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A. Introduction

. 2
In our everyday life, we encounter many processes based gn

Wettability-defined droplet imbibition in ceramic mesopores

Adnan Khalil?, Felix Schafer?, Niels Postulka®, Mathias Stanzel®, Markus Biesalski?, Annette Andrieu-
Brunsen®”

Wettability-defined liquid infiltration into porous materials in nature and several industrial applications is of fundamental
interest. Direct observation of wetting-controlled imbibition in mesopores is anticipated to deliver important insights into
the interplay between nanoconfined liquid movement and nanoscale wettability. We present a systematic study of water
imbibition into mesoporous silica thin films with wetting properties precisely adjusted through chemical functionalization.
We observe the liquid infiltration, resulting in an imbibition ring around the water droplet, by top-view imaging using a
camera with collimated coaxial illumination. With decreasing hydrophilicity, the maximum imbibition area around the
droplet decreases, accompanied by a simultaneous change in the imbibition kinetics and imbibition mechanism. Initially, the
imbibition kinetics follow a modified Lucas-Washburn law that considers a strong influence of evaporation. However, with
increasing imbibition time after reaching constant imbibition ring dimensions, the imbibition area starts to increase again,
causing a deviation from the applied model. This observation is ascribed to water-mediated surface activation at the
imbibition front, leading to a slightly increased wettability, which is also confirmed by water adsorption measurements.
Furthermore, recently described spontaneous condensation-evaporation imbalances that cause oscillations of the
imbibition front could be verified and were studied with regard to changing wetting properties. By increasing the contact
angle of the material and therefore the partial pressure needed for capillary condensation, the amplitude of the imbibition
front oscillations decreases. These results provide insights into the wettability-defined complex movement of water in
mesoporous structures, which has practical implications, e.g., for nano/microfluidic devices and water purification or
harvesting.

22 with water even in contact with an aqueous vapor phase.
23 Thereby, capillary condensation can trigger an imbibition-like
wetting front, whose dynamics can be described by a modified
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liquid imbibition into a porous material, ranging from raindrogs
penetrating building walls to inkjet printing on paper. These6
processes are thus of extraordinary importance in both natu;e7
and technical applications. In nature, water is omniprese%m.8
within soils or the atmosphere, and its behavior in porous me |a?
is fundamental for, e.g., vascular flow in plants(1) and clog
formation via water condensation on small atmospheric
particles(2). In technology, liquid imbibition is important fof
many applications, including several printing processes, Qi
recovery, porous material-based separation and cooling
microelectronic devices, among others.(3, 4) For this reason
the dynamics of liquid imbibition have been examined for ma
years, starting from the early works of Lucas(5) ar??
Washburn(6) to recent studies of nanoporous materials(7, 8). r18
nanopores, the penetration of a wetting liquid has beén
reported to follow the classical Lucas-Washburn equation, evgrp
at the smaller end of the mesoscale. This holds true 4|;]'
evaporation can be neglected.(8-11) Additionally, driven 6;%

. . 4
capillary condensation, pores on the nanoscale can be fille
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Lucas-Washburn equation.(12) In this context, Ceratti et al.
demonstrated for hydrophilic mesoporous films that the natural
liquid infiltration into the nanoporous material is determined by
a cooperative mechanism, which involves liquid transport by
capillarity and vapor transport by evaporation at the wetting
front followed by capillary condensation.(9) These capillary
phenomena governing mass transport are strongly defined by
the porous structure and by evaporation, respectively.(9, 13)
More recently, the group of Berli provided insights into the
imbibition dynamics of water in mesoporous films by describing
oscillations of the imbibition front that follow spontaneous
condensation-evaporation imbalances caused by the hysteretic
adsorption behavior of water in mesoporous materials.(7, 14,
15) Nevertheless, none of these studies considered the
influence of the wetting of the nanopores on the imbibition or
condensation-evaporation oscillation at the wetting front,
although the contact angle has a significant influence on the
dynamics of liquid propagation.(11) Correlation of the wetting
properties with the liquid transport in a nanoconfined space
would be of high interest, since the area of wetting phenomena
is where chemistry, physics and engineering coincide.(16)
Recently, we described the influence of wettability on the ionic
transport in mesopores. By gradually adjusting the wettability,
two transport paths for ions have been identified. By linking the
condensation behavior, nanopore wall charge and wettability, a
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wetting regime in which a condensed water film forms thab
allows ionic transport along the pore wall has be&b
described.(17) 57
In this study, we use mesoporous silica thin films and vid&8
recording of water-filled mesopores to investigate the influenb9
of wettability on droplet imbibition and thereby wat€f
movement as well as the dynamic water front behavior @il
mesopores. We prepared mesoporous silica thin films by usif@
evaporation-induced self-assembly via a simple dip-coatifg
process. Our mesoporous films were used as nanoporogy
models to answer a number of fundamental questions. Firstb's
we were interested in understanding the influence 86
wettability on the imbibition area around a droplet, deposit%#
on the mesoporous surface. The wettability of the obtaintg:g
mesoporous silica thin films was gradually adjusted by vapgg
phase deposition and covalent grafting of nonpolar silanes i)
the intrinsically hydrophilic silica material, as previousﬂl
reported.(17) Next we addressed the question of the influenq?
of the wetting properties on the imbibition kinetics anfg
compared it to results from literature that did not considgﬁ
wettability effects.(9, 15) Finally, we evaluated oscillations 75
the imbibition front with regard to designed wetting propertiefs
We expect these results to have a strong impact on, e.g., Ia|77
on-chip devices depending on the microenvironmen)tg
Furthermore, the wettability-designed imbibition properties of
the mesoporous films present a promising alternative
creating patterned surfaces by utilizing the droplets’ o
Marangoni flow caused by solvent evaporation.(18-2
Thereby, the evaporation is strongly defined by the wettabili
and capillarity of the mesoporous material. 8

84
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89
Pluronic® F127 was purchased from Sigma-Aldric®Q
Tetraethoxysilane (TEOS) was purchased from Alfa Aesar, agdl
1H,1H,2H,2H-perfluorooctyl dimethylchlorosilane (PFODMCS)
was purchased from Fluorochem. Ethanol (absolute) w83
purchased from Merck Millipore. All chemicals were used 8%

B. Experimental Section

Materials

received unless otherwise noted. 95
96
Mesoporous thin film preparation 97

Mesoporous silica thin films were prepared by sol-gel chemist?@
using Pluronic® F127 as a template in the presence of TEOS a

precursor in the following molar ratid0
1 TEOS:0.025 F127:34.5 H,0:40 ethanol:0.08 HCI. The solutlgr;l-
was stirred for 20 min before dip-coating with a withdrah@?
speed of 2 mm/s to produce thin films. The thin films whfi3
deposited on glass or silicon wafer (Si-Mat) substrates k04
relative humidity (RH) of ~50 % and a temperature of ~29405
Freshly deposited films were kept under these climhéb
conditions for at least 1 h before being thermally treated. HY
films underwent two consecutive stabilization steps by heatlloé
them to 60°C within 10 min and holding this temperature fork09
and then increasing the temperature to 130°C within 10 min

and again holding it for 1 h. Then, the temperature was
increased to 350°C at a rate of 1°C/min and held for 2 h for
organic template calcination. Finally, the samples were rinsed
with ethanol, leading to films with thicknesses of ~ 500-600 nm
and a porosity of ~ 65 % as measured by ellipsometry and
scanning electron microscopy (SEM).(23)

Vapor phase deposition of 1H,1H,2H,2H-perfluorooctyl
dimethylchlorosilane

Vapor phase deposition of 1H,1H,2H,2H-perfluorooctyl
dimethylchlorosilane (PFODMCS) was performed as described
recently.(17) Briefly, the samples were cleaned with ethanol
and dried with pressurized nitrogen before being placed in the
reaction chamber (V = 1L, room temperature). The chamber
containing the samples was alternatingly evacuated and flushed
with gaseous nitrogen three times before 10 uL of PFODMCS
was placed into the chamber while applying a counterflow of
nitrogen. Afterwards, a reduced pressure of 100 mbar was
applied to the chamber and maintained for different time
intervals. Finally, the samples were rinsed and extracted with
toluene and ethanol before being stored under ambient
conditions.

Ellipsometry

Ellipsometry was applied for reflecting silicon wafers (Si-Mat)
using a Nanofilm Model EP3 imaging ellipsometer to determine
the film thicknesses and refractive indices of the mesoporous
thin films before and after functionalization. One zone angle of
incidence (AOIl) variation measurements were captured
between 38° and 68° in steps of 2° with a 658 nm laser. The
apparent film thicknesses and refractive indices were calculated
from the measured ellipsometric angles ¥ and A using the EP4
analysis software supplied with the instrument. The measured
data were fitted with a one-layer box model. The fitting range
covered a film thickness from 400 to 700 nm and a refractive
index range of 1 to 1.5. All films were measured at three
identically marked positions before and after functionalization.
The changes for each specific position were calculated, followed
by mean value and error determination. To determine the
porosity from the refractive indices, the Bruggemann effective
medium approximation was used as described elsewhere.(24)
Standard ellipsometry measurements were performed in air at
a relative humidity (RH) of 20 %. To observe the sorption
behavior of water in the mesoporous films, the RH-dependent
refractive index change was monitored using humidity control
(SolGelWay) according to Boissiere et al.(23) Prior to the actual
sorption measurements the films were wetted and dewetted by
exposing the samples to a gradual in-/ and decrease of RH in
several steps:

1: Wetting: RH ~30% = RH ~45% = RH ~75% = RH = 90%
2: Dewetting: RH 2 90% = RH ~75% > RH ~45% —> RH ~ 30%

3: Sorption measurement depicted in Figure S5.

Contact angle
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Contact angles (CAs) were measured as deposited with an 0G5
35 device by DataPhysics Instruments using SCA 4.5.2 softwab®
and the sessile drop method under standard atmosphebd/
(T=23°C, RH =50%). A droplet volume of 2 uL was used, a8
the CA value was obtained by fitting the droplet shape using tix9
approximation algorithm of the SCA software. The dynamic &0
was measured by recording a video of an evaporating dropléfl
followed by analysis of the receding CA by SCA 4.5.2 softwareb2
63
64
65

The liquid imbibition from a water droplet into the mesoporogsg
silica thin films was recorded with the Topview Video Systeg7
TVS-C by Dataphysics. By using collimated coaxial iIIuminatiogg
the imbibition of water into the mesoporous films could Ie’%
clearly recorded due to the high reflection from the imbibition
area (depending on the supporting material; in this case, glass
led to the best contrast between dry and wetted mesopores).
The first 45 s were recorded with 37 frames per second (fps);
afterwards, the amount of fps was reduced to 10 fps or 1 fps.
The recorded videos were then evaluated with the help of the
Image) image processing program and MATLAB. The spreading
of the droplet as well as the progression of the imbibition front
were measured in six different directions from the droplet
center. By subtracting the width of the droplet from that of the
imbibition front, the length of the imbibition ring around the
droplet was calculated. The imbibition data shown in this
manuscript are the arithmetic average over all six directions,
unless otherwise noted. Exemplary videos (Video S1-S4) as well
as the experimental setup (Figure 1S) can be found in the
electronic supporting information of the article. 70

71
72

XPS spectra were recorded using a Surface Science Laboratori%%
SSX-100 X-ray photoelectron spectrometer equipped with7
monochromatic Al Ko X-ray source (100 W). The X-ray spot size
was 250-1000 pum. The binding energy scale of the system wag
calibrated using Au 4f7/2 = 84. eV and Cu 2p3/2 = 932.67 eM
signals from foil samples. A Shirley background was subtractedy
from all spectra. Peak fitting was performed with Casa XPS using
70/30 Gaussian-Lorentzian product functions. Atomic ratigg)
were determined from the integral intensities of the signalgy
which were corrected by empirically derived sensitivity factmgz

83
84
85
86
Using sol-gel chemistry, evaporation-induced self-assembly(28Y
and dip-coating, mesoporous silica films were deposited @8
glass and silicon substrates. Tetraethyl orthosilicate (TEO8D
served as a silica precursor, and the block copolymer Pluroni€®
F127 was utilized as a mesopore-forming template. o1
accordance with previous studies(26) and as determined B
ellipsometry and electron microscopy, the applied mesoporo93
silica thin films had a thickness of ~ 500 - 600 nm (Figure SBH4
elliptical mesopores with pore diameters of 16 nm (Figure 185
and pore neck diameters of 12 nm, and a porosity of ~ 65 vol%.

Imbibition

X-ray photoelectron spectroscopy (XPS)

C. Results & Discussion

To obtain a hybrid material and investigate the influence of
wettability on water imbibition in mesopores, nonpolar
1H,1H,2H,2H-perfluorooctyl dimethylchlorosilane (PFODMCS)
was postgrafted to the mesoporous silica material by vapor
phase deposition, as recently described.(17) The time-
dependent chemical surface functionalization allows gradual
tuning of the functional group density, and as a consequence,
the wetting properties can be gradually adjusted between ~20°
and ~100°. To follow imbibition of water from a droplet on
wetting adjusted mesoporous films, a top-view camera in
combination with collimated coaxial illumination was applied.
Time-dependent water droplet imbibition into an unmodified
mesoporous film together with a schematic depiction is
exemplified in Figure 1.

a)

Evaporation/

Wetting dependent
<+ imbibition distance ——

Increasing imbibition time

Figure 1. a) Schematic representation of water infiltration from a droplet into a

mesoporous layer and the phenomena occurring simultaneously, as well as a TEM image
of the mesoporous material. b) Side- (scale bar =1 mm) and top-view imaging (scale bar
=2 mm) of droplet spreading and imbibition ring evolution. The red lines indicate the six
different directions used to analyze the progression of the droplet and imbibition fronts.

Due to interconnections between the mesopores, the liquid is
imbibed normal and lateral to the substrate surface, forming an
imbibition ring around the water droplet deposited on top of
the hydrophilic mesoporous silica film (Figure 1 a). This
demonstrates that the liquid wets the pores not only directly
underneath the droplet, but also ahead of the droplet three-
phase contact line without being imbibed into the entire
mesoporous film. Thereby, the liquid imbibition into
mesoporous materials is governed by a cooperative mechanism
consisting of liquid transport by capillarity and evaporation and
condensation cycles at the liquid front (Figure 1 a), as already
discussed by Ceratti et al.(9) Water is observed inside
mesopores based on the local change in light reflectance, as
water alters the refractive index compared to air-filled
mesopores (see also Video S1-S4). In Figure 1 b, the
propagation of the wetting front is pictured for a hydrophilic
mesoporous silica thin film (as a reference; the corresponding
contact angle measurements are shown in the SI, Figure S3).
Due to direct coupling of the collimated coaxial light in the
objective, the samples were illuminated parallel to the direction



CLVWoONOOTULTPAWN K

NRPRRRRRRRRPR
OO woLoO~NOOTULIDd WN

GO uunubhbbbbr,DDDBEBDIR,DDEDDWWWWWWWWWWNNNNNNNDNNN
O WNRPFPOOONIOTUDRARWNRERPOOONIOTULA,WNREROOVONOULE, WN -

of observation, causing a clear distinction between the droplet,
air-filled pores and water-filled pores due to the high reflection
of the light by water-filled mesopores. With increasing time, the
droplet area as well as the length of the imbibition area (x(t))
increases until a maximum water droplet contact area as well as
a maximum imbibition area is observed. This maximum droplet
area as well as the maximum imbibition ring length is
determined not only by the mesoporous structure, as discussed
in the literature,(9) but also by the wettability-dependent
imbibition and evaporation-condensation. Water evaporation
from the droplet-air interface (Figure 1 a) creates a
microclimate by forming a pressure (p) gradient, where the air
adjacent to the water droplet is vapor saturated and the
saturation decreases to ambient conditions with
increasing distance to the droplet.(7) According to the Kelvin
equation, capillary condensation can occur in mesoporous
layers in the vicinity of drops provided that the condensation
pressure pc is reached:

level

2yVpcos0
Pe = Poexp(——22) (1)

(pc = condensation pressure, pQ = saturated vapor pressure, Vm = molar volu

r* = Kelvin pore radius, y = surface tension, R = gas constant, T = temperature, @')7

58
59

At a certain distance from the droplet, when p < pc, water lgz%
longer condenses in the mesopores.
To systematically understand the influence of wettability 3
imbibition, x(t) is analyzed in six different directions around tlf<}
deposited water droplet, as indicated by the red lines in Figure
1b. The clear differences in contrast were exploited using imags
analysis. In the process, we analyzed the time dependence 66
the water imbibition for a selection of samples with different 67
deposited contact angles (CAs). The different wetting propertié8
were established by vapor phase deposition of PFODMCS, 69
schematically pictured in Figure 2 a. 70
71
The time-dependent imbibition resulting in an increasing leng#®
of the imbibition ring (x(t)) was evaluated until evaporatigt8
caused a receding of the water droplet three-phase contact ling4
In Figure 2 b, the effect of functionalization is most noticeabj&
based on the fact that the maximum x(t) significantly decreasgg
with increasing CA. While the reference sample (black, CA~ 20;)7
exhibits an ~ 500 um long imbibition ring, the ring gradual}\g
shrinks to ~ 300 um (red, CA ~ 30°), then to ~ 200 um (green, (‘7A9
~ 40°) and finally to ~ 100 um (blue, CA ~ 50°) with increasi%
degree of functionalization. For CA = 70°, no imbibition ring c
be observed. Imbibition was still possible for CA ~ 60°, but t
result is not shown here due to the low resolution duri
recording. The higher the CA is, the higher the partial pressu
required to fill the mesopores by capillarity and condensatio
which leads to decreasing x(t) with increasing CA until s
imbibition can be observed.
To address the kinetics of the water imbibition, the squar
imbibition length (x(t)2) is considered (Figure 3 and Figure 54%9

90
91

contact angle)

Hg QH  HooH

A FF FF F
OH A cI-5 F
i I L

0'1 FF FF FF
OH =

HD-’i —
oH 4 e
OH HD& Vapor phase deposition
OH "04
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0.5+
0.4

CA ~30°

0.3 4
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0.0
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0 100 200 300 400

Time /s

Figure 2. a) Functionalization of mesoporous silica films using vapor phase deposition of
PFODMCS. b) Distance between the droplet front and the imbibition front (x(t)) as a
function of the imbibition time (black: reference, CA~ 20°; red: CA~ 30°; green: CA ~ 40°;
blue: CA~ 50°; scale bar =2 mm). The top-view images show the water droplet imbibition
on mesoporous silica thin films with different degrees of functionalization leading to
different CAs at the time marked by the colored arrows. The water imbibition is visible
as an evolving white ring around the droplet (please note the scale bars; all scale bars =
1 mm).

since it is known from the literature that for mesopores, the
Lucas-Washburn law is valid in the absence of evaporation. The
Lucas-Washburn law describes a linear relationship between
x(t)?2 and the imbibition time (t).(11, 27-29) However, water
imbibition into thin films with film thicknesses << x(t) is strongly
influenced by evaporation processes, which change the kinetics
compared to conventional porous materials. Recently, Mercuri
et al. elaborated a phenomenological model that combines the
Lucas-Washburn law and surface evaporation to depict the
filling dynamics of water in mesoporous thin films:(15)

2t

x(©)? = x4[1—exp(-Z)] (2)

(x(t) = length of the circular wetted region, xss = distance to the fluid front in the

steady state, t = time, T = evaporation time)

The first term dominates at short times, whereas the second
term becomes more important at longer times, when the
influence of evaporation becomes more dominant. The fluid
front reaches a steady state position when both terms are
equal. According to Mercuri et al., the model appropriately
described imbibition into mesoporous titanium films, whereas
the imbibition behavior in mesoporous silica thin films was
mentioned as being more complex due to the faster initial
infiltration velocity and oscillations at the imbibition front.(15)
With the setup applied in our work, we were able to temporally
resolve the imbibition for short periods of time (t << 1,
~37 fps). Therefore, using the described equation as a fitting
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function for the imbibition data shown in Figure 2 b, godd!
agreement with the reference data (in terms of general shap&5
Figure 3) was observed. During the first short period of timé6
evaporation plays a subordinate role, and the imbibition shoWls
a linear progression (in accordance with the Lucas-Washbué®
law). It takes approximately eight seconds until the influence 49
evaporation becomes noticeable, and the speed of imbibiti&®
decreases asymptotically. This aspect is well described by the B4
used. The data also show that the imbibition front is nb2
stationary but rather oscillating. Berli's group has described ttbS
effect as a consequence of the time-dependent imbalanbd
between condensation and evaporation in hydrophilic silibb
mesoporous films.(7, 15) Before describing the fluid frob6
oscillations in more detail, the influence of functionalization &V

the time-dependent imbibition will be discussed. 58
59
0.35 T —— T . 0
1
CA = 30° Adjusted Fit] — 2
13
4

£ _
E :
> = sy
8
19

CA ~40°

0.05 {0
_wcm soo { 1
0.00 4 ; T . : | 2
0 100 200 300 400 500 600 3
Time /s q

Figure 3. Squared imbibition length (x(t2)) of water in mesoporous silica thin films bef g
and after functionalization (black: reference, CA ~ 20°; red: CA ~ 30°; green: CA ~ 40°;
blue: CA ~50°). For all curves, the gray line corresponds to the fit using equation (1). TZ(.B
dotted gray line indicates the initial linear increase. The yellow-shaded area marks hd
first stage of imbibition after functionalization (Stage 1), apparently following tf&
modified Lucas-Washburn law. Afterwards, the imbibition front spreads again wh79
oscillating (Stage II). For the reference sample, Stages | and Il cannot be distinguisf§<b
(also compare to SI, Figure S3).

81

As is evident from Figure 3 and Figure S3 b - d, tgz
functionalization and thus increased CA not only cause a
decrease of the maximum x(t)2 but also change its time-
dependent evolution significantly and therefore cause a clear
deviation from the abovementioned model for hydrophigg
mesoporous films proposed by Mercuri et al.(15)

After functionalization, resulting in an increase of the CA, t 8
imbibition seems to be divided into two different stages (Figugeb
3, Stages | and Il). Before functionalization (black curve), whén
the samples are highly hydrophilic, the two stages cannot 1
distinguished, and the modified Lucas-Washburn law proposeé
by Mercuri et al.(15) describes the general progression of the
imbibition front properly (while neglecting its oscillation). T &
imbibition data after silanization, when considering both stage
show a clear deviation from the applied model, especially Wig?
respect to Stage Il (see Figure S3). However, the first stage
(Stage 1), up to approximately 30 s, is still in good agreement
with the model of Mercuri et al. (Figure 3, yellow shaded

region). In Figure 3, the zoom-in compares the first 30 s of water
infiltration for different degrees of functionalization. For all CAs
between 30° and 50°, a similar time-dependent evolution of
x(t)2 can be observed resembling the fit by the modified Lucas-
Washburn equation (1). The initial imbibition (t << 5 s) is rapid
(almost linear growth of x(t)). The slope of this initial increase
decreases with increasing contact angle, as expected by the
Lucas-Washburn law. After this initial increase, the time-
dependent evolvement of the imbibition length then flattens
until a plateau is reached. In this steady state of Stage I, no
oscillations of the imbibition front can be detected. However,
after varying periods of time, in a presumably stationary state,
the imbibition front begins to advance again (Figure 3 and
Figure S3). This increase in x(t)2 is much slower than that after
initial contact of the surface and the droplet (Stage |I).
Furthermore, there is no real recognizable equilibrium. It seems
that the imbibition ring continues to grow steadily with
simultaneous oscillation of the fluid front until evaporation
causes a receding of the droplet. When considering both stages,
the deviation from the modified Lucas-Washburn model is
caused by a renewed increase in the imbibition front (after long
time periods (t >> 30 s)) x(t), with simultaneous oscillation until
evaporation of the water droplet causes a receding of the three-
phase contact line. This is addressed here as Stage Il (Figure 3
and Figure S3 b —d).

It is known from literature studies that the surface chemistry of
silica materials can change through contact with water vapor or
through water adsorption.(30-32) Water causes
activation/increasing hydroxylation of the surface and thus a
reduction in the hydrophobicity or an increase in the
hydrophilicity. Taking into account this aspect and the
mechanism by which water moves in a mesoporous silica thin
film, namely, via multiple cycles of condensation and
evaporation, we suspect that after a certain period of time,
chemical changes of the surface at the imbibition front cause its
renewed movement. When a functionalized mesoporous silica
film (CA ~ 50°) was incubated in water, the CA decreased by ~8°
(Figure S6), while the refractive index (measured by
ellipsometry) remained constant (Table S3). This indicates
surface activation rather than removal of the organic functional
group. X-ray photoelectron spectroscopy (XPS) measurements
support this hypothesis since the F/Si ratio of ~ 0.6 did not
change after water incubation (Figure S7 and Table S4), while
the CA did.

The change in surface area due to water adsorption can also be
seen in the water adsorption/desorption curves (Figure S5). All
samples show a hysteresis after the adsorption and desorption
of water that is not closed. This indicates that due to the change
in surface area, water continues to adhere to the pores, which
is also reported in the literature.(31)

The evaporation-condensation cycles that may cause slight
changes in the mesopore walls can also be easily recorded with
the optical setup used for imbibition length recording because,
instead of reaching a state of equilibrium, the imbibition front
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Figure 4. a) Comparison of x(t) for an unmodified reference sample and after different degrees of functionalization (black: CA ~ 20°, red: CA ~ 30°, green: CA ~ 40°, blue: CA ~ 50°).
Only one direction of the imbibition front was considered (as indicated by the magenta line and axis). b) Comparison of the x(t) of the oscillating imbibition fronts in an interval of
90 s (normalized, indicated by the orange shade) after the initial, fast increase in the imbibition area (black: CA ~ 20°, red: CA ~ 30°, green: CA ~ 40°, blue: CA ~ 50°).

begins to oscillate. This is especially visible for the unmodifidi2
reference sample (Video S1). The functionalized samples shod3
a different behavior. While the imbibition front is stable in Stadkl}
| and reaches steady values of ~ 0.022 mm?, ~ 0.006 mm?2 and45
0.001 mm? for CA ~ 30°, CA ~ 40° and CA ~ 50°, respectively,46
spreads further under oscillation in Stage Il. Thereby, x(47
reaches values of 0.11 mm?2 (CA ~ 30°), 0.06 mm?2 (CA ~ 40°) adi8
0.01 mm?2 (CA ~ 50°). The decrease in the CA due to surfad®
activation induced by contact with water seems to have tih
effect that a range of partial pressures is reached over which ti5l
imbibition front oscillates noticeably, allowing imbibition B2
advance further. 53

54
In Figure 4, the oscillations at the imbibition fronts on th&
mesoporous silica thin films exhibiting different CAs ab®
compared. The x-axis shows the normalized time for a period b¥
90 s in which the oscillations were most pronounced. For the58

59
functionalized samples, this occurs in Stage Il (Ref.: 85 — 17560
CA~30°:200-290s,CA~40°:331-421s,CA~50°401-491 §1

62
For the unmodified reference sample (Figure 4), the63
oscillations are easily visible in the shown extracts as well as b
eye in the recorded videos (Video S1), similar to the work Bp
Mercuri et al. on unmodified mesoporous silica.(15) Befob®
functionalization, the oscillation shows a maximum amplitude/
of ~ 150 um, which rapidly decreases to ~ 50 um after sligh8
hydrophobization (CA ~ 30°). This is in accordance with tie9
water sorption data in Figure S5 and with the results that wevé)
recently published by our group.(17) The decrease Tl
hydrophilicity upon chemical functionalization shifts the
capillary condensation to higher relative humidities/criticAB
vapor pressures for these porous systems. Even after mind#4
surface modification (CA ~ 35°, red curve), the relative humidif\b
at which capillary condensation occurs shifts by ~20 % to ~87 %6
It must be noted that the apparent CA differs from the CA otV
the nanoscale. Under spatial confinement, the contact angle78
higher(33) (see also Figure S6), which is why an apparentl{
"slight" modification of the surface can have a strong effect &0
the sorption and imbibition of water since these phenomei&il
are determined by small-scale events. As the partial pressu82

necessary for capillary condensation increases, the oscillations
at the wetting front are reduced. This extends the observations
made by Urteaga et al.(7) describing how the oscillations take
the imprint of the hysteretic behavior of the mesoporous films.
As shown in Figure S5, the hysteresis is determined not only by
the porous structure(7, 9) but also significantly by the
wettability. An increase in the CA causes a reduction in the
amplitude of the water saturation, since the range of the
pressure change in the hysteretic loop is decreased. Therefore,
vapor pressure changes have a smaller effect on the position of
the imbibition front.

For a higher CA of ~ 70°, the onset of capillary condensation
shifts to RH > 90 %, and the condensation remains incomplete
up to a partial pressure of 0.98. This is consistent with our
observation that we could not record an oscillating imbibition
front for contact angles = 70°. By increasing the critical vapor

pressure, the water can no longer penetrate or spread in the
pores (Figure 5 a). In a previous study, we were able to define
the degree of functionalization corresponding to a contact angle
of 70° as the threshold value between water exclusion and
imbibition.(17) At this value, the introduction of pore wall
charge by increasing the solution pH to ten allowed water to
condense without completely filling the pore volume. The effect
f this phenomenon on possible radial spreading around the
droplet and whether this can be followed visually was also
investigated with the optical setup described above (Figure 5 c).
At the threshold hydrophobicity, water cannot be imbibed and
spread in the mesoporous film, due to the high critical
infiltration pressure (Figure 5 a and b).

However, when adjusting the pH value of the water droplet to
alkaline levels (pH = 10), the receding of the contact line at this
threshold hydrophobicity, caused by evaporation, revealed the
presence of water in the mesoporous silica thin film, but
exclusively below the droplet (Figure 5 c). No imbibition ring
(x(t) =0) can be observed, because the water propagation at the
threshold CA is fundamentally different from that at lower CA.

The increased pH value generates surface charges in the silica
material, which in turn induce film condensation of water in the
mesopores.(17) In comparison, a water droplet with a pH value
of two did not cause charge-induced condensation (Figure 5 b)
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Figure 5. Top view of an evaporating droplet on mesoporous silica thin films exhibiting a CA of ~ 70°. a) Pure water, b) acidified water (pH = 2) and c) alkaline water (pH = 10) were

used (scale bar = 1 mm).

Thus, we could show that the water droplet imbibition in85
mesoporous thin films can be controlled by the wettid®
properties. The mesoporous film wettability influences not ordy
the kinetics of liquid propagation, but also its mechanis@8
Thereby, condensation plays a detrimental role with changid®
CA. Control of liquid propagation, as we could show here, f40
example, via wettability and/or charge, is highly interesting f8id

many areas, especially in the field of nanofluidics fé42
nanodevices. 43
a4
45
Conclusions 46

In summary, the droplet imbibition of water into wettabilitQ7
adjusted mesoporous silica thin films is recorded with hié‘rs
temporal resolution to analyze the imbibition kinetics. THS
influence of wettability on fluid imbibition into mesoporoé@
films is significant: not only does an increasing contact ang5el
result in a reduced imbibition length, but also, it changes tl$(_2
kinetics by which this area is filled with water. Up to a contact
angle of 60°, an imbibition range beyond the droplet three-
phase contact line can be optically resolved. At a contact angge
of 70°, imbibition occurs only if a negative charge is introducéd}
into the system and exclusively below the droplet, i.e. no
imbibition beyond the macroscopic contact line of the drop
takes place. For even higher contact angles, liquid imbibitie®
cannot be observed even directly below the drop. This is b
accordance with a work previously published by our group. (13
When considering an unfunctionalized reference samplgg
imbibition is properly described by the modified Lucagg
Washburn law presented by Mercuri et al., which considegg)
evaporation.(15) However, after hydrophobization, the modgj
can only accurately describe the initial liquid propagation fgp
short times. It is observed that the imbibition front advances
again after some time. This is probably related to the activation
of the silica surface by contact with water.(31, 32) The surface

composition does not change during this process, as

demonstrated by water adsorption combined with ellipsometry
and contact angle measurements. Furthermore, an oscillating
imbibition front, typical for mesoporous thin films, which was
previously recorded only in Berli's working group(7, 15, 27), is
confirmed. Through our experiments, the knowledge of these
oscillations is extended with respect to wettability. As the
contact angle increases, the amplitude of the oscillation
decreases from ~ 150 um (for an unmodified reference) to
below 50 um until the oscillation can hardly be detected. This
effect can be explained by the increase in the partial pressure
that must be achieved to allow condensation in the pores. This
is verified by water adsorption curves.

The results obtained provide fundamental insights into the
propagation mechanism of water in mesopores and its
dependence on the wetting properties and are therefore of
great importance for areas in which nanoporous materials are
being increasingly in the focus of emerging applications, such as
in sensor technology, catalysis and water treatment.
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