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Precursor Film Spreading during Liquid Imbibition in Nanoporous Photonic Crystals
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When a macroscopic droplet spreads, a thin precursor film of liquid moves ahead of the advancing
liquid-solid-vapor contact line. Whereas this phenomenon has been explored extensively for planar solid
substrates, its presence in nanostructured geometries has barely been studied so far, despite its importance
for many natural and technological fluid transport processes. Here we use porous photonic crystals in
silicon to resolve by light interferometry capillarity-driven spreading of liquid fronts in pores of few
nanometers in radius. Upon spatiotemporal rescaling the fluid profiles collapse on master curves indicating
that all imbibition fronts follow a square-root-of-time broadening dynamics. For the simple liquid
(glycerol) a sharp front with a widening typical of Lucas-Washburn capillary-rise dynamics in a medium
with pore-size distribution occurs. By contrast, for a polymer (PDMS) a precursor film moving ahead of the
main menisci entirely alters the nature of the nanoscale transport, in agreement with predictions of

computer simulations.
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The spreading of precursor films ahead of droplets of
nonvolatile fluids has been reported a century ago [1] and
then widely studied in experiment, theory, and simulations
[2,3]. Its dynamics follows a square-root-of-time scaling
[2], i.e., the radius R of the wetted area by this precursor
film increases with time ¢ as R(t) ~ /1, suggesting that the
spreading process follows a simple diffusion process [4—8].
The objective of this work is to investigate precursor film
spreading during fluid imbibition in nanostrutured geo-
metries. This is particularly important to understand the
dynamics of the capillary filling of polymers in nanoporous
media [9-15]. Effectively, when polymers move through
pores having radii comparable to the polymer molecular
size, a purely macroscopic analysis of the flow dynamics
ignoring the impact of precursor film spreading can result
in erroneous conclusions on confinement effects and
predictions about the formed mesosocpic structures, as
well as characteristic processing times during imbibition
[11,16-18].

However, the extreme challenges to monitor liquid fronts
in nanoscale geometries have resulted in only a few
experimental studies on imbibition fronts in nanoporous
structures [11,19-23]. Engel and Stiihn [20] studied imbi-
bition kinetics of polyisobutylene and poly-e-caprolactone
in polycarbonate nanopores by time resolved small-angle
x-ray scattering (SAXS). For both fluids a precursor film is
inferred on short timescales, followed by a much longer
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complete filling of the pores by an advancing meniscus.
Also using SAXS measurements, Khaneft ef al. [21] found
that the imbibition of polystyrene in carbon nanotubes
presents two different timescales that are related to the
formation of a precursor film and the subsequent filling of
the pore volume. The precursor formation was found to be
6 times faster than the volume filling, but no details about
the precursor film profiles could be inferred. Qualitatively,
these experimental findings confirmed hydrokinetic lattice-
Boltzmann (LB) and Molecular Dynamics (MD) simula-
tions of the capillary filling in nanochannels by Chibbaro
et al. [24]. They clearly observed the formation of thin
precursor films moving ahead of the main capillary front.
The dynamics of the precursor films obeyed a /7 law as the
main capillary front, although with a larger prefactor than
the main meniscus movement. Moreover, additional pos-
sible scenarios exist where different types of thickness
profiles can be found at the liquid-solid interface depending
on the solid-liquid interaction [25].

Here we report a light interferometry experiment that
was specifically designed to elucidate the presence of
precursor films during liquid imbibition into nanoporous
media with mean pore sizes of 4 nm and 54% porosity [26].
More precisely, we study capillary imbibition of a simple
liquid (glycerol [26]) and a complex, polymeric liquid
(polydimethylsiloxane, PDMS [26]) in nanoporous silicon
membranes. The viscosity x4 and surface tension ¢ of
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FIG. 1. Optofluidic imbibition experiments with nanoporous
photonic crystals. (a) Experimental setup. A UV-VIS spectrom-
eter was used to acquire the light reflectance spectra as a function
of time during imbibition. A liquid drop was placed onto a glass
slide, and the porous membrane was held on the top of the drop.
When the acquisition of spectra began, the porous membrane was
immediately placed onto the liquid drop (b). (¢) A porous silicon
microcavity formed by alternating layers of two porosities (two
refractive indexes) was used to detect the filling fraction inside
the nanopores at the particular position of the central microcavity
region.

PDMS are 5.2 Pas [26] and 20.4 mN/m [29], respectively.
While the respective values for glycerol are 0.953 Pas
and 59.5 mN/m [30]. The interferometric technique is
based on the measurement of the membranes reflectance
during liquid imbibition. The light reflectance spectra can
be directly transformed to optical thickness and hence to
the fluid distribution inside the pores. Thus, the measure-
ment of the membranes’ optical properties as a function of
time allows the assessment of the fluid dynamics in the
porous structure.

A description of the interferometric technique can be
found in Ref. [14]. The experimental setup is sketched in
Fig. 1(a). The reflectance of the porous membrane is
measured during imbibition using an UV-VIS-NIR spec-
trometer (Ocean Optics HR400) and a R400-7-SR fiber-
optic reflection probe. The measurement of the optical
thickness of homogeneous porous membranes has been
used in previous works to quantify the overall amount of
liquid infiltrating the structure [14,31-33], without the
ability to discriminate the spatial distribution inside the
pores, i.e., the shape of the liquid front profile.

In this work we propose the use of a photonic crystal to
elucidate the spatiotemporal evolution of the wetting profile
in pore space. To that end, an optical microcavity was

fabricated immediately after the homogeneous porous
membrane ends. A description of the fabrication method
can be found in Ref. [32]. An optical microcavity is a one-
dimensional photonic crystal composed of alternating
layers with different refractive indexes and a central defect
[Fig. 1(c)]. Because of the characteristic intensity ampli-
fication in the cavity at the resonance wavelength 1, the
optical microcavity works as a sensor for liquid filling
at the particular position of the microcavity center. The
resonance wavelength 4 is solely determined by the optical
thickness of the central defect. In turn, the optical thickness
of this central porous layer depends on the liquid filling
fraction, that is, on the relative proportion of liquid in the
porous structure. This means that during imbibition the
resonance condition will shift to larger wavelengths only
when the fluid reaches the microcavity’s central defect, as
shown in Fig. 1(a). Using different initial porous layers
(thicknesses 6 = 3, 6, and 9 um) to locate the center of
the microcavity (size f =3 uym) at different positions
X9 = 6+ f/2, allows one to monitor the filling fraction
at a given position of the porous layer [see Fig. 1(c)].

The optical properties of the membrane are closely
related to the amount of fluid in the nanoporous matrix.
The effective refractive index of the medium varies with the
relative material composition (solid, air, liquid) that
changes upon liquid imbibition. By using effective medium
theories [34,35], the filling fraction in the microcavity can
be obtained from the variation of the resonance position as,
f(t) = [A(t) = Ao]/[A = Ao), where A(t) is the resonance
wavelength at time 7, while 4y and A, are the resonance
wavelengths at times # = 0 and t = oo, respectively. Thus,
monitoring the resonance evolution enables a simple
assessment of the filling fraction as a function of time in
the microcavity central layer.

The filling fraction of PDMS and glycerol obtained for
different positions of the microcavity in the porous silicon
structure are shown in Fig. 2(a). The measured f(z) is
plotted versus v/ to better discriminate the distinct infil-
tration stages.

Figure 2(a) indicates that (1) The PDMS imbibition
results in a front profile that maintains its shape,
when different initial porous layer thickness 6 are used.
Moreover, three regimes can be discriminated: (i) an initial
stage below 5 s'/2, (ii) a progressive filling during the
midstage, the onset of which is delayed according to the
layers thickness, and (iii) a more rapid filling during the last
stage, the onset of which suggests the full covering of the
pore wall by the precursor film. Actually, the third regime
corresponds to the capillary filling of prewetted pores.
(2) Only this third regime can be seen for the case of
glycerol, which indicates that prewetting does not take
place, or it is below the resolution limit of our technique for
this fluid, and that potential pore-corners’ effects [36] are
not relevant in these experiments. (3) The third regime for
PDMS imbibition is composed of straight lines displaced
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FIG. 2. (a) Normalized resonance wavelength of the photonic

crystal versus /7 for the imbibition of PDMS (dots) and glycerol
(dashed lines) for different positions x, in the porous silicon
membranes. Error bars are indicated in the curve corresponding
to PDMS in a porous layer of § = 3 ym. The insets schematically
show the main flow regimes observed in experiments. (b) Pore
filling fraction (proportional to the normalized /) as a function of
the dimensionless variable x,/+/Dy 7 for the imbibition of PDMS
(solid lines) and glycerol (dashed lines). Note that, in the case of
simple liquids, the complete filling of the pore volume fraction is

expected at xo/+/Dy 1t = 1 [26].

by time intervals A¢, which are consistent with the Lucas-
Washburn imbibition /¢ dynamics followed by fluids in
homogeneous porous membranes [14,32,33]. The initial
shape (i) of the curves for PDMS resembles the height
profile of droplets of nonvolatile liquids spreading on a
smooth silicon substrate reported by Heslot et al. [5,6,37].
The rounded shape may correspond to the edge of the
precursor film, which is limited by the minimum thickness
attainable, as determined by the molecular size of the
polymer.

These observations indicate also that the shape of the
liquid front is always the same, but “stretched” by a /7
dependence. Thus, our experimental results support the

simulation findings of Chibbaro et al. [24], where a
diffusive behavior was observed in capillary filling.
Under this hypothesis, the shape of the advancing liquid
front can be estimated from data in Fig. 2(a). To this end,
Fig. 2(b) presents the filling fraction as a function
of the dimensionless variable xy/+/Dy;f, where D;; =
(ry)o cos 0/ (2ur?) is the coefficient for liquid imbibition.
In this expression (r;,) = 6 nm is the area weighted mean
hydrodynamic radius, € ~ 0 is the meniscus contact angle
and 7 = 2.6 is the tortuosity of the porous layer [26].
Indeed the spatially and temporal renormalized curves
collapse on each other for each distinct fluid, corroborating
the hypothesis that the same profile shape is present for all
measured positions. It is worth noting, however, that the
viscosity value required to scale the PDMS curves was
44 Pas. This value is significantly larger than the bulk
viscosity reported above. Thus, in agreement with previous
observations on polymeric self-diffusion dynamics in nano-
pores, in particular in the pore-wall proximity [38—40],
confinement seems to reduce the fluidity of PDMS.

To additionally verify that the proposed experimental
technique is adequate to predict the capillary filling
dynamics within the porous structure, we simulated the
reflectance spectrum that would be obtained using the
filling profile shown in Fig. 2(b). The computation was
performed using a matrix method [41], while defining the
optical properties of the layers using a simple effective
medium model that accounts for the filling fraction at each
position in the structure. The obtained results are shown in
Fig. 3. The simulated spectrum was obtained by fitting the
porosities and thickness of the different layers of the porous
substrate (see Fig. 1) to reproduce the reflectance spectrum
before imbibition [26]. The fitting parameters were then
used to simulate the complete evolution of the reflectance
spectrum [3(a) and 3(b)] using the master profile obtained
in Fig. 2(b). A visual comparison corroborates the diffu-
sionlike front shape evolution derived above in a rigorous
manner.

It is interesting to note that a similar diffusionlike
behavior as observed here in a nanoporous medium was
found for spreading of a nonvolatile liquid (squalane) along
wettable nanostripes embedded in a nonwettable surface
using dynamic atomic force microscopy [42]. In that case,
variable spreading velocities were achieved using different
amounts of liquid deposited in the reservoir pad, corrobo-
rating that the fluid front profile does not depend on the
front speed, but only on the relative position in the channel.

Also in wetting experiments using PDMS (4 = 1 Pas)
on flat silicon surfaces, Heslot er al. [43] found that the
film spreading evolves with a diffusionlike coefficient
D ~3.7x 1071 m?/s. To put our findings in the context
of this work, we need to estimate the diffusionlike
coefficient associated with the liquid film spreading, here
defined as Dgg. As an approximation, Dgg can be extracted
from data in Fig. 2(b); more precisely, from the region that

234502-3



PHYSICAL REVIEW LETTERS 125, 234502 (2020)

Wavelength [nm]

(b) 1000

Wavelength [nm]
©

700 =
02 04 06 08 1 12 14 16
Vvt [min'/?]
FIG. 3. Experimental and simulated evolution of reflectance

spectra upon imbibition of PDMS in a porous silicon layer having
0 = 3 um thickness in front of a microcavity. (a) Experimental
reflectance evolution upon liquid imbibition. (b) Simulated
reflectance evolution upon liquid imbibition. The computations
were made by using the master profile obtained in Fig. 2(b) and
parameters obtained by fitting the initial reflectance spectrum
without any additional fitting parameters.

corresponds to the advance of the precursor film alone.
The tangent to the curve in that region intercepts the
abscissa axis at xy/+/Dyit ~ 8. Therefore, one obtains
Dps =8 x Dy ~13x 107" m?/s. To compare this
value with that obtained on flat substrates, the tortuosity
of our porous silicon structure must be considered; then,
72Dpg ~ 9 x 10711 m?/s. Despite the fact that neither the
experimental setup nor the characteristics of the working
PDMS were the same, this coefficient is quite similar to the
one found in Ref. [43]. Hence, our experiments in a
nanoporous solid are not only in a qualitative manner,
but also in a quantitative manner in good agreement with
the spreading dynamics of PDMS in planar silicon geo-
metry. This encourages us to believe that other effects than
precursor film spreading on the single-channel scale that

could result in a /7 spreading of the imbibition front are not
dominating the kinetics here. In particular, the pore-size
distribution along with the Lucas-Washburn /7 of menisci
movements in noninterconnected single pores could also
result in a 1/7 broadening, where the prefactor (the diffusion
coefficient) would be determined by the width of the pore-
size distribution [19,22,35]. However, since we employed
the identical nanoporous geometries with identical pore-
size distributions this broadening should occur for both
fluids in an identical manner, which is obviously not
the case.

In summary, we could demonstrate that porous photonic
band gap structures are particularly suitable for studying
liquid imbibition at the nanoscale. For glycerol, a fluid with
comparably small molecules, we find a sharp, steplike fluid
profile. By contrast the imbibition with the macromolecular
PDMS is significantly affected by precursor film spreading,
in agreement with simulation studies [24], experiments at
planar surfaces [8], and in tubular nanopores [20,21] for
polymeric liquids.

For the future more detailed MD simulations, also as a
function of the complexity of the imbibing liquid and
nanoporous geometries could be helpful to achieve an
improved understanding of the interplay of imbibition and
imbibition front broadening in nanoporous media.
Moreover, we envision that the optofluidic technique
employed here could be also of interest to study
liquid distributions during drying of porous media,
where a complex rearrangement encompassing thin-layer
flow at pore walls and flow in the pore center inside,
couples to evaporative transport outside of the porous
medium [44,45].

Finally, liquid-infused, most prominently polymer-filled
nanoporous solids play an increasingly important role in
technologies ranging from drug delivery to the design of
functional materials for energy storage and harvesting
[11,16,46]. Our study substantially improves the possibil-
ities to rationally design these systems by combining
nanofluidics with modern optics.
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