Directional Wetting in Anisotropic Inverse Opals
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ABSTRACT: Porous materials display interesting transport phenomena due to the restricted
motion of fluids within the nano- to micro-scale voids. Here, we investigate how liquid wetting
in highly ordered inverse opals is affected by anisotropy in pore geometry. We compare samples
with different degrees of pore asphericity and find different wetting patterns depending on the
pore shape. Highly anisotropic structures are infiltrated more easily than their isotropic
counterparts. Further, the wetting of anisotropic inverse opals is directional, with liquids filling
from the side more easily. This effect is supported by percolation simulations as well as direct

observations of wetting using time-resolved optical microscopy.
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1. Introduction

The porous structure known as an inverse opal is formed by backfilling a three-dimensional
sacrificial template of colloidal particles. This highly ordered structure acts as a photonic crystal,
strongly interacting with electromagnetic radiation with wavelength on the same length scale as
the structural periodicity. When this length scale corresponds to visible light, inverse opals
display bright, iridescent colors."” While the color originates from the periodic nature of the
inverse opal’s regular pore structure, the pores are also interconnected through small openings
referred to as necks. This porosity gives inverse opals a high accessible surface area, making
them useful as catalyst supports®” and electrodes.”'’ Additionally, their interconnected, regular
pore structure provides a model system to study the behavior of fluids within nanoscale porous
materials.'""

We recently developed a co-assembly method to simultaneously crystallize the sacrificial
template and the surrounding silica matrix of an inverse opal in a convective process.” This
method creates an inverse opal structure with a single crystal orientation, few cracks, high order,
and a narrow distribution of neck sizes, all over large (cm) length scales, forming an ideal model
system to study liquid wetting in the confinement of nanoscale porous media. When liquids
infiltrate the pores, the structure loses its color due to the lower refractive index contrast between
the silica matrix and the liquid as compared to the matrix and air.'*'"> The high degree of order

obtainable with co-assembly and the narrow distribution of neck sizes separating the individual

pores lead to a sharp transition from wetting to nonwetting. The wetting event can be visualized



by simple observation of the color change," much like the color change for Morpho butterfly
wings in different solvents.'*"

The surface chemistry and specific pore geometry of inverse opals determine whether or not a
given liquid will fill the structure spontaneously upon contact. Using alkylchlorosilanes,'® silica
inverse opals can be chemically functionalized to prevent or promote liquid infiltration into the
pores of the inverse opal.'*" Lateral patterning with different alkylchlorosilanes enables spatially
confined wetting, allowing the design of colorimetric sensors that are sensitive to the surface
tension and chemical identity of the infiltrating liquid.”” While the effect of chemical
functionalization of inverse opals on their wetting profiles has been assessed, the role of
geometry, and more specifically how changes in the shape of the pores and necks alter inverse
opals’ wetting properties, has not been studied. The pore-to-pore connection through the neck in
inverse opals exhibits re-entrant curvature, which is known to impede wetting.*"** This re-entrant
curvature can be quantified by the “neck angle,” the tangent angle that the necks form with the
pore wall. We anticipated that anisotropic pore geometries lead to non-uniform neck angles that
modify the isotropic wetting profiles of the opal structures.

We previously described the fabrication of anisotropic inverse opals using high calcination
temperatures, where the elliptical pore geometry originates from condensation-induced shrinking
perpendicular to the substrate.”* Here, we report that the introduction of anisotropy into the pore
structure introduces directionality in the wetting behavior, affecting the structure’s response to
liquids on the macroscopic scale. We corroborated experimental observations with percolation
modeling and show that anisotropy of the inverse opal pore geometry changes the microscopic

liquid pinning at the necks thereby making the structures easier to wet macroscopically. For



highly anisotropic samples, the difference can be such that percolation in the plane parallel to the

substrate dominates the wetting behavior.

2. Materials and Methods

Experimental Details. The inverse opal synthesis is described in detail elsewhere.” Briefly, it
consists of the simultaneous assembly of the colloidal crystal template with the silica matrix.
Polystyrene colloids were made using a surfactant-free emulsion polymerization process® and
were diluted with water to 0.1% solid content in 20 mL total volume for assembly. 150 pL of
pre-hydrolyzed tetraethyl orthosilicate (TEOS) solution (1 : 1.5 : 1 by weight of TEOS : ethanol :
0.1 M HCI, stirred for 1 h) was added and the mixture underwent sonication. A silicon wafer
substrate was suspended vertically in the vial. The vial was then placed inside a Memmert
UF110 oven for several days at 65°C to allow for evaporation of the solvent. The colloidal
template was removed with tetrahydrofuran or by calcination at high temperatures.** Here, four
calcination temperatures were used in addition to solvent removal: 500°C, 800°C, 1000°C, and
1100°C, for a total of five degrees of anisotropy. Samples were cleaned in acid piranha, a 3:1
mixture of sulfuric acid (95-98%, Sigma) and hydrogen peroxide (30%, from Aqua Solutions),
and then exposed to n-decyltrichlorosilane (Gelest) vapor under vacuum for 24 h, as described
elsewhere.” Deionized water was used from a Milli-Q system, ethanol was obtained from
Koptec, and all other reagents (0.1M HCI, styrene, tetraethylorthosilicate, isopropanol) were
obtained from Sigma Aldrich and used without further treatment.

Imaging of the inverse opal samples was performed using a Zeiss Ultra Plus field emission
scanning electron microscope (SEM). The images were then analyzed in ImageJ using the pixel

size from the Zeiss SEM software. Optical images were taken under diffuse lighting on a Canon



EOS 40D with Macro lens. Intrinsic contact angles were measured on flat surfaces with
matching surface functionality using a KSV Instruments system and KSV CAM2008 software.
The time-resolved microscopy images were taken on a Leica DMRX microscope using Image
Pro-Plus software.

Simulation Description. Neck angles for each pore geometry were calculated as described in
the supplemental information. These angles were used as an input in a percolation simulation
performed in MATLAB, with each pore of the three-dimensional crystal represented as an
element in a three-dimensional matrix. The simulation was adapted from that described in
reference 20, with modifications to account for pore anisotropy. In the simulation, each pore was
connected to 12 nearest neighbors through 12 necks in an fcc lattice; each neck was
characterized completely by its neck angle, the tangent angle to the pore wall at the end of the
neck. For ideal elliptical pores, there are two distinct neck angles: the in-plane neck angle (made
with adjacent pores in the same horizontal plane parallel to the substrate), and the out-of-plane
neck angle (made with adjacent pores in the horizontal plane above or below). Further, while the
out-of-plane neck angle varies along the perimeter of the neck due to anisotropy, we used the
maximum angle along this boundary as the out-of-plane neck angle.

To start, either the top layer or the side layer of pores was considered filled initially (i.e. the
matrix element = 1), with the rest of the pores left empty (i.e. the matrix element = 0). Liquid
infiltration is then described entirely by its contact angle (see main text for a discussion of this
point). If the contact angle was smaller than the neck angle, that neck was “open” and a filled
pore on one side of the neck filled an empty pore on the other. Conversely, if an empty pore’s
neck angles were all smaller than the infiltrating liquid’s contact angle, the pore was left empty

regardless of the filling of its neighbors. The computer then iterated through each pore in the



matrix, filled any pores that could be filled, and continued until no further changes were
observed. The fraction of pores filled was recorded for each liquid.
3. Results and Discussion

Both the identity of the liquid and the geometry of the structure determine whether or not a
liquid will infiltrate an inverse opal. In particular, the surface tension of a liquid and its liquid-
surface interaction influence the wetting behavior.”” The intrinsic contact angle (0, defined by
Young’s equation®) is a useful parameterization of these surface energies for studying wetting
behavior. An estimate for 6. is the angle that a droplet of the liquid forms with a flat surface
(Figure 1A). A low intrinsic contact angle indicates a favorable interaction with the surface,

facilitating wetting.
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Figure 1. Theoretical conditions for wetting. (A) The intrinsic contact angle, 0, is estimated by
the angle that a droplet makes on a flat surface. (B) The neck angle, 6,, is the re-entrant angle for
a liquid pinned at a neck, formed between the neck and the tangent line to the pore wall. In order
to overcome this barrier and wet the structure, the contact angle must be smaller than the neck
angle (0. < 0,).

The neck angle, the angle formed between the neck and the tangent line to the pore wall at the
neck, is the key structural feature that determines wetting.” It is the re-entrant angle that the
liquid contact line “sees” as it emerges from a neck (6, in Figure 1B). Even for inverse opals
with lyophilic surface chemistry (6. < 90°), filling will be restricted as the liquid front emerges

from the narrow necks. For the liquid to enter the pore, its intrinsic contact angle must be smaller



than the neck angle. In this situation, a concave meniscus shape draws the liquid into the next
pore. If the contact angle is larger than the neck angle, the liquid will show a convex-shaped
meniscus at the neck, which prevents the liquid from entering, in analogy to re-entrant curvatures

in omniphobic surface structures*' >

and pinning on conical frustrums and spheres on the mm-
length scale.””” Alternatively, this pinning can be understood by considering a free-energy
tradeoff between the favorable wetting interaction of the pore walls and the cost of expanding the
liquid-air interface. As a result, a liquid front can only move from one pore to the next when 6
is sufficiently low to overcome this tradeoff. Thus, we obtain 6. < 6y as the condition for
wetting, with 6. = 6y as the cutoff."*** Based on this inequality, only the relative sizes of 6. and
0Oy, and not the absolute sizes, influence the behavior. The barrier for entry increases with 0, as
shown in Supplemental Figure S7, with 1.2 atm of pressure necessary for 6. = 0 + 1° and 5.4
atm for 0. = O + 20° (which is equal to submerging under 1.6 m and 46 m water, respectively).

Anisotropic pore geometry and neck angles. By varying the calcination temperature, inverse
opal pore geometries with adjustable anisotropy can be realized. Representative scanning
electron microscope (SEM) images of such samples are shown in Figure 2A-B. After co-
assembling the template and matrix, the isotropic inverse opal (Figure 2A) was made by
dissolving the colloidal template with tetrahydrofuran, and the anisotropic inverse opal sample
(Figure 2B) was prepared using an elevated calcination temperature of 1000°C."”** We quantify
the degree of anisotropy in these samples using the ratio of the width to the height (w:h)
measured from SEM images.**

Anisotropic pores change the neck angles, designated by 6, or 0’y in Figure 2C and D. We

expect all neck angles to be equal (Figure 2C) in isotropic pores. As ellipticity is introduced into

the system, the in-plane and out-of-plane neck angles (6’ and 6,, respectively) begin to differ



(Figure 2C-D), even though the actual neck sizes are kept constant. In particular, the angle
between pores within a layer (0°, Figure 2D) becomes larger than the angle between pores in

different layers (0,).
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Figure 2. Pore structure of anisotropic inverse opals. (A-B) Scanning electron microscope images of
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isotropic and anisotropic inverse opals prepared by removing the colloidal template by (A) dissolving in
tetrahydrofuran, and (B) calcination at 1000°C, producing width to height ratios (w:4) of 1.1 and 1.8,
respectively. Scale bars are 400 nm. (C) In isotropic inverse opals, all necks have the same neck angle y.
(D) With anisotropic pores, the in-plane (side) neck angle, 6y, is larger than the out-of-plane (top) neck
angle, Oy, for a constant neck size.

While a structure with spherical pores displays isotropic percolation as each pore is infiltrated
with equal probability, anisotropic pores characterized by two different neck angles (in-plane and
out-of-plane) are expected to have different wetting patterns in the two directions. Larger neck
angles facilitate wetting,”” so anisotropy causes the in-plane and out-of-plane infiltration
probabilities to become different. As w:h increases, this effect is magnified: the out-of-plane
neck angles continue to shrink, whereas the in-plane neck angles get larger (i.e. less re-entrant).
Based on this difference in neck angles, we anticipated that the more anisotropic the pores, the
easier it is for liquids to infiltrate them from the side, and the harder it is to infiltrate them from

the top.



Experimental colorimetric wetting. To experimentally determine the effect of anisotropy on the
macroscopic wetting behavior, we prepared samples with a variety of w:h ratios and tested their
wettability in a range of liquids (Figure 3). All samples were made with 410 nm colloidal spheres
as a template and underwent calcination at various temperatures to create different pore
geometries.”* Piranha treatment was used for all samples to ensure the presence of surface -OH
groups before exposing the samples to n-decyltrichlorosilane vapors in a desiccator for 24 h,"
and functionalization was confirmed with X-ray photoelectron spectroscopy (Supplemental
Figure S1). After functionalization, these samples were submerged in mixtures of water and
isopropanol (IPA) with gradually increasing IPA content to achieve a range of contact angles.
The intrinsic contact angles were estimated from contact angle measurements on a flat surface

with the same surface treatment as the inverse opals, shown in Figure 3A and listed in Table S1.
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Figure 3. Effect of contact angle on the wetting characteristics of different inverse opals. (A) Contact
angles of water and isopropanol (IPA) mixtures (v/v) on a flat silicon surface functionalized with n-
decyltrichlorosilane. (B-C) Photos of inverse opals made from 410 nm colloids as template, with the
template removed by (B) dissolution in tetrahydrofuran (w:A = 1.1) and (C) calcination to 1100°C (w:h =
1.9), followed by functionalization with n-decyltrichlorosilane, and immersion in the same water and IPA
mixtures. The wetting state (non-wetted/colored vs. wetted/filled) is indicated by an “x” or “v™”,
respectively. (D) Cutoff wetting as a function of anisotropy. The cutoff contact angle is defined as the



contact angle on a flat surface of the water/IPA mixture that first wets the inverse opal film. Line is to
guide the eye.

Indeed, we see a difference in the wetting of the samples with different anisotropy.
Representative samples are shown in Figure 3B-C. The wetting is easily visible by the
disappearance of color due to the loss of the refractive index contrast. Note that the starting color
is different for the two samples due to the difference in periodicity originating from the
anisotropy.”* The wetting state for the different inverse opals with the different water/IPA
mixtures is indicated by crosses (“%x”) for not-wetted/colored and checks (“v™) for wetted/filled.
Water does not wet any of the structures (top), and IPA wets all of them (bottom). For some
intermediate mixtures, such as 80% (v/v) IPA in water, wetting is observed only in the
anisotropic structures (fourth row of Figure 3B-C). The cutoff wetting was determined as the
highest contact angle (or, equivalently, the lowest IPA concentration, or, the highest surface
tension liquid) that correlated with infiltration into the inverse opal film, as marked by the
complete disappearance of color. Here, the cutoff for the left sample (B, w:h = 1.1) occurs at
85% IPA, whereas the cutoff for the right sample (C, w:h = 1.9) occurs at 40% IPA, as shown
with the red boxes around these samples.

We quantified the effect of anisotropy on the wetting threshold of the inverse opals using
liquids across a range of wetting abilities. All of the inverse opal films were tested in an array of
5% (vol) increments of IPA and water mixtures, each with a unique surface tension that falls in
the range of 21 to 72 dyne/cm,” resulting in different contact angles (Figure 3A and
Supplemental Table S1). Four samples were tested for each of the five different degrees of
anisotropy. Figure 3D shows that the cutoff wetting depends on the pore geometry, generally

getting easier to wet (wetting threshold occurring at higher 6.) with additional anisotropy. Since
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all the samples have been functionalized in the same manner, we attribute the observed trend to
changes in the neck angle.

Wetting simulation. We simulated the wetting of a liquid with a given contact angle in
isotropic and anisotropic inverse opals using a percolation model.” The simulation is described
in detail in the methods; briefly, the next pore fills if it is connected to an adjacent, filled pore by
a neck that allows liquid through by the criteria described above (i.e. if 8. < 0y or 0. < 0’y, for
out-of-plane and in-plane connections, respectively). The wetting threshold, or “cutoff wetting,”
is determined as the highest contact angle for a liquid that still fills 99.9% of the pores. At this
concentration, unfilled pores are isolated scattering centers with an area density of 1% (assuming

ten layers) or one per ~10um?,” insufficient to produce significant reflectance.’”
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Figure 4. Simulated results of the wetting properties of the anisotropic inverse opals compared to
experimental results, starting by filling (A) the top pores and (B) the side pores. “Top wetting” and “side
wetting” are shown schematically in insets. Lines are to guide the eye.

We used the wetting simulation to model whether or not a liquid with a given contact angle
will wick into a structure with a given neck angle in experimentally relevant conditions (Figure

4). The range of contact angles used in the simulation matched the range seen in Figure 3D. The

11



neck angle input was calculated by approximating the pore structure as an ellipse and estimating
the average neck size as half the horizontal pore radius. From this geometry, we calculated both
in-plane and out-of-plane neck angles for each structure (see calculations in supplemental
information) and assumed 10% variance. These neck sizes were estimated based on SEM images
of the structures such as those shown in Figure 2A-B.

The simulation clearly shows that wetting depends on anisotropy. The cutoff wetting was
recorded for seven different w:h ratios between 1.0 and 2.0. For isotropic pores (1 < w:h < 1.2),
the cutoff wetting was independent of the starting conditions. However, for anisotropic pores, the
final wetting state of liquid depended on whether the liquid originated from the top (Figure 4A)
or the side (Figure 4B) of the structure, with a strong dependence for highly elliptical pore
shapes (w:h > 1.6). A liquid sitting on the top of the anisotropic pores is less able to wet the
porous network, whereas wetting from the side is easier, because 6’y becomes increasingly larger
than 6 with increasing anisotropy.

The experimental trend shown in Figure 3D most closely matches the simulation when the
liquid originates from the side (Figure 4B), suggesting that liquids are filling from the side in
anisotropic inverse opals. Since the in-plane neck angles are larger (0’y > 6y), and larger neck
angles make it easier for liquids to fill, we conclude that wetting from the side causes the
increase in wettability for highly anisotropic inverse opals. This increase in wettability implies
that the liquid infiltration occurs directionally in the plane of the film. Besides the natural
boundaries of the inverse opals, we expect that cracks in the structure might contribute to the
wetting profile seen in our experimental results, as they allow liquid to access the pores from the

side by penetration into the crack. In contrast, wetting of an isotropic structure is not as sensitive
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to cracks because its in-plane and out-of-plane neck angles are the same, leading to similar
cutoffs for top and side wetting.

Directional wetting. Evidence for directional wetting was also confirmed experimentally. We
used time-resolved optical imaging to observe liquid infiltration in the vicinity of a crack for
both isotropic (w:h = 1.3; 500°C calcination temperature) and anisotropic (w:h = 1.8; 1000°C
calcination temperature) structures (Figure 5). In these experiments, a droplet was placed in the
field of view of an optical microscope focused on an inverse opal, and pictures were taken (5
frames per second) to monitor the liquid’s movement. The resulting video can be found in the

supplemental information, with selected frames shown in Figure 5.
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Figure 5. Optical images of isotropic and anisotropic wetting phenomena, with arrows to indicate liquid
motion. (A-B) Isotropic (w:h = 1.3) inverse opal wetting in (A) 35% isopropanol (IPA) in water, and (B)
85% IPA in water. (C) Anisotropic wetting in an anisotropic inverse opal (w:h = 1.8) with 35% IPA in
water. Schematics of the phenomenon are shown above the optical images. Scale bars are 100 um.
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In the sample with isotropic pores (w:h = 1.3), liquids either sit on top without filling the pores
(low isopropanol concentration; Figure 5A), or they fill the entire structure (high isopropanol
concentration; Figure 5B). The dark area represents the droplet sitting on top of the structure, as
shown in the schematic, because light reflected from underneath the droplet is not captured by
the microscope objective due to scattering off the top surface of the droplet. On a highly
anisotropic sample (w:h = 1.8, Figure 5C), the liquid fills in from the side, allowing a clear view
of the directional wetting. In this film with anisotropic pores, the color changes gradually,
implying that individual layers of the structure may be filling.”” This behavior provides
experimental evidence that the liquid infiltrates from the side of the structure with anisotropic
pores, which we attribute to facilitated wetting due to larger neck angles. These results match
well with the simulated wetting results based on theoretical neck angle calculations.

4. Conclusions

We have demonstrated how anisotropic pore geometries lead to directional wetting of a liquid
through the three-dimensional porous network of an inverse opal. Elliptical pore geometries
create different in-plane and out-of-plane inter-pore neck angles and sizes, causing directional
wetting characteristics. Structures with very anisotropic pores are increasingly easier to wet, and
we demonstrated with both simulations and time-resolved microscopy that in-plane wetting
drives this trend.

Adjusting the geometry provides a convenient handle for controlling which liquids infiltrate
inverse opals. Due to their order and porosity, inverse opals can be used to understand many
properties of materials at the nanoscale. In particular, we expect these results to be of relevance
for the general understanding of fluid dynamics in confined geometries as well as for the design

of improved colorimetric sensors capable of differentiating liquids by surface tensions. The
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observation of a state that allows wetting from the side may also provide a convenient detection

mechanism for cracks in photonic crystals.
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