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ABSTRACT: We developed a convenient and fast approach
to preparing close-packed two-dimensional (2-D) particle
arrays on mercury surfaces. Addition of cosolvents, such as
alcohols, to aqueous colloidal particle suspensions induces
spreading and self-assembly of the particles into 2-D arrays on
top of the mercury surface. We can fabricate large-area close-
packed 2-D arrays (>70 cm”) within 30 s. We attached these
2-D arrays to functional hydrogel films such that the 2-D array
spacings were altered by the hydrogel volume response to the

Stimuli

environment. We directly observed the hydrogel volume induced 2-D array spacing changes by using confocal laser scanning
microscopy to monitor the spacings of fluorescent polystyrene particle 2-D arrays in response to changes in pH, solvent

composition, temperature, etc.

1. INTRODUCTION

Two-dimensional (2-D) monolayer crystalline colloidal arrays
(CCAs) have been extensively investigated due to their applica-
tions in surface patterning and photonic materials.'~* Various 2-D
arrays have been prepared by self-assembly of colloidal particles
through solvent evaporation, spin-coating, and electric field driven
assembly.>~” 2-D arrays have also been prepared at air—liquid
interfaces.® '* These methods prepare hexagonally close-packed
arrays. However, non-close-packed (ncp) arrays would be prefer-
able in many applications, because they would allow their spacings
to be both increased and decreased."*"> Additionally, ncp arrays
could be used as lithograghical masks to prepare, for example,
tunable size nanopores."

Various techniques have been developed to control 2-D crystal
array lattice spacings.” 2-D ncp arrays have been prepared from 2-D
close-packed colloidal crystals with plasma, reactive ion, and electron
beam etching.'”"® These methods require the use of expensive
instrumentation, and the particle spacing is limited by the size of the
colloidal particle template.'” Yang and co-workers recently reported
a soft lithography method to prepare 2-D ncp colloidal crystals with
controllable lattice spacings and lattice structures.'” They applied
poly(dimethylsiloxane) (PDMS) elastomer stamps to the 2-D
colloidal crystal films. After incubation at 100 °C for 3 h, the PDMS
stamps were peeled off; and a single-layer 2-D colloidal crystal was
transferred onto the PDMS surface. A subsequent solvent-induced
swelling or mechanical stretching of the PDMS increased the ncp
array spacing.lg’20

Jiang et al. reported a simple spin-coating technique to fabricate
monolayer ncp colloidal crystals. Dispersions of silica spheres in
triacrylate monomers were spin-coated and polymerized to form
2-D colloidal crystal array—polymer nanocomposites. After removal
of the triacrylate polymer matrix by oxygen plasma etching, ncp
colloidal crystal arrays remained.”"** In this technique the
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concentration of the particle suspension and the spinning speed
were carefully controlled. Although various fabrication techni-
ques for ncp arrays have been developed, an inexpensive and fast
method that easily and accurately controls the 2-D array particle
spacing is still needed.

We recently demonstrated a method to fabricate high diffraction
efficiency 2-D photonic crystals for chemical sensing applications.”
We attached thin hydrogel films to close-packed 2-D polystyrene
(PS) particle arrays prepared on Hg surfaces. The system changed
volume in response to the presence of specific chemical species.”®
We here describe and discuss the 2-D colloidal particle array fast
assembly mechanism on Hg. We controlled the ncp 2-D array
particle spacing by attaching hydrogels that change volume in
response to pH, solvent, temperature, etc. We also directly mon-
itored the ncp 2-D array particle spacings to assess the impact of
spacing alterations on the array ordering.

2. EXPERIMENTAL SECTION

2.1. Materials. Acrylamide (AAm), acrylic acid (AAc), N-isopro-
pylacrylamide (NIPAAm), 2-hydroxyethyl methacrylate (HEMA), N,N'-
methylenebisacrylamide (MBAAm), 2-hydroxy-1-[4-(2-hydroxyethoxy)
phenyl]-2-methyl-1-propanone (Irgacure 2959), ethylene glycol dimethyl-
acrylate (EGDMA), Hg, citric acid, and lead nitrate (Pb(NO3),) were
purchased from Sigma-Aldrich and were used as received. 4-(Acrylo-
ylamido)benzo-18-crown-6 (4AB18C6) was purchased from Acros
Organics. Methanol, ethanol (EtOH), propanol, 2-propanol, 1-butanol,
acetone, and dimethyl sulfoxide (DMSO) were purchased from J. T.
Baker Inc. NaOH and HCl were purchased from Thermo Scientific Inc.
PS particles with diameters of 90, 235, 490, and 580 nm were synthesized
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Table 1. Compositions of PAAm Hydrogels

composition
AAm* AAc  4ABI8C6"  Irgacure 2959
label (mL) MBAAm® (uL) (mg) (uL)
P2C3A20 1 3 20 20
P2C2A20 1 2 20 20
P2C1A20 1 1 20 20
P2C0.5A20 1 0.5 20 20
P2C2AS 1 2 5 20
P2C2A10 1 2 10 20
P2C2A40 1 2 40 20
P2C118C6 1 1 10 40

“The concentration of AAm is 10 wt % in water. ® Concentration of
MBAAm (%) relative to AAm. “ A 10 mg mass of 4AB18C6 dissolved in
20 uL of DMSO. “The concentration of Irgacure 2959 is 33% (w/v)
in DMSO.

according to previously reported emulsion polymerization methods.”***

Fluorescent PS spheres with diameters of 0.5 and 2.17 um were purchased
from Sigma-Aldrich. Silica (SiO,) particles of 110 nm diameter were
obtained from Nissan Chemical America Corp. SiO, particles of 260 nm
diameter were synthesized according to a previously reported method.”®

2.2. Preparation of 2-D Arrays on the Hg Surface. Organic
cosolvents were added to colloidal particle suspensions at different
volume ratios, and the resultant dispersions were vortexed for 1 min. The
colloid suspensions (10—50 #L) were layered onto the Hg surface (in a
10 cm diameter plastic Petri dish), on which the colloidal particles self-
assembled into a 2-D array. To attach these 2-D arrays onto substrates
for scanning electron microscopy (SEM) measurements, Scotch brand
foam tape (St. Paul, MN) was placed onto the 2-D arrays. After 1 min,
the tape was peeled from the Hg surface.

2.3. Preparation of 2-D Arrays on Hydrogel Films. We used
commercial 2.17 um PS particles to fabricate the 2-D arrays on
hydrogels. A series of hydrogels were polymerized onto the 2-D arrays
of these PS particles on Hg>® The hydrogel polymerization solution
containing monomer(s), cross-linker, and initiator was carefully layered
onto the 2-D array on Hg. A glass slide (60 mm x 24 mm X 0.12 mm)
was lowered onto the solution covering the 2-D array. The polymeri-
zation was initiated by UV light (UVGL-SS hand-held UV lamp, UVP,
Upland, CA). The glass slide with the attached hydrogel film and the 2-D
array was lifted from the Hg surface. The 2-D array hydrogel was peeled
from the glass slide and washed with water. The 2-D array AAm hydrogel
films were synthesized with the compositions listed in Table 1. The 2-D
array poly(hydroxyethyl methacrylate) (PHEMA) hydrogel was synthe-
sized by UV polymerization of 600 4L of HEMA and 6 uL of EGDMA
in 400 uL of water. To prepare the temperature-sensitive poly(N-iso-
propylacrylamide) (PNIPAAm) hydrogel with the 2-D array, 1 mL of a
10 wt % NIPAAm solution (containing 0.2 wt % MBAAm), S uL of AAc, and
20 uL of Irgacure 2959 (in DMSO, 33% (w/v)) were photopolymerized.

2.4. Characterization. The size and size distribution of particles
were measured using transmission electron microscopy (TEM; FEI
Morgagni 268). The ordering and morphology of the arrays were
observed using SEM (Joel JSM6390LV) after sputter-coating a layer
of Au. To investigate the 2-D array particles on hydrogels, confocal laser
scanning microscopy (CLSM; Leica TCS SPS) was used to observe the
particle ordering. The excitation wavelength was 514 nm; the emission
wavelength ranged from 533 to 563 nm. The samples were equilibrated
under different experimental conditions. For example, AAm/AAc 2-D
array hydrogels were equilibrated in water or 0.01 M NaOH, the crown
ether hydrogels were equilibrated in aqueous Pb>* solutions, the PHEMA
hydrogels were equilibrated at different EtOH/water concentrations, and
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Figure 1. Illustration of the mechanism of 2-D particle array formation:
(1) The particle suspension spreads on Hg to form a thin liquid film. (2)
Solvents evaporate at the edge of the liquid film. (3, 4) A monolayer 2-D
array forms at the edge due to solvent evaporation and suspension flows
pushing the particles together. (S) A 2-D colloidal crystal array fills the
entire Hg surface.

the PNIPAAm hydrogels were equilibrated at different temperatures, before
CLSM measurements.

3. RESULTS AND DISCUSSION

3.1. Close-Packed 2-D Monolayer Arrays on the Hg Sur-
face. We utilized Hg as a “liquid” substrate to enable the 2-D
array formation. The Hg surface is molecularly smooth and
mobile. The density of Hg is quite high (13.5 g-cm ), and it has
a very high surface tension of 485 mN/m, causing the colloidal
particle suspension to rapidly spread and self-assemble into a 2-D
CCA on its surface.

A typical preparation of PS particle 2-D arrays on a Hg surface
is shown in movie 1 (Supporting Information), where 20 uL of a
580 nm PS suspension containing 13.3 uL of a PS aqueous
dispersion (20 wt %) and 6.7 4L of propanol was gradually and
slowly layered onto a Hg surface. As shown in movie 1 and
Figure 1, the 2-D colloidal crystal array formation occurs through
flow-mediated self-assembly.'>'**”*® As the suspension spreads
on Hg, the solvents evaporate. When the liquid film thickness
becomes close to the particle diameter, the particles form 2-D
array patches due to the lateral capillary forces that cause the
particles to attract each other to form a close-packed 2-D
hexagonal array on the Hg surface (Figure 1). The liquid
suspension continues to flow from the thick center toward the
outer edge of the 2-D array until a close-packed PS 2-D array
monolayer fills the entire Hg surface. The preparation procedure
is rapid and efficient. We obtain a >70 cm® 2-D PS array in 30 s
(see Figure S1 in the Supporting Information). Figure 2a shows
the morphology of hexagonally close-packed 2-D arrays formed
by 580 nm PS particles.

The fast formation of the 2-D PS crystal array is facilitated by
propanol added to the suspension. Water has a surface tension of
~72.8 mN/m, while that of propanol is ~23.7 mN/m. The
addition of propanol to the PS dispersion decreases the surface
tension and increases the wetting ability of the Hg, causing the
suspension to rapidly spread to form a thin film. The high vapor
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Figure 2. SEM images of 2-D arrays formed on a Hg surface: (a) 580 nm diameter PS array monolayer, (b) 580 nm diameter PS particle multilayer,
(c—1) 2-D monolayers of (c) 90 nm diameter PS, (d) 235 nm diameter PS, (e) 490 nm diameter PS, (f) 1 um diameter PS, (g) 2.17 m diameter PS,
(h) 260 nm diameter SiO,, and (i) 110 nm diameter SiO,. These arrays formed on Hg were transferred onto Scotch brand foam tape and were
sputter-coated with Au for SEM measurements. The 2-D arrays in (a) and (c)—(i) were self-assembled by spreading water/propanol particle
suspensions on Hg surfaces. The multilayer sample in (b) was prepared by spreading an aqueous PS suspension on a Hg surface, where a multilayer

structure formed.

pressure of propanol also accelerates the spreading and speeds up
the evaporation process, causing the rapid formation of 2-D
arrays. The facile spreading and assembly of colloidal particles on
Hg is not observed on rigid substrates, such as glass or silicon.

In contrast, aqueous PS dispersions without propanol spread
slowly on Hg (Supporting Information, movie 2), forming
multilayer structures as shown in Figure 2b. This results from
the decreased wetting ability of the aqueous PS dispersion on Hg
that limits the suspension spreading. We found that similar
solvents such as methanol, ethanol, 2-propanol, butanol, and
acetone can also be used to fabricate the PS array monolayers.

The PS particle concentration and the concentration of
organic solvents can be widely varied. We obtain well-ordered
and brightly diffracting 580 nm PS 2-D colloidal arrays (Figure
S1, Supporting Information) on Hg with aqueous particle
dispersion:propanol volume ratios from 3:1 to 1:3. By using a
particle dispersion:propanol volume ratio of 2:1, we obtained
excellent spreading and ordering for particle diameters between
90 nm and >2 um (Figure 2c—g). Silica particle suspensions also
spread to form hexagonally close-packed 2-D colloidal arrays on
Hg (Figure 2h,i). The monolayer structure is definitively evident
as shown in Figure S2 (Supporting Information). The 2-D colloidal
crystals assembled on Hg surface are multidomain, with the largest
single crystalline domain >1500 #m” in area (Figure S3, Supporting
Information).

3.2. ncp 2-D Arrays. We used 2.17 um fluorescent PS particles
to fabricate 2-D arrays that we could easily study with CLSM. CLSM
allows us to observe 2-D arrays in the wet state in air or in solution, in
contrast to SEM, where the vacuum environment dehydrates the
hydrogels. To examine our 2-D array spacing response to the

chemical environment, we prepared a series of 2-D array hydro-
gels with the compositions listed in Table 1. We layered the
polymerization solution containing the monomer(s), cross-linker,
and initiator onto the 2-D array on Hg, lowered a glass slide onto
the 2-D array polymerization solution, and then polymerized the
hydrogel with UV light.

When the freshly prepared 2-D array hydrogel was immersed
in water, it swelled, increasing the 2-D array spacing as shown by
CLSM (Figure S4, Supporting Information). Most of the hydro-
gel reaches equilibrium within 1 h; however, we measured the
spacing using CLSM over longer times (from several hours to
overnight). For the close-packed P2C2A20 sample the center-to-
center nearest neighbor spacing, d, was initially equal to the 2.17 um
PS particle diameter, do. The particle spacing increased to
(1.29 £ 0.02)d, upon equilibration with water. The ordering
slightly degraded, as evident by the slight increase in the standard
deviation of the particle spacing (Figure S4c,d).

3.2.1. Control of the ncp 2-D Array Spacing by Comonomers.
Addition of AAc to the AAm hydrogels caused significant hydrogel
swelling in basic solutions. Figure 3a shows the dependence of the
2-D array spacing on the AAc content in water and in 0.01 M
aqueous NaOH solutions. In pure water, we observe similar nearest
neighbor spacings of different AAc hydrogels (~1.25d,), because
the carboxyl groups are primarily in their neutral COOH form. In
contrast, in 0.01 M NaOH, the spacings increase with the amount of
AAc added (Figure 3a). Addition of 5, 10, 20, and 40 4L of AAc gave
2-D array spacings of 1.83dy, 2.15dq, 2.69d,, and 2.91d, in 0.01 M
NaOH. Ionization of COOH results in a significantly increased
Donnan potential, which swells the hydrogel and increases the 2-D
particle spacings. The 2-D PS particle ordering remains hexagonal,
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Figure 3. (a) Dependence of the 2-D array nearest neighbor particle spacing on added AAc. (b) CLSM images of 2-D arrays of P2C2A0, P2C2AS,
P2C2A10, P2C2A2, and P2C2A40 hydrogels swollen in water (top images) and 0.01 M NaOH (bottom images). The insets show the nearest neighbor

particle spacing distribution histograms.

but the ordering decreases somewhat with the softening of the
gels as the hydrogels swell (Figure 3b). Some of the decreased
ordering may result from deformations that are induced by
sample handling.

3.2.2. Control of the ncp 2-D Array Spacing by the Cross-Link
Density. As expected, the hydrogel swelling depends on the
hydrogel cross-link density. The 2-D array spacing increases as the
cross-link density decreases (Figure SS, Supporting Information).
For example, the nearest neighbor spacing of P2C3A20 of 2.21d,
in 0.01 M NaOH increases to 2.66dy, 3.01d,, and 3.62d, at lower
cross-link densities of 2%, 1%, and 0.5%, respectively. This is
because an increase in the level of cross-linking from P2C0.5A20 to
P2C3A20 increases the elastic constant. According to the Flory
theory, this will decrease the swelling and further decrease the 2-D
particle spacing,

3.2.3. Pb?* Spacing Control. We previously developed three-
dimensional (3-D) and 2-D photonic crystal hydrogel Pb** sensors
by covalently attaching crown ether groups to the hydrogel.**
Figure 4 shows that the 2-D array spacing increases as the Pb>*
concentration increases from 0 to 5 mM. Binding of Pb™* to the
crown ether forms a polyelectrolyte hydrogel,”>* where the in-
creased Donnan potential causes the hydrogel to swell. As the Pb**
concentration increases to 10 mM, the spacing decreases to 1.49d,,
because the crown ether groups become saturated, and further Pb**
concentration increases lead to increased ionic strengths and dec-
reased Donnan potentials, as previously observed.”>***°

3.24. pH Spacing Control. We studied the pH dependence of
the particle spacing of the hydrogel P2C2A20 that contains AAc.
Figure S shows the dependence of the nearest neighbor 2-D array
spacing between pH 2.75 and pH 7. We observe that the largest
spacing changes occur around pH 4.3, the pK, of the COOH
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Figure 4. Dependence of the nearest neighbor 2-D particle spacing (d/d,)
on the Pb** concentration. P2C1 18C6 hydrogels were equilibrated in
aqueous Pb(NO3), solutions.

groups. The spacing increases from 1.15d, to 2.4d, when the pH
reaches the pK, value. The formation of COO™ also results in an
increased Donnan potential that causes hydrogel swelling.*"

3.2.5. Ethanol Spacing Control. We previously showed that
PHEMA 3-D polycrystalline colloidal array (PCCA) hydrogels
swell in the presence of EtOH.>'® Here we use EtOH to control
the particle spacing of the PHEMA hydrogel 2-D arrays. Figure 6
shows the EtOH dependence of the particle spacing in a 2-D
array HEMA hydrogel. d increases from 1.04d, to 1.45d, with
increasing EtOH from 0 to 60—80 vol %. At the highest EtOH
concentration, d decreases slightly to 1.3d,, indicating shrinking
of the PHEMA hydrogel. These results agree well with a previous
PHEMA hydrogel study.”
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The swelling of PHEMA in solvents depends on the hydro-
gel solubility parameter.>* > When the solvent solubility para-
meter (0) is close to that of the polymer, the swelling of the
hydrogel polymer, S, reaches a maximum value (Spay): S/Smax =
exp[aS(J, — 5P)2], where a is a constant. O, and (5P are the solu-
bility parameters of the solvent and polymer network.

For a PHEMA hydrogel containing 1% EGDMA, Oppigpa is 29.6
MPa'/?2** while water and EtOH have O values of 47.8 and 26.5
MPa'’?, respectively.”® Increasing the EtOH content decreases
Osolveny increasing the hydrogel swelling. The highest swelling of
PHEMA hydrogel should occur for an EtOH/water solution with a
volume ratio of ~85:15. The hydrogel shrinkage that occurs at very
high EtOH concentrations results from an increased difference in the
solubility parameters between the solvent and the hydrogel polymer.

3.2.6. Temperature Spacing Control. PNIPAAm is an extensively
studied temperature-sensitive polymer that shows a volume phase
transition temperature of ~32 °C.* PNIPAAm materials have been
used for drug delivery, photonic crystals, microlenses, etc.”” Incor-
poration of hydrophilic monomers into PNIPAAm hydrogels
generally increases the phase transition temperature.*® *°
We copolymerized S uL of AAc with 100 mg of NIPAAm. The
resulting hydrogel showed a phase transition temperature of
~55 °C. Figure 7 shows the temperature dependence of the spacing
d of a 2-D array on a PNIPAAm/AAc hydrogel. At 15 °C, the
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Figure 7. Temperature dependence of the 2-D PS array particle spacing
(d/d,) of PNIPAAm hydrogels. The samples are equilibrated for 24 h in
water at each temperature.

spacing d is 1.72d,. With increasing temperature, d gradually
decreases. When the temperature is above 55 °C, d decreases to a
value close to dy and the 2-D array becomes nearly close-packed.
This process enables temperature control of the particle spacing.

3.3. Dehydration/Rehydration 2-D Array Cycling. Many
hydrogels irreversibly collapse on dehydration, which limits their
applications. For example, most 3-D PCCAs do not regain diffrac-
tion after rehydration due to irreversible changes in morphology and
the collapse of the hydrogel.*' In contrast, we observe reversible
dehydration and rehydration of our 2-D PS array hydrogels. The
2-D array particle spacing d reversibly shrinks during dehydration in
air and swells under rehydration in 0.01 M NaOH over multiple
cycles (Figure S6, Supporting Information). This hydration/dehy-
dration reversibility enables the long-term storage and transport of
these 2-D hydrogel photonic crystals in their dry state.

4. CONCLUSIONS

We developed a facile approach to fabricate close-packed 2-D
colloidal particle arrays by spreading PS particle dispersions on
Hg surfaces. We attached these close-packed 2-D particle arrays
onto functional hydrogel films. We can control the particle
spacing, d, by changing the hydrogel environment, such as the
pH, ion strength, solvent composition, and temperature.
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© supporting Information. Movies of particle suspension
spreading on Hg, photograph image of the 2-D array on Hg,
SEM image of the edge of a 2-D array hydrogel, particle spacing
data for the 2-D array with different cross-linker contents, and
particle spacing of the 2-D array upon dehydration/rehydration
cycling. This material is available free of charge via the Internet
at http://pubs.acs.org/.
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