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ABSTRACT: Whereas classical surface chemistry holds that capillarity controls
fluid behavior, recent investigations indicate that it also dominates the mechanics of
soft solids at scales below the elastocapillary length (le), which is the ratio of surface
tension γ of liquid to elastic modulus E of the solid. We used atomic force
microscopy to probe elastocapillary deformations induced by droplets of various
radii (R) on partially wetting rubbery films of entangled polymers possessing
thicknesses down to 230 nm. The transition from elasticity to capillarity dominated
deformation with decreasing R values is visualized with high spatial resolution. The
elasticity-to-capillarity transition shifted to lower R values, when the film thickness
(h) is reduced to a threshold below approximately 10 times of the bulk le (le,bulk)
values, indicative of a smaller le on the thin films. This enabled the identification of a
thickness-dependent elastocapillary length (le,h) ∼ (h3γ/E)1/4 for soft polymer films
on rigid substrates, and, by extension, suggests the scaling le,h ∼ h−n, where n varies
with the contrast between the moduli of the films and substrates. The results resolve the foundation of the fluid wetting and
interactions with thin, substrate-supported soft films.

■ INTRODUCTION
A partially wetting fluid droplet can induce deformations in
soft materials upon which it rests.1−5 The droplet−solid
configuration is determined by the competition between the
capillary force and elastic stress of materials, i.e., elastoca-
pillarity, and can vary from that resembling a liquid−liquid
interface satisfying Neumann’s criteria to the geometry of
droplets on rigid solids characterized by Young’s law with
increasing droplet size and elastic modulus of materials.6−13

The elastocapillary deformation of soft solids, which have
already been exploited to engineer solid/liquid wetting14−16

and help to identify physical property changes in diseased
tissues,17 has a wide range of applications in cell micro-
responses,17−22 soft matter microfabrication,23−25 flexible
electronic microdevices,26,27 and other fields. Because many
devices will be fabricated based on nanostructures, it is crucial
to investigate the fluid-induced elastocapillary deformation and
the wetting behavior of the thin, soft, compliant films.
The relative importance of capillarity over elasticity depends

on the elastocapillary length (le), which defines the scale at
which surface tension induces deformations in elastic
solids.9,28,29 For infinitely thick films, which can be treated as
half-infinite bodies, le,bulk ∼ γ/E, where γ and E are the liquid or
solid surface tension and the solid modulus, respectively. When
the droplet radius (R) ≫ le,bulk, the material’s elasticity
dominates overwhelmingly, and the rigid substrate opposes any
droplet-induced deformation; however, when R ≪ le,bulk,
capillarity dominates the deformation, and capillary forces
shape the droplet into a floating liquid lens according to

Neumann’s triangles.7,30 The elasticity-to-capillarity (EC)
transitions of bulk materials have been theoretically rational-
ized7−9,29,31−35 and experimentally confirmed.10 However, for
finite thin films on a substrate, the characteristic length of the
elastocapillary deformation and the liquid wetting behavior
varies with the film thickness.7,12,30,32,35−39 As revealed by Style
et al.,14 glycerol wets better on thick film of silicone gel and the
droplets adopt a configuration similar to Neumann’s triangles,
while it wets worse on thinner films and the droplets behave as
if resting on a stiffer material. This means that for solid-
supported films, the effective stiffness sensed by the liquid
droplets, increases with decreasing film thickness (h),
suggesting that le is lower for thin films. Zhao, Roche ́ et al.37
deduced the scaling between le and h, i.e., le,h ∼ h3/4, by
theoretically modeling the energy dissipation due to the surface
deformation moving during the dynamic wetting of droplets on
thin films. However, the experimental investigation of the
thickness dependence of le down to the nanoscale is
challenging because of the technical difficulty in visualizing
nanodroplet-induced nanodeformations on nanometer-thick
films.11,12,30,36,39−41 The mechanism through which le changes
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have not yet been experimentally elucidated for nanoscopic
thin films.
Therefore, in this work, atomic force microscopy (AFM)

was used to image the liquid droplet−induced elastocapillary
deformation of soft polymer films possessing thicknesses down
to 230 nm for droplets with a radius (R) as small as about 200
nm. Instead of using force-modulated AFM to image
deformation under droplets in situ, as demonstrated by Zhao,
Chen et al.,10 we proposed an ex situ AFM approach based on
the temperature dependence of the viscoelasticity of entangled
linear polymers (e.g., polymers that are rigidly solid well below
the glass transition temperature (Tg) and behave as soft
elastomers in the rubbery plateau regime above Tg) to assess
the wetting deformation profiles; see details of the procedure
in the Experimental Section. Figure 1 displays the rheological

spectrum of the entangled polystyrene (PS; Mw = 27Me, where
the average molecular weight of the entangled strands, Me = 18
kg/mol42) at Tg + 15 K. Apparently, the entanglement network
produces a rubber-like elasticity with a plateau modulus (Ge)
of 2 × 105 Pa in the frequency range from 101 to 10−3 rad/s,
corresponding to time range of 0.1−1000 s. We deposited
droplets of an ionic liquid (IL), 1-ethyl-3-methylimidazolium

tetrafluoroborate ([EMIm]BF4), on the surface of the silicon
wafer−supported entangled rubbery PS films at Tg + 15 K. The
droplets were allowed to rest on film surface for 500 s, during
which the droplet capillary force deformed the rubbery film.
The films were then quenched to freeze the deformation, and
the morphology of the wetting-induced deformation was
captured using AFM at 298 K after removing the droplets atop
the films. The experimental details are included in the
Experimental Section.

■ EXPERIMENTAL SECTION
Materials. Monodispersed polystyrene (PS, Mw = 490 kg/

mol, PDI = 1.05) and poly(4-tert-butylstyrene) (PTBS, Mw =
390 kg/mol, PDI = 1.05) were purchased from Polymer
Source Inc. (Canada). Ionic liquid (IL) of 1-ethyl-3-
methylimidazolium tetrafluoroborate ([EMIm]BF4) was sup-
plied by the Lanzhou Institute of Chemical Physics, Chinese
Academy of Sciences. The physical characteristics of [EIMm]-
BF4 and polymers are listed in Tables S1 and S2, respectively.
The [EIMm]BF4 has a saturated vapor pressure of zero and is
stable against degradation at temperatures below 686 K. As
well, it is immiscible with hydrophobic PS and PTBS.43 Silicon
(Si) wafer with a native oxide layer was used as substrates for
the films. The wafer was treated by piranha solution consisting
of H2SO4/H2O2 (3:1) for 2 h at 90 °C, and afterward rinsed in
deionized water and dried under nitrogen gas before use.
Formation of Polymer Films. The polymer films were

prepared by spin-coating44 or solution-casting45 method. To
prepare films thinner than 2 μm, toluene solutions of PS and
PTBS were spin-coated onto the Si substrates; the thickness of
the films (h) was tuned by varying the concentration of the
casting solution. The films underwent thermally annealing at
Tg + 20 K (PS: 393 K; PTBS: 439 K) for 24 h in vacuum to
remove the residual solvent. Alternatively, to prepare films with
h > 2 μm, the polymers were dissolved in toluene at various
concentrations, and the films were fabricated by casting the
polymer solutions onto Si wafer and drying in air at room
temperature for 48 h. Subsequently, the sample was annealed
at temperatures ranging from 353 to 393 K at intervals of 10 K
for 12 h each under vacuum conditions to remove solvent from
the films.

Figure 1. Master shear rheology curves measured for PS (molecular
weight: 490 kg/mol) plotted as functions of angular frequency at 388
K (Tg + 15 K). Tg of PS is 373 K.

Figure 2. Upper panel: the temperature protocol for formation and measurement of the elastocapillary deformation on polymer film surfaces; lower
panel: schematic diagrams of each of the steps in the operation of the above-mentioned protocol (R: radius of droplets).

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c01784
Macromolecules 2024, 57, 10112−10119

10113

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c01784/suppl_file/ma4c01784_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.4c01784?fig=fig2&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c01784?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Rheology Measurements. The linear viscoelastic spec-
trum of PS and PTBS was determined through rheology
testing using a small oscillatory shear experiment on a TA
rheometer (Model ARES-G2). An 8 mm parallel plate was
used for the shear frequency scanning test. Frequency and
temperatures of the measurement are ranged from 0.1 to 100
rad/s, and from 383 to 473 K with intervals of 10 K,
respectively. Before test, the sample was held at 433 K for at
least 15 min to remove the thermal history and allow thermal
equilibrium. The rheological master curve covering a broad
frequency range was obtained by time−temperature super-
position (TTS) of the curves collected at various temperature
using 388 K as the reference temperature. The plateau
modulus Ge for PS was determined to be 2.0 × 105 Pa (Figure
1).
Determination of Elastocapillary Deformation on

Polymer Films Using AFM. We exploited the temperature
dependence of the viscoelasticity of entangled polymers and
combined it with AFM to study, with high spatial resolution,
the nanodeformation of rubbery polymer films caused by liquid
droplets. Figure 2 shows the temperature protocol that was
used for creation and measurement of the elastocapillary
deformation. First, the microdroplets of [EIMm]BF4 with
varying radii (R ≈ 200−20000 nm) were sprayed onto the
surface of glassy films of PS and PTBS at 298 K using a
sprayer. Then, the films with droplets on the surface were
mounted onto a hot stage at temperature of Tg + 15 K (the Tg
values of PS and PTBS are 388 and 434 K, respectively), at
which the entangled polymer exhibits significant rubbery
elasticity. After 500 s of heating, during which the film was
deformed by the capillary force of the droplets, the rubbery

films were rapidly transferred to a cold copper plate to freeze
the deformation. The IL droplets were rinsed off using
deionized water, thereby exposing the wetting-induced
deformation on the film surface. Morphology of the exposed
deformation was probed using an AFM (ICON, Bruker, USA)
at room temperature. Silicon nitride lever probes (SNL-10,
Bruker, USA) with a nominal spring constant of 0.35 N/m and
nominal tip radius of 2 nm were applied for AFM imaging. The
acquired AFM images were processed using “NanoScope
Analysis” to obtain the cross-sectional profiles of the
elastocapillary deformation, from which the radius of droplets
(R) can also be determined, see Figure 2.

■ RESULTS AND DISCUSSION
Figures 3a,b and 4a,b display the AFM images of the IL
droplet−induced deformation on thick and thin (143 μm and
752 nm, respectively) PS films for droplets possessing R
ranging from 200 nm to 6 μm. Evidently, the entire surface
deformation can be clearly visualized, including the dimples
due to the downward force via the Laplace pressure of the
droplet (ΔP)6,8,10−12 and the “wetting ridges”,43,46,47 at the
three-phase contact line (TPCL) because of upward force via
the vertical component of the surface tension of the
liquid,7,40,46 see the left insets of Figures 3c and 4c. For
deformation due to large droplets (R > ∼2 μm), the thick films
exhibit deep parabolic dimples, and the profile at the air side of
the ridge shows a logarithmic decay before the profiles level off
(Figure 3b). However, the thin films display shallow and flat
dimples, and microtroughs formed at both sides of the ridges
(Figure 4b). This discrepancy in the dimple and ridge
morphologies in the thick and thin films is in line with that

Figure 3. (a) AFM height image and (b) cross-sectional profiles of the elastocapillary deformation on thick PS film (h = 143 μm) for droplets
possessing various R. (c) D/R and H/R plotted as functions of αγ/ER; short-dashed lines show extrapolations of linear relations at low and high
αγ/ER (α ≈ 4), which intersect at αγ/ER ∼ 1. Left and right insets show schematics of deformation on thick films in elasticity- and capillarity-
dominant regimes, respectively. θ represents the macroscopic contact angle of the liquid droplets on the film surface.
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observed using other techniques, e.g., laser-scanning confocal
microscopy (LSCM),11,12 indicating the substantial influences
of both the film thickness and hard solid support on the
elastocapillary deformation of the soft films.
With decreasing the droplet size, for both thick and thin

films, the dimple depth (D) first increases with decreasing R
and then begins to decrease, as shown in the AFM cross-
sectional images in Figures 3b, 4b, S1 and S2. This
nonmonotonic behavior, clarified by plotting D as functions
of R in Figure S3a,c, occurred because the deformation evolved
from being determined by the film’s elasticity to capillarity as a
result of reduction in R of the droplet with respect to the le
values. For droplets with R larger than le,bulk (i.e., le of the semi-
infinitely thick films) or le,h (i.e., le of thin films), where the
film’s elasticity dominates the deformation, the balance
between ΔP and bulk elastic stresses determines the extent
to which the droplets “indent” the film,12 leading to increase of
D with reducing R and increasing ΔP (see the left insets of
Figures 3c and 4c). For R decreasing below le, capillarity
dominates the deformation, where the droplet−solid config-
uration is determined by balancing the tension forces of the
liquid−air, liquid−film, and film−air interfaces, as it would be
for a fluid film with negligible elasticity. Consequently, the
dimples become shallower with decreasing R to maintain the
same droplet geometry and Neumann’s triangles (right insets
in Figures 3c and 4c). Meanwhile, the nonmonotonic variation
in the reduced ridge height (H/R) with increasing R is also
attributed to the elasticity-to-capillarity (EC) transition,8,10,33

(Figures 3c and 4c). Therefore, the D/R crossover, which
occurs when the linear increase turns into a leveling off, and

the maximum H/R values signify the EC transition (Figures 3c
and 4c),8,31,33

For thick and thin films, the EC transition occurs at different
length scales. For the thick films, the EC transitions at R ≈ αγ/
E (α ≈ 4) and does not vary with the film thickness (Figure
3c), which agrees well with the molecular dynamics
simulation33 and theoretical modeling predications.8,31 How-
ever, for films thinner than ∼2 μm, the D/R and D/R deviate
substantially from the behavior of thick films (Figure S9), and
the D/R crossover points and maximum H/R both move to
lower radii (R) (Figure S4), indicating that the EC transition
shifts to a smaller length scale. Recently, Zhao et al.37 have
demonstrated that the wetting ridge motion−derived energy
dissipation during liquid spreading depends on not only the
viscoelasticity but also the thickness of soft films; i.e., reduction
of the film thickness decreases the energy dissipation due to
formation of smaller ridges on the thinner films, and
established a model-scaling law that describes this dissipation
for thin films which contains a thickness-dependent le [le,h; le,h
∼ (h3γ/E)1/4]. We rescaled H/R and D/R plotted as functions
of R for thin PS films in Figure S4, with (h3γ/E)1/4/R on the x-
axis (Figure 4c). Notably, for film thickness ranging from 2 μm
to 233 nm, H/R and D/R both overlap to form master curves
exhibiting a D/R crossover, maximum H/R, and EC transition
at R ∼ (h3γ/E)1/4, which perfectly agrees with the theoretical
modeling results.7,37

To further confirm these criteria, we investigated the
elastocapillary deformation of reduced-modulus PS films by
increasing the dwell time of the droplet on the film surface to
72000 s, corresponding to a storage modulus of 2.0 × 104 Pa at
frequency of 1.4 × 10−5 rad/s, according to the time

Figure 4. (a) AFM height image and (b) cross-sectional profiles of the elastocapillary deformation on thin PS film (h = 752 nm) for droplets
possessing various R. (c) D/R and H/R plotted as functions of (h3γ/E)1/4/R; short-dashed lines show extrapolations of linear relations for small and
large R, which intersect at (h3γ/E)1/4/R ≈ 1. Left and right insets in panel c show schematics of the deformation on thin films in the elasticity- and
capillarity-dominant regimes, respectively.
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dependence of the polymer modulus shown in Figure 1.
Employing the same surface deformation statistical and
analysis methods, we obtained data describing the elastocapil-
lary deformation for the PS films with lower modulus; see
Figure S5. Consistently, for variously thick softer films, H/R
and D/R collapsed to a master curve when plotted as functions
of (h3γ/E)1/4/R, and the EC transitioned at R ∼ (h3γ/E)1/4 ∼
le,h (Figure S6). The same behavior was also observed for
poly(4-tert-butylstyrene), having a Ge of 1.0 × 105 Pa (Figure
S7).
Taken together, the direct observations of the EC transition

for rubbery PS films on rigid Si substrates confirmed two
distinct behaviors of the elastocapillary deformation. Films
thicker than a threshold (hc) of ∼2 μm are treated as semi-
infinitely thick and possess a thickness-invariant le (le,bulk) ≈ γ/
E; however, for thin films, h < hc, the EC transitions over a
smaller length scale, and the films exhibit a thickness-
dependent le,h. Eq 1 shows le for rubbery PS films in separate
thickness ranges as follows:

l
m
oooooo

n
oooooo

>

<
l

E
h h

h
E

h h

,

( ) ,
e

c

3 1/4
c (1)

Notably, H/h and D/h quantify the magnitude of the strain
near the contact line2,38 and center of the dimple,48

respectively; for different PS film thicknesses, most of these
strains are below 10% (Figure S8). The low strain indicates
that the deformation is purely linear elastic48,49 and that the
Shuttleworth effect which describe the deformation on solids
with substantial surface strains is negligible.50 Thus, the
relations in eq 1 conform well to the theoretically predicted
linear elasticity.6,7,35

A comparison of the deformations of supported films
indented with a hard sphere51−53 helps to clarify the thickness-
dependent EC transition described in eq 1. As shown in Figure
5a, during indentation, a downward force was applied using a

spherical indenter of a radius of (δ); the film was indented, and
the indentation-induced stress propagated deeply through the
film.49,52−55 In parallel, during wetting-induced deformation,
an upward force of γl sin θ pulled up on the surface56 over a
length of le,bulk,

6−8 and the capillary-induced stress field34,57 was
generated within the film (Figure 5b). For infinitely thick films,
where h is above the propagation depth of the stress field (Lσ),
the solid substrate did not perturb the deformations generated
by either the tip pressure or liquid capillary force. However, for
the thin films, the strong stress field could reach the substrate,
and impingement of stress field on substrate,52,53,55 interferes
with elastic deformation of films interferes with the elastic
deformation of the films (inset in Figure 6). The indentation

experiments revealed that the effective modulus (Eeff) of a stiff
substrate−supported thin polymer film increases with decreas-
ing film thickness because of the effects associated with the
underlying hard substrate.51,52,55,58−61 This “substrate effect”,
where the substrate truncates the stress field, reduces the

deformation, and increases Eeff, decreases le,h ( )l h Ee,
eff

in the

wetting-induced elastocapillary deformation. Combined with
the relations in eq 1, it gives that Eeff = E at h > hc, and Eeff ∼
h−0.75 at h < hc (hc ≈ 10le,bulk; le,bulk ≈ γ/E ≈ 170 nm) for the
rubbery PS films on Si substrates (Figure 6). Namely, because
the substrate confines the stress field, the thickness-dependent
Eeff produces thickness-variant le,h for thin films. In this context,
hc represents the threshold thickness, below which the
underlying substrate affects the mechanical deformation of
the supported films. In the indentation experiments, it was
found hc ≈ 10δ;54 thus, hc ≈ 10le,bulk observed in our
experiments is reasonable on the basis of the qualitative
equivalence between indentation- and capillary-induced
deformations, as shown in Figure 6.
The scaling le,h ∼ (h3γ/E)1/4 is also consistent with the

theoretical predictions regarding elastocapillary deformation
on elastic solids.8,35,62 As shown in Figure 5b, the surface
deformation is caused by the surface tension of the liquid
droplet, but is limited by an increase in the surface free energy
due to the expansion of the film surface (i.e., capillary
contribution, Fc) and an increase in the elastic energy due to its
bulk deformation (i.e., elastic contribution, Fe). According to
the theoretical predication from Fredrickson et al.62 and Long
et al.,35 the free energies of Fc and Fe are a function of the
length scale l of the deformation:

F l/c
2

(2)

l
moo
noo

F
E l h

El h h

2 /3 , when

/ , when 0
e 2 3

(3)

When Fc > Fe, the deformation is defined mainly by the
minimization of the surface free energy and films’ capillarity
(γ) determines the deformation, and whereas when Fc < Fe, the
deformation adopts configurations with lowest elastic energy
and is predominantly decided by elasticity (E) of the films.
While for Fc = Fe, the deformation is determined by coupling
of the two forms. Therefore, the critical l values at which Fc =
Fe define the transition between elasticity- and capillary-

Figure 5. Schematics of soft film deformation and associated stress
fields induced by (a) a hard spherical tip and (b) the liquid droplets.

Figure 6. Eeff/E plotted as a function of le,bulk/h. The inset shows a
schematic of the substrate effect.
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dominated behaviors. As for the semi-infinitely thick films with
h → ∞, Fc = Fe, if le,bulk ∼ γ/E and while in the case of thin
films, Fc = Fe, if le,h ∼ (h3γ/E)1/4. The expressions of le,bulk and
le,h are exactly the same with the relations derived from our
experiments, eq 1. In this context, we presented the first
experimental evidence of the thickness dependence of
elastocapillary deformation of supported rubbery films.
It is worth noting that the scaling law between le,h and h

could change with the properties of the supporting substrates
because Eeff depends on the contrast between the moduli of the
film and substrate (Esub),

49,54 e.g., the greater the difference
between both moduli, the more Eeff deviates from the films’
true modulus. For an infinitely thick film, which can be
considered as a thin film on a substrate possessing the same
modulus, Eeff/E ∼ h0; for a rigid glassy PS film floating on an
extremely soft substrate,63,64 such as water, Eeff/E ∼ h3. For our
rubbery PS film on a stiff Si substrate, Eeff/E ∼ h−0.75. These
scaling laws suggest a general criterion for the thickness-
dependent deformation behaviors of supported thin polymer
films, e.g., Eeff/E ∼ hn (n < 0 at E < Esub, n > 0 at E > Esub, and n
= 0 at E = Esub). Accordingly, for thin films supported on
various substrates, le,h ∼ h−n, where n varies with the difference
between E and Esub.

■ CONCLUSIONS
We directly observed elasticity-to-capillarity (EC) transition of
soft deformation in the solid-supported rubbery polymer films
with thickness down to 230 nm by the partially wetting liquids.
The EC transition shifted with materials changing from a
macroscopic bulk to microscopic and nanoscopic thin films.
When the film thickness decreased below 10le,bulk, the
elastocapillary length changed from le,bulk ∼ γ/E to a
thickness-dependent scale [le,h ∼ (h3γ/E)1/4] because of the
thickness-dependent variation in the effective modulus (Eeff) of
the films, which is rooted in a “substrate effect”. For diverse
thin films on variously stiff substrates, the scaling is le,h ∼ h−n or
Eeff ∼ hn, where n varies with the contrast between the moduli
of the films and underlying substrates. These results for
nanofilm elastocapillary deformation help to clarify and
regulate many physical processes on soft films and coatings,
such as durotaxis and cellular mechanosensing.12,16,65,66 In
addition, the elastocapillary deformation determined by the
balance between the liquid surface tension and the elastic
modulus of the films allows the experimental study of the
viscoelasticity and dynamics of thin polymer films by observing
the growth of the wetting-induced deformation.67−69
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AFM cross-sectional profiles of the elastocapillary
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