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ABSTRACT: Two- and three-dimensional colloid arrays were fabricated using three different kinds of
monodisperse poly(styrene/sodiywstyrenesulfonate) (poly(St/NaSS) (i.e., high- and low-charged un-cross-
linked, and low-charged cross-linked poly(St/NaSS) particles) on 3-aminopropyltrimethoxysilane (APTMS)-
modified glass substrates at 2. The array patterns were investigated by field-emission scanning electron
microscopy (SEM), atomic force microscopy (AFM), and YVis spectroscopic analyses. The adhesive force
measured by AFM analysis revealed negligible attractive force between APTMS and the poly(St/NaSS) particles.
The adhesion force measured between a 3-aminopropyltrimethoxysilane (APTMS)-modifietpSékd the
self-assembled particle arrays was in good agreement with the attractive force calculated using the Lifshitz theory
with the appropriate Hamaker constants. The cross-linked poly(St/NaSS) particles on the APTMS-modified glass
substrate showed mainly hexagonal and square-lattice-free patterns without any crevices, in stark contrast to that
of the cleaned, bare glass substrate. The APTMS layer provided the necessary “free-slipping” condition in which
nuclei of scattered pinnings of particles in the colloidal crystal were absent. As a consequence, dense fcc (or hep)
packing densities (high-charged un-cross-linked: 0.80; low-charged un-cross-linked: 0.76; low-charged cross-
linked: 0.76) and narrower stop bands were obtained.

Introduction hydrophobically modified glass substrates has been reported

Colloid science includes an extremely broad range of diverse PreViously:® It demonstrated that the adhesional deformation
fields. Colloidal particles have been used as major components? Particles by strong attractive capillary forces, the convective
of diverse industrial products such as inks, coatings, paints,‘t‘ranqurt of "part|cl_e_s toward the ordered region, and the
papers, cosmetics, and rheological flulds particular, two- fret_e-sllpplng condition a_ttrlbutable_to the hyd_rophoblc hairy
and three-dimensional (2- and 3-D) periodic structures of chain layers of the 3-aminopropyltrimethoxysilane (APTMS)
monodisperse colloidal particles are versatile and used asW/e'® main factors governing the qualities of ordering of the
microlenses, templates for optical filters, microporous mem- Particle arraysél:‘.g However, tl]e evidence that the APTMS layer
branes, photonic materials, sensors, and optical filgrs, Provided the “free-slipping” condition important in ensuring
Monodisperse latex particles are known to undergo ordering to formation of defect-free colloidal crystals is yet to be fully
form a colloidal crystalline phase with a hexagonal closed confl_rmed. ThL_Js, this _calls for further investigation in greater
packing structure at low ionic strength when the repulsion details of the interaction between the APTMS layer and the
between the particles is stroMySimilar periodic order and ~ Various p'oly(St/NaSS) colloidal particles, including adhesional
hexagonal closed-packed particles in 2-D arrays of the latex deformation.
films have been reported previously by Winnik and co- Knowledge of the interaction between colloidal particles and
workers!! Recently, photonic crystals for the visible range have a surface is a precondition in understanding the adhesional
been prepared mostly by self-assembly of polymer colloids of phenomenon since the macroscopic behavior of particulates at
several hundred nanometers in diameter, which were dried andthe surface of a substrate is inextricably linked to the micro-
crystallized into a face-centered-cubic lattiéet* scopic details of the interactions between them. In this study,

To fabricate high-quality crystals on a solid substrate, it is we evaluated the LifshitzLondon-van der Waals attractive
very important to understand the interactions between the force between the particles and the substrate and compared this
colloidal particles and substrate.1® The mechanism of the  with the directly measured foreglisplacement curve and the
formation of 2- and 3-D crystals from latex particles on pull-off force using atomic force microscopyThe adhesional

force between an AFM tip and a sample surface generally

* Corresponding author: Tet82 2 2123 7633; Fax-82 2 312 0305; consists of the van der Waals force, electrostatic force, chemical
e-mail jayhkim@yonsei.ac k. bonding force, and capillary force.
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Table 1. Characteristics of the High-Charge Un-Cross-Linked (HCU), Low-Charge Un-Cross-Linked (LCU), and Low-Charge Cross-Linked
(LCC) Monodisperse Poly(St/NaSS) Latex Particles

_ _ surface charge cross-linking
sample ID solid content/wt % D,/nm D,/nm PDF density ¢)?/uC cn2 conten¥%
HCU 7.8 235 236.6 1.007 38
LCU 8.3 242 243.7 1.007 3
LCC 7.9 228 229.6 1.007 4 92.8

apDl = EN/E. D_W andsn were measured by capillary hydrodynamic fractionation (CHBM)e surface charge density was measured by titration
method with 0.02 M NaOH aqueous solutions underzaatinosphere Cross-linking content was measured by the Soxhlet extraction technique.

~235.6nm 236.3nm

Figure 1. FE-SEM micrographs of colloidal crystals of HCU (diameter
235 nm) poly(St/NaSS) particles: (a) and (b) are top view of monolayer §
at high magnification 60 000 (a) andk50 000 (b)) (insets: 8XKilted ]
view of individual particles); (c) and (d) are top view of multilayer at
low magnification 2000); (a) and (c) are on cleaned, bare glass
substrate; (b) and (d) are on APTMS-modified glass substrate at
20°C.

Since the adhesion between surfaces is governed by deformals 1
tion and the surface forces acting between them depends ori oo o w0
their geometry, the attractive force between (1) a hard sphereFigure 2. FE-SEM micrographs of colloidal crystals of LCC (diameter
and a hard planar surface and (2) two interacting hard spheres228 nm) poly(St/NaSS) particles: (a) and (d) are top view of monolayer
at high magnification x 10 000); (b) and (e) are top view of multilayer

across a medium were calculated. The effects of particle surfaceat high magnification £ 40 000): (c) and (f) are top view of multilayer

charge, particle hardness, and the hydrophobicity of the 4 0w magnification «3000); (a) to (c) are on the cleaned, bare glass
substrates on attractive force between the substrate and theubstrate; (d) to (f) are on the APTMS-modified glass substrate at

particles, and array patterns and packing were investigated.20 °C.
These are believed to be critical factors in minimizing defects
in photonic crystal formation.

a . I ...................................
) . R VA ettt
Experimental Section b |(L,| —~
3 ) ~—— ——— - -~ - -t Cd -,
Materials. Styrene monomer (St, Junsei, Japan) was purchased["~"""~~,7 AV VIO Vi S Y

ano! _purified using an inhibitor rem:)ver C(_)Iumn (AIdri_ch). The e P T e T e T N T T e
purified monomer was kept at5 °C until use. Sodiump-

styrenesulfonate (NaSS, Aldrich) and divinylbenzene (DVB, Ald- vamf\

rich) were purchased and used as received. Potassium persulfate

(KPS, Junsei, Japan) was recrystallized with methanol, dried in a 9:—.\ NN N e N A N,
vacuum oven, and kept at5 °C until use. Sodium bicarbonate ’f 4 \ v ' \ \ 4
(NaHCQ;), 3-aminopropyltrimethoxysilane (APTMS), and anhy-  remey oo, oomtrse,_wms s ormrim, et =, oo™ oo’
drous methanol were analytical grades and used without further

purification. Double-distilled and deionized (DDI) water was used ¢ 500 1000 1500 2000
throughout the experiment. Distance (nm)

Preparation of Monodisperse Poly(St/NaSS) Latex Particles.
P P Y ) d Figure 3. AFM tracing of thez-axis profiles of HCU (a and d), LCU

High-charge un-cross-linked (HCU), low-charge un-cross-linke -
. (b and e), and LCC (c and f) poly(St/NaSS) particles on cleaned, bare
(LCU), and low-charge cross-linked (LCC) poly(SUNaSS) latex glass substrate {ec) and on the APTMS-modified glass substrates

particles were prepared by emulsifier-free emulsion polymerization (d—f). The nomenclatures fohZ andd are given in Table 2.
using a two-stage shot-growth method at 2223 Emulsifier-

free emulsion polymerizations of styrene were carried out in a 500 were 50°C and at 400 rpm, respectively. In the first stage of the
mL double-jacketed glass reactor equipped with a reflux condenser, polymerization, a small amount (0.24 mM) of NaSS was added to
a nitrogen gas inlet, an ingredient inlet, an initiator funnel, and a control the polydispersity and patrticle size. A second-stage shot of
mechanical stirrer. The reaction temperature and the stirring ratethe monomer mixture (19.2 mM of styrene and 2.4 mM of NaSS)
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Table 2. Peak-to-Valley Data of the Cross Sections of the HCU (a and d) and LCU (b and e) Poly(St/NaSS) Particles and LCC (c and f)
Poly(St/NaSS) Particles on Bare Glass and APTMS-Modified Glass Substrates at 2G

bare substrate APTMS substrate
value a b [« d e f
AZ3Inm 51+2 66+ 7 51+5 53+ 7 95+ 3 43+ 5
no. of particles per fonm 3.9 3.7 3.6 4.8 4.3 3.7
Dbnm 256 269 278 209 235 267
do — dnm 21 27 50 —26 -7 39

aMean peak-to-valley distanceInterparticle distance calculated from the

particle number perth O The interval between the particlass, = original

particle diameter. A negative value indicates overlapping morphology due to the deformation.

0.04
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—A— LCU
—O— LCC
0.03 4
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Figure 4. Load—displacement curves of th@ HCU, (a) LCU, and
(O) LCC poly(St/NaSS) latex particles obtained from nanoindentation
measurements with an applied load of 0.04 mN.

was injected at 90% conversion of the first stage polymerization.
0.1 wt % (based on styrene monomer) DVB was used as a cross
linker in the preparation of LCC latex particle. The prepared poly-

(St/NaSS) latexes were cleaned and purified using a serum

The surface charge density was measured by a titration method
using 0.02 M NaOH aqueous solution underges?? The surface
charge densitieso] of the HCU, LCU, and LCC poly(St/NaSS)
particles were calculated to be 38, 3, and@cn1?, respectively.

The properties of the HCU, LCU, and LCC latexes are listed in
Table 1.

Elastic Modulus Measurement by Nanoindenter.A nanoin-
denter (MTS XP System, MTS Systems Corp.) was used to measure
the mechanical properties of HCU, LCU, and LCC latex particles
at 25°C. In this experiment, a diamond Berkovich-type indenter
tip was forced onto the sample being studied. The indentation depth
is related to the area of contact between the indenter and the sample
being tested. Multiple (five times) indentations were made at
different locations on the particle surface at a fixed applied load.
The load-displacement curves were recorded, from which the
effective hardness and modulus values could be calculated.

Particle Array Patterns and Packing Densities of 2- and 3-D
Colloidal Crystals. Morphology of the colloidal crystal arrays and
crystal lattice patterns were observed using a field-emission
scanning electron microscope (FE-SEM, JSM-6500F, JEOL Co.,
Japan). The packing density of the crystal was measured using a
UV —vis spectrophotometer (UV-1601PC, Shimadzu Co., Japan).
_The UV—vis transmittance spectra of the crystals were obtained
with an incident light perpendicular to the hexagonal closed packing
regions. The APTMS substrate showed reproducible and high-

replacement cell until the conductivity of the serum was the same quality spectra at all points, but the spectra from the bare substrate

as that of the DDI water.
Surface Modification of Glass Substrates Glass microscope

differed from spot to spot due to mixed structures of hcp and square
lattices.

slides (Paul Marienfeld GmbH & Co.) were used as glass substrates The crystal thickness was determined directly by measuring the

(75 m x 25 mm with finely ground edges, precleaned). The slides
were cleaned in a “piranha solution” (30%®$:98% HSO, =

1:3 viv) at 120°C for 1 h and then rinsed with distilled water,
sonicated in methanol for 15 min, and dried underathosphere.
The bare glass substrate was modified with APTMS to change its
hydrophobicity. The slides were dipped & 2 wt % APTMS
methanol solution for 30 min, rinsed with 95% methanol aqueous
solution and DI water, dried in a M\Nflush, and then cured in a
vacuum oven at 120C for 1 h.

2- and 3-D Colloidal Crystal Arrays. For 2- and 3-D colloidal
crystals, a natural convection drying method was applied. The
purified latex (0.02 wt % solid) was deposited on a stainless steel
(40 mm x 40 mm x 2 mm) plate with a circular tapered hole
(diameter= 15 mm, taper angle= 60°) in its center, and the cell
was allowed to dry in an incubator to form colloidal crystals at
20 °C. A detailed description of the drying cell was presented in
our previous papet

Characterization. Characterization of Poly(St/NaSS) Latex
Particles. Solid contents of the final latexes were determined by
the gravimetric method. The solid contents of HCU, LCU, and LCC

intensity of the minimum of the UM vis transmission spectra (i.e.,
the stop band) of the crystalline lattices assembled from the latex
particles. All samples were dried, and the void spaces within the
colloidal crystals were completely filled with air. The intensity of
stop bands increases with layer number since scattering of diffusive
light varies with the layer number of photonic cryst&lsThe
intensity of the stop bands was linearly proportional to the crystal
thickness when the number of (111) planes increased.

Image Analysis and Adhesion Force Measurement by Atomic
Force Microscopy. The ordered 2-D array patterns of the poly-
(St/NaSS) latexes were obtained on a Digital Instruments IVa
scanning probe microscope while the image heights were obtained
using AFM tapping (noncontact) mode under ambient conditions.
Thez-axis profiles of the poly(St/NaSS) particle arrays on different
glass substrates were obtained from sectional analysis of the surface
profile of AFM images.

Adhesion force between poly(St/NaSS) latex particles ang SiN
or APTMS-modified SiN AFM tips respectively were measured
using a Digital Instruments IVa scanning probe microscope by

latexes were 7.8, 8.3, and 7.9 wt %, respectively. The average monitoring the force as a function of the displacement of the sample
particle size and polydispersity were determined using capillary rejative to the tip. The attraction (adhesion) force between the two
hydrodynamic fractionation (CHDF-2000, Matec Applied Science) s equal to the force needed to deflect elastically the cantilever
and field-emission electron scanning microscopy (JSM-6500F, qyring the jump to contact (or jump off contact). These forces are
JEOL Co., Japan). The number-average particle Sizeqf HCU, calculated by multiplying the appropriate cantilever deflection by
LCU, and LCC latexes were found to be 235, 242, and 228 nm, jts spring constant according to the Hooke's law. The spring

respectively. The polydispersity indeD_\)(/En) was all at 1.007. constant of the tip used was 0.06 N/m.
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Figure 5. AFM adhesion force curves; (a, c, and e) between g 8iM tip and the surface of colloidal crystals of poly(St/NaSS) latex particles
and (b, d, and f) between the APTMS-modified $i\NFM tip and the surface of the colloidal crystal of poly(St/NaSS) latex particles.

Table 3. Theoretical Adhesion Force (Attractive Interaction) for Two Media Interacting across Another Medium (a) Media 1:2:3=
Polystyrene:SiQx:Water System and (b) Media 1:2:3= Polystyrene:Hydrocarbon (Cs):Water System and the Measured Adhesion Force between
Highly Charged HCU Poly(St/NaSS) Particle Surface and (a) SiNTip and (b) APTMS-Modified SiN4 Tip

values a b
Hamaker constan®\32)2/J 8.98x 10721 3.08x 1072
adhesion force (calculated)/N (i) sphetsurfacé —43.97x 10710 —15.09x 10710
(i) two spheres —21.98x 10710 —7.55x 10710
adhesion force (measured)/N HCU poly(St/NaSS) —19.11x 10710 ~0
LCU poly(St/NaSS) —16.33x 10710 ~0
LCC poly(St/NaSS) —16.14x 10710 —2.75x 10710

a A13, = Hamaker constants for two media interacting across another medium by Lifshitz th@twy.force law for sphere-planer surface geometry.
¢ The force law for two interacting spheres geometry. Negative values indicate attraction (or adhesion) between two surfaces. The spring ¢anstant of t
cantilever is 0.06 N/m.

Results and Discussion The 2- and 3-D arrays from the APTMS-modified glass substrate

Surface Morphology of Colloidal Crystals. Figure 1 shows showed dense packing pattern without crevices and were clearly
the top view of the SEM micrographs of the monolayer and deformed into a honeycomb shape (Figure 1b,d) as compared
multilayer arrays of HCU on a bare (a and c) and APTMS- to those on the bare glass substrate (Figure 1a,c) with many
modified (b and d) glass substrates, respectively, at@& line defects, dislocations, and crevices between ordered particles.
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Figure 6. UV —vis transmission spectra taken at normal incidence to the (111) planes of cubic-close-packed lattices of HCU (a and b), LCU (c and
d), and LCC (e and f) latex particles having different thicknesses on the cleaned, bare glass substrate (a, ¢, and e) and on the APTMS-modified
glass substrate (b, d, and f).

This trend is also present in the multilayer array as shown in particles to provide a greater contact ate&’ This together
Figure 1d. The crystal lattices on the bare glass substrate showedvith the hairy structure on the surface of the particles gave rise
both tetragonal and hexagonal close-pack (hcp or face-centeredo smaller interstices between the particle and the APTMS
cubic, fcc) structures. However, very few tetragonal structures surface. The resulting larger capillary force at the water meniscus
(square lattices) were found in the APTMS-modified glass in the interstices that ensued caused adhesional deformation of
samples (Figure 1, c vs d), except dislocations. the hydrated particles during natural convection drying. “In-
The FE-SEM micrographs of the top view of the mono- and coming” HCU and LCU particles easily attached closely to the
multilayer cross-linked (LCC) poly(St/NaSS) particles arrays nuclei on the APTMS layer without anchoring onto the
on the bare (Figure 2ac) and APTMS-modified (Figure  peripheral surface and adhesional deformation occurred as water
2d—f) glass substrates at 2C reveal that the crystal lattice on  evaporated?
the bare glass substrate showed both tetragonal and hexagonal The arrays of cross-linked particle (LCC) on the APTMS
close pack (hcp or face-centered cubic, fcc) structures, while surface were not deformed at all and were similar to that on
very few tetragonal structures (square lattices) were found for the bare glass surface, despite strong capillary force was also
those on the APTMS-modified glass substrate. The particle experienced by these particles. This could be explained by the
arrays on both substrates showed no discernible deformation,higher elastic modulus of these hard partilces measured with
in contrast to the HCU particles adhered to the surface of the the Berkovich indenter compared to those of HCU and LCU
APTMS-modified glass substrate which were clearly deformed latexes. The loaddisplacement curves on the nanoindentation
(Figure 1b). The hard LCC poly(St/NaSS) particles were not for three latex types are given in Figure 4. It can be seen that
deformed despite possessing the right “free-slipping” conditions the penetration increased with load for each latex type. At any
for adhesional deformation. constant penetration depth, the load was in the order ECC
AFM Surface Profile Analyses.The AFM surface profiles LCU > HCU. In fact, the load for LCC was the largest over
of the outermost multilayer of the three latexes (HCU, LCU, the whole penetration range studied and increased very rapidly
and LCC) on the bare (Figure 3a) and APTMS-modified glass  at high penetration.
(Figure 3d-f) substrates show that for latexes HCU and LCU Capillary Forces and Elastic Modulus. From the Young-
deposited on APTMS-modified glass substrates the distancelLaplace equation AP = 2y/R) for spherical surfaces, the
between the particlesl(was shorter. This shows a close packing capillary pressureAP) induced at the water meniscus in the
of the particles as they came into contact with each other. Frominterstices R) during natural convection drying was 0.0033 GPa,
the peak-to-valley profiles in Figure 3 and the measured values,using y = 72.8 mJ/mM and R = 43.68 nm from the cross-
dord, — din Table 2, it is evident that the un-cross-linked sectional SEM analysis. However, the elastic modulus for LCC
latexes, HCU and LCU, on the APTMS-modified glass were particles at 0.0037 GPa was higher thanAf8 and also the
more densely and closely packed comapred with those on theelastic moduli of the un-cross-linked HCU (at 0.0022 GPa) and
bare glass substrate, while the deformations inzde@ection LCU at 0.0025 GPa at a constant penetration depth of 50 nm
(AZ) were insignificant. This means that particle deformation where the unit area§f = 9.41 x 10 nn?. Thus, it is clear that
in packed arrays depends not only on the surface nature of thethe hard LCC particles could not be deformed because of its
substrate but also on the surface charge density of the particleshigh elastic modulus.
The former provides the “free-slipping” conditions while the During thermal annealing of polymeric microspheres above
latter relates to the degree of hydration and particle interaction. the glass transition temperature, the spherical contour of the
The APTMS coating offered a soft “grasslike” substrate surface individual particles are deformed to a polyhedral structure if
that could be deformed by the hydrated hairy poly(St/NaSS) they are film-forming?® The peak-to-valley height\@) of the
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28 layers

38 layers

Figure 8. SEM micrographs of the interior of the colloidal crystals at
different thicknesses (number of layers) of the LCC poly(St/NaSS) latex
particles on cleaned, bare glass substrate.

condition, the attractive force between the surface of the latex
particles and the APTMS layer was measured indirectly (i.e.,
not in the wet state) using an AFM with either an APTMS-
modified SiNc AFM tip or a SiN¢ AFM tip, as shown in Figure

5. It was found that the attractive force between the APTMS-
modified SiN AFM tip, and the surfaces of the three different
latex particles (Figure 5b,d,f) were negligible compared with
those between a SIMFM tip and the latexes (Figure 5a,c,e).
For example, the measurement began at point A where the SiN
tip and the surface of the HCU patrticle were far from each other
(Figure 5a). From point B the SjNip started to experience the
London-van der Waals attractive interaction, resulting in a
slight dip at point B where the SiNip and the surface of the
HCU particle came “into contact”. On retraction, the i

did not separate from the HCU particle but remained in contact
from point C to D. At point D, the SiNtip and the surface of
the HCU particle suddenly jumped apart, and the hysteresis
between points D and E is a direct measurement of the adhesion
force. There was no hysteresis between the APTMS-modified

closely packed particles would decrease. Our results on the poly-SiNy tip and the surface of the latex particle, and hence there

(St/NaSS) particles showed little changesA#, indicating
clearly no deformation of the particles and hence no film
formation of the colloidal crystals during drying.

Adhesion Force between Latex Particles and Substrates
by AFM. To show that the APTMS layer fulfils the free-slipping

was no attractive interaction between them (Figure 5a,c,e). These
results are in accordance with the “free-slipping” theory
proposed by Nagayama et?8IThey are strong evidence that
defect-free colloid crystals can be formed on the smooth
substrate surface because the particles are able to slip on the
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26 layers . 38 layers

Figure 9. SEM micrographs of the interior of the colloidal crystals at
different thicknesses (number of layers) of the LCC poly(St/NaSS) latex
particles on APTMS-modified glass substrate.

soft “grasslike” APTMS-modified substrate surface. Similar
behavior was observed for all the three latexes, HCU, LCU,

Latex Particles on Solid Substrateg241

8.5x 10721 J and (b)A131 =95x 10721 andAggg =10x
10721 J were used? which were obtained from the Lifshitz
calculations based on the latest interpretation of dielectricdata.
From these data, the Hamaker constahtd between latex
particle surface and SiNAFM tip is (a) 8.98x 102! J, and
that between latex particle surface-APTMS-modified SNEM

tip is (b) 3.08x 1072 J.

Table 3 shows that the calculated adhesive forces for
interaction between two hard-sphere geometry are in close
agreement with the adhesive forces measured using,22&iM
tip on the latex particle surface. In contrast, the calculated
adhesive forces based on the two hard spheres geometry were
much lower between latex particle surface and APTMS-modified
surface compared to those obtained with the silica surface. The
Lifshitz calculations indicate some residual attraction between
latex particles and substrate surfaces while no adhesion was
revealed by the AFM measurement using the APTMS-modified
SiNy tip. From the theoretically calculated adhesive forces which
are closely corroborated by the actual measurement using the
AFM technique, we believe we have obtained a fairly good
approximation of the forces interacting between the particles
and the substrate. Thus, it may be concluded that there was
near absence of adhesion between the latex particles on APTMS-
modified SiQ substrate in the wet state. Thus, the incoming
particles can move easily and attach closely to preformed nuclei
on the APTMS layer. Without scattered anchoring onto the
substrate surface, dense packing of the particles is favored and
almost defect-free colloidal crystals are formed.

Colloidal Crystal Thickness and Packing Density Figure
6 shows the transmission spectra recorded at normal incidence
to the (111) planes for the colloidal crystals of HCU, LCU,
and LCC on two different substrates at different crystal
thickness. The wave lengths at the minimum of the transmission
wereApcuy) = 565 nm,Acuy = 585 nm,Acc) = 535 nm on
the bare glass substrate ahgicuy = 579 nm,Acu) = 589
nm, Acc) = 539 nm on the APTMS-modified glass substrate.
These wavelengths were independent of the crystal thickness.
A well-ordered crystal structure of the particle array on the
APMTS-modified substrate is to be expected since the stop-
band width of the colloidal crystals on APTMS-modified
substrate was narrower than that on the bare glass substrate.
This was, however, broader than the theoretical values calculated

and LCC. The measured attractive forces for each sample areby DLS theory or the KorringaKohn—Rostoker (KKR)

listed in Table 3.

Lifshitz Attractive Forces. Table 3 also shows the theoretical
adhesion forcedH,) calculated for two interacting media across
a third medium for two geometries consisting of (i) a hard sphere
and a hard planar surface and (ii) two spheres with the
appropriate Hamaker constants {,) given by

AzR _ AR
D2’ AT 1op2

() Fa=— (i) F 1)

whereRis the sphere radiugy; 3, is the Hamaker constants for
two media interacting across another medium, &nds the
distance between two bodies of different geometries. To
calculateF, for two bodies of different geometries in contact
(adhesion), the cutoff distancB) was assumed to be 0.2 nm.
To compute the appropriate Hamaker constéatd using the
Lifshitz theory, it is necessary to know the values of the
Hamaker constants for (a) polystyren@olystyrene interaction
across waterA;s3;) and silica-silica interaction across water
(A232) and (b) polystyrenepolystyrene interaction across water
(A131) and hydrocarborthydrocarbon interaction across water
(Az232). Here, the values of (8131 = 9.5 x 10721 J andAxs, =

model?* This implies some polycrystalline colloidal crystal are
present. The APTMS layer prevented “pinning” of the particle,
important in reducing point and line defects. However, simul-
taneous multinucleation was inevitable in the horizontal-type
array cells used, and this may lead to some polycrystalline
crystals and dislocations. Though multinucleation happened on
the bare and APTMS-modified glass substrates, the colloid
crystals on the APTMS-modified glass substrate showed better
packing density without square lattice structure considered as
bulky defect.

The wavelengthsA) at the minimum transmission of the
colloidal crystals weré tcuy = 579 nm,Acuy = 589 nm, and
Atco) = 539 nm on the APTMS-modified glass substrate.
Assuming an ideal colloidal crystal composing entirely of the
fce (or hep) structured have been calculated to Bgicu) =
565 nm, A cuy = 584 nm, andiqcc) = 535 nm using the
Bragg’s diffraction equation

mL = 2d,,(n.> — sin’ §)"? )
wheremis an integern. the refractive index of the crystalline
assembly calculated from the interstitial void of hexagonal
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closed packing (0.26) and the reflective indices of air (1.00)  The present findings show a method that is potentially useful
and polystyrene (1.5, (2/3f-°do (the grating constant) for  in fabricating high-quality photonic crystal with full band-gap
the (111) fcc plane, and the angle of incident light3€? The properties (i.e., the exact attenuation of a stop band).
difference between the observed and calculatpobbably arose
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