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ABSTRACT
Polymer brush layers are responsive materials that swell in contact with good solvents and their vapors. We deposit drops of an almost com-
pletely wetting volatile oil onto an oleophilic polymer brush layer and follow the response of the system upon simultaneous exposure to both
liquid and vapor. Interferometric imaging shows that a halo of partly swollen polymer brush layer forms ahead of the moving contact line.
The swelling dynamics of this halo is controlled by a subtle balance of direct imbibition from the drop into the brush layer and vapor phase
transport and can lead to very long-lived transient swelling profiles as well as nonequilibrium configurations involving thickness gradients
in a stationary state. A gradient dynamics model based on a free energy functional with three coupled fields is developed and numerically
solved. It describes experimental observations and reveals how local evaporation and condensation conspire to stabilize the inhomogeneous
nonequilibrium stationary swelling profiles. A quantitative comparison of experiments and calculations provides access to the solvent dif-
fusion coefficient within the brush layer. Overall, the results highlight the—presumably generally applicable—crucial role of vapor phase
transport in dynamic wetting phenomena involving volatile liquids on swelling functional surfaces.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0146779

I. INTRODUCTION

Polymer brush layers consist of densely spaced polymer chains
that are covalently attached at one end to a solid substrate. In dry
state and in poor solvents, they form dense collapsed polymer lay-
ers on the substrate. Upon exposure to a good solvent, they swell.
The degree of swelling is controlled by the balance of the osmotic
pressure of the solvent and the elastic stretching of the polymer
chains1,2 and varies under the influence of many external stimuli,
such as temperature, pH value, solvent composition, electric fields,
and illumination. This responsiveness can result in strong varia-
tions of many physical properties, including adhesion and fouling,

friction and lubrication, mass transport, and release with a wide
variety of possible applications, as described in various review arti-
cles including Refs. 3–6. While most applications involve polymer
brushes completely immersed in a solvent, recent years have seen an
increasing interest in the wetting of polymer brushes and other soft
materials, i.e., situations where responsive soft substrates are simul-
taneously exposed to the liquid solvent and to an ambient gas that is
more or less saturated by solvent vapor6–9 or to a second immiscible
liquid.10 In particular, in dynamic situations where a drop of solvent
is initially deposited onto a dry brush layer in a dry ambient atmo-
sphere, this gives rise to a coupling between the spreading dynamics
of the liquid, the evolution of the solvent vapor (for volatile liquid),
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and the swelling of the substrate with all the concurrent changes of
its physical properties including the equilibrium contact angle. This
specific responsiveness of polymer brush layers has been denoted as
adaptive wetting.7 Equilibrium properties of adaptive wetting sys-
tems, including also polyelectrolyte layers,11 have been studied for
quite some time and led to two persistent puzzles: Schroeder’s para-
dox that adaptive wetting layers exposed to fully saturated solvent
vapor are usually less swollen than upon immersion into bulk liq-
uid and the fact that even good solvents often display partial wetting
on brush layers, despite the—by definition—strong affinity between
polymer and a good solvent.12 One additional challenge of adaptive
wetting systems is that they often display multiple and very long
relaxation times. This can make it difficult to judge whether “true
equilibrium” is actually established in a given experimental situa-
tion. For instance, exposing polymer brushes to solvents of variable
composition can lock in metastable molecular configurations that
affect the wetting properties for months, as recently reported in
the work of Schubotz et al.6 using a combination of contact angle
measurements and sum frequency generation spectroscopy.

The competition of different time scales becomes particularly
evident in dynamic wetting situations when the intrinsic relaxation
time scales interfere with the time scale of contact line motion that
may be due to an externally imposed rate of change of the drop
volume or arise from the intrinsic hydrodynamic spreading or evap-
orative retraction of the drop. In the work of Butt et al.7, recently the
very general qualitative consequences of an intrinsically exponential
contact angle relaxation process for the phenomenology of dynamic
wetting experiments including, for instance, the appearance of con-
tact angle hysteresis if the displacement rate of the contact line
across the substrate is comparable to the relaxation time of the
substrate (wettability) adaptation was pointed out. To understand
these processes for a specific system, it is essential to identify the
actual relaxation processes involved in wettability adaptation and
contact line motion. The spreading of drops on polymer brushes
includes solvent transport by hydrodynamic drop spreading and sol-
vent sorption by the brush layer. In the case of nonvolatile solvents,
the latter can only take place by sorption at the solid–liquid inter-
face followed by imbibition of the solvent within the polymer brush
layer. This process has been pictured either as a diffusive process
of individual molecules13 or as a hydrodynamic imbibition process
like the imbibition of fluid into porous media.14,15 The latter gives
rise to a liquid front that propagates with x(t)∝

√
(t) according

to the classical Washburn law.16 For volatile liquids, solvent evapo-
ration, diffusion in the vapor phase, and subsequent condensation
into the brush layer provide an additional pathway that can affect
the coupled dynamics of drop spreading and swelling of the adaptive
substrate.17,18 For inert solid substrates, the effect of evaporation and
condensation on drop spreading has been studied extensively, see,
e.g., Refs. 19–24. In this case, the competition between the diver-
gence of both evaporation rate and viscous stress near the contact
line leads to a complex scenario that results, for instance, in finite
receding contact angles even for completely wetting liquids.25,26

For water-soluble polymers, solvent uptake by condensation from
the vapor phase can lead to a substantial reduction of the equi-
librium contact angle and thereby facilitate drop spreading, as
demonstrated by Lequeux and co-workers.17,18 Those authors also
described the dynamics of the wetting process using an analytical
model of the evaporation/condensation and imbibition process. For

adaptive polymer brushes, the effect of vapor condensation might be
even more important given the strong driving force arising for sol-
vent sorption as initially dry brushes swell. At this stage, however,
the role of evaporation and condensation on the dynamic wetting of
adaptive substrates remains underexplored and poorly understood.
This applies to the experimental perspective as well as to the one of
modeling. For the latter, particular challenges arise from the need
to incorporate multiple phases (liquid, vapor, dry polymer, swollen
polymer) and their various transition and transport pathways. The
resulting multi-scale aspects couple processes strongly localized near
the three-phase contact line to the macroscopic dynamics of the
bulk of the drop and the brush and vapor far away from the con-
tact line. Furthermore, note that intricacies of contact line modeling
are not limited to the wetting of polymer substrates but are related to
fundamental questions in the physics of wetting.27–31 Similarly, the
modeling of evaporation and condensation is related to fundamental
questions of phase change dynamics, in particular, to the distinc-
tion of mass transfer across the interface limited by the actual phase
change and by the diffusive transport of the vapor within the gas
surrounding the drop.24,30,32,33 For a recent review see the introduc-
tion of Ref. 34. Of the wide range of approaches to the modeling
of related dynamic phenomena, in particular, molecular dynam-
ics simulations35–37 and mesoscopic hydrodynamic models13,38 have
been applied to the wetting of polymer brushes.

In the present work, we study the spreading dynamics of
drops of an oil, hexadecane (HD), with a low but finite vapor
pressure and contact angle on a oleophilic polymer brush layer of
poly(lauryl methacrylate) (PLMA)39,40 and the resulting inhomoge-
neous swelling dynamics of the adaptive substrate formed by the
brush layer. Using video imaging and microscopic interferometry,
we quantify the macroscopic spreading dynamics and demonstrate
the emergence of a halo of partially swollen brush layer ahead of
the moving contact line in the later stages of the spreading pro-
cess (Fig. 1). This halo can reach extensions of several hundred
micrometers on a time scale of several hours and can assume differ-
ent long-living i.e., quasi-stationary, nonequilibrium configurations
depending on the containment of the evaporating solvent vapor. A
gradient dynamics model for the evolution of three independent
fields is developed and numerically solved. It reproduces the tem-
poral evolution of the halo and provides insight into the relative
importance of competing transport mechanisms through the vapor
and within the brush layer.

II. MATERIALS AND METHODS
A. Chemicals

Silicon wafers (100.0 ± 0.5 mm diameter and 525 ± 25 μm
thickness, boron-doped with (100) orientation, 510 Ω cm, Okmetic)
were cut into 2 × 2 cm2 pieces for characterization and synthe-
sis. Lauryl methacrylate (LMA, 96%, CAS 142-90-5), copper(II)
chloride (CuCl2, 97%, CAS 7447-39-4), α-bromoisobutyryl
bromide (BiBB, 98%, CAS 20769-85-1), N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA, 99%, CAS 3030-47-5),
triethylamine (TEA, 99%, CAS 121-44-8), (3-aminopropyl) tri-
ethoxysilane (APTES, 99%, CAS 919-30-2), ascorbic acid (>99%,
CAS 50-81-7), sulfuric acid (H2SO4, 98%, CAS 7664-93-9), hydro-
gen peroxide (H2O2, 30%, CAS 7722-84-1) were purchased from
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FIG. 1. (a) Top view microscopy image of a hexadecane droplet after an hour of spreading on a PLMA brush layer; R(t): drop radius; W(t): width of the halo ahead of
the macroscopic contact line. (b) Sketch of an evaporating drop on a polymer brush confined in a chamber of height d. The fields h(r , t), ζ(r , t), and ρ(r , t) represent the
local liquid height, brush swelling, and vapor saturation, respectively. Arrows indicate exchange fluxes between h, ζ, and ρ. Hdry represents the dry thickness of a collapsed
brush layer. Note that the relative sizes are illustrative and not to scale.

Sigma-Aldrich, toluene (99.8%, CAS 108-88-3) was purchased from
Alfa Aesar, and n-hexadecane (99%, CAS 544-76-3) was purchased
from Acros Organics and used as received without purification.
Ultrapure water (resistivity 18.2 MΩ cm) was obtained from a
Millipore Synergy UV system.

B. Polymer brush synthesis and characterization
The oxidized Si wafers were functionalized with bottle brushes

of poly(lauryl methacrylate) (PLMA), i.e., a polymer with a poly-
methacrylate backbone functionalized with fully saturated lauryl
side chains that provide a oleophilic character. Surface functional-
ization was conducted in a grafting-from approach employing the
surface-initiated activators regenerated by electron transfer atom
transfer radical polymerization (SI-ARGET-ATRP). This method
requires little (typically ppm) metal catalyst and provides better oxy-
gen tolerance compared to conventional ATRP methods.41,42 Three
pre-functionalization steps (surface hydroxylation, silanization, and
initiator coupling) were performed following standard procedures as
described in the literature43 before starting the actual polymer brush
synthesis. The specific SI-ARGET-ATRP recipe was adapted from
Ref. 44 with minor adjustments to the reactant ratios. Ascorbic acid
(AA) (40 mg, 227 μmol) and ethanol (3.5 ml) were mixed in a glass
vial (10 ml, 2 cm diameter). CuCl2 (28 mg, 210 μmol) and PMDETA
(100 μl, 480 μmol) were mixed in ethanol (10 ml). A volume of 0.5
ml Cu catalyst solution was added to the glass vial containing AA.
Monomer (4 ml, 13.65 mmol) was added to the vial, and the mix-
ture was stirred. The initiator-modified substrate was inserted into
the reaction solution, and the glass vial was sealed with a screw-top
lid. Reaction solutions were not degassed, and glass vials contained
∼4 cm3 volume of ambient air. After 3 h of reaction time, the sub-
strates were rinsed with toluene, water, and ethanol and dried with a
nitrogen stream.

C. Characterization methods
The dry thickness of the polymer brushes Hdry was mea-

sured to range between 180 and 220 nm using a Spectroscopic
Ellipsometer (SE) with Nanofilm-EP3 SE (ACCURION GmbH,
Göttingen, Germany) at angles of incidence of 60○, 65○, and 70○ in a

spectral range of 400–995 nm. Optical images of the spreading drops
were recorded using an upright microscope (Nikon Eclipse, L150)
with 10× objective with a working distance of 5 mm under a color
camera (Basler a2A5328 - 15ucBAS). The macroscopic spreading
behavior was quantified by imaging under white light illumination.
The samples are placed in the center of a cylindrically symmetric
cell with a diameter of 3.5 cm. In “closed configuration”, this cell
is covered with a microscope slide ∼0.4 mm above the substrate. In
“open configuration”, the sidewalls of the cell and the microscope
objective above the sample define the far-field boundary conditions
for the evaporation and provide decent protection from ambient
air currents in the laboratory, together with macroscopic shields
placed around the microscope. Quantitative information about
local swelling profiles was obtained using interferometric imaging
under monochromatic illumination with a narrow band green filter
(λ = 532(10) nm Thorlabs, FL05532-1). More detailed information
about the analysis steps are provided in the supplementary material,
Fig. S1.

D. Theoretical model
The theoretical description of the system is based on the frame-

work of gradient dynamics as employed in the mesoscopic hydro-
dynamic modeling of complex wetting.45–47 In particular, we extend
an earlier model by Thiele and Hartmann13 for a nonvolatile liq-
uid on a polymer brush. The system is described employing an
underlying free energy functional F[h, ζ, ρvap] that depends on three
independent fields: the thickness of the oil layer h(r⃗, t), the excess
brush thickness due to the local degree of swelling ζ(r⃗, t), and the
local vapor density ρvap(r⃗, t) (Fig. 1). Here, r⃗ = (x, y) and t are the
substrate coordinates and time, respectively. While the model is
presented in the general form below, in all the numerical calcula-
tions, we only consider radially symmetric geometries. Moreover, we
assume that the extension of the experimental chamber in the verti-
cal direction is small as compared to its horizontal dimensions such
that the vapor quickly equilibrates in the vertical direction and ρvap
can be considered to only depend on r⃗ and t. A detailed assessment
of this approach can be found in Ref. 34.
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Then, the free energy F[h, ζ, ρvap] corresponds to

F = ∫
Ω

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

γlg

√

1 + ∣∇(h + ζ)∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid−gas interface energy

+ γbl(ζ)
√

1 + ∣∇ζ∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid−brush interface energy

+ fwet(h, ζ)
√

1 + ∣∇ζ∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
wetting potential

+ f brush(ζ)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
brush energy

+ (h + ζ) f liq(ρliq)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid bulk energy

+ (d − h − ζ) f vap(ρvap)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

vapor energy

+ (d − h − ζ) fair(ρair)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

air energy

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

d2x, (1)

where f liq, fvap, and fair are bulk liquid, vapor, and air energies per
volume, which are converted to energies per substrate area by mul-
tiplication with the effective liquid height (h + ζ) or local gap height
(d − h − ζ). Furthermore, γlg is the constant liquid–vapor interface
energy, γbl is the brush saturation-dependent liquid–brush inter-
face energy, and fwet(h, ζ) is the brush saturation-dependent wetting
energy per unit area. Also, fbrush(h, ζ) is the Flory–Huggins-type
energy of the partially swollen brush containing an elastic and an
entropic contribution. (For the present system of alkyl-terminated
bottle brushes wetted by a pure alkane, the Flory–Huggins
χ-parameter is chosen to be zero.) Adaptivity of the equilibrium wet-
tability of the system arises from the dependence of fwet on the local
degree of swelling, i.e., on ζ. Detailed expressions for each term are
provided in the Appendix.

Variation of the free energy with respect to h, ζ, and ρ yields
the corresponding three chemical potentials. Taking the conserva-
tion of the number of molecules of the fluid across all phases into
account, the time evolution of each field at any position can be
written as the sum of a conserved flux driven by gradients of the
corresponding chemical potential and nonconserved fluxes Ji aris-
ing from the transfer of hexadecane between the different fields due
to evaporation (i = ev) and imbibition (i = im).

Simplifying the expressions and replacing the local degree of
swelling ζ by the dimensionless swelling ratio α = (Hdry + ζ)/Hdry
= 1 + ζ/Hdry, the resulting dynamic equations read

∂th = ∇ ⋅ [
h3ρliq

3η
∇μliq] − Jev − Jim,

∂tα = ∇ ⋅ [
Dbrush

kBT
(α − 1)∇μbrush] +

1
Hdry
(Jim − J′ev), (2)

∂t[(d − h)ϕ] = ∇ ⋅ [Dvap(d − h)∇ϕ] +
ρliqkBT

psat
(Jev + J′ev).

Here, Jim, Jev, and J′ev are nonconserved fluxes that describe
the transfer of oil between the three fields: transfer by imbibition
from the bulk liquid into the polymer layer, transfer by evapora-
tion/condensation between bulk liquid and vapor phase, and trans-
fer by evaporation/condensation between the partly saturated brush

layer and the vapor phase. Note that from now on, we only consider
radially symmetric geometries and employ r as radial coordinate.
A detailed description of the model, derivations of the relevant
equations, and the values of all parameters are provided in the
Appendix.

III. RESULTS AND DISCUSSION
A. Macroscopic spreading dynamics

Oil drops are deposited onto the polymer brush substrate to
spread under two different conditions. In the open configuration, the
samples are mounted in a sample cell open to the ambient air. In
the closed configuration, we close the sample cell within seconds of
depositing the drop by placing a microscope cover slip to contain
any vapor of evaporated liquid. In both situations, top view video
images allow us to extract the drop radius R as a function of time. For
both configurations, R initially increases algebraically with time as tν

and an exponent of ν ≈ 1/6 (Fig. 2). Contact angles θ extracted from
droplet height profiles (Fig. 3) using interferometry images recorded
with the same conditions show that θ decreases algebraically with
an exponent μ ≈ −1/2. As expected, the values of ν and μ are con-
sistent with the elementary geometric relation r ∝ θ−3 for spherical
caps of fixed volume for θ≪ 1 as valid at short times. After ∼15 to
20 min, the spreading process saturates, and the macroscopic drop
shape approaches a nearly stationary state for both open and closed
configurations. For the open configuration, the contact angle keeps
decreasing long after the radius has saturated (open blue symbols in
the left panel of Fig. 2(a). We attribute this continued decrease to a
combination of gradual drop evaporation and a small contact angle
hysteresis of ∼0.5○.

The numerical values of ν and μ deviate from the classical
exponents νT = 1/10, and μT = −3/10 given by Tanner’s law that
describes the spreading of nonvolatile Newtonian liquids on solid
substrates with a perfect no-slip boundary condition.48 Qualitatively,
this is not surprising. The interface between the swollen brush and
the bulk drop is rather diffuse, and displays dilute, flexible polymer
chains that are easily deformed by the strong viscous stresses close
to the contact line. Both, the diffuseness and the possibility of local
shear thinning or slip, will apparently lead to an effective hydrody-
namic boundary condition that alleviates the stress divergence and
thereby promotes faster spreading than in Tanner’s law.30 Moreover,
local evaporation and condensation also affect fluid transport.19

At first glance, one might also be surprised that the two differ-
ent forms of vapor containment lead to the same type of macroscopic
spreading behavior regarding drop radius and contact angle. This
arises from the fact that the brush layer is initially dry in both cases. A
significant difference in the spreading behavior can only be expected
once the system has time to experience the difference in the bound-
ary conditions for the vapor. At the very least, molecules in the vapor
must have had enough time to diffuse to the edge of the experimen-
tal cell. For a cell diameter of a few centimeters, this is the case after a
characteristic diffusion time Tdiff = L2

/Dvap, which amounts to about
ten seconds for a vapor diffusion coefficient Dvap = 10−5 m2/s for
hexadecane in air.

To illustrate that the swelling state of the brush layer does
indeed affect the spreading behavior, we performed spreading tests
on brush layers that were pre-equilibrated in saturated HD vapor
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FIG. 2. Characterization of macroscopic drop evaporating and spreading on PLMA brush layer (a) in the open configuration and (b) in the closed configuration. Left panels:
drop radius R(t) (black symbols) and contact angle θ(t) (blue symbols; open blue symbols in the top left panel are affected by slight contact angle hysteresis; see text for
details). Right panels: halo width W(t).

inside the closed chamber for up to three weeks. This leads to homo-
geneous pre-swelling of the brush layer by a factor of ≈2 compared
to the dry thickness. The chamber is then quickly opened to deposit
an HD drop and immediately closed again. The subsequent spread-
ing of the drop results in a slower algebraic drop spreading with an
exponent of νsat ≈ 1/8 (Fig. S2 in the supplementary material). Pre-
swelling thus clearly affects the macroscopic spreading dynamics in
our system, similar to earlier reports for polyelectrolyte layers.11

B. Halo evolution
Of primary concern in the present work is, however, not the

macroscopic spreading behavior of the drop but the effect of drop
spreading on the swelling of the polymer brush layer. Immediately
after deposition, the drop quickly spreads across the dry polymer
brush layer (see the video in the supplementary material). After only
a few tens of seconds, a colorful halo emerges, indicating that a
zone of partly swollen polymer brush layer appears ahead of the
moving contact line. While the initial development of the halo is
independent of the vapor containment, its subsequent behavior at

long times is very different: In the open configuration, the halo ini-
tially extends its width W but then saturates after 15–20 min, right
panel of Fig. 2(a). In contrast, in the closed configuration, W grows
indefinitely, right panel of Fig. 2(b). Then, at a very late stage, its out-
ermost edge becomes somewhat “wavy”, rendering its exact width
difficult to determine. We attribute this waviness to the presence
of very small heterogeneities of the surface energy that give rise
to very large excursions of the contact line position as the contact
angle approaches zero. [Even in the absence of this waviness, the
exact position of the outer edge of the halo is not very well defined.
While the edge is usually easily detectable by the eye, the onset of
the increase in film thickness is in fact rather gradual, as seen below
in Figs. 5 and 6. As an operational definition of the outer edge, we
use an intensity variation of 10% compared to the region far from
the drop (see Fig. S3 in the supplementary material)]. The difference
between the two configurations becomes very clear from magnified
images of the contact line region. They are given in Figs. 4(a) and
4(b) and very clearly show how the halo assumes a stationary state
in the open configuration while it continues to widen in the closed
one.
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FIG. 3. Time-dependent droplet height profile in the contact line region obtained from interferometry. (a) Open cell and (b) closed cell configurations. The inset in (b) gives
a contact line region and illustrates the extraction of the contact line position (by linear extrapolation) and contact angle. Note the gradual increase in film thickness outside
the drop (x > 0) in the closed configuration in panel (b) as compared to the constant thickness in panel (a).

The same behavior is seen in the brush swelling ratio profiles
α(r̃, t) = h(r̃, t)/Hdry (Fig. 5) that we extract from the analysis of the
monochromatic interferometry images. Note that, here, r̃ = r − R is
the radial distance to the contact line. In the open configuration,
these profiles converge onto a universal curve for t ≥ 1 h with a max-
imal swelling ratio of nearly 5 close to the contact line at r̃ = 0. Far
away from the contact line, the film remains in its dry state with
α = 1 at all times. In contrast, in the closed configuration, the pro-
file does not converge but continues to evolve even on our maximal
experimental time scale of 24 h. While the maximum of swelling
ratio close to the contact line remains nearly constant at a value of
about 4—only slightly smaller than in the open configuration—the
brush layer continues to swell across the entire sample. Even far away
from the contact line, after 24 h, the swelling ratio reaches values up
to 2. The comparison between the open and the closed configura-
tion thus clearly proves that vapor phase transport is crucial for the
spreading-induced swelling of the brush layer, despite the very low
vapor pressure of HD.

To explicitly demonstrate the simultaneous contributions of
liquid imbibition and vapor phase transport, we perform additional
experiments with a substrate purposefully broken into two pieces.
Within the chamber, the two parts of the substrate are then placed
next to each other, separated by a small gap as indicated by the
black dashed lines in Fig. 4(c). A drop is deposited onto the left
piece, the cell is closed, and the spreading process is observed. As
the drop spreads, as expected, a halo develops close to the con-
tact line. After a few hours in the closed cell, the brush layer also
starts to swell on the right piece. Yet, comparing the color varia-
tion far away from the contact line on the two separated pieces, it
becomes clear that the brush layer on the left-hand piece swells more
quickly than the one on the right-hand piece. From this observation,
we conclude that the brush swells faster if it is simultaneously fed
by both direct liquid imbibition and condensation from the vapor
phase. In contrast, the right-hand piece still shows significant but
slower swelling as it is only fed via oil condensation from the vapor

phase. This experiment thus unambiguously demonstrates that in
the present system, both transport mechanisms operate in parallel
and that they are both of appreciable importance. It remains intrigu-
ing, though, that the brush layer in the open configuration assumes
a stationary state with a pronounced gradient in swelling ratio once
the macroscopic spreading process has saturated. Such gradients in
a stationary state are incompatible with thermodynamic equilibrium
and can only exist in the presence of persistent gradients in chemical
potential. Despite their longevity, the observed brush profiles must
therefore reflect an ongoing nonequilibrium process in the system.

C. Modeling results
To reach a detailed understanding of the dominant transport

processes and of the origin of the nonequilibrium stationary state
characterized by steady profiles, we perform numerical calculations
of the combined drop spreading and brush swelling process using
the gradient dynamics model described in Sec. II D. In all simula-
tions, the drops are placed at t = 0 on an initially dry sample in a
chamber with a dry atmosphere. (For numerical reasons, we actu-
ally chose small but finite initial oil saturations of 4% and 10%
for the brush layer and the atmosphere, respectively, rather than
numerically ill-defined completely dry initial conditions.) The open
configuration is implemented by imposing a constant vapor satu-
ration of 10% along the right edge of the simulation box, while for
the closed configurations, a no-flux condition is used [see Fig. 1(b)].
Within a fraction of the first second, oil quickly penetrates and
completely saturates the brush layer directly underneath the drop
[indicated by the saturated orange in the left column of Figs. 6(a) and
6(b)]. At the same time, the oil evaporates from the drop surface and
quickly generates an almost saturated vapor phase directly above the
drop [blue shading of the gas layer in the left column of Figs. 6(a) and
6(b)]. Diffusion subsequently allows the oil molecules to spread out
in the radial direction both in the vapor phase and within the brush
layer, as visualized by the softening gradient of the vapor saturation
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FIG. 4. Illustrating sketches and optical images of a hexadecane droplet (gray) spreading on a PLMA brush (colored): Relevance of vapor containment and substrate
configuration for drop spreading and brush swelling. (a) Drop spreading in the open configuration with a finite halo width in the stationary state. (b) In contrast, drop
spreading in the closed configuration induces a continued expansion of the halo. (c) Spreading as in (b) but on the split substrate.

FIG. 5. Brush swelling ratio profiles α(r , t) are given (a) in the open configuration and (b) in the closed configuration at various times (black: 1 h; red: 4 h; blue: 12 h; green
24 h) as a function of the radial distance to the contact line r̃ = r − R. Left: experimental data (Hdry = 180 nm). Right: numerical results. Note that in the open air case, the
curves converge after a short time.

profiles in the top panels as well as of the brush saturation profiles
in the bottom panels of Figs. 6(a) and 6(b). The solid lines in the lat-
ter panels correspond directly to the thickness profiles of the brush
layers. Note that the brush model predicts the existence of a wetting
ridge, as shown in the work of Greve et al.38 The wetting ridge is too
small to be visible in Fig. 6 due to our choice of parameters, namely,
the strength of the brush potential.

A further observation in Fig. 6 is that after 1 h (middle col-
umn), the open and the closed configurations show almost identical
vapor saturation and brush swelling profiles. Only at a later stage
(see right column), the vapor saturation becomes nearly uniform
in the closed configuration while an almost linear vapor satura-
tion profile develops in the open configuration. This key difference
between the two configurations arises from the different boundary
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FIG. 6. Shown are the results of numerical simulations for the coupled evolution of drop profile (top panels; solid lines shaded dark blue), vapor saturation profile (top panels;
light blue graded shading and dashed lines), and brush swelling profile (bottom panels; graded shading in orange and solid lines) for (a) the open configuration and (b) the
closed configuration. Note the different horizontal and vertical scales.

conditions imposed on the vapor concentration profile on the right-
hand boundary. The different vapor saturation profiles are accompa-
nied by different brush swelling profiles: In the open configuration,
the profile after 24 h is much closer to the one after 1 h than in the
closed configuration.

These results are summarized in the right column of Fig. 5,
which provides a direct comparison with the experimental profiles
in the left column that we have discussed above. The model repro-
duces all salient features of the experimental observations, namely,
the (near) stationary character of the profiles in the open configura-
tion and the gradual evolution along with a continuous swelling far
away from the contact line for the closed configuration. Note that the
absolute swelling ratios slightly differ between experiment and sim-
ulations, likely because the assumption of a fully collapsed brush in
the dry limit ζ → 0 of the model is idealized. Moreover, the decay of
the stationary halo profile to a constant height in the open configura-
tion [Fig. 5(a)] is slower in the model than in the experiment. This is
a consequence of the implementation of the experimental open-to-
ambient-air situation via lateral boundary conditions far away from
the drop in our modeling approach.

Achieving the (semi)quantitative agreement shown in these
graphs, including the absolute time scales, requires careful adjust-
ment of several parameters in the model. The most important
parameter to be fixed turns out to be the ratio between the vapor
diffusion coefficient of HD, here assumed as Dvap10−5 m2

/ s, and
the (also diffusive) oil transport coefficient within the brush layer,
Dbrush. Good agreement of the profiles is only achieved if the dif-
fusion in the brush is chosen substantially smaller than Dvap. The
numerical results shown here correspond to Dbrush = 10−10 m2

/ s.
This value is one order of magnitude lower than the self-diffusion

coefficient of liquid HD at ambient conditions.49 At the same time, it
is higher than the reported values for the diffusion coefficient of HD
in bulk polymers. (A reference value for HD in bulk polypropylene
is 10−13 m2

/ s.) However, the latter is expected to depend strongly
on the actual polymer and also on the density and free volume in
the material. For a brush layer, this should be related to the grafting
density. Our method might thus provide a new and unique method
to estimate solvent transport coefficients within a swelling polymer
brush layer. Such information should be of interest whenever one
considers the response time of polymer brushes to external stim-
uli, e.g., in sensing applications. There are, however, a few caveats.
First of all, the value provided here should be considered an averaged
“effective” diffusion coefficient within the limitations of our model.
The model neglects possible variations of Dbrush with the degree of
solvent saturation in the brush between the two limiting cases indi-
cated above. Moreover, the absolute value of Dbrush is expected to
depend also on the transfer coefficients that relate the fluxes Jim, Jev,
and J′ev to the differences between the chemical potentials of the oil
in the adjacent phases. The values assumed for these quantities (see
the Appendix) are subject to a substantial uncertainty that can have
an impact on the absolute value of Dbrush. To minimize the influence
of this uncertainty, here, we assume that both diffusive processes are
slower than the actual phase change, i.e., we consider a diffusion-
limited case. A more detailed analysis of the absolute values would
require a more extensive set of experiments to further constrain the
numerical parameters.

Notwithstanding these limitations, several additional conclu-
sions can be extracted from the numerical simulations: The conse-
quences of the faster transport in the vapor phase can be seen in
Fig. 7. There, we show the local brush swelling rate (blue lines) and
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FIG. 7. Numerically obtained local swelling rate of the brush α̇Hdry (height per time, blue lines) and the local rate of liquid evaporation from the brush J′ev (liquid volume per
area per time =̂ height per time, green lines) at different instances of time t corresponding to Fig. 6. We again distinguish between (a) open configuration and (b) closed
configuration. The contact line is situated at the left end of the respective green line. Note that the rates are visualized with a small gap between the positive and negative
logarithmic parts of the axis.

the contribution due to evaporation from the brush layer into the
vapor phase (green lines) for the simulations corresponding to the
snapshots in Fig. 6. The faster diffusion in the vapor phase leads to
a quickly increasing vapor saturation in the vicinity of the contact
line, while the underlying brush layer is still dry. In consequence,
the brush layer acts as a sink and swells by absorbing oil from the
vapor phase. This corresponds to initially negative values of the
brush evaporation rate close to the contact line (green) accompa-
nied by the positive total brush swelling rate (blue). At later times
(t = 1 h), the situation has reversed: The brush layer is now fairly
swollen close to the contact line. The brush layer is efficiently fed
with oil by imbibition within the polymer layer. In consequence, the
brush saturation exceeds the local vapor saturation and the flux from
the brush into vapor becomes positive, indicating net evaporation
close to the contact line. Farther away from the contact line, the orig-
inal situation prevails: The vapor saturation is higher than the brush
saturation and brush swelling is dominated by oil condensation from
the vapor. At very late stages (t = 24 h), clear differences in the fluxes
appear between the open and the closed configuration. As one might
expect, for the open configuration the low vapor saturation far away
from the contact line leads to continuous evaporation of oil from the
brush layer. This explains the existence of the nonequilibrium sta-
tionary state related to steady swelling profiles: They result from the
balance between continuous evaporation and continuous influx of
oil by imbibition within the brush layer. This continuous flux stabi-
lizes the prevailing gradients in brush layer thickness characterizing
the stationary state. A simplified version of a similar mechanism was
in fact already proposed in the work of Seker et al.15 to explain imbi-
bition of volatile fluids into a porous medium that is surrounded by
a dry atmosphere. For the closed configuration in our experiments,
far away from the contact line, net condensation dominates even at
very large times as the vapor approaches full saturation more quickly

than the brush layer. The fact that after 24 h the brush layer still
displays a substantial thickness gradient despite the high saturation
is due to the fact that the vapor phase is still not completely satu-
rated at the right-hand side of our simulation box. Given the fact
that the equilibrium adsorption isotherm of our system is very steep
upon approaching complete saturation, even a minor undersatura-
tion of 5–10% still leads to a substantial reduction of the brush layer
thickness.

Finally, it is worthwhile to comment on the observed very
long relaxation times and the fact that even in the closed con-
figuration, the system still evolves after 24 h. At first glance, this
may seem surprising given the fact that the characteristic time scale
for vapor diffusion in the system is 10 s. Because of the combi-
nation of the low absolute vapor pressure of HD and the high
sorption capacity of the brush layer, the transient states in our
system display a substantially larger lifetime. While the diffusion
time is indeed of the order of a few seconds, transporting the
equivalent of a film of a few hundred nanometers height of liq-
uid HD as required to saturate the brush layer takes much longer:
A simple estimate yields an equilibration time for the system of
Teq = ρliqLΔζ/Dvapρvap ≈ 2.4 × 105 s, which is of the order of days.
This is consistent with the observation that after 24 h the brush layer
is still far from being homogeneously swollen. From this expression,
we see that equilibration should accelerate with increasing vapor
pressure, as intuitively plausible. Preliminary experiments with
drops of tetradecane and dodecane with vapor pressures at room
temperature of 1.55 and 18 Pa, respectively, instead of 0.2 Pa for hex-
adecane confirm this expectation (data not shown). For water drops
with a vapor pressure of 2300 Pa spreading on swellable respon-
sive surface coatings, including polymer brush and polyelectrolyte
layers, the influence of vapor phase transport should be even more
important.
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IV. CONCLUSIONS
In summary, we have demonstrated that the spreading of drops

of volatile hexadecane on oleophilic polymer brush layers of PLMA
is accompanied by the formation of a halo of partly swollen brushes.
Swelling kinetics and the extent of the halo are controlled by the
balance of two competing transport mechanisms: direct imbibition
of oil from the drop through the polymer brush layer and vapor
phase transport in combination with evaporation and condensa-
tion at the brush–vapor interface. Numerical simulations with a
mesoscopic hydrodynamic model based on a gradient dynamics
framework reproduce the experimentally observed time-dependent
swelling profiles for slowly evaporating drops in both an open
atmosphere and in a closed cell. We consider it a success that the
complexity of this time-dependent multiphase phenomenon can be
reproduced using such a conceptually simple and self-consistent
model that allows us to identify the roles of each physical process.
Matching the numerical results to the experimental data provides a
method to estimate the hitherto unknown diffusion coefficient of the
solvent within the polymer brush layer, which for the present system
is found to be ∼100 000 times lower than the diffusion coefficient in
vapor. The combination of this small diffusion coefficient and the
low vapor pressure explains the very long relaxation times of more
than 24 h. We anticipate that vapor phase transport should play an
important role in many dynamic wetting phenomena on swellable
polymer materials and coatings, in particular for aqueous drops with
their characteristic high vapor pressure. Our experiments also sug-
gest that the strong gradients in the local swelling of such responsive
systems can be achieved by regulating the local vapor saturation in
a controlled manner. This may be of interest to sensing applica-
tions, e.g., in combination with fluorescence-based detection of the
swelling state.10

SUPPLEMENTARY MATERIAL

The supplementary material includes; information about the
interferometry analysis and additional figures for the characteriza-
tion of macroscopic drop spreading on a pre-saturated PLMA brush
layer and the halo width determination.
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APPENDIX: FULL THEORETICAL MODEL
1. Three-field gradient dynamics

The dynamics of thin films or drops of a nonvolatile liquid on
solid substrates are often described by reduced models for the evo-
lution of the film thickness profile. These thin-film (or long-wave)
models are obtained through a long-wave approximation50,51 and
can often be written in a gradient dynamics form.47,52 This form
accounts on the one hand for convective transport processes through
mass-conserving terms in the form of a conservation law, so-called
“conserved contributions.” On the other hand, the form accounts for
condensation/evaporation by nonconserved contributions. In the
limiting case of mass transfer-limited phase change,53,54 the result-
ing kinetic equation for the height profile h(x, t) in compact gradient
dynamics form is55

∂th(x, t) = ∇ ⋅ [Q(h)∇
δℱ
δh
] −M(h) (

δℱ
δh
− pvap). (A1)

Here, x = (x, y)T are the substrate coordinates, and the expressions
Q(h) ≥ 0 and M(h) ≥ 0 are the mobility functions for the conserved
and the nonconserved part of the dynamics, respectively. All parts
of the dynamics are driven by the free energy functional ℱ[h] incor-
porating, e.g., the liquid–gas interface energy, wetting energy, and
potential energy. Additionally, a constant external vapor pressure
pvap is imposed and controls the flux due to phase change.

In more complex systems, the dynamics of the drop/film pro-
file couples to other dynamic quantities characterizing the system.
Then, the model can be extended to a gradient dynamics of multi-
ple coupled order parameter fields, e.g., effective solvent and solute
height profiles for films/drops of mixtures of simple liquids45,56 or
drop profile and surfactant concentration profiles in and on the liq-
uid for films/drops covered by a soluble surfactant.46,47 The gradient
dynamics form makes modeling such complex systems conceptu-
ally simple as it automatically takes into account that the various
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competing dynamical processes are all driven by the same energy.
Thermodynamic consistency is ensured by a few simple rules for
the mobilities.47 A potentially large number of parameters is a
natural consequence of the various energetic contribution and trans-
port processes. The gradient dynamics form makes modeling such
complex systems conceptually simple as it automatically takes into
account that the various competing dynamical processes are all
driven by the same energy. Thermodynamic consistency is ensured
by a few simple rules for the mobilities.47 A potentially large num-
ber of parameters is a natural consequence of the various energetic
contributions and transport processes.

Here, we aim at a description of the coupled dynamics
of drop/film, brush-contained liquid, and vapor density profiles.
Hence, we consider a gradient dynamics model for the case of three
variables ψa(x, t) in the general form47

∂tψa = ∇ ⋅ [
3

∑
b=1

Qab∇
δℱ
δψb
] −

3

∑
b=1

Mab
δℱ
δψb

, (A2)

where the subscripts a, b = 1, 2, 3 refer to the three fields and the 3 × 3
symmetric positive definite mobility matrices Mab, Qab ≠ 0 represent
the conserved and nonconserved dynamics, respectively.

For the description of the coupled brush and liquid dynamics,
we adapt the approach developed in Ref. 13, where the brush state is
solely characterized by the local amount of imbibed liquid, i.e., the
local effective height of the liquid in the brush ζ(x, t), as illustrated
in Fig. 8. We thereby approximate the state of the brush as vertically
homogeneous. As we assume that any height increase of the brush
is solely caused by the imbibed liquid, the effective height ζ directly
relates to the swelling ratio α of the brush,

α(x, t) =
Hwet(x, t)

Hdry
=

Hdry + ζ(x, t)
Hdry

, (A3)

where Hdry denotes the “dry” height of the brush, that is, the brush
height in an unswollen state (α = 1).

Since the vapor is confined to a narrow gap between the
drop/film and the top closure of the chamber of a large aspect ratio,

we also assume that the vapor distribution is approximately homo-
geneous in the vertical direction. Adapting the approach of Ref. 34,
this allows us to describe the vapor particle density in the chamber
by a single field ρvap(x, t) that does not depend on the vertical coor-
dinate z (cf. Fig. 8). In this way, the vapor concentration serves as
the third field variable, effectively characterizing the local amount of
vapor in the gap above the brush and the drop/film. In the follow-
ing, we consider air and vapor as ideal gases. Thus, the vapor particle
density ρvap relates to the vapor saturation ϕ as

ϕ(x, t) =
ρvap(x, t) kBT

psat
, (A4)

where psat is the constant saturation pressure of the liquid.
For a thermodynamically sensible description in the gradi-

ent dynamics framework (A2), we first transform all three order
parameter fields to particle numbers per area, i.e., the per area num-
ber of liquid molecules in the drop ψ1(x, t) = ρliq h(x, t), within
the brush ψ2(x, t) = ρliq ζ(x, t), and in the ambient air ψ3(x, t)
= ρvap(x, t) [d − h(x, t) − ζ(x, t)]. Here, we have introduced the
vapor particle density ρvap(x, t) and the constant liquid particle den-
sity ρliq. Conveniently, all variations of the free energy functional
with respect to the particle number densities ψa then correspond to
effective chemical potentials μa = δF/δψa.

2. Transport processes
Next, we provide expressions for the mobility matrices Q and

M in Eq. (A2) by considering the transport processes in the sys-
tem. We call all terms containing Q in Eq. (A2) “conserved”, as
they define lateral particle fluxes within the respective region (brush,
drop, and vapor). Following the approach of Refs. 13 and 34, the
conserved dynamics only accounts for three processes: (i) viscous
motion within the drop, (ii) diffusive transport of liquid particles
within the brush, and (iii) diffusive transport of vapor particles
within the air. In this way, we neglect dynamic coupling between the
regions, e.g., we assume there is no viscous drag across the boundary

FIG. 8. Sketch of the considered geometry for a volatile liquid drop on a polymer brush within a chamber of height d + Hdry. The drop profile is described by the height
h(x, t) and the brush height consists of its dry height Hdry and the effective height of the imbibed liquid ζ(x, t). The particle densities of vapor ρvap(x, t) and ambient air
ρair(x, t) together account for a constant total density ρtot in the gas phase. The dimensions are illustrative and not to scale.

J. Chem. Phys. 158, 174903 (2023); doi: 10.1063/5.0146779 158, 174903-11

© Author(s) 2023

D
ow

nloaded from
 http://pubs.aip.org/aip/jcp/article-pdf/doi/10.1063/5.0146779/17356285/174903_1_5.0146779.pdf

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

between drop and brush. This results in the diagonal matrix given
by

Q =

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎝

1
ρliq

ψ3
1

3η
0 0

0
1

kBT
Dbrushψ2 0

0 0
1

kBT
Dvapψ3

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎠

, (A5)

where we have introduced the liquid dynamic viscosity η and the
diffusion coefficients Dvap and Dbrush of the vapor in the air and of
the liquid in the brush, respectively.

Accordingly, any transport via the nonconserved part of the
dynamics corresponds to transfer processes of particles from one
region to the other, e.g., from drop to brush and from drop to
vapor. For the sake of simplicity, here, we assume that any such
transfer is directly proportional to a difference in the correspond-
ing chemical potentials. In particular, this implies that there is no
direct dependency of the transfer rate on the fields ψa. We then
explicitly incorporate transfer processes between all phases and
respective transfer rate (Onsager) coefficients: (i) between drop and
brush (imbibition) via the coefficient Mim, (ii) between drop and
vapor (evaporation/condensation) via the coefficient Mev, and (iii)
directly between the brush and vapor (evaporation/condensation)
via a coefficient M′ev. The resulting nonconserved mobility matrix
is

M =

⎛
⎜
⎜
⎜
⎜
⎝

Mim +Mev −Mim −Mev

−Mim Mim +M′ev −M′ev

−Mev −M′ev Mev +M′ev

⎞
⎟
⎟
⎟
⎟
⎠

. (A6)

Notably, the symmetry of the matrix reflects the fact that all trans-
fer processes are allowed in both directions. Furthermore, as the
total number of particles is locally conserved, the sum of the three
fields (the total particle number per area) fulfills a continuity equa-
tion ∂t(ψ1 + ψ2 + ψ3) = −∇ ⋅ j with the total flux j. In other words,
each row of M [Eq. (A6)] adds up to zero.

Note that the given description of the transport processes
includes some unwanted side effects. In particular, it allows for evap-
oration (condensation) of liquid from (to) the brush in areas that are
covered by the drop. This can be fixed by modulating the respective
transfer coefficient M′ev =M′ev(h) with a smooth step function such
that it is close to zero when the drop profile height h(x, t) is larger
than a small threshold value and otherwise constant. As our model
incorporates a thin liquid adsorption layer to avoid the contact line
singularity,27 we choose the threshold height slightly larger than the
equilibrium adsorption layer height. Similarly, we modulate the two
transfer coefficients Mev, Mim in order to suppress any imbibition or
evaporation of liquid from the film when the profile height is smaller
than the threshold value. This is necessary mostly for two reasons:
First, if the adsorption layer was coupled to the vapor or to the brush,
the height of the adsorbed film would increase slightly such that the
pressures in film, vapor, and brush balance. While this effect may
be very subtle, it can take up a substantial amount of liquid across
a large domain, effectively draining the drop as the adsorption layer
adapts to changes in the atmosphere or brush state. Second, gradi-
ents in the brush or vapor pressures would also evoke a gradient in

the film pressure, hence causing a liquid flux through the adsorption
layer. In this way, the model would bypass the “slow” diffusive trans-
port processes by rapidly transferring liquid away from the droplet
via the adsorption layer, where it then evaporates or absorbs. As an
alternative to the modulation of the transfer coefficients described
above, both effects could also be suppressed by employing an ultra-
thin adsorption layer height, which would on the other hand inhibit
contact line motion.

3. Energy functional
Having established a simple dynamical framework, next we

discuss the underlying free energy functional F[ψ1,ψ2,ψ3] that
determines all the chemical potentials μi = δF/δψi driving the
dynamics.

First, we write it in terms of h, ζ, and ρvap as

F = ∫
Ω

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

γlg

√

1 + ∣∇(h + ζ)∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid−gas interface energy

+ γbl(ζ)
√

1 + ∣∇ζ∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid−brush interface energy

+ fwet(h, ζ)
√

1 + ∣∇ζ∣2

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
wetting potential

+ f brush(ζ)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¶
brush energy

+ (h + ζ) f liq(ρliq)

´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶
liquid bulk energy

+ (d − h − ζ) f vap(ρvap)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

vapor energy

+ (d − h − ζ) fair(ρair)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

air energy

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

d2x, (A7)

where f liq, fvap, and fair are bulk liquid, vapor, and air energies per
volume, which we convert to per area energies by multiplying them
with the effective liquid height and gap height, respectively. Note
that the energy for the liquid state applies to the liquid within drop
and brush, i.e., f liq has to be multiplied by h + ζ. Furthermore, γlg
is the constant liquid–gas interface energy, γbl is the brush state-
dependent effective liquid–brush interface energy, and fwet(h, ζ) is
the brush state-dependent (per area) wetting energy. Each of the
interface energies is multiplied by a corresponding metric factor
accounting for the local interface length.

We employ a wetting potential that allows for partial wetting,
i.e., a potential that accounts for a finite equilibrium contact angle.
Typically, the wettability of a polymer brush depends on the liquid
content,7,57,58 i.e., the swelling ratio α. Here, we adapt the magnitude
of the potential, which is directly related to the equilibrium contact
angle, via a simple power law,

fwet(h, ζ) = (−
A

2h2 +
B

5h5 )
1
αβ

(A8)

with some positive exponent β > 0. In other words, the wettability
of the brush increases as the liquid content of the brush increases.
In Refs. 59 and 60, similar power laws were observed for a thermal
adaption of the wetting properties of (non-polymeric) surfaces. The
Hamaker-type constants A and B represent the strengths of long-
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and short-range forces, respectively. In consequence, they deter-
mine the height of the adsorption layer hp =

3
√

B/A that covers
the substrate in macroscopically dry (non-wetted) regions. More-
over, the wetting energy defines the equilibrium contact angle θe via
cos θe = 1 + fwet(hp)/γlg,61,62 which for the adaptive wetting poten-
tial (A8) implies

θe ≈

¿
Á
ÁÀ

3A
5 αβ γlg h2

p
, (A9)

i.e., as intended θe decreases with increasing swelling and approaches
zero with diverging liquid content. Note that this simple ansatz may
be adapted to more intricate dependencies of wettability on brush
state.

Similarly, we assume an adaption of the brush–liquid interface
energy γbl to the brush state. We employ a power law with the same
power,

γbl(ζ) =
γbl,0

αβ
, (A10)

thereby assuming that γbl decreases as the brush swells and also
approaches zero with diverging liquid content. Here, the constant
γbl,0 denotes the surface energy of the dry brush. We acknowledge
that this ansatz may not be the most general, yet it ensures con-
sistency between mesoscopic and macroscopic descriptions of the
three-phase contact region, as, e.g., discussed for the case of a droplet
covered by a soluble surfactant by Ref. 62.

Next, we specify the brush energy. As widely found in the
literature,13,36,63,64 the free energy of the brush–solvent system
includes an elastic contribution from the stretching polymers and
entropic contributions described by the Flory–Huggins model.
Using the Kuhn length ℓK , i.e., the length of a unit cell in the lat-
tice model, and the relative grafting density σ̃ = σℓ2

K (number of
polymers grafted per unit area), we write for the per area brush
energy,

fbrush(ζ) =
HdrykBT

ℓ3
K
[
σ̃ 2

2
α2
+ (α − 1) log(1 −

1
α
) + χ(1 −

1
α
)],

(A11)
as obtained by integrating the per volume free energy over the
brush height αHdry. Note that the factor 1/ℓ3

K relates to a density
in the Flory–Huggins lattice model that is for simplicity commonly
equated with the liquid density ρliq. For more details on the modeling
of the drop–brush subsystem, see Ref. 13.

If vapor and air are considered ideal gases, we can directly give
their respective free energy densities as

f vap = kBTρvap[log (Λ3ρvap) − 1] (A12)
and

fair = kBTρair[log (Λ3ρair) − 1] (A13)

with the constant total density ρtot = ρair(x, t) + ρvap(x, t) and the
mean free path length Λ, which cancels immediately in Eq. (A7).

Considering the equilibrium of a thick liquid film in an atmo-
sphere saturated with vapor reveals a relation between the saturation
vapor pressure psat = ρsatkBT and the bulk liquid free energy f liq,
which we use to determine the value of the latter as

f liq = ρliqkBT log(
ρsat

ρtot − ρsat
). (A14)

For more details on the modeling of the drop–vapor subsystem, see
Ref. 34.

4. Resulting model equations
To obtain the explicit form of the dynamical equations, we eval-

uate the variations of the free energy with respect to the three fields.
The resulting chemical potentials are

μfilm =
δF
δψ1
=

1
ρliq
[−γlg

Δ(h + ζ)
ξ3

h+ζ
+ ξζ∂h fwet(h, ζ) + f liq],

μbrush =
δF
δψ2
=

1
ρliq
[−γlg

Δ(h + ζ)
ξ3

h+ζ
+ ∂ζ f brush(ζ) + f liq

−∇{[γbl(ζ) + fwet(h, ζ)]
∇ζ
ξζ
} + ξζ∂ζ[γbl(ζ) + fwet(h, ζ)]],

μvap =
δF
δψ3
= kBT log(

ρvap

ρtot − ρvap
), (A15)

where we have utilized that the vapor particle density is much
smaller than the total gas particle density, which itself is much
smaller than the liquid density ρvap ≪ ρtot ≪ ρliq, to simplify
the expressions. The metric factors are abbreviated as ξh+ζ

=

√

1 + ∣∇(h + ζ)∣2 and ξζ =
√

1 + ∣∇ζ∣2.
Inserting the obtained variations into the three-field gradient

dynamics (A2) gives the kinetic equations,

∂tψ1/ρliq = ∇ ⋅ [
ψ3

3

3η ρ2
liq
∇μfilm] − Jev − Jim,

∂tψ2/ρliq = ∇ ⋅ [
Dbrush

ρliqkBT
ψ2∇μbrush] − J′ev + Jim, (A16)

∂tψ3/ρliq = ∇ ⋅ [Dvap(d − h − ζ)∇ρvap]/ρliq + Jev + J′ev,

where the fluxes transporting particles between the regions are

Jev =
Mev

ρliq
(μfilm − μvap),

J′ev =
M′ev

ρliq
(μbrush − μvap), (A17)

Jim =
Mim

ρliq
(μfilm − μbrush),

namely, the drop/film evaporation/condensation flux, the evapora-
tion/condensation flux of the liquid contained in the brush, and the
imbibition flux, respectively. They are all given in units of liquid
volume per time and area.

Finally, we further simplify the dynamical equations (A16)
by exploiting that the brush is much thinner than the chamber
height ζ ≪ d and by substituting the particle per area variables
ψ1,ψ2, and ψ3 by the more intuitive film height h, the dimensionless
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swelling ratio α, and vapor saturation ϕ, respectively. Then, the final
model is

∂th = ∇ ⋅ [
h3ρliq

3η
∇μliq] − Jev − Jim,

∂tα = ∇ ⋅ [
Dbrush

kBT
(α − 1)∇μbrush] +

1
Hdry
(Jim − J′ev), (A18)

∂t[(d − h)ϕ] = ∇ ⋅ [Dvap(d − h)∇ϕ] +
ρliqkBT

psat
(Jev + J′ev).

In the following, we perform time simulations of these equa-
tions using the finite-element element method implemented in the
C++ library OOMPH-LIB.65 Moreover, we make use of polar coordi-
nates and perform all simulations for a radially symmetric geometry,
effectively reducing the spatially two-dimensional cartesian domain
to a one-dimensional radial domain.

5. Model parameters
The model parameters used to generate the simulation data in

Figs. 5 and 6 are given in Table I. The parameters are chosen such
that they closely match the experiments.

Using these parameters, we next provide an estimate of the
magnitude of the contributions to the local free energy as given in
Eq. (A7). An upper bound to the local liquid–gas interface energy

contribution [first term in Eq. (A7)] for a droplet with a contact
angle of θe=5

○

is given by

γlgξh+ζ ≈ γlg = 27 mJ/m2. (A19)

The liquid–brush interface energy contribution is even smaller, as
γbl < γlg. The magnitude of the wetting potential fwet can be expected
to be comparable to the value of the liquid–gas interface energy,
as the mesoscopic Young relation cos θe = 1 − fwet(hp)/γlg must
hold.61

The scale of the brush energy [Eq. (A11)] is dominated by
its prefactor HdrykBT/ℓ3

K while the term in brackets is roughly of
the magnitude −0.8 for a saturated brush. For the employed para-
meters, the brush therefore contributes to the per area free energy
with f brush ≈ −1.3 J/m2, i.e., the brush energy is much larger than
the interface energies. Hence, we conclude that the intake of liquid
into the brush is strongly driven by the brush potential rather than
by the capillary energy of the drop.

Using Eq. (A14) and our assumption that ρliq = 1/ℓ3
K , we can

easily relate the bulk energy of the liquid contained in the brush to
the brush energy scale HdrykBT/ℓ3

K as

ζ f liq = (α − 1)HdryρliqkBT log(
ρsat

ρtot − ρsat
)

= (α − 1)
HdrykBT

ℓ3
K

log(
psat

ptot − psat
). (A20)

TABLE I. Model parameters used for generating the simulation data.

Parameter description Symbol Value

Viscosity η 3 mPa s
Ideal contact angle (dry brush) θe 5○

Precursor layer height hp 1 μm
Liquid particle density ρliq

770kg/m3

226 g/mol NA

Vapor saturation pressure psat 0.2 Pa
Temperature T 22 ○C
Initial drop volume V0 0.3 μl
Initial vapor concentration ϕlab 10%
Liquid–gas interface energy γlg 27 mN/m
Brush–liquid interface energy (dry brush) γbl,0 3 mN/m
Relative grafting density σ̃ 0.1
Dry brush height Hdry 200 nm
Brush lattice cell density 1/ℓ3

K ρliq
Flory–Huggins interaction parameter χ 0
Brush adaption exponent (power law) β 1
Vapor diffusion coefficient Dvap 10−5 m2/s
Brush-contained liquid diffusion coefficient Dbrush 10−10 m2/s
Imbibition rate coefficient Mim 10−13 m/Pa s
Bulk liquid evaporation rate coefficient Mev 10−16 m/Pa s
Brush-contained liquid evaporation rate coefficient M′ev 10−16 m/Pa s
Simulation domain height d 1 mm
Simulation domain width L 8 mm
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It is apparent that for the observed swelling ratios and using
psat ≪ ptot the magnitude of the liquid bulk energy strongly super-
sedes the brush potential (yet, both are negative).
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