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Abstract

Monolayers of charged polystyrene latex particles ranging in size from 100 nmuton M@ere deposited on oppositely charged polyelec-
trolyte multilayers (PEMS) by electrostatic interactions and capillary forces. Ultrathin PEB{m) formed on a glass slide provided an
excellent underlying adhesive layer. As the sample surface was being dried, strong capillary forces between particles resulted in a unique
pattern of particle monolayers (i.e., two-dimensional (2-D) particle aggregates). The resulting topographical structure of the coatings strongl
influenced the transmission of visible light through the slides. The total and specular transmittances showed three different characteristics as
a function of particle size: (1) anti-reflection, when the particle diam&gy:e) is around a quarter of the wavelength of the incident visible
light (Dparticie ™ Mis4), (2) diffraction, when th®p.ricie is equivalent to the wavelength of the incident be@puficie ~ Avis), and (3) diffusive
scattering when thBpanice is bigger than the wavelength of the incident be®ghfice ~ Avis). Additionally, for the first time, the monolayer
coverage and fractal-dimension analyses have been reported over a wide range of particle sizes. Functional groups present in these coating
allow further customization via chemical modification.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction surface regionfl8—24]and incorporation of molecular and
colloidal materials into spatial patterfi§15,25]

Studies of colloidal particle assembly at surfaces have pro-  Two-dimensional particle monolayers assembled on sur-
vided fundamental insight into colloidal behavior and aggre- faces can be categorized as either densely close-packed or
gation, and suggested potential applications such as opticarandomly dispersed. Densely close-packed particle monolay-
band gap materials and coatings. Ordered, three-dimensionaérs have been fabricated using spin coaf@j, Langmuir
(3-D) colloidal multilayers have been investigated as optical Blodgett (LB)-techniquef7], thin laminar flow liquid film
filters and photonic crystald—8]. Two-dimensional (2-D), [28], monolayer transfdfl2], and electrophoretic deposition
colloidal assemblies have been investigated for applications[29]. Although these methods have successfully produced
including anti-reflection (AR) coatingf9], gratings[10], hexagonally packed particle arrays, they were tedious to per-
interferometers[11], photolithographic maskg12-14] form or required specific devices; in addition, long-range or-
and optical coating§l5-17] Recent developments in 2-D  dering has been a problem for their practical applications.
assemblies include the positioning of particles on desired Evaporation methods are simple and widely used in mak-

ing densely packed particle monolay38], but the size of
ordered regions produced has been limited. To achieve close
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On the other hand, fabrication of randomly dispersed Average molecular weights of PDAC and SPS were
monolayers is relatively easy and does not require special~100,000-200,000 and 70,000, respectively. Microscope
deviceq9,31-36] Also, random particle monolayer coatings glass slides were ordered from corning and used as trans-
can avoid ‘Bragg Diffraction’, which must be minimized for parent substrates for PEMs and particle coatings. All aque-
certain coating applications (e.g., diffusive scattering films). ous solutions in the processes were prepared using deionized
Among various random deposition methods, electrostatic (DI) water (>18.1 M2) supplied by a Barnstead Nanopure
deposition using polyelectrolyte multilayers (PEMs) as an Diamond-UV purification unit equipped with a UV source
ultrathin adhesive layer has advantages of being simpleand final 0.3um filter. All procedures were done at room
to perform, cost-effective, and environmentally friendly. temperature.

PEMs are formed in the layer-by-layer assembly process, Glass slides were first cleaned twice in an ultrasonic unit,
which consists of the sequential alternating immersion first with a commercially available detergent (Alconox, Al-
of a substrate into polycation and polyanion solutions to conox Inc.) and then without. Slides were dried undera N
construct a nanostructured ultrathin film. Charged particles gas stream and then treated with oxygen plasma for 10 min
can then be deposited via electrostatic interactions to format 150 mTorr vacuum to activate negative surface charges on
monolayers atop the PEM. the glass.

Layer-by-layer electrostatic assembly of PEMs, originally Aqueous polyelectrolyte solutions were prepared contain-
developed by DechdgB7,38], has been widely studied be- ing either 20mM PDAC or 10mM SPS in 0.1 M NacCl.
cause of its versatility and potential applications. Fabrication PDAC/SPS bilayers were then deposited by sequential im-
of nanostructured PEM films is simple and can be suc- mersion of the glass slides into the two solutions using a
cessfully achieved without the need for a clean-lab facility Microm DS 50 Slide Stainer purchased from Richard-Allan
[39-41] The PEMs can be formed on flat, curved, and even Scientific. PDAC was deposited first, because its positively
spherical surfaces (e.g., a colloidal partidéy2,43] Ad- charged amine groups bind to the negatively charged hy-
ditionally, PEMs contain multiple functional groups that can droxyl groups of glass. In each step, the slides were im-
serve as molecular templates for further customization. Den-mersed in a polyelectrolyte solution for 20 min, followed by
drimers[44—47] proteins[48-50] cells[51], and inorganic two 5min rinses in DI water. After each PDAC/SPS bilayer
nanoparticleg52—61]have been co-assembled into PEM.  was deposited, the slides were immersed in an ultrasonic bath

The properties of randomly dispersed monolayers dependfor 1 min to remove loosely attached polyelectrolyte. This
on particle dispersion and clustering tendencies. Random-sequence was repeated until (PDAC/Siggbilayers were
close-packed (RCP) particle monolayers contain branch-like formed. (PDAC/SPS) s bilayers have a positive PDAC top
structures of interconnected and/or hexagonally packed par-layer which is needed to electrostatically bind the negatively
ticles. Lateral capillary forces and convective flow of sol- charged PS particles. Substrates were finally dried under a N
vent between particles help form ordered regions during gas stream and stored for particle coating. The surfactant-free
solvent evaporatior30,62,63] Hattori demonstrated that sulfate-functionalized and carboxylic-acid-functionalized PS
random monolayers of silica and polymeric nanoparticles particles were obtained from Interfacial Dynamics Corp., and
(Dparticle™~ 1/41.) yield an AR coating effecf9]. The struc- Polysciences Inc., respectively. Size-distribution and surface-
ture and optical properties of the particle coatings were con- charge density information obtained from the manufacturers
trolled by electrostatic repulsions and attractive capillary is shown inTable 1
forces[15,34] To bind PS particles to the PEM, a 0.5wt.% colloidal

While the optical properties of colloidal multilayers and solution was gently dropped on the glass slide. After 1 h
close-packed monolayers have been extensively studiedjncubation, the particle-coated substrates were washed
those of randomly adsorbed or RCP monolayers have not.carefully with deionized water and dried under a$tream.

In this study, we systematically investigated RCP monolay- Microscopic images of the coatings were obtained using a
ers produced by electrostatically adsorbing PS particles be-Nikon Eclipse ME600 optical microscope and a JEOL 6400V
tween 100 nm and 10m in diameter on PEM-coated glass scanning electron microscope (SEM) with a LaB6 emitter.
slides. The surface coverage and fractal dimensions of theThe degree of surface coverage was determined by counting
RCP monolayers were measured using image analysis, angarticles in a given area. Coverage measurements were
the optical properties were studied using both total and specu-repeated several times in both particle-rich and particle-poor
lar transmittance. The possibility of modeling RCP monolay- regions. Data were reported as average standard deviation
ers based on the 2-D coverage and fractal dimension analysivalues.
using a box-count methd@4] was also considered. Microscopic images were further investigated by fractal
analysis using a 2-D box-counting methj@d]. All mono-
layer images were scaled to have the same particle sizes, and
2. Experimental procedures each particle was considered as a single point. The maximum
number of boxes was 4096. Boxes were counted manually

Poly(diallyldimethylammonium chloride) (PDAC) and and plotted on logarithmic-scale graph. Fractal dimensions

sulfated poly(styrene) (SPS) were purchased from Aldrich. were calculated using a least squares regression method. A
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Table 1
Details of particles used and their monolayers

47

Particle Size distribution Surface functional Surface charge Monolayer coverage by Fractal dimension,

size (wm) diametett S.D. (wm) group density (.eq/q) particlest S.D. (%) D¢
0.14 0.14+ 0.003 Sulfate 3 32.6+1.8 1.778
0.2 0.194+ 0.009 Carboxylate 100-280 N/AC N/AC
0.5 0.477+ 0.01 Carboxylate 100-260 40.44+9.9 1.799
1 1.0+ 0.047 Sulfate 83y 39.4+0.8 1.804
2 1.96+ 0.06 Carboxylate 100-260 39.4+1.4 1.800
3 3.00+ 144 Carboxylate 100-260 54.2+1.7 1.828
4 4.0+ 0.14 Sulfate 0.8 59.44+2.9 1.848
5 494 0.275 Sulfate 05 47.44+6.3 1.846
8 7.9+ 0.845 Sulfate ol 67.44+18.7 1.826

10 9.6+ 0.710 Sulfate 1 65.14+19.7 1.835

a Approximation from the Polysciences Inc.
b Approximations from the Interfacial Dynamics Corp.
¢ 0.2um particles resulted in local bilayers in the entire region. Surface monolayer coverage is not applicable.

UV/VIS/NIR Spectrometer Lambda 900 (Perkin-Elmer) was 3. Results and discussion

used to study the optical properties of the samples. Two detec-

tors, a photomultiplier tube (PMT) and an integrating sphere  The thickness of (PDAC/SP§)s films was previously

(IS), were used for specular and total transmittance character+reported to be around 30 nfB1]. The stability of particle

ization, respectively. All spectroscopic spectra of the samples coatings was found to depend on the thickness of PEMs since

were referenced against air, without a substrate. a single cationic polyelectrolyte layer was not sufficient to
Scheme 1lllustrates the difference in measurement prin- strongly hold larger ionic PS particles more thapr8. In

ciple between the PMT and IS detectors. The IS detector addition, the PEM adhesive layers used in the work did not

collects all light passing through the substrate regardless ofsignificantly affect the transmission of lightin the visible light

the back scattering angle (total transmittance), while the PMT regime.

detector only captures light transmitted in the same direction

as the incident light (specular transmittance). Transmittance 3.1. Formation of particle monolayers on PEMs

spectra from both detectors were averaged at 400—-800 nm

wavelength range to compare the size effects on scatter- Fig. 1shows the SEM and optical microscope images of

ing (averaged total and specular transmittances). The totalthe particle monolayers assembled on the (PDAC/&f25)

transmittance spectrum of every particle monolayer is not re- coated glass slides. A monolayer of the negatively charged

ported, because there was little change in light intensity with particles strongly adhered to the positively charged surface

wavelength. However, all specular transmittance spectra areof the PEMs. However, particle multilayers that adhered to

presented and categorized into three groups, depending orihe initial adsorbed particle monolayer by the force of grav-

the optical behavior. ity were easily rinsed away since no specific interactions like

Particle Coated Glass Substrate Particle Coated Glass Substrate

Diffuse Transmittance
oY o
Incident Light Incident Light i PMT Detector
Specular Transminance@
. it '.-.‘_ . kil a‘.-.h
Diffuse Transmittance
\ IS Detector
(A) (B)

Scheme 1. Measurement schematics for the transmittance depending on detector types. (A) Total transmittance. (B) Specular transmittagre¢inghe inte
sphere (IS) detector captures all the light transmitted through the substrates resulting in total transmittance. The photomultiplier tubée R Bhbje
captures light transmitted in the same direction as the incident light resulting in specular transmittance.
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Fig. 1. SEM and optical microscopic images of self-assembled monolayers of functional polystyrene particles on PEMs. Depending on the sies, of partic
monolayers result in randomly adsorbed particles or random-close-packed clusters. (A) SEM image of 140 nm sized particles. (B) SEM image &&00 nm siz
particles. (C) Optical microscopic image ofun sized particles.

electrostatic interaction were introduced between the samesize of adsorbed particles, a rearrangement of adsorbed par-
charged multilayered particles. It was observed under the op-ticles started to occur, resulting in uniquely self-assembled
tical microscope that before the evaporation of solvent parti- monolayer patterns on the PEM-coated glass slides, as shown
cles (larger than pm) on the substrate moved around even in Fig. 1L During the rearrangement of adsorbed particles near
with the strong attractive force to the surface. Once the solventor on the PEM-substrate, two conflicting forces, repulsive and
was completely dried, all samples resulted in the irreversible attractive forces, compete to determine the pattern of the self-
2-D particle aggregates on the PEMs. assembled particle monolayers. It is not simple to describe
Particles 140 nm in diameter formed monolayers in which in detail how exactly all the factors contribute to the attrac-
particles were well dispersed on the PEM surface, with in- tive and repulsive force, but in this work mainly capillary
teractions between particles being limited to small, 2-D clus- attractive forces and electrostatic repulsive forces are consid-
ters and chaingHg. 1A). Microspheres (0.5—-1@m) formed ered. The repulsive forces between particles adsorbed onto
monolayers having larger 2-D clusters with fractal-like prop- PEM surfaces are mainly due to the same particle charges.
erties Fig. 1B and C). Two hundred nanometers sized parti- The attractive forces are because of capillary forces stimu-
cles did not form a complete monolayer; instead they formed lated from the menisci of water formed around the particles
local bilayers in a wide area of samples. It may require a more [22]. The low density of sulfate groups makes the surface of
vigorous washing step to prepare complete monolayers. the particle relatively more hydrophobic than the high den-
In the beginning of functional particle deposition in aque- sity of carboxylate groups (s€kable 1. However, in the
ous solution, the negatively charged particles were attractedcase of larger particles the two different types of functional
to the positively charged PEM surfaces until the available groups did not significantly affect the final fractal structures
PEM surfaces were fully occupied. Then, during the sample of 2-D aggregated particle monolayers. This is because only
drying step when the water level became comparable to theattractive capillary forces can be generated between the same
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type of particles whatever they are hydrophilic or hydropho- and there is a limit for coverage known as the jamming limit
bic surfaces. The capillary force is known to be two orders of random sequential adsorption (RSA8,69] 54.7% is in
of magnitude higher than the electrostatic repulsion force for good agreement for the maximum coverage by this model
micron sized particlel22]. However, in the case of the small-  [68,69] However, RCP monolayers with particles greater
est particles (140 nm), the capillary force did not play a role than 2um have coverage greater than this limit (3eele J).
in particle rearrangement (sea. 1A). Unlike the largerpar- ~ This means there is movement and diffusion of particles dur-
ticles, the smallest particle monolayers remained almost theing the deposition and evaporation processes, which allow
same without rearrangement during the drying step. Repul-the particles to surpass the jamming limit. It also implies that
sive forces hinder the packing of two-dimensional particles the RSA model cannot explain the formation mechanism of
while attractive forces help the packing of particles by the RCP monolayer, though it resembles the initial stage of a
convective transport of particles toward the close packed re-RCP monolayer before evaporation of the solvent.
gion. We believe that the attractive forces were smaller than  The structure of colloidal aggregates formed in this pro-
the repulsive forces in the case of 140 nm nanospheres, thisess is a fingerprint of the kinetics and mechanism of ag-
results in particles that are relatively isolated from each other gregation. Simple aggregation models and real aggregation
[66]. This conclusion is supported by the fact that particle processes frequently lead to fractal structures that can be de-
closed packing can be obtained in the same system by rescribed in terms of fractal geometry conce[it8]. Fractal
ducing electrostatic repulsive forces between particles us-geometry, also known as the fractal dimension, enables us to
ing surfactant charge screenifi®]. For particles largerthan  relate certain aggregates to a proper kinetic and growth mech-
0.5um, the attractive forces were dominant at the last stage anism mode[71]. In two-dimensional analysis, the fractal
of drying, resulting in the RCP particle monolayers. dimension has a value of between one and two. When fractal
Quantitative analyses of capillary force between colloidal geometry completely fills a certain area of the surface, the
particles and electrostatic repulsive are complicated, espe-fractal dimension reaches the maximum value of 2.
cially in a multi-particle system, and affected by not only We calculated the fractal dimensions of our samples in
the size of particle but also chemical composition of particle an effort to find a proper model to explain the uniquely self-
surface, charge distributions, and surface morphology. Thearranged particle monolayers on PEMs. The last column of
detailed quantitative studies remain as future work. Table 1presents the calculated 2-D fractal dimensi@yspf
each sample. Fractal dimensions of RCP monolayers range
3.2. Structure of self-assembled particle monolayers on from 1.7781t01.848. The aggregation shape of the RCP model
PEMs closely resembles that of cluster-cluster aggregation by pri-
mary clusters. There are two different models for this type
Table 1shows physical data of the particles used in this of aggregation, ‘reaction-limited cluster-cluster aggregation’
work and monolayer coverage characterized by direct par- (RLCCA) and ‘diffusion-limited cluster-cluster aggregation’
ticle counting. The fifth column ofable 1shows the cal- (DLCCA) [72].
culated particle coverage, ranging at 32.6—67.4%, from the  When an aggregation rate is solely affected by the diffu-
microscopic images. The coverage of the particle monolayerssion and collision of particles, the DLCCA model can explain
generally increased with an increase in the size of the parti- the proces$73]. On the other hand, an aggregation rate is
cles. We believe that this reflects the dependency of capillary limited by a residual energy barrier of bond formation, re-
force on the particle size, which is the main contribution of quiring higher collision energy; the RLCCA model applies
the structural rearrangement of particle monolayers during [74]. When there is a residual repulsive force between col-
the drying step. However, the surface coverage did not reachliding particles, generally RLCCA model better explains the
a theoretical maximum in this work. The calculated maxi- dynamic aggregation phenomena. In addition, it is known
mum surface coverage by spherical objects is 90.69% whenthat the fractal dimension of RLCCA is higher than that of
they are hexagonally packed. Electrostatic monolayers do notDLCCA [72]. A high fractal dimension of RCP monolayer
form hexagonally packed monolayers due to the strong re-indicates its close relationship with the RLCCA model. How-
pulsive electrostatic forces, as reported elsewfiE3g ever, relating the aggregate structure on PEM to a specific
Surface coverage mainly relates with the dynamic actions growth mechanism is not fully understood in this paper, and
of capillary and electrostatic forces, and also possibly with further theoretical and experimental research is required.
other factors such as gravitational force and hydrodynamic
interactiond67]. Serizawa et al33] demonstrated the con-  3.3. Light transmittance of particle-coated samples
trollability of nanoparticles surface coverage using salt con-
centration, indicating the importance of hydrodynamic in- Fig. 2A shows the average total transmittance of the sam-
teractions on surface coverage. However, we experimentallyples at the visible light range (400-800 nm), which was mea-
observed that the net attractive forces inducing 2-D particle sured using a UV—vis spectrometer equipped with an IS de-
aggregates were found to be proportional to the particle size.tector. The average total transmittances, ranging from 90.06
When particles are strongly attached to the substrate, theto 94.12%, remained very high and are comparable to the val-
diffusion process or surface migration of particles is hindered ues of a pure glass slide. The average transmittance of a pure
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glass slide measured by the same IS detector was 91.86¥%
at the same range of wavelengths. According to the total
transmittance of the samples, reflection or absorption by the
coated polystyrene particle monolayer has been small. Also,
there is no significant particle size effect on the observed total
transmittance. This implies that the particle monolayer coat-
ings are suitable for optical coatings with little light loss by
backscattering. 400 450 500 550 600 650 700 750 800
Fig. 2B shows the averaged specular transmittance mea-(c)
sured using a PMT detector. The specular transmittance
varies with the size of particle. A decrease in the specular rig 3. specular transmittance spectra measured using a PMT detector. De-
transmittance compared to the observed total transmittancepending on the size of particles, optical properties were categorized into three
of the same sample indicated that some portion of incident main groups: (A) anti-reflective, (B) diffractive, and (C) diffusive scattering
light did not reach the detecting point because of a ‘scattering’ Pehaviors.
event. Monolayers of particles bigger than ré yielded an
‘apparent scattering’ event when incident visible light passed tor, which was not averaged. There are three main behav-
through the particle coated glass slides. Apparent scatteringiors observed which are dependent on the particle size: anti-
happens when the size of the scattering particle is equal to orreflection behavior for the particles ranging in size from 0.14
greater than the wavelength of incident radiafitsi. Particle to 0.2um (Fig. 3A), diffraction for the particles ranging in
coated glass slides with 140 and 200 nm sized particles did notsize from 0.5 to 4um (Fig. 3B), and diffusive scattering for
exhibit significant scattering events. The samples looked ei- the particles ranging in size from 5 to un (Fig. 3C).
ther transparent without scattering events or translucent with  Fig. 3A shows the transmittance spectra using a PMT de-
those scattering events, depending on the size of particles. tector in the visible light range, 400—800 nm. Particles with
Fig. 3 shows the specular transmittance spectra from diameters of 140 and 200 nm have an AR behavior and exhibit
the UV-vis spectroscopy experiment using a PMT detec- an enhanced transmittance that is greater than that of a pure
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glass over certain parts of the light range. Glass slides coatedcause the self-assembled particle monolayers on PEMs are
with particles on both sides have a higher transmittance thanRCP structures. Maxima and minima in the spectra represent
those coated on a single side. The maximum value of trans-the change in intensity with the change in the wavelength of
mittance for this particle size was measured to be 97.52% atincident monochromatic light.
a wavelength of 635 nm, which is much higher than that of  Interesting results from the diffracted transmittance spec-
the pure glass slide (ca. 92%). tra are obtained for monolayers made from 0.5 porisized

To be an AR coating, the designed film should satisfy two particles. A 0.qum sized particle monolayer completely scat-
conditions[76]. The thickness of the AR coating must be a ters blue light but transmits about 58% of incident red light.
quarter of the incident wavelength ang= (nans)2, where To the contrary, a flum sized particle monolayer scatters al-
Nne, N, andng are the refractive indices of the coating, air, most all incident red lights but passes 42% of incident blue
and substrate, respectively. Anti-reflective behavior is due to light. By simply changing the size of the particles a particle
the destructive interference between reflected light from the monolayer can selectively block a specific wavelength.
top surface of AR coating and from the reflected light of Current studies on the selective transmission of incident
the interface between the AR coating and substrate. Also, light by diffraction have focused on 3-D colloidal crystals.
must have a value in betweeg andng so that the change In this case, sharp peaks at specific wavelengths are exhib-
in refractive indices of the media is gradual and reduces theited due to the Bragg diffraction through the ordered arrays.
amount of light reflecting backwards from the substrate. Selectivity in the transmission of light in narrow wavelength

The particle coatings that we produced with 140 and regions is useful in diffractive components of optical filters or
200 nanometers sized particles satisfy both conditions for anin grating application$2]. Different from ordered aggrega-
AR coating. The thickness of these monolayers is directly de- tions, RCP monolayers produce broad peaks that are unique
cided by the diameters of the particles, which is around a quar-in their diffraction through 2-D or 3-D multilayers.
ter of the visible light wavelengths. Refractive indices of air, While the details of this diffraction mechanism need to be
glass, and polystyrene particles are generally 1, 1.5, and 1.5%urther studied, we expect that there may be other potential
(data from Interfacial Dynamics Corp.), respectively. Due to applications in which this broad selective transmission can
the random deposition of particles, the monolayer has manybe very useful. We can further tune the optical selectivity
pores between polystyrene particles that are filled with air. using commercially available fluorescent partidigs]. Ad-
The monolayer has a refractive index somewhere in betweenditionally, we can control these broad peaks using mixed or
that of air and polystyrene particles. As illustrated by Hattori polydispersed particle monolayers.
[9], this approach to forming an AR coating does notrequirea  Fig. 3C shows the specular transmittance spectra using
high vacuum that is common in many AR coating processes.a PMT detector from particles with diameters of 5, 8, and
This process is more cost-effective when compared to phaselOum. This group exhibits uniform diffusive scattering of
separation or selective dissolution approadii&$and sim- incident light. The transmitted light reaching the PMT de-
pler than vapor deposition or sputtering approadi8s/9] tector shows a uniform intensity along with the wavelengths.
However, it should be noted that inorganic nanoparticles on The specular transmittance was decreased when compared to
PEM would not present an AR behavior because the refrac-the total transmittance. This means that there happened to be
tive index of inorganic nanoparticles is much higher than that a scattering event that changed the direction of the incident
of glass slide. The Rubner group has developed the AR coat-light. Optical coatings of the particle monolayers in this group
ing without using nanopatrticles to achieve a 99% transmis- transmitted diffraction free and uniform light. Once again, it
sion after the spinodal decomposition of a weak PEM system is noted that the total transmittance measured using an IS
[80]. Because the coverage of AR monolayer, shown in the detector remained almost the same irregardless of the par-
Table 1 is not high, it is expected that the total transmission ticle size. The transmitted light, through the self-assembled
will increase as the particle packing density incre4$6% monolayers on PEM-coated glass slides, were scattered or

Fig. 3B shows the oscillating specular transmittance spec- diffracted differently depending on the topological surface
tra from particles with 0.5, 1, 2, 3, andudn. In the late structures controlled by the size of particles.
sixties Krieger and O’Neil[75] demonstrated that monodis-
persed latex particles exhibited diffraction in both colloidal 3.4. Conclusions
solution and dry patrticle layers. Since the incident light im-
pinges the monolayer surface vertically, and particle struc- We have studied the functional PS particle size effects
ture is not fully ordered, Bragg diffraction is not arranged on the formations, structures, and optical properties of the
to explain this diffractive pattern. Instead, we believe this uniquely self-assembled particle monolayers on PEM-coated
diffraction event can be categorized into Fraunhofer diffrac- glass slides. The particles formed RCP particle monolay-
tion, which occurs when light propagates through an individ- ers that deposited on the substrate by electrostatic attrac-
ual aperture or translucent scrd@6]. This is supported by  tion forces and then rearranged by capillary forces among
the fact that there is a typical airy disc created by a circular the attached monolayer particles. Compared to other parti-
aperture when the laser from a laser pointer is shined throughcle deposition approaches, the overall procedure used in this
the samples. However, this airy disc pattern is unclear be-work was very simple, cost-effective, and environmentally
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friendly. The formation and structure of the self-assembled [12] F. Burmeister, C. Schaefle, T. Matthes, M. Boehmisch, J. Boneberg,
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