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Controlling the Self-Assembly of Hierarchical PS-b-P4VP
Structures Prepared by Dip-Coating and Emulsion Breath

Figure Techniques

Hoang M. Nguyen,® Ariane V. Mader,” Swarnalok De,” Fevzihan Basarir,” and

Jaana Vapaavuori*®

The breath figure (BF) method is a common laboratory-scale
pathway for fabricating porous structures. The emulsion BF
approach, one of the BF variations, has attracted increasing
attention since it bypasses the high humidity requirement,
which is characteristic for the conventional BF method. In this
paper, we used the emulsion BF technique with PS-b-P4VP
block copolymer (BCP) and SiO, nanoparticles (NPs) as the
stabilizers for water droplets. We combined this with the dip-
coating technique to obtain a hierarchical structure consisting

Introduction

In the nature around us, hierarchical structures are widely
encountered and their construction commonly relies on natural
self-assembly processes." Inspired by nature, synthetic materi-
als with multiple levels of hierarchy are of particular interest
due to their limitless possibilities to combine different
architectures and functionalities to create a single unique
material.”’ Over the last decade, those materials have proven
their notable performance in the fields of photonics,”™ energy
storage,*® membrane filtration®'”  sensing,""" and
catalysis.""'® Despite their great potential, the ability to
precisely control the self-assembly of building blocks over
multiple length scales, along with the development of a facile,
cost-effective, and industrially applicable method, remain
challenges."’'®

The breath figure (BF) method, coined by Francois et al. in
1994, has been utilized to produce microporous films for the
past 25years” In a conventional BF process, a polymer
solution is cast onto a substrate exposed to a humid
atmosphere. The evaporation of organic solvent leads to the
cooling of the solution surface, on which water droplets thus
condense and self-organize. Finally, the complete evaporation
of both the solvent and the water results in a solid porous
film.2" By selecting appropriate BF materials, substrate wett-
ability, solvent, and humidity levels,?>-*? this technique offers a
versatile control over the pore size and pore arrangement.
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of BF pores and BCP nanodomains. By altering the dip-coating
speeds and the NPs’ surface wetting properties and size, the
average diameters of BF pores could be controlled. Notably, we
were able to achieve both nano and microscale BF pores in the
network. The effect of NPs for stabilization and dip-coating
parameters on BF pores and BCP nanodomains formation was
established, extending the comprehension of this underdevel-
oped subject.

Through variation of the applied materials, these honeycomb
structured films can produce functionalities, such as
antibacteriality,”® microfluidics, cell culture substrates,” and
gravimetric water—oil separation.”

For the traditional BF method, the use of a humid environ-
ment is indispensable, and to achieve a regular BF array, high
humidity levels of at least 50% relative humidity (RH) are
needed.”"* In addition to posing a significant challenge to
industrial scalability, such precise control tends to be laborious
even in the laboratory environment, since it often requires
complicated setups. On the other hand, the emulsion techni-
que — a variation of the original BF method - offers a straight-
forward and single-step method of producing ordered micro-
porous structures.”?

In the emulsion approach of creating breath figures, water
is directly added to an immiscible organic solvent to form a
water-in-oil emulsion.”? Thus, no atmospheric humidity is
needed to create water droplets. The BF emulsion method has
been applied to successfully fabricate polystyrene-b-poly(2-
hydroxyethyl methacrylate),”*” polystyrene-b-poly(N-
isopropylacrylamide),?” polystyrene and poly(methyl
methacrylate),?**?  poly(styrene-butyl acrylate-acrylic acid)
latex,®” polyoxometalates inorganic cluster,””  porous
cellulose,*? and protein® films. Polymers are commonly used
due to their ability to form stable thin films and their often-
limited water solubility, which is effectively stabilizing the water
droplets. Among the broad spectrum of polymeric materials,
amphiphilic block copolymers (BCP) can form highly ordered
BF arrays through conventional BF method, as they can act as
stabilizing surfactants. More importantly, the intriguing self-
assembly of BCP has been utilized to create a synergistic
network of BF  microporous structures and BCP
nanodomains.?>¥ However, in all of these works, in order to
manipulate the shape and the order of such nanodomains,
intricate and time-consuming set-ups, such as solvent anneal-

© 2023 Wiley-VCH GmbH
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ing and thermal annealing, are often required, which can
introduce defects or unintentionally alter the BF pores. Nano-
particles are also attractive for stabilizing water droplets, owing
to their additional unique catalytic, optical, and electrical
functionalities that can be introduced with them. Especially in
the BF emulsion technique, silica NPs have been commonly
used due to their versatility of surface modification.®**" Never-
theless, the number of reported porous materials obtained by
using the emulsion technique is much lower in comparison to
that using the conventional BF method and the experimental
parameters governing the pore formation are not yet well-
understood.

Among the various thin film deposition techniques, dip-
coating stands out as a facile, resource-efficient, and industrially
scalable method.”*® During a common dip-coating procedure, a
substrate is immersed in a coating solution, and then with-
drawn vertically at a chosen speed. After the complete
evaporation of solvent on the substrate, a thin film is usually
obtained within seconds to minutes after withdrawal. The
thickness of the film is closely associated with the speed.*” At
slow speeds, the capillary regime, the lengthened capillary
feeding and slow evaporation rate dominate the process, hence
a thicker film is produced the slower it is withdrawn. At high
withdrawal rates, the draining regime, the draining force of the
solution predominantly takes place, resulting in a film thickness
obeying the Landau-Levich equation.” In this regime, a thicker
film can be obtained by faster withdrawal. An intermediate
regime is found between the two other regimes. Here, the
governing and opposing forces are roughly equal, which leads
to the creation of the thinnest film. Once the regimes for a
specific system have been identified, thickness control with
precision in the nanometer range is possible.*? In addition, the
dried film is exposed to a solvent vapor layer during the
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Figure 1. Schematic illustration of the fabrication of BF.
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withdrawal step, effectively creating solvent annealing con-
ditions and making further post-processing steps obsolete.

While few works have already applied dip-coating for the
BF emulsion technique, investigations about the relationship
between dip-coating speed and the BF were neglected,”®** or
only focused on the high speed regime (e.g., faster than
100 mm/min)."*? Such high dip-coating speeds are likely to be
located in draining regime, thus leaving the interesting inter-
play of different dip-coating regimes unexploited. In this article,
we produced a hierarchical BF microstructure — BCP nano-
pattern network at ambient humidity and studied the effect of
dip-coating speeds and solution composition on the structural
formation. To our knowledge, this is the first report on such a
hierarchical structure prepared by the BF emulsion technique.
By varying the dip-coating speeds and the stabilizing nano-
particle modification and sizes, we were able to obtain a
hierarchical network containing different BF pore sizes ranging
from 150 to 500 nm on average, and BCP nanostructures of
stripe and dot patterns in a ten-fold smaller size range.
Unprecedentedly, another network of micrometer-sized BF
pores was also created simultaneously with the nanoscale BF
pores, forming a third distinctive level of hierarchy. Overall, the
underlying processes leading to both the BF pores and the BCP
nanostructure evolution were discussed with regard to dip-
coating and emulsion parameters.

Results and Discussions
Material Choices

The objective of this research was to investigate the effects of
dip-coating speed and emulsion composition on the morpho-
logical evolution of BFs. For this purpose, as illustrated in
Figure 1, BF films were created by dip-coating a substrate into

Breath figure
formation

solvent
evaporating

(D Hydrophilic pristine SiO,
. Hydrophobic TMOS-coated SiO,
1 P4VP block

#APS block
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an emulsion consisting of water as the dispersed and PS-b-
P4VP in chloroform as the continuous phase. PS-b-P4VP is an
amphiphilic BCP, which has been extensively studied in the
context of conventional BF fabrication."**? The PS block is
soluble in a wide range of organic solvents and the P4VP block
can stabilize the water droplets during the BF formation by
hydrophilic interactions. However, in our case, a stable
emulsion could not be achieved solely by the P4VP block,
indicated by phase separation between water and chloroform,
resulting in a non-continuous BF film (Figure S2a).

The BCP should exhibit amphiphilicity in both dispersed
and continuous phase simultaneously to create a stable
emulsion,®® while in our experiment both the PS and P4VP
blocks are soluble in chloroform. Therefore, pristine silica
nanoparticles (SiO, NPs) which are natively hydrophilic,”"” were
added as stabilizers, ensuring smooth dip-coated BF films. This
ensured that the emulsion retained a homogenous opaque
white colour for at least 24 hours, indicating the improved
stability (Figure S2b). Inspired by the work of Kaptay et al.,*? in
which the water-in-oil emulsion was reported to be the most
stabilized if the contact angle between solid particle and water
phase ranged from 90° to 165°, we further modified the
hydrophilic pristine SiO, NPs with TMOS (for details, please
refer to the experimental section). FTIR data of the altered SiO,
particles proved the modification successful (Figure S3), as the
presence of —CH stretching vibrations of alkyl groups at 2901
and 2983 cm™' was observed after the modification.®"

The dip-coating withdrawal speed was varied from 1 to
100 mm/min, and the concentration of water, BCP, and SiO,
NPs, chosen based on the optimization done in our previous
work,®¥ was kept constant throughout the experiment. After
both the organic solvent and the water droplets evaporated
completely, an ordered breath figure array was formed. In the
following, the impacts of SiO, NPs and dip-coating speed on

the morphology of the formed BF, and finally the evolution of
the BCP nanostructure within the BF network, will be discussed.

Effect of Surface Wettability of NPs and Dip-Coating Speeds

In order to study the morphological evolution of BFs, a series of
SEM images demonstrating the morphologies of the films was
attained. Figure 2 shows the BF films dip-coated from the
emulsion stabilized with unmodified hydrophilic and modified
hydrophobic 20 nm SiO, NPs. The dimensions of the pores,
derived from the images with the help of a Python-based
algorithm, are summarized in Figure 3. The porous structure
was seen for all the films regardless of the solution composition
and the withdrawal speed. When the unmodified SiO, NPs
were used, at the lowest dip-coating speed of T mm/min, the
BF structure spanned the entire substrate with pores of ca.
330 nm diameters (Figure 2a,). A high degree of deviation in
pore size was observed, as indicated by a standard deviation
(SD) value of 314 nm. The pattern created at 10 mm/min also
spanned the entire film and had a more uniform pore diameter
(358+ 154 nm) (Figure 2a,). At higher speed regimes ranging
from 50 to 100 mm/min, the average pore diameters increased
to ca. 500 nm (Figure 2a;-2a;) with a similar degree of
monodispersity as that of the 10 mm/min sample. Notably, the
films coated at speeds faster than 50 mm/min seemed not to
wet the substrate fully, as illustrated by the unpatterned
regions amid the porous structures. This type of defect likely
originated from the collapse of insufficiently stabilized droplets,
which then led to the formation of a thin water film.

When SiO, NPs were hydrophobically modified, intriguingly,
at the lowest speed of 1 mm/min the pores were much smaller,
with diameters of 152 nm on average, and their size distribu-
tion was narrow (Figure 2b,). When higher speeds of 10-
100 mm/min were applied (Figure 2b,-2b;), the overall average
pore diameter increased to 358-403 nm but was still smaller in

I unmodified SiO,
I modified SiO,

[ At 7

Figure 2. SEM images of the BF films dip-coated from emulsions containing (a;-as) bare and (b,-bs) modified 20 nm SiO, NPs at various withdrawal speeds.

The scale bars are 5 um.
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Figure 3. Relationship between withdrawal speed and average BF pore diameter of the films dip-coated from unmodified (black square) and modified 20 nm

SiO, NPs (red circle).

comparison to that obtained with unmodified SiO, NPs over
the same dip-coating speed range. Furthermore, the BF
structure spanned the entire substrate at all speeds. These
findings confirm that hydrophobic SiO, NPs are more effective
at stabilizing the water droplets than the hydrophilic ones.

Dynamic light scattering (DLS) was conducted to examine
the stability of the emulsions before the dip-coating process
(Figure S4). The size distribution of water droplets capped by
modified SiO, showed one prominent peak at ca. 371 nm, while
in the case of bare SiO,, a bimodal size distribution peaking at
ca. 484 nm and 2025 nm was observed, demonstrating droplet
coalescence. The DLS distribution data of droplets was in good
agreement with the pore size values derived from SEM and
further consolidates that the TMOS modification benefited the
stabilization of the BF emulsion.

Regarding the effect of withdrawal speed on the BF pore
size, it appears plausible that at lower withdrawal speed the
pores would be larger due to the longer retention time for the
droplets to grow through coalescence or other mechanisms.
Our results suggest the contrary, as the smallest pore size of
152 nm was obtained at the lowest withdrawal speed in the
case of modified SiO, NPs (Figure 2b,). This speed is part of the
capillary regime, where the thickest films are usually achieved.
Indeed, the cross-sectional SEM images reveals that a 25 pm-
thick multilayer BF structure was present when withdrawing at
1 mm/min, while films withdrawn at 10-100 mm/min were
much thinner, namely 0.4-2 um (Figure 4).

In order to establish a link between dip-coating speed and
BF pattern formation, the underlying forces behind both dip-
coating regimes and types of BF structures should be
considered. In the conventional BF method, the order of water

ChemistrySelect 2023, 8, €202300797 (4 of 10)

Figure 4. Representative cross-sectional SEM images of BF structures dip-
coated from an emulsion containing modified 20 nm SiO, at different
withdrawal speeds. a) Multilayer BF film produced at 1 mm/min consists of
smaller pores on top of the film (region inside the dotted red curve) and
larger pores underneath, and b) monolayer BF film dip-coated at 10, 50, 80,
and 100 mm/min. The scale bars in figure a and b are 5 um and 500 nm
respectively.

droplets is controlled by two concomitant forces, which dictate
whether the formed BFs are in a multilayer, monolayer, or
unpatterned structure.*® First, the temperature gradient in-

© 2023 Wiley-VCH GmbH

858017 SUOWWIOD A1) 8|qeo![dde auy Aq peusenob ke sejole YO ‘88N JO SaINJ 0} Akeuq18Ul|UO A8|IA UO (SUONIPUOD-PUR-SLLIBY/WIOD™AB | 1M ARIq 1 U1 |UO//SdNY) SUORIPUOD pUe SWie | 38U 8eS *[£202/50/2T ] Uo ARiqiTauliuo A8|IM ‘spuelisyiN suelyood Aq 26006202 105/200T 0T/I0p/wodAe|imArelq1jeuljuo-adoune-Alis iweyo//sdny woiy pepeojumod ‘€T ‘€402 ‘675959E2



Chemistry

Research Article Europe
doi.org/10.1002/s1ct.202300797

European Chemical
Societies Publishing

ChemistrySelect

duced by evaporation creates a change in surface tension of
the droplets. This leads to the droplets moving toward the
substrate by thermo-capillary force (Marangoni convection
force). Second, buoyancy force resulting from the viscosity of
the solution, restrains the droplets by balancing the thermoca-
pillary force. Besides these mentioned forces, in the context of
our experimental setup, the fluid flow is an additional factor
because of dip-coating being a dynamic process. The fluid
dynamics in capillary and draining regime of dip-coating are
illustrated in Figure 5.

At low dip-coating speed of 1 mm/min (capillary regime),
evaporation happens at the same times as capillary feeding,
thus Marangoni convection force is more dominant than in the
draining regime due to evaporation (Figure 5a). This force then
drives the droplets towards the solution-substrate interface. In
the presented results, bigger droplets, penetrated deeper
toward the substrate than the smaller ones did. This can be
explained by the greater total interfacial energy of larger
droplets,®¥ leading to a larger absolute change in surface
tension of these droplets in comparison to smaller ones. The
cross-sectional SEM image of the films (Figure 4a) obtained in
the capillary regime, where bigger pores were located under-
neath the surface layer of smaller pores, also complies with this
hypothesis.

Higher dip-coating speeds of 10-100 mm/min produced
monolayer BF films with a thickness of approximately 0.4-2 um
(Figure 4b). These films were likely created in the beginning of
the draining regime, where thinner films are usually attained
compared to those of the capillary regime*? In draining
regime, the overall effective time used in film preparation is
less, and neither the Marangoni convection nor the buoyancy
force is dominant. Instead, high shear force present in this
regime is the determinant, making the emulsion unstable by

Capillary feeding

~r ti
s Evaporation

~

~- Evaporation
N

Capillarity

Draining

increasing the chance of droplets to coalesce. Thus, BF pores in
this regime were significantly larger than those in the capillary
regime (Figure 5b). Moreover, the gradual droplet growth with
respect to increasing withdrawal speed in the draining regime
can be attributed to the increased drying time due to a thicker
entrained film, as observed previously in the work of Ogale
et al.®¥

Care needs to be taken when comparing our dip-coating
strategy to previous breath figure fabrication strategies
reported in literature. For the latter, the drying atmosphere has
typically been saturated with water. This extends the absolute
drying time significantly in comparison to our experiments,
where both the water and the CHCl; component evaporate
faster when the films are withdrawn from the solution, thus
making the system highly dynamic. Hence, a better analogue
may be provided by spin-coating from solutions of water and
water-miscible solvents, such as in the work of Park et al.®
They observed a continuous increase of the breath figure
diameters upon decreasing evaporation rate (decrease in spin-
coating rate). In our case, the continuous pore diameter
increase in the draining regime can thus be related to the
longer evaporation time of thicker films. It is noteworthy, as
pointed out by Vital etal., that in the draining regime, the
evaporation rate can depend on the experimental
configuration.®” However, both the tendencies of observing
larger breath figure diameters in the draining regime than in
the capillary regime, as well as the gradual increase of
diameters as a function of increasing dip-coating rate in the
draining regime, are agreeing with the trends previously
observed using the spin coating technique. Overall, the
dynamic nature of dip-coating can help creating diverse
patterns in a much faster way than previously reported in the
literature for emulsion methods.

Thermo-capillary force
(Marangoni convection force)

o) °® . e e
0000 000

High shear force

Coalescence

e 1 X 1 )

Figure 5. Schematic illustration of the fluid motion and the forces acting upon the water droplets in a) capillary regime and b) draining regime.
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Effect of NP size

In the following section, we will discuss the impact of SiO, NP
size on the development of the porous BF network by
comparing the above used 20 nm NPs to ones of 500 nm
diameter. Unlike the unmodified 20 nm NPs, the unmodified
500 nm NPs aggregated, and thus no stable emulsion could be
created highlighting the need of surface coatings the NPs.
Larger pristine SiO, NPs were previously reported to have
inferior stability to that of smaller pristine NPs at low pH level,
iie. pH<6"® (the pH of our used chloroform solvent is
approximately 4.5), not to mention their lower colloidal stability

in solvents with low polarity.®® However, when 500 nm SiO,
NPs were hydrophobically modified, no aggregation was
observed, and the emulsion retained its stability. BF films
prepared from this emulsion surprisingly demonstrated a
hierarchical structure containing both nano- and micrometer-
size BFs simultaneously (Figure 6). The size of the nanopores,
ranging from 250 to 284 nm in diameter, was in the same order
as when using modified 20 nm SiO, NPs and did not vary
significantly with increasing the withdrawal speed. Meanwhile,
the microporous BFs grew with the dip-coating rates. Pores of
ca. 12 um were obtained at 1-10 mm/min, and 19 pm at 50-
100 mm/min (Figure 7). It is worth mentioning that for

Figure 6. SEM images at two different magnifications of the films dip-coated from the emulsion containing hydrophobically treated 500 nm SiO, NPs. BF
nanopores are shown in the above row, while BF microporous structures are shown below. The scale bars are 5 um and 50 pm in the above and below rows of

images respectively.
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Figure 7. Relationship between withdrawal speed and average BF pore diameter of the films dip-coated from emulsion containing modified 500 nm SiO, NPs.
The sizes of nano-size pores are illustrated by blue triangles and micro-size pores by green triangles.
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Pickering emulsions the size of the dispersed droplets grows
with the size of the stabilizing particles used,”®™ which we did
not observe for the nanopores. Yet, this does not explain the
coexistence of the two different pore sizes. At the beginning of
the emulsion formation, nanoscale droplets (ca. 250 nm) might
be created as a result of the vigorous mixing step. The added
500 nm NP, which is much larger than the size of the original
droplet, could not act as a stabilizer and in turn led to
coalescence of these droplets into microscale ones. The steady
growth of the nanoscale droplets would cease until their size
reached the stable value (10-20 um). The cross-sectional SEM
images showing an enveloping layer of 500 nm NPs surround-
ing the microscale pore are described in Figure S5. This type of
hierarchical porous network might potentially act as a model
material for the mimicry of biologically important structures.

Evolution of BCP Nanostructures

To investigate the formed BCP patterns within the BF pores,
AFM measurements were conducted to show the surface
morphology of the films as a function of withdrawal speeds
and NP sizes (Figure 8). For the films dip-coated from the
emulsion containing 20 nm NPs, patterns of stripes (darker
regions in AFM phase images) were observed at the lower
speed regime of 1-10 mm/min. The morphology of films dip-
coated at slow speeds from solution containing BCP but no
water and NPs also represented stripes. Longer stripes were
observed at T mm/min and shorter ones at 10 mm/min (Fig-
ure S6). These darker regions in all AFM images depict the
softer phase in the film. In addition, the overall surface area of
this phase is inferior to that of the brighter phase. Therefore,
the striped pattern is expected to represent the P4VP block
(which is the lower weight fraction block) in the BCP used. It is
worth mentioning that the final morphology of the BCP in thin

film will be closer to the bulk morphology if the solvent
dissolves the two blocks equally.**® Chloroform has been
known as a nonselective solvent for PS-b-P4VP, and during the
evaporation process when the film was withdrawn, chloroform
distributed proportionally between the two blocks. Eventually,
when the film was dried, its morphology behaved identically to
that in equilibrium bulk state. Considering the weight fraction
of our P4VP block, which is approximately 0.28, the striped
surface morphology of the BCP likely stems from a cylindrical
region.® Previous studies of dip-coated PS-b-P4VP thin films
with similar volume fractions in chloroform also suggested the
formation of cylindrical structures.®*®**? When faster dip-coat-
ing speeds were applied to the emulsion, i.e. 50-100 mm/min,
a mixed pattern of horizontal and vertical cylinders developed.
This changing in pattern might be analogous to the transition
from long stripes (1 mm/min) to short stripes (10 mm/min) in
the case of PS-b-P4VP films dip-coated from solutions without
water and NPs. Meanwhile, at 50-100 mm/min, this solution
produced “island-and-hole” features (Figure S6), due to incom-
mensurability between the film thickness and the natural
periodicity of the blocks, as reported in the work of Roland
et al. using a similar setup and experimental parameters."

The morphological evolution for the solution containing
modified 500 nm NPs also displayed parallel cylinders at 1 mm/
min. However, the transition in orientation happened much
earlier, at 10 mm/min, and exclusively vertical cylinders
appeared as dot patterns at 50-100 mm/min. Vertical cylinders
in BCP thin films have been reported as a non-equilibrium
phase at fast evaporation rates.”’*®¥ The appearance of bigger
NPs likely imparted the mobility of the block, which together
with the short time scale for film formation at high withdrawal
speeds induced the kinetically trapped vertical cylinders.

In order to explain the realignment of cylinders during the
dip-coating process, we propose a mechanism (Figure9)

I modified 20 nm SiO,
I modified 500 nm SiO,

50 — 100 mm/min

Figure 8. Representative AFM images of the BCP nanostructures in the BF films at different withdrawal speeds. All the images are phase images, except for the

lower right one where a height image was obtained for better visualization.
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Figure 9. Schematic illustration of the reorientation of the BCP cylinders during dip-coating process of the emulsions containing 20 nm and 500 nm NPs.
Letters S, C, L in the phase diagram are spherical, cylindrical, and lamellar phases respectively.

utilizing a previous model developed by Li et al. that described
the effect of solvent vapor on the orientation of BCP
cylinders.®™@ When the blocks absorb solvent vapor, their
interaction parameter can be described by equation (1):

Kett = P (Xas + Xazs — Xe—s) = P(Xas + Ax) (1)

where y. is the effective interaction parameter between the
blocks, ¢ is the volume concentration of BCP in the solvent,
Yasr Xa_s and yz_s are the interaction parameters between the
blocks, block A and solvent, block B and solvent, respectively.

For a nonselective solvent, the Ay value can be assumed to
be zero, thus y.s ~ @ya. When the speeds were lowered, the
prolonged exposure to chloroform effectively reduced the
volume concentration of the BCP (¢ < 1) as well as the
interaction parameter of the blocks (y,; decreased). Therefore,
a decrease in y.; was expected. As illustrated in Figure 9, the
segregation parameter of the BCP moved downward (point 1—
point 2), showing a transition from mix cylinders (emulsion
containing modified 20 nm SiO,) or vertical cylinders (emulsion
containing modified 500 nm SiO,) to a disordered phase, which
was earlier reported to be the swollen BCP.® During the drying
of the swollen BCP, the segregation value increased again
(point 2—point 3) and had the tendency to support the
unidirectional orientation of the cylinders. Because the water
droplets acted as the template for the BCP phase separation,
P4VP cylinders, which have a stronger affinity for water than
PS, aligned parallel to the substrate, while PS phases with lower
surface energy proceeded to the air—BCP interface. The degree
of reorientation depends on the time scale of the withdrawal
and also on the size of the immobilizing NPs.

ChemistrySelect 2023, 8, €202300797 (8 of 10)

Conclusion

In this work, a facile method to fabricate a hierarchical network
of BF pores and BCP nanodomains has been demonstrated. By
using the emulsion approach, BF pores can be formed without
the presence of high humidity as precedentially required for
the conventional BF technique. Moreover, the use of dip-
coating, compared to drop-casting as a common method used
in BF, has potential for industrial scalability as well as allows for
a versatile thickness control, which can directly influence the
structure of the BF pores ie, monolayer or multilayer. By
varying the dip-coating speeds and the stabilizing NPs with
different sizes and surface wettability, the BF pore sizes can
range from 150 to 500 nm. Simultaneously, BCP nanopatterns
of stripes and dots are created in the areas between the pores.
By using larger NPs, we were able to produce an additional
network of BF pores with microscale pores, creating a three-
level hierarchical structure. Even though this approach pro-
duced pores with imperfect order, likely due to the dynamic
nature of the dip-coating process, its implementation is
significantly faster and easier than that of the conventional BF
technique. Moreover, these structures resemble the structural
heterogeneity of many biological materials, and the order of
the pores is not essential for many applications like catalysis,
that benefit from porous structures due to the enhanced
surface area.

Most importantly, the interplay among BF and BCP
evolutions, and different governing processes in both dip-
coating and emulsion, were established in this model system.
In the capillary regime of dip-coating, capillary action and
evaporation play a key role in the formation of a multilayer BF
structure, in which smaller pores were observed at the surface
of the film. In the draining regime, on the other hand, a
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monolayer was acquired, and larger pores appeared due to
coalescence caused by high shear force. Lastly, the reorienta-
tion of the BCP nanostructure from dot (vertical cylinder) at
high withdrawal speeds to stripe (parallel cylinder) at low
speeds arose from the effective partial solvent annealing of the
dip-coating process. This work is the first demonstration of
three-level hierarchical pattern in emulsion-based BCP system.
On top of that, considering the facile technique and the
versatility of achieved BF and BCP patterns, more diverse
patterns can be envisioned, which might be of great interest to
templating, optoelectronic, and separation applications.

Experimental Section
Materials

PS-b-P4VP block copolymer (M, of 25-b-10 kg/mol, Polymer Source),
chloroform (>99.0%, Sigma Aldrich), trimethoxy(octadecyl)silane
(TMOS, 90%, Sigma Aldrich), silica nanoparticles (monodisperse,
non-porous, 20 nm and 500 nm, Sigma Aldrich), and glass sub-
strates (microscope slides, VWR) were used as received. All experi-
ments were performed at ambient conditions.

Emulsion Preparation and Thin Film Fabrication

PS-b-P4VP solution (10 mg/ml) was prepared by dissolving 0.05 g
block copolymer in 5 ml chloroform and stirred overnight. For the
emulsion containing unmodified silica, NPs of either 20 or 500 nm
were then added to the BCP solution with the respective
concentrations of 4 and 5 mg/ml and dispersed by a sonicator. For
the emulsions containing modified silica, a prior step of modifying
silica with TMOS was conducted, following a protocol reported
elsewhere.® The final emulsion was created by adding 1 ml water
to the BCP solution containing NPs, followed by a vigorous mixing
step using a magnetic stirrer at 2500 rpm/min.

Glass substrates were cut into pieces of 1x 1.5 cm and then cleaned
with a Piranha solution, in which the volume ratio of sulfuric acid
and hydrogen peroxide was 7:3 (caution: Piranha solution is
extremely corrosive and should be handled with care). The substrates
were immersed in Piranha solution for 20 min, then rinsed with
deionized water, and dried with nitrogen gas.

The glass substrates were dip-coated from a vial containing the
prepared emulsion using a KSV NIMA Single Vessel System (Biolin
Scientific) dip-coater. The entire setup was placed on an anti-
vibration platform, and the dip-coating process was conducted at
an ambient RH of 36%. At the beginning of the dip-coating
process, the substrates approached the emulsion at the rate of
25 mm/min and resided in the solution for 30 s. Withdrawal speeds
to create BF films varied from 1 to 100 mm/min and the films were
subsequently left to dry overnight in the dip-coating chamber.

Characterization of Modified Silica NPs and Emulsions

An attenuated total reflectance (ATR-IR) Perkin Elmer spectrometer
was employed to characterize the chemical structure of the TMOS-
modified silica NPs. The analysis measurement was performed in
transmission mode with 32 scans and 4 cm™' resolution.

Size measurements of the water droplets in the emulsions was
carried out by a Zeta Sizer Nano ZS 90 system. The light scattering

ChemistrySelect 2023, 8, €202300797 (9 of 10)

instrument has a 633 nm laser source and a backscattered angle of
173° was used for all measurements.

Thin Film Characterization

The morphology of BF films was characterized by a TESCAN MIRA 3
scanning electron microscope (TESCAN) using an accelerating
voltage of 5kV. Prior to the characterization, the samples were
coated with a 5nm conductive layer of Au/Pd (80/20) by
sputtering. The pores size was analysed employing a home-built
Python script, in which the SEM images were pre-processed and
the border of the pores was defined using a Watershed function as
described in Figure S1. Three different samples were used for each
size calculation, and each SEM image contained roughly 1000-1500
pores.

The BCP nanostructure was imaged using a Multimode 8 atomic
force microscope (Bruker) in tapping mode with non-contact AFM
cantilevers (NCHV-A, Bruker). For better visualization of the
patterns, the colour scale of the images was adjusted and flattened
in the Nanoscope Analysis software (Bruker). Because the edge
effect of the dip-coating process can lead to varied thickness of
specifically the top and bottom parts of the films, all AFM
measurements were carried out on the middle area of the films.

Contributions

Hoang M. Nguyen - Conceptualization, Main Investigation,
Data Curation and Analysis, Visualization, Writing (Original
Draft)

Ariane V. Mader - Preliminary Investigation, Writing (Review
& Editing)

Swarnalok De - SEM Cross-Sectional Data Curation, Writing
(Review & Editing)

Fevzihan Basarir - Writing (Review & Editing)

Jaana Vapaavuori - Supervision, Writing (Review & Editing)

Supporting Information Summary

The electronic Supporting Information contains a schematic
illustration of the BF pore size calculation by Python, images of
different BF emulsions and their corresponding dip-coated
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