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Design of Fluoro-Free Surfaces Super-Repellent to

Low-Surface-Tension Liquids

William S. Y. Wong,* Mariia S. Kiseleva, Shaochen Zhou, Muhammad Junaid,

Leena Pitkinen, and Robin H. A. Ras*

1. Introduction

Super-liquid-repellent surfaces feature high liquid contact angles and low

sliding angles find key applications in anti-fouling and self-cleaning. While
repellency for water is easily achieved with hydrocarbon functionalities,
repellency for many low-surface-tension liquids (down to 30 mN m~") still
requires perfluoroalkyls (a persistent environmental pollutant and
bioaccumulation hazard). Here, the scalable room-temperature synthesis of
stochastic nanoparticle surfaces with fluoro-free moieties is investigated.
Silicone (dimethyl and monomethyl) and hydrocarbon surface chemistries are

benchmarked against perfluoroalkyls, assessed using model

low-surface-tension liquids (ethanol-water mixtures). It is discovered that
both hydrocarbon- and dimethyl-silicone-based functionalization can achieve
super-liquid-repellency down to 40-41 mN m~" and 32-33 mN m~/,
respectively (vs 27-32 mN m~" for perfluoroalkyls). The dimethyl silicone
variant demonstrates superior fluoro-free liquid repellency likely due to its
denser dimethyl molecular configuration. It is shown that perfluoroalkyls are
not necessary for many real-world scenarios requiring super-liquid-repellency.
Effective super-repellency of different surface chemistries against different
liquids can be adequately predicted using empirically verified phase diagrams.
These findings encourage a liquid-centric design, i.e., tailoring surfaces for
target liquid properties. Herein, key guidelines are provided for achieving

functional yet sustainably designed super-liquid-repellency.
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Super-liquid-repellency,~"!
perhydrophobicity (water repellent)!
to superomniphobicity (water and oil
repellent), 12910131 {g  intensively stud-
ied from both fundamental and applied
perspectives. This unique wetting phe-
nomenon depends on two dominant
contributing factors, namely, surface
topography and surface chemistry. Inves-
tigations into the former have provided a
detailed understanding of how re-entrant
geometries!>>13-15] are vital toward the re-
pellency of low-surface-tension liquids. Un-
derstanding of the optimal design/choice
of surface chemistry, however, is compar-
atively scarce. This is further bracketed
by the popularity of perfluoroalkyl chem-
istry, justified under the conceptual lowest
known surface energy of a —CF, group.['®]
As a result, this culminates in the domin-
ion of perfluoroalkyl chemistry within the
state-of-the-art, regardless of any actual
requirements in superhydrophobicity or
superomniphobicity.7:6:17:18]

Despite the well-demonstrated perfor-
mance of perfluoroalkyls!? %24 in the
domain of super-liquid-repellency, the
continued use of perfluoroalkyl chemistry
as a crude all-encompassing solution
brings long-term environmental and health hazards.[*-?°] This is
caused by the poor biodegradability and complex remediation (al-
beit progressing!*%) of perfluoroalkyls under ambient conditions
(impervious to environmental UV light and/or temperature).[”]
Today, the bioaccumulation of perfluoroalkyls is observed in
both human blood and wildlife,!?”! with epidemiological stud-
ies already correlating perfluoroalkyl exposure to carcinoma
and heart diseases amongst other ailments.[?>?%] Efforts to re-
place long-chain perfluoroalkyls (so-termed Cg) with short-chain
perfluoroalkylsi!l will bypass legislations (as of the time of writ-
ing) but will not avoid these hazards.”) In Europe, an EU-wide
perfluoroalkyl substances (PFAS) ban may be enacted as soon as
2025.321

Here, we discuss potential alternatives to perfluoroalkyl chem-
istry for super-liquid-repellency. A careful review of silicone or hy-
drocarbon chemistries (so-termed fluoro-free) suggests that both
variants have yet to be exploited to their maximum potential in

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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super-liquid-repellency (Table S1, Supporting Information). Very
recent studies have employed silicones for oleophobic fabrics(*#!
and omniphobic surfaces,3*] but in contrast to the super-liquid-
repellent state, these do not rapidly repel low-surface-tension lig-
uids. In fact, most studies in super-liquid-repellency utilizing
fluoro-free precursors are only tested against pure water, salt-
water, or (at most) ethylene glycol with high surface tensions (y
> 72.8 mN m~33¢] or y = 47.7 mN m~"¥-*]) to demonstrate
simple superhydrophobicity (Table S2, Supporting Information).
There remains a surprising lack of investigations into fluoro-free
chemistries for low-surface-tension super-liquid-repellency.

Difluoromethylene (—CF,) and trifluoromethyl (—CF,) groups
possess some of the lowest surface energies at ~#19 m] m=2140
and ~6 m] m~2[1%] respectively. Perfluoroalkyls are typically com-
posed of both functional groups, leading to a net surface en-
ergy of between 11-19 m] m~2.[ In contrast to this, the methy-
lene (—CH,) and methyl (—CHj;) groups possess significantly
higher surface energies of ~33 m] m~2*l and ~19-21 m] m~2,
[*1] respectively. Common hydrophobic polymers are composed
primarily of methylene groups, leading to a surface energy of
~30 m] m~2.[“° Curiously, the pure methyl (—CHj;) functional-
ity, of #19-21 m] m~2[*1] may be easily achieved at scale via the
route of dimethyl silicone chemistry, where two —CH; groups
are held by a siloxane backbone, [0-Si(CH,),],. In this work,
we show that carefully optimized silicone functionalization can
match the liquid repellency of perfluoroalkyls under many real-
world (aqueous-based) situations. The technique demonstrated
employs simple green solvents,[“>* is highly scalable, and pro-
cessable at room temperature. We highlight the performance lim-
its of silicone-, hydrocarbon-, and perfluoroalkyl- functionaliza-
tion, alongside predictions made by empirically-verified repel-
lency phase maps. We believe that the use of such phase maps
can be used to guide fluoro-free surface chemistry designs, by
focusing on target liquid properties. These design principles out-
line how future generations of fluoro-free super-liquid-repellent
surfaces can be sustainably achieved.

2. Results and Discussion

2.1. Design: Liquid vs Vapor Functionalization of Fluoro-Free
Nanoparticle-Based Surfaces

The silicone-based dimethyl (—CH,), surface functionalization
is based on the dichlorodimethylsilane (DCDMS) precursor.
DCDMS reacts through hydrolysis and condensation®* to
create siloxane backbone chains of —Si—O-Si— bearing dimethyl
functionalities on each Si atom, O-Si(CH,),. Due to the
dichloro-bifunctionality, siloxane chains (silicones) are formed
(Figure 1a). To achieve super-liquid-repellency, we introduce
nanometric surface topographies!>®192144l and explore two
approaches (Figure 1b,c) for surface functionalization. In each
separate instance (liquid- or vapor-functionalization), the use of
identical nanoparticles as starting materials standardizes our
investigation into surface chemistry variations. Four variants are
examined: dimethyl silicone (DCDMS), monomethyl silicone
(trichloromethylsilane, TCMS), hydrocarbon-functionalized
(trichloro(octyl)silane, OTS), and perfluoroalkyl (perflu-
oro(octyl)silane, PFOTS).

In the first instance, a classic in-liquid functionalization
techniquel'*2%#4%1 is employed. 1 g of fumed silica is mixed
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into 30 mL of chloroform, followed by adding excess chlorosi-
lanes, e.g. DCDMS at 6 times (0.86 mL) the theoretical hy-
droxyl concentration (4 pmol per m?).*”¥1 Chloroform was
chosen as the solvent of choice due to its excellent solvation
properties®! and track record for dense surface functionaliza-
tion with chlorosilanes.'*] The reaction is allowed to proceed
at 20 °C for 72 h, before three cleaning cycles (chloroform wash-
ing) and collection (vacuum drying) of liquid-functionalized sil-
ica particles. Functionalized silica is then re-dispersed in acetone
at 10 mg mL~! and spray-coated (10 mL per 37.5 cm?) onto glass
substrates at a working distance of 10 cm at a pressure of 3 bar
(Figure 1b). The resulting surfaces are nano(micro)structured
(Figure 1d,e, top and side view), with a mean particle size
of 55 + 11 nm. Surfaces are free of fluoro-functionality
(Figure 1le).

In the second instance, a classic in-(chemical)-vapor-
functionalization (CVD, vapor-functionalization) technique
is employed.l®?!] Plain, unfunctionalized fumed silica is dis-
persed in acetone at 10 mg mL™! and spray-coated (10 mL
per 37.5 cm?) onto glass substrates at a working distance of
10 cm at a pressure of 3 bar. Thereafter, surfaces are exposed
to chlorosilanes, e.g. DCDMS in a desiccator (20 cm diameter,
V =4.21) at 8 cm from a central source (0.5 mL) at 50 mbar
for 120 min (Figure 1c, optimized: Figure S2, Supporting In-
formation). The resulting vapor-functionalized surfaces are also
nano(micro)structured (Figure 1f,g, top and side view), with a
notably coarser mean particle size of 74 + 16 nm. Differences
in grain sizes and similarities in macroscopic roughness (R,
= 5-10 pm) between vapor- and liquid-functionalization are
also presented via transmission electron microscopy and optical
profilometry (Figure S1, Supporting Information). Surfaces are
free of fluoro-functionality (Figure 1g).

To assess surfaces for low-surface-tension liquid repellency,
the use of ethanol-water mixtures is employed as a model lig-
uid. This allows for tunable surface tension with both polar or
non-polar (dispersive) components, per the weight percent of
ethanol. The range (ethanol:water) goes from 72.8 mN m~! (po-
lar: dispersive at 2.3) to ~31-32 mN m™' (polar: dispersive at
0.48).

Static (CA) and sliding contact angle (SA) assessment (7 pL
drops) vs net surface tension (y) show that both liquid- and vapor-
functionalized surfaces are highly repellent (CA > 150°, SA <
10-15°) against pure water (Figure 1h,i, y = 72.8 mN m™!). How-
ever, complete wetting (CA = 0°) of the liquid-functionalized
variant occurs at y ~ 4849 mN m™! (Figure 1h,i, red trian-
gle). This behavior continues with increasing ethanol content
(Figure 1h,i, red triangle at y < 48.8 mN m™). In contrast, the
vapor-functionalized variant shows a persistently high liquid re-
pellency (CA > 150°, SA < 10°) down to y ~ 32-33 mN m™
(Figure 1h,i, orange circle) before a mild wetting transition from
between y ~ 31-32 mN m~! (Figure 1h,i, orange circle) at a CA
= 136° and 84°, SA »~ 12° and pinned, 90° respectively.

The optimal nature of vapor-functionalization (for DCDMS)
may be tentatively explained by molecular size. The dimethyl sil-
icone precursor, DCDMS, is a much smaller molecule compared
to commonly used C; or Cq silanes (also discussed later). During
liquid-functionalization, it is not sterically hindered and as a re-
sult, may form many unwanted and unanchored (i.e., solvated)
silicone oligomers that are subsequently removed, thus reducing
functionality. During vapor-functionalization, the small DCDMS
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Figure 1. Conceptual design: functionalization of silicones using dichlorodimethylsilane (DCDMS) on silica nanoparticles. a) Bifunctionality of DCDMS
forms purely dimethyl-functional siloxane chains after hydrolysis—condensation reactions. The schematized dimer will continue to react, forming chains.
b) Approach #1. Liquid-functionalization by DCDMS leads to readily sprayable nanoparticulate coatings. c) Approach #2. Vapor-functionalization by
DCDMS after spray-coating of plain nanosilica allows for denser surface functionalization. d—g) Nanoparticle surfaces are stochastically micro- and
nanostructured. Elemental analysis shows the presence of Si, O but the absence of F. EDX spectra (cps/eV) are also provided in Figure S1 (Supporting
Information). Vapor-functionalized nanoparticles appear to be larger during grain size analysis (74 + 16 nm vs 55 + 11 nm). h,i) Wettability analysis (n =
3, mean + standard deviation) of contact angle (h) and sliding angle (i) shows drastic differences in performance between these two approaches for the
super-liquid-repellency of low-surface-tension aqueous mixtures (model mixtures of ethanol-water). Experimental drop-on-surface images are included
as insets within the dotted boxes (red: liquid-functionalized at 0.4 s, orange: vapor-functionalized at 4.0 s).

precursor easily vaporizes, forming dense vapor clouds that per-
form direct and continuous on-surface functionalization. Option-
ally, the framework of synthesis can also include an additional
vapor-deposition (silica) step to improve stability, i.e., so-termed
“stabilized” surfaces (see Supplementary Discussion, "Mechani-
cal Stability Optimization" and Figure S3, Supporting Informa-
tion). For conciseness and consistency, the following discussion
will be based on the stabilized variant, unless otherwise indicated.

Adv. Mater. 2023, 35, 2300306 2300306 (3 of 12)

2.2. Mechanism: Silicone-on-Nanoparticle Growth
(Self-Assembly)

To investigate the mechanism of silicone formation by DCDMS
vapors on these nanostructured silica surfaces, high-resolution
thin-film Fourier transform infrared (FTIR) spectroscopy is per-
formed with respect to reaction time (Figure 2a,b). The reac-
tion by vapor-functionalization occurs rapidly, within 5 min of
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Figure 2. Mechanism: Spectroscopic, thermogravimetric, and growth mechanics of vapor-functionalization (dichlorodimethylsilane, DCDMS). a) Spec-
troscopic analysis from 0 min (plain silica “unstabilized”, black line) to 960 min of reaction time (functionalized silica, colored lines). Peak analysis:
809 cm~! (rocking), 1264 cm~' (symmetric deformation) of the Si~dimethyl (Si—(CH;),) groups. 2905 cm~" and 2961 cm~" (stretching vibration,
symmetrical and asymmetrical) of the —CH5 group. The 1015 cm™ peak represents linear Si-O-Si, i.e., growing linear siloxane chains. b) Silica-shell
stabilization shows near-identical signatures, minus a small but broad Si—-OH (3234 cm™') peak, likely from unreacted hydroxyls. Much weaker signa-
tures were noted for the liquid-functionalized variant (red line), albeit present. c) Thermogravimetric analysis of liquid vs vapor-functionalization shows
a significantly higher organic loading for the vapor-functionalized variant, over a 2-step degradation. d) Particle diameter coarsens with each vapor-
functionalization/stabilization step. ) Growth of DCDMS by vapor deposition creates chains, lengthening and densifying before terminating to give
surface chains and/or loops or loose chains and self-terminated loops.

exposure (Figure 2a, red line), evidenced by the early formation
of 809 cm™!, 1264 cm™!, and 2961 cm™! peaks. These repre-
sent the rocking and symmetric deformation of the dimethyl (Si—
(CH,;),) and stretching vibration of the methyl (—CHj,) groups
respectively.®® The growing 2905 cm™ and 2961 cm™' peaks
represent increasing growth of —CH; groups. The growing 1015
cm~! peak represents growing linear Si—O-Si (siloxane) chains.

Adv. Mater. 2023, 35, 2300306 2300306 (4 of 12)

During excessive reaction (Figure 2a, 960 min, green line), the
singular peak at 1080 cm™' (Si-O, silica) is co-dominated by
a 1015 cm™! peak (Si—O-Si, linear siloxanes). This is expected
as excessive DCDMS hydrolysis—condensation reaction leads to
the formation of silicone oil.[’?! This is further evidenced by
the formation of somewhat oily surfaces (sometimes observ-
able by naked eye). The presence of this silicone oil can be
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solvent-extracted and analyzed, showing a gradual increase in
eluted oligomericlength as the reaction proceeds (Figure S4, Sup-
porting Information). The minimum wash-out oligomeric chain
length detected at 120 minutes (Figure 2a, orange line, and Figure
S2 (Supporting Information), optimal liquid repellency) is in the
order of ~700 repeat units (Figure S4, Supporting Information),
which may indicate the length of anchored oligomers (<700 re-
peat units or <112 nm from a unit length of 1.6 A).

The silica-stabilized variant at 120 min (optimum de-
sign) is also evaluated against the liquid-functionalized variant
(Figure 2b, orange vs red line). Spectroscopic (Figure 2b) and
thermogravimetric (Figure 2c) analysis reveal a much lower ex-
tent of functionalization with a liquid-phase reaction. Shallower
809 cm™! and 2961 cm™! peaks (Si-dimethyl (Si-(CH,),) and
—CH,;) were observed. 1015 cm™ and 2905 cm™! peaks (indica-
tive of linear Si—O—Si and densifying —CH,) were not observable
(Figure 2b). This is notable despite the liquid-functionalized vari-
ant achieving superhydrophobicity against pure water.

The enhanced degree of functionalization in vapor-phase is
further evidenced by thermogravimetric analysis, with organic
content of up to 27.5% w/w vs just 3% w/w with liquid-
functionalization (Figure 2c). This significant difference in or-
ganic loading is likely the primary reason behind the contrast
in performance. For the vapor-functionalized variant, two phases
of degradation exist: 1) a volatile component (phase I) which ac-
counts for up to 5% w/w drop until 300 °C and 2) a nonvolatile
component that is stable (phase II) until between 400-500 °C
(Figure 2c). This volatile component is likely comprised of loose
oligomeric chains, 53! which is notably common for chemical va-
por functionalized nanoparticles (Figures S5 and S6, Supporting
Information).

To understand the influence of volatile vs nonvolatile com-
ponents on super-liquid-repellency, surfaces (DCDMS, vapor-
functionalized) were kept at 200 °C for 24 h before being re-
assessed (Figure S7 (Supporting Information), spectroscopic a),
thermal b), and wetting c,d)). The removal of very minute volatile
components (<5% w/w) did not lead to degradation in composi-
tional or wetting properties. In fact, performance was marginally
improved, as heating is known (but rarely reported?*>3]) to im-
prove interfacial chain alignment due to increased molecular mo-
bility. Super-liquid-repellency is thus attributed to the nonvolatile
components composed of dimethyl silicone.

The growth of silicone-functionalization can be directly ob-
served by particle size analysis (Figure 2d). Silica shell stabiliza-
tion increases the median diametric size of native nanoparti-
cles from ~15 to 45 nm while DCDMS vapor-functionalization
results in a final median diametric size of ~75 nm. The
growth/assembly of silicone functionalization likely occurs via
the continuous extension of siloxane chains (Figure 2e). The
growth in particle sizes provides a direct observation behind the
thermogravimetric- and spectroscopic-analysis of increased or-
ganic loading. Within this range of feature sizes, there is likely
no direct impact on wettability through the virtue of size (10—
100 nm),>*] or geometry (as the particles remain largely as
spheroids). Due to the stochastic nature of the reaction, three
final silicone configurations likely exist: 1) the loose silicone
chains, 2) surface-grafted silicone chains and/or loops, and 3)
self-terminated silicone chains. The loose (1) and self-terminated
(3) silicone chains make up the non-essential volatile compo-

Adv. Mater. 2023, 35, 2300306 2300306 (5 of 12)

www.advmat.de

nents, which can be removed without influencing super-liquid-
repellency (Figure S7c,d, Supporting Information). In fact, exces-
sive formation of these loose oligomeric components (oil-like)
is observed to degrade super-liquid-repellency (Figure S2, Sup-
porting Information). The growth of nonvolatile surface-grafted
dimethyl silicone is therefore likely responsible for the excellent
super-liquid-repellency observed.

2.3. Performance Limits: Silicone (Methyl/Dimethyl) vs
Hydrocarbon vs Perfluoroalkyl Variants

To benchmark performance limits of silicones and hydrocarbons
with perfluoroalkyls, vapor- functionalization (Figure 3) of four
(three additional) silanes bearing different functionalities were
assessed: Trichloromethylsilane (TCMS), trichloro(octyl)silane
(OTS), and perfluoro(octyl)silane (PFOTS). After synthesis, these
broadly different variants (perfluoroalkyl, hydrocarbon, and sil-
icone) are assessed using FTIR, which confirms the presence
or absence of distinctive functional groups: 1) PFOTS, —CF,
and —CF;, 2) OTS, —CH, and —CHj;, and 3) DCDMS, —CH,
(Figure S8, Supporting Information). Thermogravimetric analy-
sis is also used to gauge the extent of grafting and organic loading
in each variant (both vapor- and liquid- functionalized). During
vapor-functionalization, DCDMS, TCMS, OTS, and PFOTS were
grafted at 27.5% w/w, 14% w/w, 8% w/w, and 45% w/w (Figures
S5 and S6, Supporting Information) respectively. For long-chain
chlorosilanes, i.e., OTS and PFOTS, smaller variations in grafting
density between liquid- and vapor-functionalization were noted
as compared to the short-chain variants, i.e., DCDMS and TCMS.
For long-chain chlorosilanes, there appears to be no direct corre-
lation between organic content vs super-liquid-repellency above
a certain organic loading (see Supplementary Discussion, "Per-
formance Limits" and Figure S9, Supporting Information).

Firstly, to assess the importance of crosslinking vs methyl
density (Figure 3a vs Figure 3b), trichloromethylsilane (TCMS)
was used as a benchmark. The key difference lies in the chain-
forming di-methyl group (DCDMS, Figure 3a) vs the cross-
linkable trifunctionality mono-methyl group (TCMS, Figure 3b).
TCMS functionalization (monomethyl, Figure 3b) enabled super-
liquid-repellency down to a surface tension of 40-41 mN m™.
In contrast to this limit, DCDMS-functionalization (dimethyl,
Figure 3a) demonstrates a super-liquid-repellency down to = 32—
33 mN m~!. Performance contrast (Figure 3a,b) between the
dimethyl (—CHj;), and monomethyl (—CH,;) variants (DCDMS
vs TCMS) reveals the importance of packing functional methyl
groups®®l at the molecular level (thus also increasing or-
ganic loading), particularly under similar degrees of grafting
(see Supplementary Discussion, "Performance Limits: TCMS
and DCDMS", Supporting Information). The performance of
dimethyl silicone vs perfluoroalkyl (see below) is attributed to the
near-matching of effective surface energy (dimethyl silicone: 19—
21 mJ] m~2[*1l ys perfluoroalkyl: 11-19 m] m~2.[*1]). This results
in similar levels of super-liquid-repellency against the partially
polar test liquids.

Secondly, to benchmark performance against state-of-the-
art long-chain trichlorosilanes, OTS and PFOTS are cross-
compared. The functionalization of hydrocarbon (—CH, and
—CH,;) chains (OTS, Figure 3c,d) allowed super-liquid-repellency
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Figure 3. Benchmarking: Silicones (monomethyl and dimethyl) vs hydrocarbon vs perfluoroalkyl (n = 3, mean + standard deviation). a) DCDMS-

functionalization achieves a super-liquid-repellency down to ~32-33 mN m~

. b) TCMS functionalization achieves a diminished performance

(~40-41 mN m~"). c) Commonly used hydrophobic Cg trichlorosilanes (trichloro(octyl)silane, OTS, and perfluoro(octyl)silane, PFOTS) were also bench-

marked. d) OTS achieves a super-liquid-repellency down to ~40-41 mN m~'.
at down to ~ 31-32 mN m~. Schematized chain lengths are not to scale.

to reach ~40-41 mN m~!, matching the performance by TCMS.
This level of performance is surprising, considering that OTS-
functionalized superhydrophobicity is rarely assessed beyond the
use of pure water.3>3¢] The functionalization of perfluoroalkyl
(—CF, and —CF;) chains (PFOTS, Figure 3c,e) results in super-
liquid-repellency of down to ~#31-32 mN m~!. In subsequent test-
ing (Figure 4), the perfluoroalkyl functionalization was even capa-

Adv. Mater. 2023, 35, 2300306 2300306 (6 of 12)

e) PFOTS achieves the best (expectedly) level of super-liquid-repellency,

ble of repelling hexadecane (27.4 mN m™') but fails (liquid drops
pin) with cyclohexane (25.0 mN m~') or decane (23.8 mN m™).
This is intriguing as it almost matches performance attained
using specific surface structuring (without dense functionaliza-
tion at ~1-5% w/w functionalized)!??! or much denser in-liquid
surface functionalization (without specific surface structuring at
~45% w/w functionalized).!*"]
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Figure 4. Predictive design: Surface chemistry vs super-liquid repellency. a—c) Surface chemistries: a) hydrocarbon-functionalized (via OTS), b) dimethyl-
silicone-functionalized (via DCDMS), and c) perfluoroalkyl-functionalized (via PFOTS). Surface energy components (polar and non-polar, i.e., dispersive)
are collated from the literature.[40:56-38] d—f) Solving the OWRK equation generates wetting envelope plots, with zones (green, orange, and red) depicting
error domains (+10°, bracketing each solid line) arising from different liquid properties: x-axis (dispersive yR/) and y-axis (polar yLPv). In combination with
the Wenzel limit (90°, dashed orange line), the domain of failure is highlighted (dark orange to red). The black dashed line represents a best-fit envelope
(minimum rms error) that is defined around the domain of failure (between orange and red data points). Tetrahydrofuran was excluded from this analysis
for (f) due to its anomalous nature. The dashed blue arrow indicates the model test liquid: ethanol-water mixtures. Liquid mixture properties are defined
in accordance to the literature.[>>60] Experimental results from liquid drop repellency tests show that super-liquid-repellency is lost far below the Wenzel

limit. Marker legends: 1) green: sliding drops, 2) orange: pinning drops, and 3) red: superspreading drops.

2.4. Predicting Superwettability: Surface Chemistry vs
Super-Liquid-Repellency

The super-liquid-repellency limits () for the fluoro-free variants
already transcend many current state-of-the-art descriptions for
fluoro-free functionalities (Figure 3 and Table S2, Supporting
Information). To improve mechanistic understanding while en-
abling the prediction of super-liquid-repellency limits, we now
consider models describing polar to non-polar liquid-solid inter-
actions alongside empirical observations.

The Owens—Wendt-Rabel-Kaelble (OWRK) modell®:6263] ig
often used to describe the relationship between liquid surface
tension (), solid surface energy (), through the inherent (Young’s)
liquid-on-solid contact angle ( or ). The two-parameter model
considers additional liquid-solid interactions between the non-
polar (dispersive) and polar components using a harmonic mean
(see Supplementary Discussion, "OWRK Model", Supporting
Information).["-*] For a liquid, the effective surface tension, is
represented as a combination of y,, e.g. non-polar or London dis-
persion forces and polar interactions, yf, e.g. dipole interactions,
Yiv = ¥y + iy~ Analogously, the effective solid surface energy is
Ysv = Yoy + Y4y~ Based on these parameters, the OWRK model at-
tempts to describe the wetting behavior of a liquid on a solid as
follows:

Yv (1 + cos (einherent)) =2 [\/(Yé)v}’g/) + \/(y;)vyll_)v)] (1)

Important assumptions include being of a pure liquid on a
perfectly smooth solid (topographically and chemically homoge-
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nous) without chemical reaction. Experimentally measured con-
tact angles, 0, will not easily satisfy these assumptions.!%! To pro-
vide a qualitative understanding of model accuracy, solutions to
Equation (1) are verified by using multiple modes of contact angle
measurements (6, static contact angle, alongside both 6,4, and ,
advancing and receding contact angle) from both literature and
in-house measurements (Figure S10, Supporting Information).
Errors are often range-bounded by ~ +10°, although larger er-
rors (up to 20°) do exist. This is expected as the OWRK equation
is affected by accurate contact angle measurements.[®®) However,
it remains capable of predicting broad wetting trends (Figure
S10, Supporting Information) across significantly different sur-
face energies (i.e., Aygy ~ 10 mJ m~2).

Solving the OWRK equation (see Supplementary Discussion,
"OWRK Model", Supporting Information) estimates the static
wetting properties (contact angle, ) via known non-polar (disper-
sive) and polar components of target liquids and solids. Notably,
while hydrocarbon-based (—CH, and —CH,) and perfluoroalkyl-
based (—CF, and —CF;) chemistries are known to be pre-
dominantly dispersive (D) in nature (yg, /g, & 0.01),1457%% the
siloxane-bounded —CH,; of dimethyl silicone, [O-Si(CH;),],,
possesses a non-trivial polar (P) component (yg, /75, ~ 0.13).15¢]

Using known literature values!*"**>#l of yo and yg, (Table
S3, Supporting Information) for hydrocarbon, dimethyl silicone,
and perfluoroalkyl (Figure 4a—c), OWRK wetting envelope plots
(i.e., wetting profiles) are generated. These are further con-
verted into phase diagrams with each contour line (estimated
) being bracketed by a typical +10° error range (Figure 4d—
f, shaded domains). Liquid properties are denoted along the
x-axis (dispersive y} ) and y-axis (polar yf, ). To test each surface’s
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limit in super-liquid-repellency, 20 probe liquids with known yJ},
and yf,, were assessed (Table S4, Supporting Information). The
ability to roll-off a 10 pL liquid drop at 10° tilt angle is consid-
ered super-liquid-repellent and assigned a green marker on the
OWRK phase diagrams. Pinned (but not superspreading) and su-
perspreading drops are assigned orange and red markers, respec-
tively (Table S5, Supporting Information).

For hydrocarbon-functionalized (OTS) surfaces, failure of
super-liquid-repellency was found far below the Wenzel-limit
(Figure 4d, moderate to dark orange zones). For dimethyl silicone
functionalized (DCDMS) surfaces, we observe an even smaller
failure window (Figure 4e). For perfluoroalkyl-functionalized
(PFOTS) surfaces, the smallest failure window exists (Figure 4f).
All 3 variants had a domain of failure within the moderate to dark
orange zones (modeled of 60°-70°, Figure 4d—f, green lines). De-
viation from the model green lines is depicted by the black dashed
envelope. These modeled failure windows are well-aligned with
the experimentally measured range of contact angles (6 of 60°
+ 10°, Figure S10d—i, green lines, Supporting Information). No-
tably, only 1 specific liquid-surface combination (out of 60 tests)
fell significantly out-of-phase: tetrahydrofuran (y2, = 12.4, y, =
15) on PFOTS-functionalized nanoparticles. The reasons are yet
unknown. Considering the high success rate of estimating super-
liquid-repellency above this failure window (modeled of 60°—
70°), predicting performance with new liquids (or mixtures) may
be possible. Above a Wenzel-limit of 90°, super-liquid-repellency
is guaranteed (Figure 4d—f, green zones). Below the Wenzel-limit
0f 90°, super-liquid-repellency is still largely possible (Figure 4d—
f, light to moderate orange zones, >70°). Failure of super-liquid-
repellency is likely to occur within the red zones (Figure 4d—
f, <60°), with a transition between 60°-70° (dark orange
zones).

DCDMS or dimethyl silicone performs better than hydrocar-
bon (OTS) or monomethyl silicone (TCMS) under all situations.
The critical failure behavior with purely dispersive (non-polar lig-
uids) with hydrocarbon- and silicone-functionalities occurs ear-
lier than with polar liquids. This occurs despite having similar
net effective surface tensions. Qualitatively, this is attributed to
the nature of chemical affinity/compatibility!®’] between surface
and liquid chemistry. Hydrocarbon- and silicone-functionalities
are molecularly similar to hydrocarbon-based liquids, unlike per-
fluoroalkyls. Therefore, with the former variants, predominantly
polar aqueous liquids can be repelled while predominantly non-
polar hydrocarbon-based liquids cannot be repelled. Quantita-
tively, this effect is adequately captured by the OWRK model (see
Supplementary Discussion, "Non-Polar Liquids", Supporting In-
formation).

To test this concept, the model test liquids: ethanol-water
mixtures were assessed. The polar and non-polar (or disper-
sive) properties are estimated using a binary modell>>%! (Table
S4*, Supporting Information). They are then compiled into
Figure 4d—f, as per the blue dashed arrows, showing excel-
lent estimates of super-liquid-repellency limits. OTS, DCDMS,
and PFOTS transited to failure at modeled of ~60°, 65°,
and 65° respectively. The conceptual use of these phase dia-
grams (for both sprayed nanoparticles and/or otherwise) can
be useful in guiding the future of sustainably designed (fluoro-
free) super-liquid-repellency per basis of requirements (liquid
properties).
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2.5. Deviation from Cassie / Wenzel’s Hydrophobicity Limit of
90°

In the pioneering studies of Cassie-Baxter and Wenzel,[°¢%"] the
demarcation of (super)hydrophilicity-to-(super)hydrophobicity
lies at = 90°. This limit is clearly violated here (6,,,ion Of 60°—
70°). In this study, two hypothetical causes may exist: 1) Hy-
drophobic attraction, which is attributed to a range of real-world
phenomena that the Cassie—Baxter and Wenzel models do not
consider (see Supplementary Discussion, "Deviation from Cassie
Limits", Supporting Information). 2) Spontaneous re-entrancy,
which could be formed by the presence of nanoparticle agglom-
erates. Perfect spheres, for instance, are known to exhibit a sig-
nificant degree of re-entrancy (), down to « = 60° supportinga =
30°.1%8] While fumed silica nanoparticles do not possess perfect
spherical geometries, localities with re-entrant overhangs may
still be distributed stochastically. These spontaneously occurring
overhangs are instrumental in preserving the Cassie-state. While
both factors may contribute to the as-observed Wenzel-limit de-
viation, spontaneous re-entrancy likely dominates. This is at-
tributed to the macroscopic effect imposed on the contact line by
re-entrancy, contrasting the (comparatively smaller) nanoscopic
influence exerted by hydrophobic attraction.

2.6. Real-World Use of Hydrocarbon, Dimethyl Silicone, and
Perfluoroalkyl Surface Chemistries

The real-world assessment of fluoro-free super-liquid-repellent
surfaces is illustrated by functional in-air liquid repellency
and under-immersion functionality with model contaminated
liquids. Some of the world’s most contaminated liquids are
aqueous-based, including wastewater with soaps, surfactants,
and oils having an effective range of surface tensions from 30—
60 mN m~1.72] Therefore, a series of model contaminated lig-
uids were designed: 1) Oily-water: hexadecane (2 mL): water
(2 mL): CTAB-1 CMC (1 mL) at 56 mN m™" (the typical range
of wastewater), 2) Cationic (Cetyltrimethylammonium bromide,
CTAB) and anionic surfactants (Sodium dodecyl sulfate, SDS)
at 1 CMC, = 36.6 mN m~! and 37.2 mN m™!, respectively, 3)
An ethanol-water mixture (y ~ 32-33 mN m™?) is also included
for reference. All vapor-functionalized variants (hydrocarbon,
dimethyl silicone, and perfluoroalkyl) exhibit excellent super-
liquid-repellency against water, oil-water, and the anionic soap
(SDS at 1 CMC). However, only the dimethyl silicone (DCDMS)
and perfluoroalkyl (PFOTS) variants were able to repel liquids
with lower surface tensions: 1) cationic soap (CTAB at 1 CMC)
and 2) ethanol-water mixture ( ~ 32-33 mN m™!) (Figure 5a,b).

To probe the drop impact repellency of hydrocarbon (OTS),
dimethyl silicone (DCDMS), and perfluoroalkyl (PFOTS) func-
tionalization, the in-air drop impact of pure water and ethanol—
water drops ( ~ 40-41 mN m™') was performed. Repellency
was assessed using contact time analysis. Contact time was as-
sessed from the point of drop-to-surface contact to the point
of drop-from-surface departure (Figure 5c). With pure water,
DCDMS and PFOTS are comparatively more consistent vs OTS
(Figure 5d, smaller stochastic spread of contact times). With
ethanol-water (y ~ 40-41 mN m™), the contact time appears to
occur over a larger stochastic spread for all 3 variants. However,
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Figure 5. Use and limitations: Super-liquid-repellency of hydrocarbon (OTS, green), dimethyl silicone (DCDMS, orange), and perfluoroalkyl functional-
ization (PFOTS, purple). a,b) Clean water, model oil-water emulsion (hexadecane—water—CTAB mixture), SDS at 1 CMC, CTAB at 1 CMC, and ethanol-in-
water (32-33 mN m~") were assessed (n = 3, mean =+ standard deviation) for contact angles (a) and sliding angles (b). Surface tensions are included in
the top axis. c) Drop impact testing (n = 10) with clean water and ethanol-in-water (40-41 mN m™~"), shows d) a weak correlation between surface chem-
istry and contact time. e) Bubble rupture testing (n = 20-50) under immersion with variable SDS concentration (0-1CMC), shows f) a strong correlation
between surface chemistry and rupture time, ranging over 7 orders in magnitude. For reference, a known optimized variant of heavily perfluorinated

silica nanoparticles (PFDTS, G6)*(%970] is also assessed at 1 CMC for reference. Scale bar: 1 mm.

the spread is the largest for OTS, followed by DCDMS, and the
smallest for PFOTS. This is attributed to decreased interaction
forces from the latter, leading to lower adhesion/dissipation, and
thus contact time. Albeit a weak correlation, this is indicative of
effective liquid impact repellency in the following order: PFOTS
> DCDMS > OTS.

As a harsher test of super-liquid-repellency, the plastron sta-
bility of hydrocarbon (OTS), dimethyl silicone (DCDMS), and
perfluoroalkyl (PFOTS) functionalization was assessed. This was
performed via under-water bubble rupture of SDS solutions (0 to
1 CMC) (Figure 5e). The rupture time is determined by the time
between bubble contact and the peak velocity induced by absorp-
tion, as defined in earlier works.[®*7"] The ability to absorb bub-
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bles under-water during immersion is a harsher and more sen-
sitive probe compared to in-air drop impact. This is evidenced by
the extent of stochastic spread in bubble rupture timings to over
7 orders of magnitudes (from milliseconds to hundreds of sec-
onds, Figure 5f). With the use of pure water, 0 CMC (Figure 5f,
blue triangles), the bubble rupture time distributions for all vari-
ants are similar. With an increased concentration of surfactants,
at 0.25 CMC (Figure 5f, purple squares), the spread of rupture
times increases for all variants, with OTS > DCDMS > PFOTS.
This trend continues to increase with 0.50 CMC (Figure 5f, pink
hexagons) and 1.00 CMC (Figure 5f, brown circles).

During immersion, long equilibrium interaction time (min-
utes) facilitates the stabilization of thin liquid films on
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surfaces.”273] The ability to rupture this film (hence the bubble)
requires sufficiently strong interaction forces!”* to act between
the solid—gas (nanoparticle—air) and the opposing gas phase (bub-
ble) through the liquid (surfactant-laced water). These forces in-
duce film thinning-and-rupture.”>7%

Changing the liquid composition (by surfactant concentra-
tion) or solid surface chemistry alters these interaction forces
(solid/gas-liquid—gas composite). Surfactants will also impose
non-slip boundary conditions that further slows down the
hydrodynamic drainage of the film.”>7¢] Hydrocarbon chem-
istry (from OTS, with numerous methylene groups, —CH,) is
chemically/energetically very similar to the surfactants (long
—CH, hydrocarbon tails) present in the SDS solution. As
a result, it promotes stabilizing interactions that maintain
the thin film between the bubble and the solid phase. Sil-
icone chemistry (from DCDMS, with only dimethyl groups,
(—CH,;),) is chemically/energetically more dissimilar to the
surfactants, thus conferring less stability. Perfluoroalkyl chem-
istry (from PFOTS, with difluoromethylene (—CF,) and triflu-
oromethyl (—CF;) groups) is chemically/energetically very dif-
ferent from the hydrocarbon-based surfactant chains. Therefore,
interactions between the perfluoro-alkylated solid and the gas
phase in the bubble promote the greatest thin film destabiliza-
tion potential and thus result in comparatively rapid bubble
rupture.

At 1.00 CMC, this surface-chemistry-directed trend is further
verified using a second control surface known for a very high
perfluoroalkyl content!!® and exemplary bubble rupturing prop-
erties (Figure 5f, PFDTS (G6)*).%7% In alignment with theo-
ries that govern thin film stability of impure water,[”>”’] the
dimethyl silicone functionality performs in accordance with its
uniquely intermediate surface energy properties, falling between
hydrocarbon and perfluoroalkyl. Among the fluoro-free super-
liquid-repellent variants, dimethyl silicone functionalization of-
fers the greatest performance-to-sustainability ratio. We main-
tain the use of perfluoroalkyl chemistry under highly special-
ized situations but would encourage the exploration of fluoro-
free chemistry (albeit limitations) for many other common
applications.

3. Conclusion

Most real-world contaminated liquids are aqueous-based, hav-
ing low to moderate effective surface tensions (30-60 mN m™1).
Notably, the effective surface tension is (often) composed of co-
dominating non-polar (dispersive) and polar components. Un-
derstanding this enables the design of surfaces capable of low-
surface-tension super-liquid-repellency without the use of perflu-
oroalkyls (a persistent environmental and bioaccumulation haz-
ard). To predict the limits of super-liquid-repellency for differ-
ent surface chemistries, wetting envelopes with functional phase
domains are developed and empirically verified. For a system
of stochastically formed nanoparticles, a critical transition ex-
ists at 60° < < 70° for almost any target liquid. The future de-
sign of super-liquid-repellency should be liquid-centric, i.e., tai-
lored to target liquid properties. We hope that these findings
would encourage prudent and non-pollutive surface chemistry
designs. The highly performing fluoro-free dimethyl (—CH,), sil-
icone functionality (vs monomethyl silicones and aliphatic hydro-
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carbons) is likely attributed to its denser dimethylated configura-
tion ([O-Si(CH,),],). Notwithstanding purely non-polar (disper-
sive) hydrocarbon oils or solvents, many aqueous-based liquids
can be repelled by fluoro-free surface chemistries. Understand-
ing these design principles is key to the future of sustainably
achieved super-liquid-repellency.

4. Experimental Section

Details of all experiments are included in the Supporting Information (Syn-
thesis and Characterization).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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