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ABSTRACT

A simple integration of molecular and colloidal self-assembly approaches with photopatterning is shown to produce multifunctional patterns
of amphiphilic colloidal crystals. These crystals display binary spatial patterns of wettability by water and a single photonic stop-band in air.
Upon exposure to water, the uniform stop-band is replaced by a pattern of coexisting stop-bands that reflect the underlying pattern of surface
wetting. These hydration-dependent photonic patterns within single colloidal crystals form because of near-complete water rejection from the
three-dimensionally disposed nanoscale interstices in hydrophobic regions and its exclusive permeation within the hydrophilic regions. This
water permeation pattern is further structured by the three-dimensional (3D) distribution and contiguity of the nanoscale interstices between
individual colloids, allowing 3D patterned organization of functional units in secondary self-assembly processes, as illustrated using quantum
dots, metal nanoparticles, and fluorescent probes.

Morpho butterfly wings integrate structural color and supe-  Planar colloidal crystals (pCCs) obtained by spontaneous
rhydrophobic “Lotus-effect” to simultaneously produce self-assembly provides a natural starting point for achieving
environment dependent, brilliant iridescence, and highly structural coloi! Using nanoscale beads, they afford three-
efficient water-repellency.® Synthetic materials that inte-  dimensionally periodic, spatial variations in dielectric proper-
grate such widely disparate optical and wetting properties ties on the order of the wavelengths of light. Bragg diffraction
within single monolithic structures are difficult to producé. of light within photonic crystals gives rise to a stop-band,
In the work reported here, we show that by combining or a pseudogap, in which the propagation of light within a
molecular and colloidal self-assembly with photopatterning, narrow range of wavelengths and in specific directions is
multifunctional patterns of amphiphilic colloidal crystals can prohibited!2 We used the well-known physical confinement
be routinely produced. These crystals display binary spatial method? to self-assemble submicrometer-sized monodis-
patterns of superwettability by waférand a single photonic  perse, hydrophilic silica (Sigpbeads into 3D pCCs on planar
stop-gap™** in air. Upon immersion in water, this uniform  gass slides. Here, an aqueous-phase, concentrated colloidal
stop-band is replaced by a pattern of coexisting stop-bandsg js sandwiched between a hydrophilic and a hydrophobic

that reflect the underlying pattern of surface wetting. This y4q5 plate, and solvent is allowed to evaporate. The capillary
hydration-dependent photonic patterns within single colloidal condensation drives the formation of a 3D pCCs over large,

crystals form because of near-complete water rejection from macroscopic areas-ems). Following this procedure, mul-
the three dimensional (3D) interstices in hydrophobic regions. tilamellar pCC thin-films of controlled thicknesses (a few

Furthermore, the selective Water_ permeation paFter_n €OM-"44 several thousand layers) in a substantially uniform, close-
partmentalizes subsequent solution-phase chemistries, alsg

structured by the 3D distribution and contiguity of the Esgzﬁgtgusblﬁf:égacnaljwaggnrovl\jlttirr:e(llllr)ozllj‘:: dp(;a:rialllﬁleti)at)he
interstices between individual colloids, as illustrated by the yp 9 '

3D-patterned organization of quantum dots, nanoparticles, 1€ individual beads comprising the crystal are subse-
and fluorescent molecules. quently rendered hydrophobic by solution (or vapor) phase

self-assembly of alkyl (CK{CH,).17SiCl;, n-octadecy! trichlo-
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Figure 1. Amphiphilic planar colloidal crystals. (a) A typical SEM image of pCC (274 nm silica colloids). (Inset) Fourier transform of the
image. (b-c) Representative U¥vis spectra of hydrophilic pCC in aiig, 592.8 nm; fwhm, A4) 40.6 nm) and in waterlg, 645.0 nm;

AA, 25.6 nm) and (c) hydrophobised (silanised) pCC in &ir 602.8 nm;AZ, 36.0 nm) and in waterif, 611.2 nm;A4,36.8 nm). (d)
Optical images of %L water drop on FDTS derivatized-j) pCC (left) and planar glass slide (right). (e) A color optical image of a wet
amphiphilic colloidal crystal:+, square;—, grid. The scale bar is 20@m. (f) A cartoon summary of amphiphilic planar colloidal crystal
(pCC) showing water permeation (blue) in and expulsion from the interstices surrounding hydrophiind hydrophobic <) regions
respectively.

(silanisation):* These self-assembled monolayers neutralize beads, the stop-band is manifest in the appearance of a
surface charge on silica beads4.8e nm2) and produce a  characteristic dip at 594 2 nm (full width at half maximum,
~2.0—2.5 nm coatings terminated with hydrophobic methyl fwhm, ~40 nm) in normal optical transmission measure-
(—CHj3) or fluoromethyl (-CF;) functional groups on the  ments (Figure 1c). This transmission dip is well described
beads. The silanisation process does not perturb the 3Dby Bragg's condition for the wavelengths of normal incidence
structural order, and the corresponding photonic stop-bandlight-diffracted away from the propagation direction. The
of the pCCs as confirmed by their nominally unchanged position of this minima agree well with the Bragg’'s peak
spectral properties and SEM images. Surface wetting char-(Amax = 2nerd Whered is the interlayer repeat distance/<
acteristics of silanised pCCs are however significantly altered. (2/3) x colloid diameter)and ng represents the effective
As seen in Figure 1b, optical images of water drops reveal refractive index of the medium) estimate of 603 nm for face-
high contact angles, measured at 122) and 138 (+2°), centered cubic (fcc) packing (filling fraction, 0.74) of 274
for OTS and FDTS derivatized pCCs, which is notably higher nm silica fsio, = 1.45) colloids. The~40 nm width of the
than 103 £2) and 110 (+2°) obtained for OTS and FDTS  transmission peak is consistent with previous observations
derivatized flat glass surfaces. This enhanced water repel-of limiting or intrinsic widths for pCCs and attributed to the
lancy reflects a coupling of nanoscale periodic topography strong diffraction from near surface planés.
of the crystal surface with the local hydrophobic character  When submerged in water, the spectra of hydrophilic pCCs
of individual silanised beads. show (1) a reversible shift in position from 5942 nm to

In air, both hydrophilic and silanised pCCs are brightly 643 4+ 2 nm; (2) a narrowing of the diffraction peak from
colored due to their structurally defined optical stop-band. 40 + 2 nm to 27+ 2 nm; and (3) an increase in the
For hydrophilic crystals derived using 2746) nm silica transmission percentage (Figure 1c). These shifts in ampli-
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Figure 2. Breath figures. Selected frames from a time-lapse movie of water condensationf)natal evaporation from (gh) in an
amphiphilic pCC (274 nm silica colloids). Frames are 10 s apart. Scale- d&0 um

tude, width, and positions of the transmission dip correspond photolytically degraded in a spatially patterned manner
well with the change in refractive index contrast following determined by the two-dimensional (2D) mask pattern. We
the replacement of interstitial air by water in hydrophilic used short-wavelength UV radiation (18254 nm) in
colloidal crystals. These hydration-induced changes are conjunction with physical photomasks to transfer the 2D
entirely reversible: redrying the wetted samples reproducesoptical mask pattern into 3D chemical pattern within pCCs.
the original stop-band properties. Because the structuralThis simple treatment concurrently produces within single
properties of pCCs do not change upon immersion in water pCCs corresponding relief patterns of (1) surface wettability;
(as assessed by the reversible changes in optical propertie§2) water permeation pathways within the crystal interior;
following repeated drying and rehydration), the precise and (3) binary patterns of optical stop-bands.

locations of the stop-band in air and water can be used within  The 3D amphiphilic pCCs display an orientation-depend-
Bragg's law to simultaneously solve fors and d. This ent but optically uniform color when dry. Upon immersion
simple analysis yields an estimate of 63% for the effective in water, a striking optical pattern, reflecting the underlying
packing density (compared to 74% for a defect-free fcc pattern of surface wettability, emerges (Figure 1e). These
configuration) and interplanar distance of MBEompared patterns are reversibly erased upon subsequent drying of
to 0.81® for an fcc packing) wherB® is the nominal particle ~ samples. This wetting-induced, reversible optical pattern
diameter. This 11% lower packing density is not unreason- formation can be straightforwardly ascribed to the change
able because of defects and drying-induced shrinkagesin the dielectric contrast resulting from water permeation in
common in pCCs formed by physical confinemé&htn a the hydrophilic region alone. These patterns of surface-
marked contrast, hydrophobic pCCs submerged in waterwetting characteristics and water permeation pathways in
show no measurable shift in the position or the width of the single amphiphilic pCCs are most conveniently visualized
stop-band (Figure 1d). This invariance in optical property is using brightfield microscopy of time-dependent breath figures
consistent with near-complete exclusion of water from the generated by exposure to water vapor. Selected frames from
crystal interior composed of hydrophobic interfaces. Note a time-lapse movie are shown in Figure 2. These images
that these hydrophobic pCCs consisting of silanised colloids clearly reveal developing (and erasing) optical patterns due
are dominated by a close juxtaposition of a large number of to selective condensation (or evaporation) of water in (or
hydrophobic surfaces, which in turn encapsulate nanoscalefrom) the hydrophilic regions of the pCC. These hydration-
pores of tunable sizes. On the basis of these structuraldependent patterns can be erased simply by reexposing the
characteristics, hydrophobic pCCs should offer useful model patterned pCCs to OTS (or FDTS) solution and new patterns
systems to address long-standing issues surrounding thewritten in subsequent UV photolithography steps. In this
behaviors of water in confinement and at smooth and rough manner, hydration-dependent band gap patterns within single
hydrophobic surfacé% 22 and their practical consequences, pCCs can be scribed and erased within single samples,
for example, the nature and length scales of attractive forceswhich may be technologically useful in the development
between hydrophobic surfaces buried in water. of photonic paper#

A particularly attractive feature of silane-derivatized The patterned infiltration of water in amphiphilic pCCs
hydrophobic pCCs is that the silane coating can be removedcan be further exploited to compartmentalize fluid flow and
from beads in desired patterns using photolithography (Figureaqueous phase chemistfesvithin the 3D contiguity of
le,f). The aliphatic tails of OTS and FDTS from the surfaces interstices in the hydrophilic regions of pCCs. Following this
of three-dimensionally dispersed beads within pCCs can bestrategy, we demonstrate proof-of-principle experiments for
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Figure 3. Patterned functionalities in a single colloidal crystak-¢8 A brightfield (a) and epifluorescence (b) images of an amphiphilic

() pCC in air following 24 h incubation with CdSe nanoparticles (QD). Corresponding brightfield (c) and epifluorescence (d) images in
water. (Scale bar, 100m). (e) A color optical image of gold nanoparticles embedded in the hydrophilic regions of the colloidal crystal
(Scale bar, 20@m). (f) UV —vis spectra of hydrophilict) and hydrophobic+) regions of an amphiphilic pCC after 24 h of reaction with
APTMS (+: Am, 642.2 nm;A4, 39.0 nm.—: An, 607.0 nm;A4, 37.2 nm).

applications in 3D-patterned organization of nanopatrticles, 3) reveal that QD particles occupy the interstices three-
self-assembling silane molecules, and optical fluorescentdimensionally. Ongoing experiments will establish the
probes (and associated functionalities) as illustrated below.optimal concentration of QD particles adsorbed within the
First, the amphiphilic pCCs can be used to embed quantumhost pCC patterns to maximize the modulation of QD
dots (QDs) and other nanoparticles in selective regions of spontaneous emission by the host stop-band and opening up
the host pCCs. For QDs, the host lattices offer a control of of defect or transmission windows within the pCCs via
interparticle spacing, surrounding microenvironment, and patterned deposition of QD particles. Following this general
their meso- to microscale ordering that is important for their strategy, metal nanoparticles (e.g., Au colloids, Figure 3e)
collective optical propertie®. Furthermore, QD photoemis- and organic dyes can be deposited within the water perme-
sion in the spectral region of the stop-band can be modulated,ation patterns of amphiphilic pCCs to engineer desired
according to Fermi’'s golden rule for the local density of functional patterns.

electromagnetic staté32°> opening up new possibilities for Second OTS and FDTS coatings on silanised beads
low-threshold microlasers and all-optical signal procesing. present chemically inert surfaces toward many chemical
To begin to explore these applications, we expose am-reactions. As a result, such chemistries (even from organic
phiphilic pCCs comprising 274 nm silica beads to an aqueous solvents) can be confined to the hydrophilic regions of the
solution (2 nM, 4 mL) of carboxy-terminated (COpwater- colloidal crystal. This is illustrated by incubating a short-
soluble, core-shell cadmium selenide (CdSe/ZnS, emission chain silane (3-aminopropy! trimethoxysilane, APTMS) in
wavelength, 605 nm) QDs. Simply increasing the ionic- an organic solvent (toluene). The solution permeates through
strength of the aqueous phase allows their salting out both the hydrophilic and hydrophobic regions of the crystal,
selectively into the hydrophilic regions of the pCCs (Figure but silanes react selectively with the silanols present on
3). A comparison of wide-area bright-field images of an hydrophilic beads alone producing amino-terminated inter-
amphiphilic pCC confirms selective water permeation in stices within the parent hydrophilic patterns. Moreover, these
hydrophilic pattern. Fluorescence and corresponding bright-amino termini can be subsequently derivatized to covalently
field images shown in Figure 3 show bright emission-&a08 link useful functionalities. An example is developed to
nm confirming the patterned depositions of QD particles demonstrate covalent coupling of pH dependent fluorescein
within the hydrophilic interstices of the amphiphilic pCCs in this fashion (Supporting Information, Figure 2). Further,
(Supporting Information, Figures 1 and 2). Confocal fluo- by deliberately using APTMS incubation conditions known
rescence microscopy data (Supporting Information, Figure to produce thick coating¥, effective sizes of hydrophilic
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colloids and correspondingty can be selectively increased Supporting Information Available: Experimental meth-
thus permanently altering the associated stop-band propertiesods. Figures and movies providing supporting data using
In Figure 3f, illustrative UV-vis spectra for the hydrophilic  confocal fluorescence, epifluorescence, and spectroscopy
and hydrophobic regions of the APTMS-treated amphiphilic measurements. This information is available free of charge

pCCs in air show the shift in the transmission dip to 642.2 yja |nternet at http:/pubs.acs.org.

nm in the hydrophilic region whereas hydrophobic regions

of the amphiphilic pCCs remain unperturbed at 607.0 nm. References

Applying Bragg’s law in conjunction withmet (=1.30) and

d (=0.8D) deduced earlier, we estimate the effective bead
diameter of 297 nm. This’23 nm increase in bead thickness
due to APTMS adsorption agrees well with that reported for
APTMS adsorbed on planar glass under comparable incuba-
tion conditions?” This simple experiment indicates that the
optical stop-band associated with hydrophilic region can be
tuned and possibly fully erased (e.g., via silanisation otsol
gel-like processing in hydrophilic regions alone) thus opening
up interesting opportunities to chemically engineer optical
defects within single pCC%.

Facile synthesis of amphiphilic planar colloidal crystals
introduced here offers imminent opportunities to address
critical issues in several disparate fields. First, is their use
in highly parallel investigations of forces between hydro-
phobic surfaces, the structure of water at buried hydrophobic
surfaces, and effects of confinement on flul¥iSecond, the
ability to systematically tune periodic tunable topography
of the crystal surface and local chemistry should prove
valuable in understanding superwetting behavior at surfaces.
Third, the formation of hydration-dependent stop-band
patterns upon immersion in water suggests potential routes
for photonic papet® Fourth, extending spatially confined
chemistry within colloidal interstices should allow the
coupling of many technologically relevant optical and
electronic functionalities to the photonic properties of host
colloidal crystal lattices. Specifically, the approaches pre-
sented here should soon allow coupling of host-lattice optical
properties with emission from embedded light sources in
spatially defined patterns useful for optical devices and low
threshold laser%»2¢
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