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ABSTRACT: Nanofluidics based on nanoscopic porous
structures has emerged as the next evolutionary milestone in
the construction of versatile nanodevices with unprecedented
applications. However, the straightforward development of
nanofluidically interconnected systems is crucial for the
production of practical devices. Here, we demonstrate that
spontaneous infiltration into supramolecularly templated
mesoporous oxide films at the edge of a sessile drop in open
air can be used to connect pairs of landmarks. The liquids from
the drops can then join through the nanoporous network to
guide a localized chemical reaction at the nanofluid−front
interface. This method, here named “open-pit” nanofluidics, allows mixing reagents from nanofluidically connected droplet
reservoirs that can be used as reactors to conduct reactions and precipitation processes. From the fundamental point of view, the
work contributes to unveiling subtle phenomena during spontaneous infiltration of fluids in bodies with nanoscale dimensions
such as the front broadening effect and the oscillatory behavior of the infiltration−evaporation front. The approach has distinctive
advantages such as easy fabrication, low cost, and facility of scaling up for future development of ultrasensitive detection,
controlled nanomaterial synthesis, and novel patterning methods.
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■ INTRODUCTION

Nanofluidics have proved to be a very useful and exciting
medium for applications in tasks as diverse as separation,
energy conversion, molecular manipulation, and sensing.1−5

The simplicity of nanofluidic systems promises to be as
revolutionary in the coming decades as the miniaturization of
microfluidic devices was in the previous ones. A device that
consists only of a surface would represent the ultimate limit of
simple nanofluidic platforms. In a separate but related thread,
chemical reactions at appointed places are becoming
increasingly necessary to study biological processes that occur
in cellular compartments,6−8 synthesize novel nanostructures,9

and achieve combinatorial screening and high-throughput
assays.10 To perform reactions on localized sites and at such
dimensions, it is critical to manipulate reagents and control
their mixing into well-defined localizations. It is also important
to control the dimensions of these reactors and their
positioning to facilitate monitoring. We propose here an
alternative approach. This approach, named “open-pit” nano-
fluidics (OPN), obviates the usually costly step of fabricating
microdevices and wells: it can be employed to mix reagents
from nanofluidically connected droplets that can be used as
reservoirs to conduct spacially localized reactions over
micrometer-scale regions. In particular, we found that complex
filling dynamics in mesoporous oxide thin films (MOTF)11−13

is ideal for running such nanofluidic processes. In addition,
supramolecularly templated MOTF guarantees the control of
the porous morphologies that consists in nanoscopic pores
connected by smaller necks.14−16 When a drop is deposited on
the surface of a MOTF, the liquid from the droplet reservoir
enters the porous substrate and builds an annulus at its
periphery.11,12 Annuli nucleate from two drop landmarks and
grow via capillarity at their free boundaries, which infiltrate into
the nanoporous film. When these fluid fronts meet, they join,
forming a nanofluidic connection. This interesting behavior
enables the confined and programmable positioning of
chemical reactions from droplet regents by their precise
approach through their surrounding rings. This straightforward
OPN method comprises only a simple step: microliter droplets
deposition on MOTF; then, spontaneous nanofluidic delivery
into the porous network is self-produced. It could allow mixture
of nanovehiculized reagents directly on the meeting point of
the infiltrated annuli from different drops, thus forming well-
defined interfaces in which individual reactions can be
conducted. In this study, as a proof of concept, we demonstrate
that OPN enables performance of the silver chloride
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precipitation reaction, creating localized chemistry. We believe
that this OPN approach could be extrapolated as a desktop tool
to synthesize nanomaterials and perform distinct confined
(bio)chemical reactions at desired locations and/or create
nanofluidic circuits.

■ RESULTS AND DISCUSSION
Mesoporous titania thin films were produced via a sol−gel
method combined with supramolecular self-assembly by dip-
coating of silicon substrates using protocols described in the
literature.11,14,15 This led to the formation of mesoporous films
(180 nm thick) displaying aligned pore arrays with a conduit-
like mesostructure (CLM) (Figure 1a and TableS1); 50%
porous and pore and neck sizes of 6 and 4.1 nm, respectively, as
indicated by electron microscopy and environmental ellipso-
metric porosimetry (EEP).17

Previous studies suggested that at 23 °C and 46% relative
humidity, capillary ring grows efficiently from sessile water
drops.11 Under these conditions, we evaluated the OPN
method for creating well-defined mixture sites and subsequently
using them to confine the synthesis of materials on surfaces. We
then localized the well-known Ag+ + Cl− → AgCl ↓↓ reaction
by depositing microliter drops of 1 M sodium chloride (NaCl)
and 0.1 M silver nitrate (AgNO3) solutions separated by 10
mm on the mesoporous films (Figures 2a and b). Annuli grew
from both drops and increased in length gradually via capillary
imbibition up to meet each other. The annuli can be clearly
seen because the wetted region produces a refractive index
contrast in relation to the outer dry zone. Interestingly, this
assay produced precipitation reactions only within the contact

annulus interface, making it possible to visualize the abrupt
precipitation process using optical microscopy (see Movie S1 in
the Supporting Information). We captured, in addition,
representative snapshots of the localized reaction process at
different times (Figure 2c). These observations showed the
proper localization of silver chloride (AgCl) precipitation
through the nanocapillary communication of the different drop
reservoirs, thus demonstrating the capability of the OPN
method for localizing chemical reactions at the nanofluidic
connection. The juncture shown in Figure 2c is representative
of the definitive narrow line marked under this condition. This
dark line corresponds to a local increase in the film refractive
index due to the presence of precipitates.
We next studied how annuli grew and formed the interface

reaction at varied NaCl concentrations. As a preliminary step,
we estimated the change of the capillary imbibition rate with
NaCl concentration where, for example, an increase in
infiltration rate as large as 3.5 times can be observed in the
concentration range between 0.1 and 1 M. Furthermore, a
significant increase in the fluid−front traveled distance with
respect to pure water,11 was also observed. Thus, these data
provide evidence that a new balance between infiltration−
evaporation in the solutions regarding pure water is a viable
approach to controlling capillary fluid front displacement. The
influence of salt concentration can be rationalized in the
framework of the model reported in our previous work,11 where
the infiltration rate results from the balance between capillary
filling and liquid evaporation. It is known that the evaporation
rate of NaCl solutions in porous media decreases with salt
concentration (around 40% for 1 M at room temperature),18

following the diminution of the activity of aqueous solutions.19

As evaporation counterbalances capillary filling, increasing salt
concentration has two simultaneous effects: a faster infiltration
rate and a larger annulus width (see ref 11 for further details).
Nevertheless, the substantial augmentation of infiltration rate
observed in practice (more than three times that relative to
pure water) suggest an additional cause, probably associated
with an increase in the porous matrix permeability with ionic
strength, which is an interesting feature that deserves further
research in MOTF. Finally, mixing different reactant concen-
trations in the annuli junction enabled the formation of
localized reactions. The precipitate zones observed display an
extended linear structure, as shown in Figure 3. However, both
the width of the reaction zone and the reaction time were
found to depend on NaCl concentration (Figure 3a). The
lower salt concentrations lead to a wider precipitation zone
(nearly 500 μm for NaCl 0.01 M; Figure 3b) as well as the
longer reaction times (around 450 s). Figure 3c shows the
features commonly observed for intermediate salt concen-
trations (around 240 μm width; 160 s of reaction time). Figure
3d presents the reaction zone for the higher NaCl
concentration employed, which displays a noteworthy degree
of narrowness (around 15 μm definitive width), consequently
with reaction times of a few seconds. Furthermore, Figure 3e
presents results of quantitative energy dispersive X-ray
spectroscopy (EDS) microanalysis of the linear structures,
which confirms the presence of both Ag and Cl along the
junction zone.
Although the method was designed to generate linear chain-

like structures formed by chemical reaction at the time of
contact, we expected to (and finally did) observe an early
precipitation (before the visible annuli come into contact) for
some mesoporous film morphologies because of the front

Figure 1. Mesoporous thin film characterization. Pore size distribution
(red line) and neck size distribution (green line) of typical conduit-like
(a) and locally ordered (b) mesostructures. Upper and lower insets
are, respectively, SEM and TEM micrographs of each mesoporous
film. Scale bar = 100 nm.
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roughening that takes place during spontaneous imbibition in
porous media.20−23 In fact, Figure 4b and Movie S2 in the
Supporting Information show that AgCl precipitation occurs
long before the (optically detected) fluid fronts connect each
other. This is due to the fact that the (optically observed) fluid
front is preceded by an unsaturated zone, the width w(t) of
which enlarges with time t.22,23 The effect is schematically
shown in Figure 4c, where the liquid volume fraction in the film
is drawn as a function of the position of the advancing front:
behind the visible boundary, the pore space is completely filled
with fluid (saturated); ahead the visible boundary, the pore
space is partially filled (unsaturated), and beyond that transition
zone, the pore space is empty (filled with air plus a certain
water content in equilibrium with ambient vapor pressure). The
relevant aspect is that the fluid front, instead of being a step-like
function in water content, consists in a smooth transition from
fully saturated to empty pores.
It is worth mentioning that we have not specifically measured

the front broadening of the liquid−air interface; additional
studies are necessary to explore this subtle effect in mesoporous
films. Conversely, we uncover here this phenomenon through
the OPN set up. In fact, Figure 4b provides evidence that the
optically invisible roughening of the imbibition fronts actually
takes place in MOTF, being clearly manifest in this locally
ordered mesostructure (LOM) (see Figure 1b and Table S1 for
mesostructure details). Furthermore, Movie S2 shows how the
front broadening effects depend on ionic strength and perhaps
on the particular ionic species as well. Because the precipitation
line develops closer to the NaCl solution front, one may
conclude that the unsaturated region is substantially larger for
0.1 M AgNO3 than for 1 M NaCl.

Figure 4a illustrates the case of CLM, where the front
broadening effect is much more subtle and a priori hidden (see
also Movie S1); however, it plays an important role in defining
the shape and size of the precipitation zone, as discussed in the
paragraph below. Concerning the influence of the microscopic
geometry, it has been recently shown that the hydrodynamic
permeability of mesoporous films decreases with pore radius for
a given neck size.12 In addition, we found that the rate of
spontaneous imbibition is inversely proportional to the cubed
ratio of largest to the smallest pore radius.13 Now, after the
experimental results reported here, one may add that the front
roughening effect is more pronounced for the highest ratio of
pore to neck size. Effectively, the comparison of Figures 4a and
b suggest that the imbibition in LOM presents a liquid−air
interface broader than that of CLM, in correlation with a larger
ratio of pore to neck size, according to Figures 1a and b,
respectively.
Now one may come back to Figure 3 to interpret the

reaction times and the final width of precipitation zones. First,
it is considered that a certain degree of front broadening exists
in CLM, which can be inferred after a close inspection of Figure
2c at t = 20s. Besides, it is reasonable to assume that the salt
solution with the slowest infiltration rate (smaller ionic
strength) develops the broadest front (largest w), also
considering that the elapsed time to join the fluid front coming
from the next droplet is relatively larger. In this scenario, the 1
M NaCl solution presents the narrowest front (smallest w), and
when it meets the silver solution, the precipitation of AgCl
forms a line along the boundary between annuli (Figure 3d). In
the case of 0.1 M NaCl solution, the front is smoother,
involving a preceding zone of unsaturated material. When this
front meets that of the silver solution, both fronts are

Figure 2. Nanofluidic delivery and localizing capabilities of OPN. (a) Picture of two sessile droplets of AgNO3 (left) and NaCl (right) exhibiting the
characteristic AgCl white line arising from localized reaction at the boundary between annuli (interdroplet distance = 10 mm). (b) Schematic
illustration of the OPN method showing the positioning of two droplets, followed by precise nanodelivery of reactants through the film for
subsequent mixing at the meeting line. (c) Time-lapse optical microscopy sequence showing the initial reaction stage (t = 0) when the nanofluidic
connection is established between the annuli (t = 20 s) and when the final state is attained (t = 30 s).
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interpenetrated, and the reaction occurs throughout the zone
with overlapped solutions, leading to a band of precipitated
material rather than to a line (Figure 3c). Interestingly, the time
required to observe a stable reaction band (around 160 s;
Figure 3a) is on the order of the time required to interpenetrate
the solution fronts at a distance around 240 μm, taking into
account the respective infiltration rates. The case of 0.01 M
NaCl solution exactly follows the trend: it presents the widest
reaction band (Figure 3b) as a consequence of a more severe
front broadening during infiltration, which develops a wide
unsaturated zone that will gradually overlap with that of the
silver solution, taking more than 450 s.
A remarkable feature that we have not mentioned yet is the

inner pattern of the reaction bands, which present well-defined
sub-bands that run parallel each other along the fluid front
(Figures 3b and c). This composition could arise from the
oscillatory behavior that exhibits the infiltration−evaporation
process in mesoporous films, which was recently reported.11

Thus, the alternating precipitation of AgCl would be produced
by the alternating supply of reactants to the reaction zone with
a systematic displacement in the direction of infiltration up to

the point/time in which the system reaches a steady state. The
resulting pattern is reminiscent of the periodic banding
obtained by pH oscillations during biomorphic silica−
carbonate crystallization.24 Such oscillations have a chemical
origin because a system of coupled reactions is involved. In our
experiments, the underlying oscillations consist in a stepped
advancement of the infiltrating fluid, which accordingly
influences the precipitation reaction in the unsaturated front
(see Figure 5).
It is worth adding that the reaction we are dealing with is

practically instantaneous and immediately visible, which makes
it possible to observe and discriminate the features described
above. Nevertheless, in spite of these advantages, local
precipitation may also introduce some changes in the
hydrodynamic resistance of the porous matrix and partial
clogging of the pore space, for example, it might influence the
patterns observed in the reaction zone. Even though further
experimentation is required to elucidate the origin of the
complex shape of the reaction bands, at this point, it is fairly
evident that the width of the reaction zone is proportional to

Figure 3. Localized chemistry and controlled precipitation of AgCl.
(a) Width of the precipitation zone as a function of time for different
NaCl concentrations, as determined from optical micrographs.
Representative images of the inner pattern arising in the reaction
bands for each salt concentration: (b) 0.01, (c) 0.1, and (d) 1 M. In all
cases, the left side of the image corresponds to AgNO3 0.1 M. (e) EDS
microanalysis showing the presence of both Ag and Cl in the reaction
zone.

Figure 4. Early reaction. Optical microscopy images showing the
chemical reaction produced in different film morphologies: (a) CLM,
where precipitation occurs simultaneously with the joining of the
visible border of annuli. (b) LOM, where precipitation takes place in a
region of unconnected annuli (indicated by the arrow); reactants
conceivably may have reached the reaction zone through the (optically
invisible) unsaturated area that precedes the visible fluid border. In
both cases, AgNO3 0.1 M (left) and NaCl 1 M (right) were used. (c)
Drawing of the liquid volume fraction in the film as a function of
distance from the drop. The visible border of the fluid front advances
during infiltration, while the width of the transition zone (unsaturated)
grows over time. The insets are pictorial representations of the
mesoporous film in each region.
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the width w of the unsaturated area that precedes the visible
liquid front. In this sense, one may observe that performing
localized reactions opens new possibilities to study these
complex phenomena in mesoporous films. On the other hand,
these preliminary investigations suggest that films exhibiting
different porosity morphologies can be utilized to handle
localized chemistry, which also points to the overall versatility
and robustness of the method.

■ CONCLUSIONS
In summary, we report a new, highly simple nanofluidic
method/platform, OPN, for achieving localized chemistry on
surfaces by nanofluidically handling and mixing transported
reagents. Although this promising outlook of OPN included
only a precipitation reaction, it could be performed on a broad
range of chemical and biological reactions and enables the
confined crystallization of nanomaterials at precise locations on
surfaces in a spatially ordered manner. Selective functionaliza-
tion/storage of mesoporous films with metal nanoparticles,25

enzymes,26 DNA, and other molecules27 could also make it
possible to build platforms that offer pre-existing markers for
specific detection or even distance−based quantitative measure-
ments.28 Finally, we are optimistic that as OPN matures, it will
be used to perform confined scale biological studies, enable
running of high throughput sensors, and even aid in discovering
novel nanostructures based on controlled synthesis.

■ METHODS
Film Synthesis. The technique was based on evaporation induced

self-assembly following well-established protocols.11,14,15 Crack-free
mesoporous titania films were produced by dip-coating of silicon
substrates at a withdrawal rate of 3 mm s−1 at a relative humidity (RH)
of 30%. Molar ratios in the precursor sols were TiCl4:EtOH:H2O:F127
= 1:40:10:0.005. After deposition, two types of porous morphologies
were obtained according to the thermal treatment. In the case of films
with CLM, samples were directly calcined in air at 450 °C for 10 min
by a fast-firing process. Samples with LOM were aged at 50% RH for
24 h, heated for 2 h at 60 °C and 2 h at 130 °C, and finally calcined at
450 °C for 2 h with a ramp temperature of 1 °C/min.
Film Characterization. Water adsorption−desorption isotherms

were determined at 298 K by EEP17 using a SOPRA GES5A apparatus
equipped with microspot optics. Film thickness and the real
component of the refractive index were obtained by fitting the
ellipsometric parameters ψ (λ) and Δ (λ) in the 400−800 nm spectral
range; the film refractive index was described according to a modified

Cauchy equation. Film porosity was evaluated by the WinElli 2
software (Sopra Inc.), which transforms the variation of n with P/P0
into filled pore volume using a three-medium BEMA treatment. Pore
and neck size distributions were derived according to a Kelvin model.
Electron microscopy images were obtained using a Zeiss LEO 982
Gemini field-emission electron microscope coupled to an X-ray
microanalyzer, and transmission electron images were taken using a
Philips CM200 electron microscope.

OPN-Assisted Chemical Reactions. Pairs of drops (5 μL), one of
silver nitrate (AgNO3) 0.1 M and the other of sodium chloride (NaCl)
solutions in different concentrations, were deposited onto the
mesoporous films spaced 10 mm apart. Solution infiltration and
mixing zones were followed using a Mitutuyo FS70 microscope at 23
°C and 46% RH. Images were recorded using a high-resolution digital
camera.
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