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Abstract

Slippery covalently attached liquid surfaces (SCALS) are a family of nanothin poly-

mer layers with remarkably low static droplet friction, characterized by a low contact

angle hysteresis (CAH< 5◦), which makes them ideally suited to self-cleaning, wa-

ter harvesting, and anti-fouling applications. Recently, a Goldilocks zone of lowest

CAH has been identified for polydimethylsiloxane (PDMS) SCALS of intermediate

thickness (≈ 4 nm), yet, molecular-level insights are missing to reveal the underlying

physical mechanism of this elusive, slippery optimum. In this work, the agreement

between coarse-grained molecular dynamics simulations and atomic force microscopy

data shows that nanoscale defects, as well as deformation for thicker layers, are key

to explaining the existence of this ‘just right’ regime. At low thickness values, insuffi-

cient substrate coverage gives rise to chemical patchiness; at large thickness values, two
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features appear: 1) a waviness due to a previously overlooked lateral microphase sep-

aration occurring in polydisperse brushes, and 2) layer deformation due to the contact

line is larger than in thinner layers. The most pronounced slippery behavior occurs

for smooth PDMS layers that do not exhibit nanoscale waviness. The converging in-

sights from simulations, experiments, and a CAH theory provide design guidelines for

tethered polymer layers with ultra-low CAH.
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Slippery Covalently Attached Liquid Surfaces (SCALS) are an emerging class of materi-

als consisting of chemically attached liquid polymer chains (i.e. glass transition temperature

Tg below ambient).1,2 SCALS exhibit exceptional properties, such as easy droplet shedding,

self-cleaning, ice-shedding, and anti-biofouling, often equivalent to lubricant-infused3 and su-

perhydrophobic surfaces.4 SCALS are regarded as more robust than other super-wettability

surfaces,5 as their performance does not rely on a specific surface texture or an easily depleted

infused liquid lubricant.2 To date, the most promising SCALS are made of polydimethylsilox-

ane (PDMS), which is non-toxic, FDA approved, and harmlessly degrades in environmental

conditions, and therefore is applicable in a wide range of contexts, from medical devices to

atmospheric water capture. SCALS are timely eco-friendly coatings that could replace some

perfluorinated ‘forever chemicals’ in anti-fouling.6–9

The exceptional performance of SCALS is quantified by measuring contact angle hys-

teresis (CAH, the difference between advancing and receding contact angle in the limit of

zero contact-line velocity), which is proportional to droplet static friction10 and correlates

well with desirable properties such as anti-fouling and anti-scaling.1 The extremely low CAH

(≈ 1◦), and the corresponding high performance possible with SCALS, superior to alkyl self-

assembled monolayers,11 is attributed to their nebulous ‘liquid-like’ nature. The mechanism

by which a liquid-like layer exhibits low CAH is unclear; the low CAH of SCALS has been

attributed to the molecular mobility of the tethered chains.2,12–14 However, as CAH in the

limit of zero contact line velocity is a pseudo-static phenomenon, an explanation based on

static phenomena would be appropriate.

SCALS belong to the broader family of end-tethered polymer layers, which, at high

grafting density, form polymer brushes. The defining feature of SCALS is that the tethered

polymers are in a liquid state and hence do not require solvation to be effective. This is in

contrast to traditional polymer brushes; for example, polyethylene oxide brushes are only

expected to be antifouling when hydrated. As shown schematically in Fig. 1a, the structure

and behaviour of tethered polymers is often explained by a single parameter: the reduced
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grafting density, Σ, which is a measure of the degree of chain crowding:15

Σ = σπR2
g (1)

where Rg is the average radius of gyration of the grafted polymers (dependent on chain length

and solvent quality) and σ is the grafting density (grafting points per unit area, gps/nm2).

Σ < 1 corresponds to a sparse pancake/mushroom regime where chains form globules that

do not interact with each other, while Σ ≫ 1 corresponds to the brush regime, wherein

steric crowding forces chains to extend away from the substrate. A transitional ‘mushroom-

to-brush’ regime for 1 < Σ < 5 is typically identified in conventional solvated brush systems.

It should be emphasized that Σ is a function of the polymer solvation state, so layers may

transition from mushroom to brush states via a change in solvent quality. Given that the

present work focuses on the PDMS-water system, all Σ values here assume an unsolvated

polymer; that is, Rg is that of a sphere with the same volume as the polymer chain.
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Figure 1: Combined simulation and experimental study of CALS a) CALS consist
of end-tethered PDMS chains, which can be defined by their grafting density σ and average
chain length N̂ . Reduced grafting density, Σ, is a powerful predictor of slippery performance.
b) Example of a simulated system, which predicts that long chain, polydisperse CALS form
wavy structures. c) Meniscus force mapping can distinguish the liquid layer from the un-
derlying solid surface. d) Schematic illustrating the literature trend and the mechanisms
identified in this study: i) CAH of thin layers is dominated by chemically heterogeneity, best
described by Σ; ii) the lowest CAH is obtained for smooth layers without waviness and defor-
mation; iii)-iv) CAH of thick layers is dominated by layer deformation, which tends to scale
with thickness. At all thickness values, polydispersity increases CAH by increasing layer
waviness (iii). Due to synthetic techniques, Σ and thickness tend to scale proportionally to
one another; producing layers that break this trend is of interest. For instance, monodis-
perse, high density layers are expected to have low CAH at all thickness values (dashed line).

5



Extensive literature has identified a ‘Goldilocks zone’ of lowest water CAH at interme-

diate layer thickness and/or chain length, as schematically shown by the parabolic trend in

Fig. 1d.2,12,16–21 The exact location of this Goldilocks zone is dependent not only on the tech-

niques used to approximate thickness or chain length, but likely also depends on the precise

combination of chain length, grafting density, and polydispersity produced by specific syn-

thetic methods. However, across existing literature the optimum thickness for PDMS SCALS

is consistently between 3 and 5 nm.1 The shaded region around the parabola shows that,

both within and between studies, apparently similar PDMS layers (in thickness, composition,

contact angle) have different CAH values; extremes between 1◦ (corresponding to slippery

surfaces) and 15◦ (non-slippery, hence referred to as CALS) have been reported.1,2,19 This

Goldilocks zone also appears to exist for droplets of other liquids,1,14,17 but there is insuffi-

cient evidence to conclude that the CAH minimum occurs at the same thickness or Σ as the

water system. Indeed, the framework we propose predicts a change in the minimum due to

an increase in Σ in good solvent systems. The molecular origins of these drastic performance

differences are only beginning to be understood. Recently Gresham et al. demonstrated that

Σ is a good predictor for the Goldilocks region for SCALS prepared with different methods,

with minimum CAH obtained around Σ = 2.12 Covariance between relevant parameters

such as average chain length (N̂), σ, thickness (∝ σN̂) and Σ (∝ σ2/3N̂)12 make the exact

properties responsible for SCALS behavior difficult to determine experimentally. From this

summary of the state of the art, two outstanding questions emerge:

1. What causes the widely-observed parabolic trend and corresponding Goldilocks zone?

2. Why do otherwise identical PDMS layers exhibit different CAH?

In this work coarse-grained molecular dynamics (CG-MD) simulations, informed by ex-

perimentally measured physicochemical parameters (chain length, polydispersity, grafting

density),12 were used to address these two questions. Key findings from the simulations are

shown in Fig. 1d: i) low Σ CALS are chemically heterogeneous, with patches of the substrate
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exposed, while iii) in thicker layers, polydispersity induces nanoscale lateral waviness. Low

CAH surfaces are ii) chemically uniform and smooth. These simulation features were ex-

perimentally observed by adapting atomic force microscopy meniscus force mapping (MFM)

to these nano-thin PDMS layers (Fig. 1c). Simulations found that thick layers deform at

the droplet three-phase contact line (iv). This deformation has recently been identified as a

potential cause of hysteresis in such layers,19 with comparisons made to wetting on macro-

scopically soft surfaces (i.e., cross-linked PDMS gels).9 By applying simple wetting models to

the simulated structures, mechanistic explanations for the questions posed above are offered.

Results

The key strength of this work is the combination and close agreement between simulations

and experiments, with key layer properties shown in Table 1. Using CG-MD, grafted PDMS

layers characterized by different chain length (N), chain length distribution (polydispersity,

PDI) and grafting density (σ) were simulated in vacuum and in water, which are both poor

solvents for PDMS. A CG force field specific for PDMS was used, which allowed modeling of

realistic PDMS behavior.22 PDMS molecules were grafted to a flat, silica-like substrate,23 and

allowed to equilibrate from the fully elongated configuration. Different realizations of chain

lengths and grafting points were simulated. The chain length distribution in simulations

mimicked that measured in experiments (see Fig. S1). Simulated layers named P1, P2, and

P3 in Table 1 correspond to low, intermediate and high values of average polymer repeat units

(N̂), respectively, and are polydisperse (PDI = 1.3-1.35). For all N̂ , a range of experimentally

relevant grafting densities were simulated (Table 1). System P2, of intermediate thickness

and chain length, corresponds to the SCALS with the lowest CAH (2.7◦) as previously

reported,12 while systems P1 and P3 are not slippery in experiments. Three monodisperse

layers, M50, M100, and M300 (PDMS chains with 50, 100, and 300 monomers) were also

simulated for comparison, as shown in the Supplementary information and in Fig. S2 and
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Fig. S3.

Table 1: Structural parameters of grafted PDMS layers studied in this work in both simu-
lations and experiments: N̂ = average number of repeat units in the polymer chains, PDI
= chain polydispersity, σ = grafting density and d =layer thickness. Simulated layers P1 -
P3 are informed by experimental parameters and are polydisperse, while layers M50 - M300
are idealised and monodisperse. Sim. small and Sim. big refer to simulation base areas of
50x10 and 80x80 nm2, respectively.

Sample N̂ PDI σ, gps/nm2 d, nm

P1
Sim. small

15 1.3
0.1/0.2/0.3/0.6/1.0 0.8±1/0.9±0.2/1.0±0.2/1.3±0.2/2.1±0.2

Sim. big 0.3 0.9±0.2
Exp.† 8/NA 1.4/NA 0.9/NA 0.9/1.1

P2
Sim. small

88 1.3
0.1/0.2/0.3/0.6/1.0 1.9±0.4/2.6±0.4/3.7±0.5/6.8±0.2/11.7±0.3

Sim. big 0.3 3.5±0.5
Exp. (3 nm) † 32/88 1.1/1.3 0.75/0.26 3.1/2.9
Exp. (5 nm) † 91/- 1.1/- 0.51/- 5.94/-

P3
Sim. small

308 1.35
0.1/0.2/0.3 4±1/8±1/12±2

Sim. big 0.3 12.0±0.8
Exp.† 142/308 2.3/1.4 0.44/0.21 8.1/8.1

M50 Sim. small 50 1 0.1/0.2/0.3/0.6/1.0 1.4±0.5/1.8±0.5/2.2±0.7/4.0±0.5/6.5±0.3
M100 Sim. small 100 1 0.1/0.2/0.3/0.6/1.0 2.0±0.8/3±1/4.0±0.2/7.8±0.3/12.9±0.4
M300 Sim. small 300 1 0.1/0.2/0.3 4.0±0.5/7.9±0.3/11.6±0.3

† For experimental systems, two values are reported, respectively: measured by (reflectometry + numerical
self-consistent field theory)/(measured by ellipsometry + single-molecule force spectroscopy). Experimental

values shown here are obtained from.12
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Figure 2: Surface topography of PDMS CALS: (a) predicted by MD and (b) measured
by MFM, for increasing Σ (Table 1). (b.i) MFM image of unmodified silicon wafer (non-zero
jump-in due to humidity). (c) Peak adhesion maps from MFM. P1, the low Σ PDMS layer,
has a chemically heterogeneous surface, with peak adhesion values between that of silica (c.i)
and that of thicker PDMS layers (c.iii). (d) Parameters derived from panels a-c, plotted as a
function of Σ: (d.i) area of silica accessible to the contacting liquid divided by the projected
surface area, (d.ii) area of PDMS accessible to the contacting liquid divided by the projected
surface area, and (d.iii) RMS roughness of the PDMS layers. Colour corresponds to N and
σ; markers denote values derived from 50× 10 nm2 MD boxes (□), 80× 80 nm2 MD boxes
(⋄), and AFM images (×).
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The experimental PDMS layers were prepared using the synthetic method of Krumpfer

and McCarthy.17 Highly detailed data on layer structure was obtained from previous work

by Gresham et al.,12 as shown in Table 1. CAH was assessed by adding/withdrawing volume

from a water droplet quasi-statically and measuring the advancing/receding contact angle.

New experimental data consists of AFM maps of topography and adhesion force for the

grafted PDMS layers. The Bruker Multimode Peakforce Imaging AFM mode was used to

produce force–distance curves at every point of the scanned area. From the force-distance

curves, meniscus force measurements (MFM) were taken: the position of the jump-in at

which the liquid meniscus touches the AFM tip was extracted using a custom script, and

this allowed to reconstruct the nanoscale topography of the liquid layer.24 A similar approach

has been developed by Zhou et al.19 Peakforce imaging was used as it was challenging to

accurately track the surface of these liquid layers with conventional tapping-mode AFM, as

discussed further in Supplementary Information.

Chemical and topographical nanoscale defects in grafted surfaces

The CALS topography produced by MD simulations and measured by MFM are presented in

Fig. 2, and show experiment and simulation in excellent agreement. Broadly, both simulation

and experiments featured chemically heterogeneous layers at low Σ (Fig. 2a.i, b.ii), which

transitioned into chemically homogeneous layers at intermediate Σ (Fig. 2a.ii, b.iii, b.iv).

As Σ increased further, the surfaces remained chemically homogeneous, but an unexpected

topographical waviness of low aspect ratio emerged in both simulations and experiments

(Fig. 2a.iii, b.v). Simulations show that such waviness is always in full contact with wa-

ter. The trends observed in the presented images are supported by additional simulations,

summarised in Fig. 2d. Figure 2d.i shows that at Σ < 2 the area of the substrate acces-

sible to the contacting liquid (Asub) is a significant fraction of the entire projected surface

area (A), indicative of a chemically heterogeneous surface. At higher Σ values, Fig. 2d.ii

demonstrates that the surface area of the PDMS layer (APDMS) exceeded that of the planar
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substrate, corresponding to the appearance of waviness. The formation and growth of these

wave-like features is also captured by the increase in RMS roughness (Rq) with Σ observed

in Fig. 2d.iii. The RMS roughness agrees well with the values measured previously by Cheng

et al.,14 which vary between 0.33 and 0.75 nm, with a minimum value obtained at intermedi-

ate chain length. Results derived from simulations (colored markers) match those measured

experimentally (grey crosses), both in absolute terms and in the trends observed.

A detailed comparison of simulated and experimental results in Fig. 2 is provided here,

starting at low Σ and proceeding to higher values. The simulated low chain length surface

(P1) was patchy at σ values below 0.6 gps/nm2, with large fractions of the bare substrate

(between 70 and 15%, shown in black in Fig. 2a.i) exposed to the contacting liquid (blue

data points in Fig. 2d). As expected, the exposed substrate area decreased with increasing

grafting density, with full coverage only reached at the highest σ = 1 gps/nm2. Overall,

the P1 surface showed strong chemical heterogeneity in simulations, but the patches of bare

silica could not be resolved by AFM due to their small size. However, adhesion of the AFM

tip to the surface could be used as a proxy of exposed substrate; Fig. 2c shows that the thin

PDMS layer in P1 (c.ii) had intermediate adhesion (≈ 3.2 nN) between that of an uncoated

silica native oxide layer (c.i, ≈ 4.5 nN) and that of a thicker PDMS layer (c.iii, ≈ 2 nN).

From these measurements, a coverage of 50% is approximated and plotted in Fig. 2d.i as a

grey cross. Maps of the peak adhesion value for P1 (Fig. 2c.ii) were more heterogeneous than

those for thicker PDMS layers (Fig. 2c.iii), supporting the presence of the chemical defects

seen in the computation.

The simulated intermediate chain length surface (P2) showed lower chemical heterogene-

ity than P1, with a significant fraction of exposed substrate observed only at the lowest

grafting density, σ = 0.1 nm−2 (Fig. 2d.i). Surprisingly, the layer topography was not en-

tirely smooth even for full substrate coverage, as might have been expected for a liquid

interface. Instead, the emergence of waviness was observed, with an amplitude on the scale

of 1 nm and a wavelength of approximately 20 nm (Fig. 2a.ii). These features became more
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pronounced as layer thickness increased further. For the high chain length surface (P3) in

Fig. 2a.iii, the waviness had an amplitude of ≈ 5 nm and wavelength around 50 nm, and was

observed at all grafting density values studied, leading to an increase of APDMS/A above 1

and to a growing Rq (Fig. 2d.ii and d.iii). AFM maps of comparable surfaces confirmed this

surface topography (Fig. 2b.iii), although, for layers with comparable thicknesses and/or Σ,

the wavy features observed experimentally had larger wavelength and slightly lower ampli-

tude than in simulations. Still, the overall trend remained remarkably close, with waviness

size increasing as Σ increased.
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The waviness observed here is a static feature, both in simulations and experiments, and

as such cannot be rationalised as capillary waves, as have been observed at liquid-air inter-

faces. Further investigation of the origin of these features (discussed below) confirm they

are expected to be static. Furthermore, the MFM technique enables the simultaneous deter-

mination of the substrate and layer topography, which allowed us to exclude that substrate

topography is at the origin of the wave-like features observed. Furthermore, maps of the

maximum adhesion force became uniform as Σ increased (Fig. 2c.iii), indicating that the

higher Σ layers were chemically homogeneous.

The waviness predicted by MD simulations and revealed by MFM is the most unexpected

element of Fig. 2. Because the polymers are above their Tg (Tg< −100◦C for PDMS) and

grafted relatively sparsely, it has been argued that the layer would self-smooth on all length

scales,25 as would be observed for a true liquid interface. However, these tethered-liquid

polymer layers are shown to be heterogeneous both in terms of their chemistry (at Σ < 2)

and of their topography (Σ > 2). From this observation two questions arise: what is the

origin of these features, and can they explain the Goldilocks minimum in CAH observed

across the literature? Both questions are discussed in turn in the following sections.

Polydispersity induces waviness

The nanoscale waviness observed for polydisperse cases is reminiscent of the phenomenology

of microphase separation, common in block copolymers and mixed polymer brushes.26–28

However, to the best of our knowledge, this microphase separation has not been previously

reported for liquid-like grafted polymers of a single monomer type. Below, these features are

shown to be due to polymer segregation based on chain length, which occurs both vertically

and laterally. While these segregation modes are inexorably linked, vertical separation will be

discussed first, as it has previously been predicted by theoretical approaches, before turning

to the more novel lateral separation of homopolymers.

Vertical phase separation can be clearly seen in the histograms adorning the side of Fig. 3a
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Figure 3: Waviness is caused by length-wise segregation of chains: a,b) cross-
sectional profiles of P2 and P3 layers (σ = 0.3 nm−2), with chains colored according to
contour length. Different chain length fractions segregate to form wavy features; vertical
chain segregation is captured by the accompanying histogram, which compares favorably to
theoretical results (Fig. S4).29 Comparable monodisperse layers (M100 and M300, respec-
tively) do not develop waves; their surfaces are plotted as dashed lines. c) Conformations
of different length chains in b, showing the flower structure of long chains (red). The Rg of
chains in the flower regime (red circle) is not large enough to cover the whole surface, hence
the emergence of waviness.

and b, which shows the segregation of chains based on their contour length. Short chains

coil close to the substrate (even though their contour length is sufficient for them to extend

throughout the layer; compare colorbar and y-axes scale), intermediate chains are relatively

stretched and dispersed throughout the layer, and longer chains stretch to the top of the

layer (Fig. 3c), where their apical segments coil in flower-like aggregates. This partitioning

of longer chains to the brush-solvent interface (named flower-stem) is predicted by numerical

self-consistent field theory (nSCFT),29–31 a mean-field technique that successfully described
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polymer brush behaviour in a number of contexts.12,32–34 de Vos and Leermakers29 model

the structure of a polydisperse brush with nSCFT and plot the volume fractions of polymers

with different lengths, which nicely match the histograms in Fig. 3a and b (see Fig. S4);

fundamental work on bi-disperse brushes also report similar phenomena.35–37 The excellent

agreement between the vertical phase separation predicted by our simulation and nSCFT

support our subsequent observation of lateral separation.

Figure 3b shows that the vertical and lateral segregation are linked: longer chains con-

centrate at the bulge of the waves, medium chains at the troughs, and shorter chains at the

bottom of the layer. This behaviour can be rationalised by considering a bidisperse brush,

in which the longer polymers extend past the shorter polymers (the stem) and spread into

a flat (the crown) aggregate. In the same way, in polydisperse systems, chains sufficiently

longer than the average coil over the rest of the layer as the effective chain crowding decreases

far from the substrate. The characteristic size of the bumps is determined by the gyration

radius of the ‘flower’ segments of the longer chains Rg,f above the average brush thickness36

(Fig. 3c). If the number of flower structures is not sufficient to entirely cover the surface,

i.e., if the reduced grafting density of flowers Nf × R2
g,f/A < 1, then surface waviness must

emerge.

Given the mechanism behind waviness, both the amplitude and the wavelength of the

features in Fig. 2 are expected to depend on Rg,f and thus to increase with increasing mean

chain length. For instance, in P3, chains have lengths ranging up to ca. 500 nm with an

average of 300 nm, while for P2 the maximum is only 125 nm, with an average of 90 nm.

Additionally, going from P1 to P3 a progressive stretching of the PDMS layer is observed in

the middle of the layer, while the top of the layer is coiled (Fig. 3c). Monodisperse CALS

do not develop the waviness predicted for their polydisperse counterparts (smooth surfaces

plotted in Fig. 3a, b as dashed lines).

In summary, Fig. 3 shows that the emergence of waviness in sufficiently thick, polydisperse

PDMS layers is related to the way in which chains of different length self-organise in the
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layer.

Making sense of contact angle hysteresis

It is well established that both chemical defects (as in P1, Fig. 2) and topographical roughness

(the waviness most pronounced in P3, Fig. 2) result in CAH.38,39 As the P2 sample, which

corresponds to the lowest CAH experimental sample, appears to have no chemical defects

(compared to P1) and less waviness (compared to P3), it is tempting to use these features to

answer the two questions posed in the introduction. To do so quantitatively, a simple theory

linking chemical defects and waviness to CAH is presented below.

The classical model for static CAH by Joanny and de Gennes38 and its extensions relate

CAH to the number of defects and to the energy dissipated by a defect in an advanc-

ing/receding cycle.38,40,41 The nanoscale defects present in CALS can collectively give rise to

hysteresis, because each of them may exert a small pulling (upon receding) or pushing force

(upon advancing) on the liquid front. Following the model of Ref.42 for nanoscale defects

(both chemical and topographical) in the dilute regime, the energy dissipated by defects

during an hysteresis cycle is estimated from their wetting free-energy weighted by the area

fraction they occupy, see Supplementary Information for details:

CAH ≡ (cos θr − cos θa) ≈ (θa − θr) sin θe

=
1

2

Asub

A
|(cos θPDMS − cos θsub)|+

1

2

APDMS − (A− Asub)

A
|cos θPDMS| (2)

where θr and θa are the receding and advancing contact angles, the equilibrium contact

angle is defined as θe = (θa + θr)/2, Asub is the surface area occupied by chemical defects,

APDMS is the total PDMS area accessible to the contacting liquid, and A is the projected

area of the substrate. θsub and θPDMS are the values of the Young contact angle on the

bare substrate (silica) and on a flat PDMS layer, respectively. The factor 1/2 is due to the
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assumption that the maximum force a defect can exert on the liquid front, and thus the

dissipated energy, coincides, on average, with the defect being half covered by the liquid.

The approximation in Eq. 2, CAH≈ (θa−θr) sin θe, is valid for small CAH;10 for hydrophobic

equilibrium contact angles, as PDMS for which θe = 105◦,23 the expression further reduces to

CAH≈ θa−θr. Eq. (2) takes into account both the effect of chemical defects, characterised by

the wetting contrast (cos θPDMS− cos θsub) with area fraction Asub/A (introduced in Fig. 2d),

and of topographical ones, which result in an excess area APDMS − (A − Asub) compared

to the flat silica surface. This excess area is related to APDMS/A shown in Fig. 2d. Eq. 2

is an approximate model relating defect wetting energy to CAH, distinct from the usual

Cassie-like models that are concerned with the equilibrium contact angle.

Figure 4a shows an overview of literature data and serves as a reminder of the two ques-

tions posed in the introduction. Figure 4b highlights the important observation that, for any

layer, polydispersity increases the CAH by 1-4◦. This effect may explain the discrepancy

in the results in the literature. Using the current synthetic methods, the chain length and

polydispersity of grafted PDMS chains increase together,12 and while layer thickness is a

useful proxy for chain length, most published reports do not quantify polydispersity. There-

fore the variability in published reports on CALS could be a consequence of poor control

of polydispersity. Secondly, as described below, polydisperse chains are likely to be more

deformable than monodisperse ones, further increasing their CAH.

Figure 4c,d shows CAH computed from Eq. 2 for the simulated systems (modelled CAH),

alongside experimental values, plotted against layer thickness d and reduced grafting density

Σ. The model predicts the steep decline in CAH at low Σ (and thickness) seen in exper-

iments, with near quantitative agreement when θsub is set to 31◦. For both experiments

and simulations, the CAH minimum (≈ 1.5◦) occurs in the same range of parameter values

(d = 3− 6 nm or Σ = 1.5− 3). In both c) and d), the minimum in CAH corresponds to the

P2 surface that was shown to have the lowest incidence of chemical defects and waviness.

However, experimental and modelled values deviate at higher Σ values, with the model in
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Figure 4: Emergence of CAH: a) Contact angle hysteresis as a function of thickness
for select literature reports,1 showing the general trend of CAH vs thickness in CALS. b)
CAH for a range of polydisperse and monodisperse surfaces as calculated from simulations
via Eq. 2; polydispersity increases the CAH by 1-4 ◦, and as such could explain variation
observed in literature for layers of a similar thickness. CAH as a function of c) layer thickness
and d) reduced grafting density, as obtained from experiments,12 (•) and MD simulations
(□, ⋄) through the use of Eq. 2. Chemical defects explain the general CAH trend for low-
Σ layers, but the waviness is not sufficient to explain the CAH of high-Σ layers. Instead,
deformation of the PDMS layer around a droplet is likely responsible for the steep increase
in CAH at high Σ. e) Simulations of the three-phase contact line show that the (slippery) P2
layer deforms less than the (f) thick P3 layer around a droplet. The local slope of the surface
changes by (approximately) 15◦ and 22◦ for P2 and P3, respectively, accounting for increased
CAH in P3.43 g) Work done on a retracting AFM tip (here termed the meniscus work, left
axis) and normalised meniscus work (divided by the circumference of the tip in contact with
the layer, right axis) as a function of the PDMS layer thickness, due to deformation of the
liquid meniscus upon retraction of the AFM tip.

Eq. 2 predicting a rather small increase in CAH due to waviness.

One possible source of this discrepancy is that Eq. 2 assumes rigid topographical defects,

whereas the wavy PDMS layer is deformable. Deformable surfaces are known to increase

CAH as compared to their rigid counterparts because the ‘ridge’ pulled up by capillary forces

around the droplet acts as an additional defect.19,43–45 While the effect of ridge formation on

the dynamic CAH has been investigated,21,25 the mechanism is not as well established for
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static contact line friction. The shear modulus of brushes should increase as µ ∝ 1/N ,46,47

so it is expected that µ(P3) < µ(P2) < µ(P1). Our simulations with an explicit three-phase

contact line around a droplet show that the ridge pulled up is larger for P3 than for P2

(Fig. 4e,f), consistent with prior work on a thin monodisperse brush.48 Further simulations

of the equilibrated three-phase contact line were conducted for monodisperse layers, revealing

that the ridges on monodisperse surfaces exhibit greater symmetry and reduced angularity

(Fig. S5). This indicates that a contact line likely experiences less effective pinning in

monodisperse layers and, consequently, reduced CAH. Experimentally, the work done by

the PDMS meniscus on a retracting AFM tip (hence called meniscus work, measured by

integrating the force vs. separation profile,19) was used as a proxy for the energy required

to deform the layer at the three-phase contact line. The average meniscus work measured

in our AFM experiments increases with layer thickness, even when correcting for the effect

of contact-line length (Fig. 4g). If the effect of layer deformation on CAH was exclusively

geometric, as postulated in Ref.43 following Gibbs pinning criterion,49 the additional CAH

due to deformation would be significantly higher for P3 than for P2, as the edge angle is

25◦ and 13◦, respectively (Fig. 4e,f). Therefore, a significant increase in CAH is expected as

the thickness and thus the deformation of the PDMS layer increases: this feature could thus

account for the increased CAH seen in experiments beyond the Goldilocks zone and will be

investigated quantitatively in an upcoming work.

Overall, multiple phenomena explain the Goldilocks zone defining SCALS, as summarized

in Fig. 1d. Chemical defects cause the high CAH generally seen at low thicknesses; Σ is the

appropriate parameter to distinguish the chemically heterogeneous patchy regime from the

brush one,12 i.e., the emergence of chemical defects. On the other hand, layer deformation

accounts for the increase in CAH observed at higher thickness; this mechanism has very

recently been suggested by others.9,19 For a given Σ, the deformation (and hence CAH) of

the layer should correlate with N .46 Finally, polydispersity was seen to increase the predicted

CAH via an increase in layer roughness across CALS of all thicknesses. Hence, polydispersity

19



could reasonably account for the range of CAH reported in literature for ostensibly similar

layers. Moreover, the flower-like coils induced by polydispersity consist only of long chains,

and hence will be more deformable than the rest of the layer. MD also predicts that layers

in the limit of high Σ and low polydispersity should also exhibit low hysteresis, regardless

of thickness. These layers are most similar to conventional (tightly packed) self-assembled

monolayers. To date, they have not been prepared experimentally.

The explanation of static CAH in terms of the nanoscale features of the grafted sur-

face accounts for some of the important static properties of SCALS, including their water

repellency and low droplet adhesion. However, dynamical properties of SCALS, including

lubrication and fouling reduction,1 are not discussed here. Such properties may be related

to the mobility of the layer,12 which cannot be probed directly in this static model. For

example, the diffusion of a probe particle could be significantly affected by chemically or

topographically heterogeneous surfaces, as reported by fluorescence correlation spectroscopy

measurements.12,19 The anomalous diffusion, however, could be another indirect effect of

layer homogeneity rather being the cause of the optimal range of Σ.

Conclusions

In this work, a multiscale approach combining simulations, experiments, and wetting models

was used to connect the molecular composition of grafted PDMS layers to their nanoscale

surface topography and to their macroscopic properties, in particular, to contact angle hys-

teresis. The mechanism underpinning the Goldilocks zone of SCALS was clarified, i.e., the

occurrence of SCALS behaviour in an intermediate range of layer thickness (3− 6 nm) and

reduced grafting density (Σ ≈ 2). On thinner grafted polymer layers, increased pinning

of droplet contact line is due to chemical defects, corresponding to exposed patches of the

hydrophilic substrate, as the short chain molecules incompletely cover the substrate. On

thicker layers, increased pinning occurs due layer deformation. For all uniform layers, poly-
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mer dispersity leads to the emergence of previously overlooked nanoscale surface waviness,

which we confirm here by both experiments and simulations. This surface waviness can ex-

plain the range of CAH reported in literature for layers of similar thicknesses. These results,

summarised in Fig. 1d, provide design principles for SCALS: the layer must uniformly coat

the substrate (‘just right’ Σ), minimise deformation (‘just right’ layer thickness) and have

low polydispersity. Conducting MD simulations informed by experimental parameters leads

to sophisticated insights that would be impossible with a single approach in isolation.

Methods

Simulations

Coarse grained simulations were conducted using GROMACS 2023.350 and interactions were

modeled using the most recent MARTINI force field (MARTINI 351). The PDMS chain

model is described in Cambiaso et al.22 The simulated systems consist of a hydrophilic

substrate (θY ∼ 75◦), representing the chemical state of a silica surface with an intermediate

number of silanol groups.23,52 The PDMS chains are bonded at random sites, and only one

chain can occupy each site. Initially, the chains are in stretched upright positions, then

relaxed by steepest descent energy minimization. For each system, a simulation is carried

out in vacuum, using an NVT ensemble, until the PDMS layer reaches a stable average

thickness and density profile. For the cases in which the chains are very long, this process

can take a simulation time in the order of µs. A synoptic view of the thickness of the

simulated PDMS layers is reported in Fig. S2. Substrates of 50× 10 nm2 were simulated at

different grafting density and producing three realization for each chain length distribution,

while larger 80 × 80 nm2 MD boxes allowed only for a single representative simulation for

P1, P2, and P3. After equilibration in vacuum, the system is solvated and equilibrated

again for at least 50 ns (100 ns for the biggest systems), with a mobile piston added to

impose a pressure of 1 atm. The water beads are composed of a mixture of 3 bead sizes,
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a procedure to avoid artificial ordering of water beads near other surfaces and freezing at

room temperature.53

The length distributions of the polymers in the simulated layers were modelled on exper-

imental distributions obtained by Atomic Force Microscopy (AFM) in Single Molecule Force

Microscopy (SMFM) mode.12 As customary, the polydispersity of polymers is quantified

through the Schulz-Zimm distribution:

f(N) =
kkNk−1e−kN

Γ(k)
(3)

where N is the chain length, Γ(k) is the gamma function of k, and k is a parameter related

to the polydispersity index (PDI) through PDI = 1 + 1/k. We sampled the Schulz-Zimm

distribution using 3 sets of PDI and average chain length N̂ to simulate samples P1, P2,

and P3. The PDI and N̂ are directly obtained from a fit of the Schulz-Zimm54,55 function to

the experimental distribution. The actual length distributions after sampling is reported in

Fig. S1. The procedure for calculating surface areas is explained in details in Supplementary

information and Fig. S6.

Experiments

PDMS CALS imaged by AFM were prepared using the Krumpfer and McCarthy approach,17

which has been used by numerous groups to prepare PDMS CALS,20,21,25,56,57 following

the method documented in our recent work.12 Briefly, a few droplets of pure linear PDMS

(silicone oil) of different viscosities (P1: 20 cSt, P2: 50 cSt / 350 cSt, and P3: 10 kcSt) were

pipetted onto SEMI prime grade silicon wafers (0.675 mm thick, N-type, resistivity 1-20 Ω,

orientation < 100 >). PDMS was allowed to spread across the wafer, before the wafers were

placed into an oven and stored at 100 °C for 24 hours. During this time, water adsorbed on

the silica surface cleaves the PDMS backbone, and the resulting silanol-terminated PDMS

subsequently undergoes a condensation reaction with the silica surface.58 PDMS layers were
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washed with copious amounts of toluene, ethanol, and water, before being soaked in toluene

for at least an hour to ensure complete removal of untethered polymer. Using this method,

layer thickness could be tuned by increasing PDMS viscosity (i.e. chain length) or reaction

time (i.e., grafting density). The reaction mechanism (as detailed by Graffius et al.58) is not

trivial, and the length of grafted chains cannot be predicted simply by knowing the length of

the precursor PDMS chains.12 Here, physicochemical parameters are derived from previously

published characterization.12

AFM measurements (Bruker Multimode 8 AFM with a Nanoscope 5 controller) were

conducted with Bruker FMV-A tips, which were measured to have a spring constant of

approximately 3 N/m. The Peakforce imaging mode was used to record a 256 by 256 array

of force curves over a square area of side either 500 or 1000 nm (pixel length of 2 or 4 nm).

The Peakforce setpoint was 5 nN, Peakforce frequency 2000 Hz, and scan rate 0.8 Hz. The

Peakforce amplitude, which controls the length of the force curve, was adjusted between

30 and 60 nm for each sample, to minimise ringing and ensure an adequate baseline was

captured before the tip encountered the surface. Generally, thicker layers required a higher

Peakforce amplitude. All measurements were conducted on a clean sample in air.

Peakforce mapping produced 65,536 force curves, which were processed in a custom

Python script which identified points 1-6 depicted in Fig. S7-S11 to produce maps of a range

of parameters. Briefly, Peakforce files from the Multimode 8 were imported using the Bruker

Nanoscope Python module. Jump-in points were found by interpolating the separation value

where the approach curve reached 50% of the maximum adhesion force value. Maximum

adhesion was taken as the 95% force percentile in the retraction curve. Further description,

alongside the code required for the analysis, is supplied in Supplementary Information. The

current version of this code is maintained on a Github repository.
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Thin polymer layers that exhibit vanishing droplet friction are achievable, but only with
precise molecular control. The most pronounced slippery behavior occurs for smooth

polydimethyl siloxane (PDMS) layers that are sufficiently thick to fully cover the substrate,
are monodisperse and do not exhibit nanoscale waviness or layer deformation.
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