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Abstract: The combination of the non-solvent induced phase separation (NIPS) process with
a solvent vapor annealing (SVA) treatment is used to produce asymmetric and hydrophobic
thick films having different long-range ordered network nanostructures, which are
inaccessible via currently available membrane fabrication methods. We show that the
disordered phase generated by NIPS on the material top surface can be transformed into a
highly-ordered bicontinuous network nanostructure during the SVA process without
disrupting the substructure morphology. For instance, by using a straightforward blending
approach, either a triply periodic alternating diamond (D) structure or a core-shell perforated
lamellar (PL) phase were demonstrated on the skin layer of fully hydrophobic poly(1,1-
dimethyl silacyclobutane)-block-polystyrene-block-poly(methyl methacrylate) (PDMSB-b-
PS-b-PMMA) thick films. Such material fabrication method, enabling the formation of a
sponge-like substructure topped by a network phase having an excellent long-range order,
provides an appealing strategy to facilitate the manufacture of next-generation membranes at
large scale since these bicontinuous morphologies obviate the need of the nanochannel
alignment.

Keywords: Solvent vapor annealing, ABC triblock terpolymer, self-assembly, asymmetric
thick film, phase inversion process.

Asymmetric and isoporous block copolymer (BCP) membranes are promising materials
to achieve a better figure of merit compared to the state of the art membranes as their unique
architecture allows overcoming the ubiquitous permeability-selectivity trade-off.** To
produce such kind of high-performance materials, Peinemann et al.> have used an elegant

approach which combines the self-assembly of BCPs into an out-of-plane cylindrical
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nanostructure on the material top surface with the formation of a macroporous substructure
generated by non-solvent induced phase separation (NIPS). However, a perfect-control of the
nanopore formation is challenging to achieve with the SNIPS method (i.e., Self-assembly +
NIPS) due to the fact that, at best, a kinetically trapped morphology derived from a
micellization process is formed on the material skin layer when appropriate manufacturing
conditions can be defined.®® Indeed, the complex exchange/migration of the non-solvent
occurring during the porosity formation makes that isoporous membranes with pores
extending over the top separation layer were solely demonstrated for specific amphiphilic
AB- and ABC-type BCP systems since the hydrophilic block plays a crucial role in creating

pores during the precipitation process.> 4

To produce innovative membranes with smart nanopores (e.g., thermo-, ion and/or pH-
responsive channels),’>8 a large panoply of chemically distinct amphiphilic BCP materials
has been generated by SNIPS. In addition, the self-assembly of blends of two chemically
interacting amphiphilic BCPs was revealed to be a powerful strategy to achieve highly porous
membranes with pore diameters as small as 1.5 nm.*® However, so far, only few of these
chemically distinct amphiphilic BCP membranes exhibit a dense top surface with long-range

ordered nanopores.

The more challenging fabrication of fully hydrophobic BCP materials with an
asymmetric structure or ordered pores over the whole film has been recently demonstrated by
SNIPS? or a strategy related to SNIPS,?! respectively. For the asymmetric material, although
a complete pore formation was evidenced on the top layer during the SNIPS process, the
resulting BCP morphology was arranged into a short-range ordered array with a broad pore

size distribution, limiting the selectivity of the top separation layer.?

In this work, we efficiently combine the NIPS process and the solvent vapor annealing

(SVA) approach to demonstrate that fully hydrophobic triblock terpolymer thick films can



also be manufactured with a sponge-like morphology topped by a long-range ordered
nanostructure. We show that no-effort are required to pre-order the poly(1,1-dimethyl
silacyclobutane)-block-polystyrene-block-poly(methyl ~ methacrylate)  (PDMSB-b-PS-b-
PMMA) terpolymers on the material top surface during the NIPS process since the SVA
treatment transforms the Kkinetically trapped poorly-ordered phase into a well-defined
nanostructure. To obviate the need of alignment of the BCP nanodomains, we show that
different network structures such as the alternating diamond (D”) and perforated-lamellar
(PL) phases can be readily produced on the top surface layer by using a simple blending
strategy. As all the material architectures, consisting of a sponge-like substructure topped by a
network structure having a high-areal density of well-defined continuous nanopathways, are
highly-desired for the next generation-membranes, the NIPS-SVA process could be
envisioned as a promising methodology towards the reproducible manufacturing in large scale

of asymmetric and isoporous BCP membranes.

Results

The PDMSB-b-PS-b-PMMA used in this work was prepared by a sequential anionic
polymerization, as described previously,?? to achieve a perfect control of the molecular

weight, M . (34 kg.mol?) with a narrow dispersity (® = 1.11) and a symmetric volume
composition, @, (®ppomss = 0.32, Pps = 0.36, Ppmma = 0.32). This triblock terpolymer is non-

frustrated?® since the Flory—Huggins interaction parameter, yromss-pmma, between the two end
blocks (i.e., PDMSB and PMMA) is higher than the other pairs, yromss-ps and yes-pmma (xps-
pvMA = 0.04 < ypomse-ps = 0.07 < ypomss-pvma = 0.2).22%* Note that both (spin-coated) thin
films and (drawn) asymmetric thick films made of this non-frustrated terpolymer exhibit a 39

nm period core-shell cylindrical structure having an in-plane orientation (i.e., an undesirable



nanodomain orientation) when exposed to a chloroform (CHCIs) vapor (see Fig. S1).2* A
preferential swelling of the PDMDB domains under a CHCI3 stream makes that core-shell
cylindrical structure differs from the bulk morphology since the SAXS profile of the
thermally-annealed (24h, 180°C) PDMSB-b-PS-b-PMMA sample shows a first-order peak,
g*, at 0.173 nm™* and higher order peaks located at g/gq* = 1, 2, 3, 4, 5, 6, 7, and 8, consistent

with a lamellar phase having a period of ~36.3 nm (see Fig. S2).

To alleviate the need for domain alignment, different highly-ordered network structures
were produced on the top surface layer by blending the PDMSB-b-PS-b-PMMA thick films

with either 25 wt. % or 35 wt. % of PDMSB-b-PS chains (&5

=0.29, M_=21.6 kg.mol*
and B = 1.09). Importantly, blends of this triblock terpolymer with different amounts of a
small PS homopolymer (hPS, 3 kg.mol™) gave access to well-ordered cylindrical or spherical
nanodomains on a denser sponge-like substructure. Here, the possible miscibility of PMMA

domains with the small hPS chains, due to the low yrspmma Value, should be taken into

account to explain the different phase behaviors of such blends.

Blended PDMSB-b-PS-b-PMMA thick films were drawn into a silicon substrate from a
18 % wt. polymer solution in a di-solvent mixture of 1,4-dioxane and tetrahydrofuran
(DOX/THF: 80/20 by weight) using a doctor’s blade set at a gate height of 225 um. After the
thick film was casted, the di-solvent mixture was allowed to evaporate for 15s to form a dense
top surface layer. The blended PDMSB-b-PS-b-PMMA thick films were then plunged in a
water bath in order to induce the formation of a sponge-like substructure by NIPS. Note that a
fluorine-rich reactive ion etching (RIE) plasma was performed to partially and preferentially
remove PDMSB and PMMA domains, respectively, prior to take scanning electronic
microcopy (SEM) images (plasma conditions are: 40 W, 17 sccm CF4 and 3 sccm O, 180

mTorr, 45 s).



The SEM image presented in Figure 1a shows the resulting top surface morphology of
a blended (25% wt.) PDMSB-b-PS-b-PMMA thick film generated by NIPS for a solvent
evaporation time of 15s. In such conditions, the material top layer consists of dense regions
formed by collapsed micelles (gray) which coexist with sub-100 nm diameter pores (black)
randomly distributed across the surface. Conversely, a highly-ordered hexagonal nanoring-
like array with a period of 38.5 nm is produced when the thick film is afterwards exposed to a
CHCl3 vapor during 3h (see Fig. 1b). This nanoring-like array pattern is consistent with the
characteristic (111) crystallographic plane of an alternating diamond (D*, space group Fd3m)
structure oriented parallel to the air surface since it qualitatively resembles to the simulated
cross-sectional view cut parallel to the D* (111) plane (see Fig. 1b inset) and to the D* (111)
pattern recently observed in bulk from binary blends of polyisoprene-b-PS-b-poly(2-vinyl
pyridine) (P1-b-PS-b-P2VP).28 The presence of the D (210) pattern as shown in Figure 1c
further confirms the formation of a D* structure, which consists of two chemically distinct
(PDMSB and PMMA) and mutually interwoven networks embedded in a PS matrix (see Fig.
S3). The D (210) pattern presents wavy stripes ordered into a rectangular array with the
lattice parameters a = 45 nm and b = 21 nm. The ratio a/b equal to 2.14 is quite similar to the
one determined from the simulated (210) plane of the D* structure shown in Figure 1c inset

(a/b = 2.25).
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Figure 1: Top view SEM images of blended (25% wt.) PDMSB-b-PS-b-PMMA thick films
manufactured by NIPS then exposed to a CHCI; vapor during different times: (a) Oh and (b, ¢)
3h. The disordered phase generated by NIPS on the top surface membrane is transformed into
a highly-ordered D* structure after the SVA treatment. Insets: Magnified SEM image showing
(a) the dense regions formed by collapsed micelles after the NIPS process and (c) the D*
(210) pattern. Additionally, simulated cross-sectional images of the D* structure cut parallel to
(b) the (111) plane and (c) the (210) plane are presented. Scale bars: 100 nm.

In the regions of the thick film where the nanoring pattern is observed on the top surface
layer, it turns out that the fracture propagations of the D” structure occur preferentially along
the (210) plane with a relative flatness inside the grains having a single orientation of the
wavy stripe motif. This relative flatness is a good indication of a non-traumatic propagation of
the fracture along the wavy stripe pattern having a PS matrix area fraction of ~57%
(determined from a binarization of the simulated D* (210) plane) and could explain the
frequent observation of the D (210) plane. Importantly, this several micrometers thick D*
structure differs from the core-shell cylindrical morphology having a period of ~33 nm
observed in thin film configuration after the SVA treatment (3h, CHCI3).?2 This phenomenon
is probably due to the fact that the 70 nm thick PDMSB-b-PS-b-PMMA layer blended with
25% wt. of PDMSB-b-PS chains is too thin to allow the formation of the D* structure, as

recently shown from sub-100 nm thick PDMSB-b-PS films for which a cylindrical phase was



observed for film thicknesses below the unit cell dimension of the double gyroid (DG, 1a3d)

structure.?’

To demonstrate that the asymmetric structure of the blended (25 % wt.) thick films has
not been destroyed during the SVA process, representative SEM images showing the lower,
middle and upper regions of a solvent-annealed (3h, CHCIl3) PDMSB-b-PS-b-PMMA thick
film are presented in Figure 2. The cross-sectional SEM view presented in Figure 2a
indicates that the blended PDMSB-b-PS-b-PMMA thick film deposited on a silicon substrate
has a thickness of ~24 um. A nanostructured 3D-morphology of over 4 um in thickness can
be observed on the material top surface (see Fig. 2b) while a sponge-like substructure is
clearly visible close to the Si substrate (see Fig. 2c). Although the disordered sponge-like
morphology and the network structure are always separated from one another by a well-
defined interface (see Fig. S4), some nanostructured grains drown in the sponge-like
substructure can be seen in the middle of the blended PDMSB-b-PS-b-PMMA thick film, like
those surrounded by the dashed red lines in Figure 2d. Importantly, in spite of the presence of
a few nanostructured grains in the middle of the polymeric layer (revealing that the CHCIs
vapor is able to deeply penetrate the material), the asymmetric structure of the blended
material generated by NIPS is not disrupted during the post SVA process. This phenomenon
is due to the fact that the sponge-like substructure must densify prior to be transformed into a
well-ordered D* phase, implying a strong collapse of the blended PDMSB-b-PS-b-PMMA

thick film.



Figure 2: Cross-sectional SEM views of a blended (25% wt.) PDMSB-b-PS-b-PMMA thick
film (t ~ 24 um) generated by NIPS-SVA (3h, CHCIs) showing: (a) the full material on a Si
substrate, (b) the D” structure formed within the material top layer, (c) the sponge-like
substructure in the vicinity of the substrate, and (d) ordered D grains delimited by red dashed
lines in the sponge-like substructure. Inset: Magnified SEM view showing the complex DA
structure. Scale bars: 0.5 um.

For short time durations of the SVA process (t < 1h), the characteristic D* (111) pattern

is the most frequently observed on the free surface of the blended (25 % wt.) thick film. In



contrast, the (310) and (311) motifs of the D structure can be also encountered at the
material-air interface when the time duration of the SVA process is increased. For instance,
the atomic force microscopy (AFM) topographic and phase images taken from a blended (25
% wt.) PDMSB-b-PS-b-PMMA thick film exposed to a CHClI3 vapor for 3h then treated by a
CF4/O2 RIE plasma show the typical wavy stripe pattern of the D* (310) plane oriented

parallel to the air surface (see Fig. 3a-b).

Figure 3: AFM (a) topographic and (b) phase views showing the D* (310) plane oriented
parallel to the air surface of a blended (25% wt.) PDMSB-b-PS-b-PMMA thick film
generated by NIPS-SVA (3h, CHCIs). (c) The 2D-FFT of the topographic image reveals that
the wavy stripe pattern has c2mm symmetry. (d) Simulated cross-sectional image of the D*
structure cut parallel to the (310) plane. Scale bars: 100 nm.

The 2D fast Fourier Transform (FFT) of the AFM topographic image indicates that these

wavy stripes are arranged into a centered rectangular array with the lattice parameters a =



74.1 nm and b = 40.7 nm (see Fig. 3c). The ratio a/b equal to 1.82 is very close to the one
determined from the simulated D* (310) plane presented in Figure 3d (a/b = 1.78). These
wavy stripes are often confined inside macro-sized grains (> 1.5 pm?) indicating a high
crystalline quality of the alternating diamond morphology formed on the sponge-like
substructure (see Fig. S5). Lozenge-like features arranged in an oblique lattice can be also
observed on the material free surface as shown on the AFM topographic and phase views

presented in Figures 4a-b.
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Figure 4: AFM (a) topographic and (b) phase views showing the D* (311) plane oriented
parallel to the air surface of a blended (25% wt.) PDMSB-b-PS-b-PMMA thick film
generated by NIPS-SVA (3h, CHCIz3). (c) The 2D-FFT of the topographic image indicates that
the lozenge-like features are arranged in an oblique lattice. (d) Simulated cross-sectional
image of the D* structure cut parallel to the (311) plane. Scale bars: 100 nm.

-

The 2D-FFT presented in Figure 4c indicates that this lozenge-like pattern (a = 64.5 nm, b =

36.3 nm and y ~ 100°) has a ratio a/b equal to 1.77 which is quite similar to the one



determined from the simulated D* (311) plane shown in Figure 4d (a/b = v3 ~ 1.73). This
lozenge-like motif can be also encountered inside large grains as shown on the AFM and SEM
images presented in Figure S6. Note that other crystallographic planes of the D* structure
have been also observed within the material skin layer, which fully supports the formation of

a well-developed network morphology during the SVA treatment (see Fig. S7).

Varying the amount of PDMDB-b-PS chains within the PDMSB-b-PS-b-PMMA
material was revealed to be an efficient strategy to achieve another long-range ordered
network structure on the material skin layer. Indeed, a perforated layer (PL) is produced on
the top surface of solvent-annealed (3h, CHCI3) PDMSB-b-PS-b-PMMA thick films blended
with 35% wt. of PDMDB-b-PS chains as depicted in Figure 5a. For such morphology
consisting of a PMMA-rich phase enclosed in PS lamellae and PDMSB lamellae perforated
by PMMA/PS core-shell cylinders, two different patterns, corresponding to the (001) and
(101) crystallographic planes of the PL structure, are commonly observed on the material skin
layer. The top view SEM image presented in Figure 5b shows that the PL (001) pattern
consists of PMMAVJ/PS core-shell perforations ordered into a well-ordered hexagonal array
having a period of ~27 nm. A hexagonal packing of perforations is commonly observed for
the perforated layer structures in which the perforations are generally arranged into an AB or
ABC stacking.?®3! In contrast, a 27 nm period lamellar pattern without apparent perforations
can be observed along the (101) plane (see Fig. 5¢). The top view SEM images presented in
Figures 5d-e show the layered structure inside the material skin layer at different
magnifications. Figure 5e confirms the formation of a PL structure on the top surface layer
since PS (bright) perforations are evident through the PDMSB (dark) lamellae. A perforated
lamellar structure with core-shell perforations arranged into a rhombic array has been recently
achieved on the skin layer of solvent-annealed (CHCIs) PDMSB-b-PS-b-P2VP thick films.*

For such PL structure having perforations stacked in ABAB... sequence, the (001) and (101)



planes were also the most frequently observed at the material-air interface. Unfortunately,

here the stacking sequence of the PMMAVJ/PS perforations is unclear from the SEM images.
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Figure 5: (a) Schematic representation of a bicontinuous PL structure having PMMA
(red)/PS (blue) core-shell perforations. (b) and (c) Top view SEM images showing different
PL planes oriented parallel to the air surface of a blended (35% wt.) PDMSB-b-PS-b-PMMA
thick film generated by NIPS-SVA (3h, CHCIz). (d) and (e) Top view SEM images, at
different magnifications, showing the PL phase inside the material skin layer. Scale bars: 200
nm.



Conclusion

Bicontinuous network morphologies having an excellent long-range order were
demonstrated on the skin layer of asymmetric and hydrophobic triblock terpolymer thick
films manufactured by combining the conventional NIPS process with a SVA treatment used
in advanced lithography application. Remarkably, an appealing triply periodic DA
nanostructure of unprecedented complexity is achieved for the first time on a sponge-like
microstructure. We believe this simple and scalable NIPS-SVA method, enabling the
formation of appealing network nanostructures which differs from the common cylindrical
morphology generated by SNIPS, can be viewed as a first step in the process of preparing
newly-designed membranes. Indeed, porous nanochannels are also mandatory to manufacture
a permeable membrane. To avoid any additional challenging etching process to remove the
PMMA nanopathways, pH-responsive P2VP-containing triblock terpolymer membranes,
having either an open or closed state of the pores depending of the pH value, are currently

being studied in our laboratory.

Methods

Fabrication of asymmetric PDMSB-b-PS-b-PMMA-based thick films: 24 um thick
PDMSB-b-PS-b-PMMA thick films were drawn onto (1.5 x 2 cm?) silicon substrates by using
a tape casting technique from a 18 % wt. terpolymer solution in a mixture of 1,4-dioxane and
tetrahydrofuran (DOX/THF: 80/20 by weight). To manufacture asymmetric materials with a
sponge-like substructure, solvents were allowed to evaporate during 15s to form a dense skin
layer, and then the thick films were immersed into a water bath for 10 min. to precipitate the
PDMSB-b-PS-b-PMMA terpolymer. A SVA treatment was subsequently performed to
transform the kinetically trapped morphology formed on the material top surface into a self-

assembled nanostructure. As the neat PDMSB-b-PS-b-PMMA terpolymer self-assembles into



a core-shell cylindrical morphology when exposed to a CHCI3 vapor, the terpolymer solution
was blended with either 25% wt. or 35% wt. of PDMSB-b-PS chains to achieve different

bicontinuous network structures.

Self-assembled PDMSB-b-PS-b-PMMA thick films: The self-assembly of unblended
and blended PDMSB-b-PS-b-PMMA thick films was promoted by exposing the polymeric
layers during different times to a continuous stream of CHCIs vapor produced by bubbling
nitrogen gas through the liquid solvent as described previously.®® This continuous flow
system was used to control the CHCIs vapor pressure in the chamber having a lid made of
quartz by dilution with a separate N. stream so that the solvent vapor consisted of 32 sccm
CHCIs vapor and 8 sccm N2 (total 40 sccm). As the in-situ measurement of the film thickness
variation of an asymmetric thick film is not easy to achieve, the swelling ratio of a blended
(25% wt.) PDMSB-b-PS-b-PMMA layer was estimated in thin configuration (initial thickness
of ~95 nm), using a Filmetrics spectroscopic white light reflectometer apparatus (see Fig. S8).
The blended layer, spin-coated (2 krpm) from a 2% wt. BCP solution in a mixture of
tetrahydrofuran and propylene glycol monomethyl ether acetate (THF/PGMEA: 2/1), reached

a plateau for a 70% thickness variation.

SEM and AFM Characterizations: Scanning electron microscopy (SEM, JEOL 7800)
was used in Gentle Beam mode (GBSH) at an accelerating voltage of 1 kV to take PDMSB-b-
PS-b-PMMA film images. Atomic force microscopy (AFM Dimension FastScan, Bruker) was
used in tapping mode to characterize the surface morphology of blended and unblended
PDMSB-b-PS-b-PMMA thick films. Silicon cantilevers (Fastscan-A) with a typical tip radius
of ~5 nm were used. The resonance frequency of the cantilevers was about 1.25 kHz. Prior to
SEM and AFM measurements, PDMSB-b-PS-b-PMMA thick films were etched with a

fluorine-rich plasma treatment in PE-100 chamber (RIE, Plasma Etch) to remove partially and



preferentially the PDMSB and PMMA phases (plasma conditions: 40 W, 17 sccm CF4 and 3
sccm Oz, 180 mTorr, and 45 s).

Small Angle X-ray Scattering (SAXS): 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.
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