of the unmodified membranes as well as the high porosity andefiakd
nanochannels can be promising for applications such as membrane distithtioambrane
crystallization’®Y! andthermeosmotic energy conversidit

Finally it is worth to mention that PI&PB-b-PS terptymers with other block ratios have
been produced as bulk commodity with lower price compared to other block copolymers for
mass industrial application. Being able to develop membranes frelFABh-PS can be an

important step in terms of increasing the economic competitiveness of this class of membranes.

3. Conclusions

Our results show that membranes with narrow pore size distribution anedefiakd
nanostructures can be manufactured by combiseigassembly and phase inversiohPSb-
PB-b-PS terpolymers. Small anglerdy scattering techniqueas well as rheology and electron
microscopy were used to follow the structure formation of the membranes from the terpolymer
that has a unique bicontios structure in the equilibrium state. This analysis leads to a better
understanding of the air (vapesplution interface effects on the formation of the ordered surface
structures of the membranes. Further modification of the membranes using thiolucoisipo
provides the possibility to attach various functional groups for a specific separation without
sacrificing the membrane morphology. Thin-B8B-b-PS membranes fabricated on PAN
support show an attractive performance for nanofiltration applicati®imstomodification of the
membranes using thioglycolic acid demonssate preferential water transpprgiving the
opportunity to develop membranes with a performance beyond the permesdiéityivity trade

off using a robust and economicalhable blodk copolymer.

4. Experimental

4.1. Materials

17



1,4-dioxane @nhydrous, 99.8%ptoluene(anhydrous, 99.8%}hioglycolic acid( O 9 s
purchased from Sigmaldrich. Benzophenone (99%) was supplied from Alfa Agesar
tetrahydrofuraf 09 9. 5%) from Car | Rot h, and chloroforn

4.2. Polymer Synthesis

The Inear triblock copolymer (R8-PBy+b-PS) [PS: polystyrene; PB: poly(butadieng
with high 1,4microstructurg§ was synthesizedria sequentialanionic polymerizationhigh
vacuum technique®® 31 The detailed experimentarocedure and the molecular characteristics

of the samples are givémthe Supporting Information.

4.3. Membranepreparation

Membranes were prepared by dissolvir8)wt% P Siok-b-PBgsi-b-PSi2« block copolymerin
dioxane The solution was cast onpalyestemonwoven suppoyusing a doctor blade witB50
e m ai.The golvgnt was partially evaporated durit@s before plunging the cast filmtan
the precipitation bath of water or ethanol at room temperature. Pi8ni-b-PBssi-b-PSiok
membranes were pregar using 5 Wt%P Sor-b-PBgsi-b-PSi2k solutionin dioxane. The solution
was cast on a polyacrylonitrile membrane supp@MT Membrantechnik GmbH; Germany
using a doct orairgdp.aAftez 1 mim df Bvapbrétionsahroom temperature, the

cast film was immersed in water.

4.4. Microscopy

4.4.1. Field emission scanning electron microscopy (FESEM)

FESEMimages ofmembranesurface and crossection were acquired using FEI Novanano
microscopeat accelerating voltages & kV and working distances d.53 mm. The cross
section samples were stained with osmium tetroxide gO&®Dimprove the rigidity before
fracturing in liquid nitrogen.The samples were mounted on aluminum stubs using aluminum
tape and sputter coatesing Iridiumwith 2-5 nm thicknesdeforeimaging.

4.4.2. Atomicforce microscopy (AFM)
Agilent 5500 AFMwas used to obtain the topography profiles of the membrane surfaces.

The measurement wagperated in tapping mode using PicoView 1l1ddtware. A silicon
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cantilever probevith a resonance frequency of 263 kHz and force constant of 1229 Nm?*
was used for the measuremerte acquired imaging dataere posfprocessed using Gwyddion
data analysis software.

4.4.3. Transmission electromicroscopy (TEM)

TEM analyses oflense films annealed films amiembrane crossections were conducted
on aFEIl Tecnai 12 microscope, operating at 120 K¥ie membranes were first stained with
OsO; selective fothe alkene double bortd provide contrasindincreag the membrane rigidity
for microtomy. The sampleserethenembedded iran epoxy resin and cured at 80 for 24 h.
Ultrathin sectiongd60-80 nm) were prepared usirggn ultramicrotome (Leica EM UC6)ith a
diamond knife. The sections weasellecied on &200-300 mestcopper gridprior to imaging

TEM tomography was performagsing a Titan CT ( FEI company) operating at 300 kV
equipped with a 4k 4k CCD camera (Gatan, Pleasa@AnUSA). Tilt series for tomographic
reconstruction were acqed using the Xplore 3D tomography software (FEI Company). The
sample was tilted from 65 to +65 and images were captured at 2 degree initial intervals following
a Saxton scheme. Tomograms were generated using a back projection algorithm as implemented
in the IMOD software. 3D rendering models were generated with the segmentation tools
implemented in Avizo.

Energy filtered TEM (EFTEM), high angle annular dark field (HAADF), scanning TEM
(STEM) and electron energy loss spectroscopy (EELS) imaging and analysis were performed
using an FEI Titan ST microscope equipped with a Schottky field emission gun workd8g at
kV and Gatan Triediem energy filter.

EFTEM map of sulfur bz-edge (165 eV) was acquired using a contrast aperture of 20 eV to
reduce the aberrations mostly chromatic, and the three windows method to extrapolate the
background. Zero loss filtered ima (ZL) was acquired as a reference with an energy slit of 20
eV. STEMEELS mapping was performed in the energy range of the core loss of sijendde
as well to reveal in more detail the sulfur distribution. In the both analytical techniques, EFTEM
and STEMEELS, the S bzedge (165 eV) is not affected by any superposition effect of the
signals coming from other main elements in the sample, i.e. carbon, oxygen, and osmium. The
energies of C Kedge (284 eV), O ¥dge (532 eV), Os £3-edge (45 eV), Odls-edge (1960
eV) and Os M-edge (2031 eV) are ewll away from the £sledge.
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4.5. Dynamic light scattering (DLS)

The hydrodynamic radii (Average) of block copolymer dilute solutions in various solvents
were measured usinglalvern Zetasizer with 173backscatter measurement angle and glass
cuvette with square aperturEach sample was measured three times witii712uns per

measurement.

4.6. Rheology

Rheological measurements were performed usiRgl50Gx rheometerat 25 °C A cone
and platefixture with 20 mm diameter and 1° cone angle was ué@doscillation strain of %
was used for the frequency sweep measurenm S o-b-PBss-b-PSiok solutions in dioxane,
THF and chloroformand 10% for solutions The samples compositions were identical to the
membranecasting solution compositioi3 wt% copolymer in dioxaneTHF, chloroform, and

toluene.

4.7. Small angle Xay scattering (SAXS) and grazimggident SAXS (GISAXS)

SAXS measurements of the block copolymer solutions and solid dense films were
performel at the SAXS1 beam line of the Brazilian Synchrotron facility (LNL&Sjixed energy
of 8.0 keV and Xray wavelength of 1.55 Avere usedwith a sampleto-detector distancef
3.057 mand abeam area of fnm?. The 2D scattering patterns were acquired uBIHATUS
detector withl 7 2 2 mixeis. The solution wagdransferredusing a syringe into a vacuum cell
equipped withwindowscovered by micahrough whichthe beamncides The terpolymer dense
film was fixed using a film fixtureprovidedat the beamlineEach measurement wasne with
300 s exposure timand 24 frames The acquired 2D patterns were first corrected for primary
beam intensity and substracted by the background scattering. The intensity vattering
vector (q) profiles were obtained as the average of the azimutally integrated 2D patterns.
Time-resolvedGISAXS experimentsvere performed bfilm castingandspin-coaing thin films,
attheD1 beam line of the Cornell High Energy Synchrot&ource (CHESSA beam energy of
10.6 keV and Xray wavelength of 1.16A were usedThe copolymer solution wafirst dropped
usinga pipette onto a glass substréiked on the sample goniometaith a sampleto-detector

distance of 7 m. Anin situdodor blading systef?! was usedo cast filmswith athicknessof
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200 ,,singa casting s pexESAXSorfeasdrémenisitheamihcgdent angle of
0.13° were immediatelyinitiated after casting2D scattering patternwith 1 s exposure time
were acquired everf s usingPilatus 200ldetector Fit2D softwarewas used to obtain 1 D
profile of the scatterenhtensity versus scattering vector (q) farizontalprojections. The rat®
between the peak positions and the principal peak (g*) indtbatpredominantorder of the

nanostructuréfilm with domain spacing (dpacing)c al cul at ed as 2 [/ q*.

4.8. Modification by UV photoreaction

PSioi-b-PBzsi-b-PSi2k membranes were modifielly applying a photolytic reaction with
thioglycolic acid?®! The membranes were first immersed and washed in methanol before
reaction. For membrane aseaf 1.5 cnf, 2-10 mg benzophenone was mixed with 7.5 mL
methanol in a flasknd thioglycolic acid was addeat concentratios of approximately 0.07 to
0.33 M. Themembrane was fully immersed into the solution and the flask was capped. The
solution was shaked several times and sparged with nitrogen for 5 min to displace oxygen. The
mixture was exposed to UV light (365 nm, 8 W) in a closed box with a cooling system t
maintain the reaction condition approximately at room temperature. After 24 h the membrane
was rinsed with ethanol and deionized (DI) water and heated against DI water at 50 °C for 1 h.
For Fourier transform infra respectroscopyFTIR), X-ray photoemision spectroscopy (XPS),
and microscopy characterizations, the membranes wieré dndemitrogen stream. The FTIR
measurements were performea aThermoNicolet iIS10and XPS vas performedon aKratos

Axis Ultra DLD spectrometer

4 .9. Filtration measurements

Filtration teststhrough the membranesgere performed using a deadd Amicon cell for
ultrafiltration (effective membrane area 4.1 cnf). Transmembrane pressure used for all the
tests was 3 bailhe volumetric amount of permeand4 ¢ollected duringhe filtration period 1)
was measured, and théinx (0) and permeance)() were calculated using EquatiBrand4 as

follows.

Cc

Q

Cc

4 -
=

-
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whered is the effective membrane areandY0 is thepressure difference between the feed and
permeateRejection ofdyes(Methyl OrangeBrilliant Blue R, Rhodamine B, and Vitamin B12)
wasobservedising feed solutions of 100 ppm dyes in walre concentrations at the feed and
permeate were measured using NanoDfo@000/2000c spectrophotometer (Thermo Fisher
Scientific)at 466 nm and 556m for Methyl Orang and Brilliant Blue, respectivelyRejections
(Y) were calculated with the Equatién

~
g

. W
Y p?b—oopnnb 0]

whered and® are the concentrations d/esin the permeate and feed solution. Rejection of
poly(ethylene glycol) (PEG)as measured usiragiueous solutions @00, 1,00Q 3,00Q 10,00Q
35,000 and 100,000 g mbPEG with a concentration of 0.1 wt% each. Tineasurement of the
PEG 35,000-100,000mixture was performed separatelfPEG catentin the feed and permeate
was determined usinged permeation chromatographyi260 infinity GPC/SEC, Agilent
technologies) with two columns in series (PL aqud@jdl 40 and 60)The rejection values of
different PEG as well asalculation of PEG diameter using Stokes radaguation(Equation
6)5 3"l wasthenthe used to estimate the mean pore size of the membitman assumption
thatthe interaction between solute and membrane psmsgligible

A pgapm - 8 0)

where a is the Stokes radius (cm) and M is the PEG molecular weightfy mol
The mean pordiameterof the membrané § wasdeterminedas the PEG size (& 2a)
having50% rejection To obtain the pore size distributiop,e o met r i ¢ st agiwaar d
estimatedas the ratio of the PEG diametep)(dt 84.13% rejection ovehat of 50% rejection.
From the obtained, a n d, thé membranepore size distributionvas then determineds the
probability density functiopfAQA ¥ AA |, using Equation 8
AQA P A oD [ |

~ gp—

AA Al K Wga ¢l K

Acknowledgements

22

de\



This work wassponsoredy theKing Abdullah University of Science and Technology
(KAUST) Grant 1671- CRG2. The authors thankhristopher WaldronNimer Wehbe and
Mohamed Nejib Hedhilifor the assistance on the XPS measureme#swvell as Alessandro
Genovese for the EFTEM and STHBELS analysisand Long Chen for the assistance in the
AFM measurementsNe acknowledgeCornell High Energy Synchrotron Source (CHES®)

USA and Laboratério Nacional de Luz Sincrotron (LNL$) Brazil for the access to the
GISAXS and SAXS synchrotrdiacilities. We thankFlorian Meneau and@liago Araujo Kakile at

LNLS for their support at the SAXS1 beamlin€HESSis supported by the National Science
Foundation and the National Institutes of Health/National Institute of General Medical Sciences
under N& award DMR1332208.

23






