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Abstract

With an aim to control the surface hydrophobicity and water adhesion, as observed
on various natural surfaces, novel 3,4-propylenedioxythiophene (ProDOT) monomers having
one and two 3-trimethylsilylpropyl (TMS) groups were synthesized and subjected to
electropolymerization to form surface coatings. The monomer ProDOT is employed owing to
its tendency to form fibrous structures by electropolymerization [T. Darmanin, F. Guittard,
Mater. Chem. Phys. 146 (2014) 6-11], whereas the TMS groups generate very low surface
energies comparable to short chain fluorocarbons [N. M. Kovalchuk, et al., Colloids Surfaces
A 604 (2020) 125277.]. It is shown that even though these two types of monomer lead to
fibrous structures, the dimensions of the fibers as well as the wetting properties are different.
The monomer with only a single TMS group (ProDOTSiMes) generates extremely long
nanofibers with only low surface roughness. The resulting surfaces have extremely high
apparent contact angles (éy) up to 141.7° and strong water adhesion, similar to rose petals or
gecko feet. On the other hand, the analogue with two TMS groups (ProDOT(SiMez)2) forms
short nanofibers but with extremely high surface roughness. The resulting surfaces are
superhydrophobic with 8y > 160° and ultra-low water adhesion (hysteresis and sliding angles
< 1°), similar to lotus leaves. These results point to interesting applications offering control

over water adhesion whilst maintaining high hydrophobicity.
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1. Introduction

The observation of exceptional wetting properties of natural surfaces (lotus leaves,
rose petals, gecko feet etc.) has stimulated significant interest in the scientific community
seeking to understand the origins of these phenomena and use them in practical applications
[1-6]. Indeed, nature exploits surface wettability to reduce/increase contact with water in
various intriguing ways, for example, to walk on water surfaces or to see clearly in foggy
environments. All these effects are implicitly linked to the specific surface chemistry and
surface structuring as previously noted by Wenzel [7] and Cassie-Baxter [8], and intensely
studied by other research groups [9-14]. Namely, wettability on a solid surface is explained
with the equations of Wenzel [7] (cos @ = rcos 8Y, where r is a roughness parameter and 6 is
the Young’s angle) and Cassie-Baxter [8] (cos & = f cos 6Y + f - 1, where f is the solid fraction
and (1 - f) is the air fraction). However, the Wenzel and Cassie—Baxter equations are
dependent on #Y, which corresponds to the apparent contact angle of a liquid on a smooth,
homogeneous, rigid, insoluble, and non-reactive solid surface, as described by Marmur [10].
In particular, superhydrophobic properties have been reported when the apparent contact
angle (&) is above 150° with very low water adhesion: this combination of properties is
typically obtained when the volume fraction of air between the substrate and water is
significant (lotus leaves). In contrast, other species are able to capture and transport water
droplets thanks to both high &y and high water adhesion, such surfaces are referred to a
parahydrophobic, as described by Marmur [15].

Controlling the surface hydrophobicity and water adhesion is possible via several
different methods. For example, surfaces with different surface structures and surface energies
can be prepared by multiple methods (electropolymerization, nanoparticles coatings, laser
treatments, plasma treatments...) [16-18]. Otherwise, if the surface is sensitive to stimuli, the

surface structures and surface energies can be adjusted after formation [19-21].



There are some promising applications that utilize superhydrophobic surfaces and
water adhesive properties. For example, gas-transportation in aqueous media [12,13] and
water-oil separation [6] employ superhydrophobic/low water adhesive surfaces, and water
harvesting systems [22] make use of parahydrophobic surfaces. A range of different
biological systems show how fundamental the control of water adhesion is in nature. Hence, it
is of interest to learn how to replicate these properties by controlling both the surface
chemistry and surface structure. In earlier papers, the water adhesion and hydrophobicity of
various material surfaces were successfully tuned by laser irradiation, long-chain fatty acid
modification, temperature control, and/or polymer hydrogel formation [23-25]. Conducting
polymers are also interesting and useful because they can generate various structured
materials by self-assembly. For example, the polymerization of aniline has been extensively
studied [26]: owing to high intra- and intermolecular interactions such as hydrogen bonding,
hydrophobic and w-stacking interactions, various assemblies such as nanofibers (1D growth),
nanosheets (2D growth) or flower-like and urchin-like structures (3D growth) are possible
depending on the polymerization conditions. Using electropolymerization, the monomer 3,4-
propylenedioxythiophene (ProDOT) is also known to form nanofibers. As such ProDOT
serves as a flexible template for modification with different substituents offering a broad
tunability of both surface structures and wetting properties [27-31]. In particular, when the
substituents are orthogonal across the ProDOT moiety [32-34] long polymer chains and good
quality fibers structures may be generated, and in this respect both hydrocarbon and chains
and fluoroalkyl chains have been studied [35-38]. Here, we report for the first time the
formation of nanofibrous structures from two kinds of ProDOT monomer, substituted with
either one or two trimethylsilyl (TMS) groups. The investigated monomers named

ProDOTSiMes and ProDOT(SiMes).. are represented in Figure 1.
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Figure 1. Structures of thiophene monomers having trimethylsilyl groups

In earlier studies, surfactants having TMS-terminated tails were found to generate
very low surface energies (surface tensions), and comparable to short fluorocarbons in water
(the limiting aqueous surface tension is 22.8 mN/m for the double TMS-chain terminated
surfactant AOTSIC) [39]. As an example application of low surface energy surfactants,
superspreading of aqueous solution on polyvinylidene difluoride (PVDF) surface was
demonstrated by using the TMS surfactant [40,41]. Therefore, combining these two functions
together, polymer films prepared with TMS-bearing ProDOTSiMesz and ProDOT(SiMes):2
thiophene monomers are expected to exhibit superhydrophobicity as well as oleophobicity as
found uniquely with fluoro-polymers [4% 42]. The concept is explored here, and it is observed
that electropolymerization of ProDOTSiMes and ProDOT(SiMes). give rise to notably
different surface structures and properties, this leads to very different surface roughnesses and
adhesion of water droplets to these functionalized surfaces. More precisely, ProDOTSiMes
bearing a single TMS group generates extremely long nanofibers with only low surface
roughness, resulting in an extremely high apparent water contact angle (&v) up to 141.7° and
strong water adhesion, similar to rose petals or gecko feet. On the other hand,
ProDOT(SiMes). with two TMS groups forms short nanofibers but with extremely high
surface roughness. These functionalized surfaces exhibit superhydrophobic (&v > 160°) as
well as ultra-low water adhesion (hysteresis and sliding angles < 1°), similar to lotus leaves.

By comparing these data with results reported in earlier papers, critical values in the



roughness parameter (Ra) and total carbon number of monomer substituents for Lotus and

Petal effects, as well as parahydrophobicity are presented.



2. Experimental Section
2.1. Materials

ProDOT monomers substituted with either one or two trimethylsilyl (TMS) groups
(ProDOTSiMesz and ProDOT(SiMes),) were synthesized and purified as shown in
Supplementary data. Sodium bicarbonate (purity 99.0%), anhydrous tetrahydrofuran (purity
99.5%), sodium hydride (60%, dispersion in paraffin liquid), 6 mol/L sodium hydroxide, p-
toluenesulfonic acid monohydrate (purity 99.0%), sulfuric acid (purity 95%), sodium chloride
(purity 99.5%), 0.5 mol/L hydrochloric acid, sodium sulfate (purity 99.0 %), sodium iodide
(purity 99.0 %), acetone (purity 99.5%) were purchased from FUJIFILM Wako Pure
Chemical. Diethylmalonate (purity 99.0%), LiAlHs (10%, dispersion in THF), 3,4-
dimethoxythiophene (purity 98%), potassium sodium L-(+)- tartrate tetrahydrate (purity
>98.0%), sodium tert-butoxide (purity > 98%) were obtained from Tokyo Chemical Industry.
Phosphorus tribromide (purity 99%, Sigma-Aldrich), 3-(trimethylsilyl)propan-1-ol (purity
97.0%, Sigma-Aldrich), chloropropyltrimethylsilane (purity 95~100%, Gelest, Inc.) were also
used without further purification. Ultrapure water with a resistivity of 18.2 MQ cm was

obtained from a Millipore Milli-Q Plus system.

2.2. Electrochemical data

Electrochemical polymerizations were performed using a potentiostat (Metrohm
Autolab) equipped with a three-electrode system fitted with a gold plate (2 cm?) as the
working electrode, a carbon-rod as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. The electrochemical cell was first filled with 10 mL of
anhydrous acetonitrile containing 0.1 mol L™ of tetrabutylammonium perchlorate (BusNCIO.)
as the electrolyte as well as 0.01 M of monomer. After determination of the oxidation

potential (E®* = 1.48 V vs SCE) for each synthesized monomer, electropolymerizations were



performed under potentiodynamic conditions via cyclic voltammetry at a scan rate of 20 mV
s1. The total number of scans was varied (1, 3 and 5) in order to study polymer growth. After

electrodeposition, the substrates were washed three times in acetonitrile.

2.3. Surface characterization

Surface hydrophobicity was characterized by goniometry using a DSA30 goniometer
(Bruker) and the “Drop Shape Analysis System” software. Water droplets (2 ulL) were
deposited onto surfaces and the apparent contact angles (6x) were determined. Each data point
presented reflects a mean of five measurements (n = 5). For dynamic contact angles, after
deposition of a water droplet, the substrate was inclined until the droplet moved. The
maximum inclination angle is named sliding angle (). The advancing and receding contact
angles are taken just before the droplet moves. In case the droplets do not move, even with an
inclination of 90°, the substrates are considered sticky and can be described as
parahydrophobic. Surface morphology was investigated via scanning electron microscopy
(SEM) using a JEOL 6700F microscope. The arithmetic (Ra) and quadratic (Rq) roughness
were obtained with a WYKO NT1100 optical profiling (Bruker). We used an objective 20X,

field of view 0.5X and white light vertical scanning Interferometry (VSI).



3. Results and Discussion
3.1. Formation of coatings by electropolymerization

First, the monomer oxidation potential E®* in BusNCIO4/acetonitrile was determined
at 1.48 V vs SCE for the two monomers. Next, the polymers were deposited under cyclic
voltammogram conditions from -1 V to E* at a scan rate of 20 mV s and with different
numbers of scans (1, 3, 5). Here, in order to study the effect of the amount of electrodeposited
polymer, it was chosen to keep the scan rate constant and to vary the number of scans.
Representative cyclic voltammograms are presented in Figure 2, showing oxidation and
reduction conducting polymer peaks clearly present. In addition, the superposition after each
scan indicates essentially negligible steric hindrance owing to the TMS substituents. Peaks are
present at 0.33 V during the forward scans (oxidation) and 0.13 V during the reverse scans
(reduction) for ProDOTSiMes. On the other hand, these features are seen at 0.46 V and 0.29
V for ProDOT(SiMes)., respectively. This increase in potential is likely due to shortening of

the polymer chain when two substituents are present.
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Figure 2. Cyclic voltammograms (5 scans) of ProDOTSiMes (A) and ProDOT(SiMes). (B) in

acetonitrile with BusNCIOs as electrolyte. Scan rate: 20 mV s,



3.2. Characterization of the nanofibrous surfaces

The surface morphology after electrodeposition via cyclic voltammetry (1, 3 and 5
scans) of the two monomers in acetonitrile is highlighted in Figures 3 and 4. From these
images it is clear that the electropolymerization of these two monomers leads to nanofibrous
structures as generally found for ProDOT-based monomers [27-29]. The fibrous structures
become increasingly noticeable, especially from 3 deposition scans. More precisely,
ProDOTSiMes forms extremely long fibers leading to porous surfaces but their surface
roughness is not very high. In contrast, ProDOT(SiMes), forms quite short nanofibrous
structures with higher surface roughness, especially after 3 deposition scans (Figure 4 and
Table 1). When a polymer prepared by electrodeposition is structured as nanofibers, a larger
scan number increases the number, diameter, and/or length of fibers. As seen in figure 4,
fibers of ProDOT(SiMe3)2 tend to grow vertically toward the surface, in contrast with those
for ProDOTSiMe3 which grow laterally. In addition to the direction, fibers were found to
grow in highly branched patterns like rose thorns. The significant increase in roughness from
1 scan to 3 scans for ProDOT(SiMe3)2 could be obtained by the growth direction and the
hyperbranching of fibers.

Interestingly, the wetting properties of these two prepared surfaces are also clearly
different. The surfaces obtained from ProDOTSiMes are parahydrophobic [15] and display
the highest 8y = 141.7° after 3 deposition scans (Table 1). Moreover, all these surfaces also
have a very strong water adhesion. As shown in Figure 5, water droplets placed on them
remained stuck even after tilting the substrate up to 90°; this kind of adhesion is observed on
rose petals for example. Initially, the water droplets are in intermediate states between Wenzel
and Cassie-Baxter states, whereas the surfaces obtained after 3 deposition scans are closer to
the Cassie-Baxter, even though the water adhesion remains extremely high. These surfaces

are very interesting and could be used in water harvesting systems, where it is important to



have both high hydrophobicity and high water adhesion in order to both capture water
droplets and induce their motion when the droplet size becomes critical [22, 42-45 43-46].
Interestingly, water contact angle decreased with deposition scans from 3 to 5 with the
ProDOTSiMes. As seen in Figure 3, the larger scan number increased not only roughness (Ra
and Rq) but also the fiber diameter for ProDOTSiMes. Forming a larger fiber diameter also
results in a lower number density of fibers and a wider interfibrillar distance as shown in Fig.
3. Such a surface tends to lead a deeper water intrusion in interfibrillar spaces, namely to
prefer a Wenzel state rather than a Cassie-Baxter state. A deeper water intrusion to a rough
surface makes a larger f value in Cassie-Baxter equation, cos € = f cos Y + f— 1 where f is
the solid fraction and (1 - f) is the air fraction, resulting in the smaller water contact angle as
found at 5" scan for ProDOTSiMes.

The surfaces obtained from ProDOT(SiMe3). are clearly superhydrophobic with Gy >
160° and ultra low-adhesion (hysteresis and sliding angles < 1°). The water adhesion is so low
that it is extremely difficult to deposit water droplets on these surfaces (Figure 5). The
behavior of water droplets clearly suggests a Cassie-Baxter state. The surfaces are
superhydrophobic even after one deposition scan indicating that it is not necessary to have
high surface roughness. Hence, it was decided to analyze the effect of the number of
deposition scans because usually after one scan surface roughness increases with the number
of scans especially between 1 and 3 scans. However, it is known that there is no direct
relationship between surface roughness and the apparent contact angles, and to reach the
Cassie-Baxter state with ultra-low adhesion it is preferable to have surface structures able to
trap a high amount of air between the droplet and the rough surface. This is why, here, with
ProDOT(SiMez3). ultra-low adhesion is observed even after one scan, whereas the surface has
relatively low (Ra = 76 nm). These surfaces are fibrous but with double scale roughness

(micro/nano) as observed on lotus leaves. Moreover, the dimensions of the nanofibers are



much lower with ProDOT(SiMez)2, as compared to the non-functionalized polymer. The
shorter fibrous structures can be explained by the higher solubility of ProDOT(SiMes)2
polymers because the formation of fibrous structures needs some time to induce a mono-
directional growth (long fibrous structures) [10]. Different dimensions of fibrous structures
have already been reported comparing surfaces electrodeposited from 3,4-
ethylenedioxypyrrole (EDOP) and 3,4-propylenedioxypyrrole (ProDOP) but with the same

substituent (CaFo) [46 47].
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Figure 3. SEM images of polymer surfaces obtained from ProDOTSiMesz via cyclic
voltammetry (1, 3 and 5 scans from top to bottom) without (left hand column) and with (right

column) substrate inclination.
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Figure 4. SEM images of polymer surfaces obtained from ProDOT(SiMes). via cyclic
voltammetry (1, 3 and 5 scans from top to bottom) without (left hand column) and with (right

column) substrate inclination.



Table 1. Wettability data and arithmetic (Ra) and quadratic (Rq) surface roughness for the

two polymers.

Number

Monomer of scans Ra [nm] Rq [nm] Ay [deg] Ghiiiodo [deg]  6hexa [deg]
ProDOTSiMe3 1 3810 49 + 15 1209+24 489+15 0
3 112 +18 140+ 21 141.7+54 355+43 0
5 215+ 27 280 £ 35 1306 £ 1.7 305+£1.6 0
ProDOT(SiMes), 1 768 907 160.6 £2.0 69.6 £4.0 0
3 2000 £150 3700+250 163.4x1.0 48.4 +5.7 0
5 1250+70 1920+100 163.5%1.3 34.7+4.8 0

Figure 5. Picture of a water droplet placed on a substrate obtained from ProDOTSiMes (left)

and ProDOT (SiMes): (right) via cyclic voltammetry (3 scans), and inclined at 90°.



3.3. Effects of substituent carbon number and branching on water contact angle and
morphology

The findings for ProDOTSiMez and ProDOT(SiMes), are compared with previous
results reported in the literature using ProDOT derivatives (Table 2) [28-38]. Indeed, various
substituents including linear or branched alkyl chains, fluorinated chains as well as aromatic
groups have been studied. To clarify the effects of substituents on hydrophobicity of the
electrodeposited polymer films, 6y of the electrodeposited polymers was plotted as a function
of total carbon number in monomer substituents (Nctta) [28-38] in Figure 5. Hereafter,
results and discussion are focused on the data collected after three deposition scans, which
results in the best performance for hydrophobicity, as commonly obtained in earlier papers
[28-38] as well as this study. The effects of main chain length and branching factor [4+ 48] of
the substituents were also investigated (supplementary material) but the effects are less clear
compared with Figure 6.

In the case of nonfluorinated substituents, &y, which is a measure of hydrophobicity
of the polymer film, was found to increase with N¢totar UP t0 8, maintaining a constant ~ 160°
being almost independent of chain branching. Generation of Petal and Lotus effects strongly
depends on Nctotal, and those properties appeared at Nciotal < 8 and > 8, respectively. On the
other hand, higher F-content monomers tend to form spherical rather than fibrous structures
and to produce smoother polymer surfaces, likely caused by stronger oleo-phobicity of the
monomers towards the organic solvent. For these TMS-substituent monomers, the data for the
single TMS-containing (ProDOTSiMes) followed the same trend of Gy vS N otar @S for other
nonfluorinated ProDOT families, and did not show any effect of the TMS group. However,
the effect of TMS became clearer when two groups were employed in the monomer,
producing the highest 8y value (163.4 + 1.0°) with ultralow water adhesion. In summary, even

though fibrous structures were obtained with many of ProDOT compounds, this paper is the



first to report ultra-low water adhesion in addition to superhydrophobicity, and this

combination of properties was obtained with TMS substituents in the ProDOT monomers.
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Figure 6. Relationship between 6y and total carbon number in substituents of monomers for
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effect, L. Lotus effect, F: Fibrous structure, Sp: Spherical structure, and Sm: Smooth surface.
Red/black and closed/open symbols mean fluorinated/nonfluorinated and single-chain/double-

chain monomer, respectively.



Table 2. Surface structure and wetting properties

reported

electropolymerization of various ProDOT derivatives [28-38].

in the

literature for
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Further examinations focused on how roughness in these electrodeposited polymer
films affects water contact angles. Figure 7 shows the relationship between (6w - 64°m°°") and
Ra for the ProDOT series reported in earlier papers [28-38]. 6™ values are water contact
angles on smooth polymer film surfaces (Ra < 10 nm) [28-38], playing the role of Y in the
Wenzel and Cassie-Baxter equations [7,8]. As shown in the gray region of in Figure 7, larger
roughness Ra lead to larger (6w - 6w>™°°™") values according to both Wenzel and Cassie-Baxter
theories. However, increasing Ra to over ~400 nm did not make 6y - 6™ any larger due to
the water contact angle already being ~160°.

Looking at Lotus and Petal effects in Figure 7, the boundary between both effects was
found to be at Ra ~ 290 nm. In the case of ProDOTSiMes, the Ra value was 112 nm and
smaller than the boundary, resulting in the Petal effect, on the other hand, ProDOT(SiMes).
produced the largest Ra ~ 2000 nm. Hence, ProDOT(SiMes)2 may amplify the Lotus effect the
most and result in the highest Gw. It is also interesting to note that non-fluorinated ProDOT
series with a larger Nctota give a larger roughness Ra, and that to achieve Ra > 290 nm to

generate the Lotus effect requires N total > 8.
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Figure 7. Relationship between (Gw - 6,°™°°") and Ra for ProDOT series reported in earlier
papers [28-38]. ™" is water contact angle on a smooth surface (Ra < 10 nm) of polymer
films. All the data is for three electrodeposition scans. The capital letters in each symbol mean
P: Petal effect, L: Lotus effect, F: Fibrous structure, Sp: Spherical structure, and Sm: Smooth
surface. Red/black and closed/open symbols mean fluorinated/nonfluorinated and single-

chain/double-chain monomer, respectively. The numbers following the capital letters are total

C-numbers in the monomer substituents.



To clarify the effect of the roughness parameter (or air fraction) on 6w, the relationship
between cos 6w and cos 6,5 was examined, as shown in Figure 8. The solid line in the
graph displayed a linear function fitted to the data for ProDOT-C, having Ra values of 122-
274 nm. The function has a gradient of 0.792 and intercept -0.667, relating to f (or r in
Wenzel equation [7]) and f -1, respectively [8]. The different f values, 0.792 and 0.333
obtained from the gradient and the intercept imply water droplets on electrodeposited
ProDOT-Cn polymer films are intermediate between Wenzel and Cassie-Baxter states [7,8]
containing air fractions of 0.333-0.792. The Lotus effect was found in the gray region, this
clearly shows that cos 6,,°™°" < 0 (or 5™ > 90 ©) as well as Ra > 290 nm are needed to

generate the Lotus effect (Figure 7).
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Figure 8. Relationship between cos 6w and cos 6,°™°" for ProDOT series reported in earlier
papers [28-38]. All the data is for three electrodeposition scans. The capital letters in each
symbol mean P: Petal effect and L: Lotus effect. Red/black and closed/open symbols mean
fluorinated/nonfluorinated and single-chain/di-chain monomer, respectively. The numbers

following the capital letters are the Ra values.



4. Conclusions

It is of fundamental interest to learn how to control water adhesion. Here, it was
demonstrated that control over nanofibrous surface structure can either lead to strong water
adhesion (Petal effect) or ultra-low water adhesion (Lotus effect). More precisely, films of
electropolymerized thiophene monomers (ProDOTSiMes and ProDOT(SiMez)2) having single
and double TMS-terminated propyl constituents respectively, have been studied.
Hydrophobicity and surface morphology of electrodeposited polymer films of these two
monomers were compared with those from previous literature for a wider ProDOT series,
having substituents of straight/branched fluorocarbons and hydrocarbons [28-38]. The
following interesting findings (1)-(3) were obtained.
(1) ProDOTSiMes, having a single TMS-terminated propyl substituent, generated polymer
films with tangled nanofibers, exhibiting water contact angles 120-142° and strong water
adhesion (Petal effect). The films are identified to be intermediate between Wenzel and
Cassie-Baxter states, and promising for water harvesting systems.
(2) Adding one more TMS-terminal substituent to the monomer, in ProDOT(SiMes)2, made
the nanofibers shorter, stand on end, and drastically increased roughness of the polymer films.
For example, the Ra and Rq values for three deposition scans increased up by 20 times over
the original ProDOTSiMes. As the result, the films for ProDOT(SiMes). displayed ultra-low
water adhesion (Lotus effect), Cassie-Baxter states, and achieved the highest
superhydrophobicity in the ProDOT series, as indicated by water contact angles of ~163.5°.
(3) Comparing water contact angles and water adhesion on polymer films across the ProDOT
series, showed that these properties are mainly dominated by total carbon number in the
monomer side chains Ncota (Figure 6) rather than fluorination level, branching or length of
the side chains (Figures S1 and S2). The relationship between those properties and chemical

structure of the polymers showed that as Ncota increases from 0 to 8 the water contact angle



increased from ~90° to 160° whilst maintaining strong water adhesion (Petal effect), changing
to ~160° and ultra-low water adhesiveness (Lotus effect) at Nciota >8. Hence, Nctota = 8
represents a critical cut-off for control over water adhesion (Petal or Lotus) and
superhydrophobicity. The value Nctota > 8 is presumably needed to achieve two important
requirements for the Lotus effect, both Ra > 290 nm and 6,5™°°" > 90°.

By adjusting the number of TMS groups and Ncota, the nanofiber sizes, surface
roughness and also the resulting wetting properties could be controlled, to obtain high &y and
strong water adhesion or ultra-low water adhesion. These new results are very promising for
various applications, such as water harvesting systems, liquid transportation or separation
membranes, especially due to the control over water adhesion. Although polymer films with
ProDOTSiMes exhibited strong water adhesion, superhydrophobicity was not observed. The
relationship between Ra and (Aw - 6.°™°") as reported in Figure 7 indicates
parahydrophobicity with 6 > 150° to appear with appropriate surface chemistry and structure
for Petal and Lotus effects, in other words, Ra = ~290 nm and 6,°™°°" = ~90°. From this point
of view, parahydrophobicity with 6, > 150° may be generated with Ra approaching to ~290
nm, with ProDOTSiMes and variation of solvent, temperature, additive concentration etc.

Unfortunately, superoleophobicity was not observed for the polymer films prepared
in this study, even after employing single and double TMS-terminated substituents. Future
work will explore optimal F-free substituent structures for ProDOTs to generate
superoleophobic electrodeposited films. This is expected because even fluorinated ProDOT
often leads to low oleophobicity, which could be increased by using more polar monomers
such as 3,4-propylenedioxypyrrole (ProDOP) or with extra polymer linkers [46,48 49]. Such
advanced polymer films could be key for applications such as self-cleaning solar panels and

windows.
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