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having silica nanoparticles 
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Seoul National University 

 

 

 Anti-reflection optical technology alleviates reflection from material surfaces 

by the destructive interference of reflected light rays. Silica nanoparticles with 

pores have received significant attention owing to their low refractive index, 

which is essential for achieving an effective anti-reflection coating. A low 

refractive index is achieved owing to the nanoparticles’ silica pores as well as 

macroscopic porous packing structures that are formed in the space between the 

nanoparticles. To enhance the performance of anti-reflection films under a wide 

range of conditions, their additional characteristics, such as light sensing and 

anti-fogging based on superhydrophilicity, were investigated.    
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In this study, anti-reflection films having silica nanoparticles were prepared 

and their characteristics and possible applications were investigated. 

 First, a photosensitive, double-layered anti-reflection film was prepared from a 

UV cured acrylate film containing a photoluminescent europium(III) complex 

as a high refractive index layer and a colloidal nano-silica film as a low 

refractive index layer. The refractive index of the high refractive index layer 

was tuned from 1.53 to 1.69 by increasing the composition of the europium(III) 

complex. The reflectance of the anti-reflection film on a glass substrate was as 

low as 0.48% when the refractive indices and thicknesses of the two layers were 

controlled. The anti-reflection film was applied as the top layer of a liquid 

crystal display (LCD). Since the absorption and excitation spectra of the 

europium(III) complex barely overlapped with the backlight spectrum of the 

LCD, the europium(III) complex in the anti-reflection film did not affect the 

displayed images. The images were visible even when the screen was 

illuminated by an indoor fluorescent lamp. It was also possible to highlight a 

specific point on the display screen using laser light. When a 405-nm-

wavelength laser pointer was aimed at a specific area, the area appeared as a 

bright red spot. 

Second, the anti-reflection coating on the polymer substrate was prepared 

using surface-aggregated hollow silica nanoparticles. Hollow silica 
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nanoparticles, 80-nm diameter and with 10-nm-thick walls, exhibited the 

refractive index of 1.27. By solvent swelling of the polymer substrate and 

penetration of UV curable acrylates into the polymer substrate, low refractive 

index hollow silica nanoparticles were concentrated on the coating surface, 

resulted in the anti-reflection layer with the refractive index of 1.34. The 

reflectance of about 1.0% was achieved when 20 wt% to 60 wt% of silica 

nanoparticles were coated on the polymer substrate. In addition, a several 

micrometers thick coating on the TAC substrate exhibited anti-reflective hard 

coating properties, showing pencil hardness of H. The anti-reflective hard 

coating film had the low surface reflectance of 2%, which resulted from the 

gradient aggregation of hollow silica nanoparticles along the thickness 

dimension. 

Finally, superhydrophilic anti-reflection films with a single-layer structure of 

150-nm-size mesoporous silica nanoparticles were prepared. Surface 

morphology was tuned simply by varying the mixing ratio of mesoporous silica 

to the binder. The fabricated films exhibited anti-reflective and anti-fogging 

characteristics, owing to the hydrophilicity of silica and surface roughness of 

the mesoporous silica layer. When a dispersion of 67 wt% of mesoporous silica 

was coated, the film exhibited the lowest reflectance of 0.71%. Owing to 

superhydrophilicity, a glass coated with 67 wt% of mesoporous silica exhibited 
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a good transmission clarity even after fogging.   
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Chapter I. 

 

Introduction 

  



I-1. Anti-reflection 

 

I-1-1. Principle of anti-reflection coating 

 

 Anti-reflection films[1-5] have been the subject of extensive investigations 

since their discovery in 1817 by Fraunhofer, who produced anti-reflective 

coating by etching a surface in a sulfur and nitric acid vapor. Later, Rayleigh 

provided the first theoretical treatment of anti-reflective coating after observing 

an increase in the transmittance for tarnished glass. 

Anti-reflection films are used in many applications, such as flat panel displays, 

solar cells, and optical lenses. The main mechanism of anti-reflection coating is 

the destructive interference of the light rays reflected from the surface and the 

light rays reflected from the interface between the coating layer and the 

substrate.[6] To realize a perfect destructive interference of the two types of 

reflected light rays, two main conditions should be fulfilled. First, the intensities 

of the two reflections should be the same. Second, the phase difference between 

the two reflected light rays should be an odd multiple of λ/2, to ensure that the 

two light rays interfere destructively (out of phase). Scattering and absorption 

of light are assumed to be zero. In Figure I-1, the intensities of the reflected 

light rays, R1 and R2, should be the same, and the phase difference should be an 
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odd multiple of λ/2. The values of R can be calculated from Fresnel’s equation. 

For normal incidence (angle of incidence equal to zero), these values are 

 

R1 = {(nair − nc) / (nair + nc)}
2 = R2 = {(nc – ns) / (nc + ns)}

2    (Equation I-1) 

where R1 is the reflectance from the coating layer, R2 is the reflectance from the 

interface between the coating layer and the substrate, and nair, nc, ns are the 

refractive indices of air, the coating layer, and the substrate, respectively.  

 

 

Figure I-1. Light reflection of the single layer coated substrate. 
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Because nair = 1, Equation I-1 can be reduced to Equation I-2: 

 

nc
2 = ns                        (Equation I-2) 

  

The R2 propagates through the coating layer, is reflected from the interface 

between the coating layer and the substrate, and is transmitted back to air 

through the coating layer. To ensure destructive interference between this ray 

and the one reflected from the coating surface, the phase difference between 

these rays should satisfy 

 

2 nc dc = λ/2                  (Equation I-3) 

where dc is the thickness of the coating layer and λ is the wavelength of the 

incident light. 

 

For a glass substrate, with the refractive index of 1.5, the optimal refractive 

index was calculated as 1.22, and the optimal thickness of the coating layer was 

~114 nm for the wavelength of 555 nm; this wavelength is the one to which our 

eyes are the most responsive. However, solid materials with intrinsic refractive 

indices as low as 1.22 are virtually nonexistent.[7] Furthermore, the film 

thickness required for the destructive interference to occur depends on the 
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wavelength. As a result, a green light destructive coating on a glass reflects both 

relatively short and relatively long wavelengths in the visible range, which is 

manifested as purple-like reflection, contributed by both blue light and red light.  

 

To overcome this problem, multi-layer coating is proposed. The main idea 

remains the same as for single-layer coating. The reflected light rays from all 

layers should add up to zero. In Figure I-2, R can be calculated by employing 

vector analysis, to account for intensities and phases of different light rays. The 

light reflected from the interface between the i-th and j-th layers, Rij, is 

calculated as 

 

Rij = |Rij| exp [ −2 (δi + δj) ]                    (Equation I-4) 

where |Rij| = [(ni − nj)/(ni + nj)] and the phase difference is δi = 2πnidi/ λ.  

 

Therefore, the sum over reflectance contributions is 

 

Rsum = R01 + R12 + R23 + R34 + … + Rns        (Equation I-5) 

 

In the case of two layers of anti-reflection coating, the intensity and phase 

differences are calculated from the following equations:  
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(ns / nair) n1
2 = n2

2              (Equation I-6) 

n1d1 = n2d2 = λ/4              (Equation I-7) 

where n1 and d1 are the refractive index and the thickness of the upper layer, 

while n2 and d2 are those of the bottom layer. 

 

 

Figure I-2. Light reflection from the multi-layer coated substrate.  
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I-1-2. Fabrication of anti-reflection coating 

 

Equation I-2 suggests that a low refractive index layer is necessary for anti-

reflective coating. A structure with nanopores is a representative low refractive 

index layer. Because the refractive index of air is 1, the nanopores in such a 

structure effectively reduce the refractive index of the layer. The refractive 

index of a layer with nanopores can be calculated given the volume fraction of 

air and the material comprising the layer. Owing to these advantages of 

nanoporous structures, silica nanoparticles with porous structures have attracted 

considerable attention as a potential anti-reflection coating material. Rubner’s 

group investigated anti-reflection films with layer-by-layer assembly of anionic 

silica nanoparticles and polycations.[8,9] The refractive index of the obtained 

coating layer was as low as 1.22, resulting from the presence of nanopores 

between the constituent particles, and the coating layer exhibited superwetting 

properties owing to its nanoporosity. This group further studied the surface 

modification of the top layer of silica nanoparticles by hydrophobic silane. The 

modified structure exhibited superhydrophobic behavior with anti-reflection 

properties. Silica nanoparticles with intrinsic pores in their structure were also 

investigated. The group of Okubo fabricated anti-reflection films containing 

mesoporous silica nanoparticles.[10] They achieved the minimal reflectance of 
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1.5% to 2.5% for a glass substrate with mesoporous silica nanoparticles treated 

with a trimethylsilyl group and siloxane oligomer. Wakefield’s group prepared 

anti-reflection films containing mesoporous silica and TEOS as a binder.[11] The 

achieved minimal reflectance was below 0.1% for light in the visible range, and 

the researchers were able to shift the minimal reflectance to the infrared range 

for solar cells and optical windows, by simply controlling the concentration and 

spin-coating conditions. Anti-reflection films with hollow silica nanoparticles 

were investigated by the groups of Cohen[12] and Song.[13] Cohen’s group pre-

synthesized hollow silica nanoparticles and fabricated anti-reflection films by 

layer-by-layer assembly on a PMMA substrate, whereas Song’s group obtained 

anti-reflection films after calcination. They dipped a substrate into silica 

nanospheres containing PAA and subsequently into an acid catalyzed silica sol, 

and removed the PAA template by calcination.   

 

 Another approach is based on biomimetic nano-patterned structures that are 

inspired by the structures such as the moth eye and cicada wings. These 

biological structures exhibit anti-reflective characteristics owing to their highly 

ordered arrays of nano-pillars, which lead to the diffraction and interference of 

light rays. 

 The group of Samulski replicated the Attacus atlas moth compound eye using 
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a soft lithographic method.[14] The reflectance of the replicated three-

dimensional micro-lens arrays was under 1% for light in the visible range, as 

low as the real moth eye reflectance. Lim’s group fabricated a moth eye 

structure with a nano-pillars array on glass.[15] They investigated the 

dependence of the structure’s optical properties on the morphology of the nano-

pillars array. For a glass sample treated on both sides, the transmittance was 

above 99.5% and the reflectance was under 0.5%, for a specific wavelength. 

Wang’s group replicated the cicada’s wing structure using a photo-curable 

liquid perfluoropolyether mold and triacrylate.[16] Owing to the low surface 

adhesion property of the perfluoropolyether mold, the cicada’s wing structure 

was preserved and the final triacrylate layer could also be easily detached. The 

transmittance of this patterned triacrylate increased by 2.2% by integrating a 

sphere mode, owing to its anti-reflection characteristics. Chattopadhyay’s group 

designed cicada-wing inspired nano-tip arrays, using both low refractive index 

and high refractive index materials.[17] They simulated a structure with the 

reflectance of 1% and experimentally realized a hemispherical reflectance mode. 

 

 Alternatively, the method of the gradient refractive index has also been 

considered. By reducing the refractive index gradually, from the refractive 

index of the substrate to the refractive index of air, the reflectance was 
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minimized. Because reflection occurs at an interface between layers with 

different refractive indices, an ideal gradient refractive index layer exhibits no 

reflection (Figure I-3). 

 

 

Figure I-3. (a) Schematic of the gradient refractive index layer and (b) the 

vertical profile of the refractive index. The solid line denotes the gradient 

refractive index layer and the dashed line denotes the discrete low refractive 

index single layer. 

 

 Han’s group fabricated gradient refractive index coating by spin-coating the 

solution of a polystyrene-block-poly (methyl methacrylate) / PMMA blend onto 

an octadecyltrichlorosilane-modified glass substrate. In the vertical direction, 

the PMMA domains were phase-separated with the gradient distribution and 

were subsequently removed from the matrix.[18] Graded refractive index 
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coatings have been studied for realizing gradient refractive index coatings. 

Using the RIE process, Miyata’s group fabricated an assembly of pointed 

subwavelength structures composed of a mesoporous silica layer, and the 

mesopores were filled with a proper amount of titanium dioxide using low-

pressure chemical vapor deposition.[19] The layer with the matching refractive 

index demonstrated highly suppressed reflectance, whereas the hollow coating 

layer with the mismatched refractive index exhibited the reflectance higher than 

1%, for a BK7 glass substrate. Xu’s group fabricated a double-layered graded 

refractive index coating with silica.[20] First, they prepared a layer with the 

refractive index of 1.34, containing mesoporous silica, by utilizing a sol-gel 

process, and over-coated the layer with silica nanoparticles that had the 

refractive index of 1.13. The peak transmittance of a double-layered stacked 

gradient refractive index coating film was ~100.0%, and the film transmittance 

in the visible range was above 99.6%. 
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I-2. Photoluminescent lanthanide(III) ions 

 

I-2-1. The photoluminescence mechanism of lanthanide(III) ions 

 

 Lanthanide(III) ions have attracted significant attention owing to their optical 

characteristics.[21-25] These ions have been used in various applications, such as 

optical and biological sensors, optical waveguides, electroluminescent materials 

for organic light-emitting diodes (OLEDs), and signal amplifiers for optical 

fibers. They exhibit a line-like narrow emission and long luminescence lifetime 

resulting from the intra-configurational f-f transition. The 4f orbitals of 

lanthanide(III) ions are gradually filled from 4f0 to 4f14 (Table I-1).[26,27] 

 Depending on the type of the lanthanide ion, the emission color can be tuned 

from the ultraviolet (UV) to the near infrared (NIR) region, including the 

visible region. In the visible region, Tm(III), Tb(III), Dy(III), Sm(III), and 

Eu(III) ions emit blue, green, yellow, orange, and red light, respectively.  

 

 However, lanthanide(III) ions have low absorption coefficients, which makes 

it difficult to directly excite these ions. To overcome this disadvantage, 

Weissman studied the luminescence of lanthanide complexes with organic 

ligands.[28] Owing to the intense absorption of organic ligands, a significantly 

- 12 -



larger amount of energy can be transferred to lanthanide ions by the 

intramolecular energy transfer mechanism that has been termed the antenna 

effect or sensitization.[29] Crosby and Whan proposed the energy transfer 

mechanism for lanthanide complexes (Figure I-4).[30-32] 

 

Table I-1. Electronic structure and color of lanthanide(III) ions.  

Element 

(Symbol) 

Configuration 

Ln3+ 

Ground 

State 

Color in 

aq. solution 

lanthanum (La) 

cerium (Ce) 

praseodymium (Pr) 

neodymium (Nd) 

promethium (Pm) 

samarium (Sm) 

europium (Eu) 

gadolinium (Gd) 

terbium (Tb) 

dysprosium (Dy) 

holmium (Ho) 

erbium (Er) 

thulium (Tm) 

ytterbium (Yb) 

lutetium (Lu) 

[Xe]4f0 

[Xe]4f1 

[Xe]4f2 

[Xe]4f3 

[Xe]4f4 

[Xe]4f5 

[Xe]4f6 

[Xe]4f7 

[Xe]4f8 

[Xe]4f9 

[Xe]4f10 
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Figure I-4. Schematic of the sensitization mechanism of lanthanide(III) 

complexes. The solid arrows indicate radiative transitions and the dotted arrows 

indicate nonradiative internal conversions. S, T, ISC, and ET denote singlet, 

triplet, intersystem crossing, and energy transfer, respectively. 

 

 When lanthanide(III) complexes are irradiated by light, the organic ligands of 

these complexes are excited to the first excited singlet energy state (S1). In the 

internal conversion process, the excited ligands readily relax to the lowest 

vibrational level associated with the S1 state. Then, the excited singlet state can 

be deactivated via either a radiative or nonradiative transition. The radiative 

deactivation yields fluorescence, whereas the nonradiative deactivation 

proceeds via the intersystem crossing (ISC), which generates the first excited 

triplet state (T1). The excited triplet state T1 also undergoes fast relaxation to the 
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lowest vibrational level and is deactivated radiatively or nonradiatively. The 

radiative deactivation from the triplet state yields phosphorescence by the spin-

forbidden transition, which is characterized by a long lifetime and a significant 

Stokes shift. Meanwhile, the energy can be transferred to the excited state of 

lanthanide(III) ions via the photon-assisted pathway in the process of the 

nonradiative deactivation. Through this energy transfer process lanthanide(III) 

ions can be excited indirectly, and can be deactivated radiatively or 

nonradiatively. The final radiative deactivation from the excited state to the 

lower 4f state yields characteristic line-like photoluminescence. 

 

 To increase the luminescence efficiency of lanthanide(III) ions, facilitation of 

the energy transfer and suppression of the nonradiative deactivation are needed. 

Because the distance between the ligand molecules and the metal ions is critical 

to the energy transfer, the location of the light-absorbing group of the ligand 

strongly determines the luminescence efficiency. Higher emission efficiency of 

a lanthanide(III) complex can be achieved by decreasing the distance from the 

chromophore group of the ligand molecules to the lanthanide(III) ions.   

On the other hand, the excitation energy can be dissipated owing to bond 

vibrations, collisions with solvent molecules, or energy back transfer processes, 

reducing the luminescence efficiency. To minimize these unfavorable effects, 
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appropriate organic ligand molecules and coordination design are necessary. 

 

I-2-2. Applications of photoluminescent lanthanide(III) ions 

 

 Owing to their characteristic photoluminescence properties, lanthanide(III) 

ions have been used in various optical applications. A UV-sensitive ink 

featuring europium(III) β-diketonate complexes was used as a countermeasure 

for counterfeiting banknotes and other valuable papers. This ink is invisible 

under the visible light irradiation but emits red light under the UV light 

irradiation. Meijerink’s group speculated that red-emitting fibers and patterns of 

UV-irradiated euro banknotes resulted from the presence of europium(III) β-

diketonate complexes.[33] The efficiency of silicon solar cells was improved by 

applying europium(III) and terbium(III)-doped ormosil glass films on 

photovoltaic devices. The lanthanide(III)-doped ormosil glass films absorbed 

UV light and emitted visible light, increasing the absorption efficiency of 

silicon solar cells.[34,35] Light-converting properties were also used for 

fabricating films in agriculture applications.[36] Ranita company commercialized 

polymer films (Redlight) containing inorganic europium(III)-containing 

compounds (Ksanta) for use in greenhouses. The yield of plants grown in such 

greenhouses increased by up to a 100% owing to the Polysvetan effect.[37,38] 
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 Erbium(III) ions are among the lanthanide(III) ions that are used in 

telecommunication applications. Erbium(III) ions exhibit emission at the 

wavelength of 1540 nm, which matches well the range of wavelengths for 

telecommunication applications. Erbium(III) ions are used as optical amplifiers 

in optical fiber cores and can be excited by external laser sources. Their 

stimulated emission at 1540 nm amplifies the optical fiber signal.[39]  

 

 Lanthanide(III) ions have been considered as electroluminescent materials for 

OLEDs. Since the 1963 discovery by Pope of organic electroluminescence, 

OLEDs have been used in displays and lighting fixtures. Their simple and thin 

structure makes them very suitable for mobile and flexible displays. The 

different types of OLED structures are shown in Figure I-5.  

 

 

Figure I-5. Representative OLEDs. C, ETL, EL, HTL, and A denote the 

cathode, the electron transporting layer, the emitting layer, the hole transporting 

layer, and the anode, respectively.  
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 Theoretically, emitting layers containing lanthanide(III) ions are advantageous 

for color saturation and emission efficiency of OLEDs. Because broad emission 

bands exhibit dull colors that decrease color saturation, monochromatic 

lanthanide(III) ions with narrow emission bands (with full width at half maxima 

under 10 nm) can effectively increase the color saturation.  

In spin statistics, hole and electron recombinations make 75% of triplet excitons 

and 25% of singlet excitons, and only singlet excitons can yield 

electroluminescence, which means the emission efficiency of OLEDs is in 

general limited to 25%. However, the emission efficiency of OLEDs can be 

improved by incorporating lanthanide(III) ions, because the excitation energy of 

triplet excitons can also be transferred to the incorporated lanthanide(III) ions, 

increasing the luminescence. In first-generation devices, the luminance of 

OLEDs based on the europium(III) compound was quite low, 0.3 cd/m2.[40] By 

optimizing organic ligands, the luminance of red-emitting OLEDs was 

improved up to 1670 cd/m2.[41] 

 

 Lanthanide(III) complexes are also used as chemical sensors. Eu(tta)3(phen) 

exhibits luminescent quenching by oxygen molecules; therefore, it can be used 

for monitoring the oxygen concentration by reporting the luminescence 

intensity.[42] A sol-gel glass matrix with Tb-DOTA complexes bearing an N-
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methylphenanthridinium chromophore was also considered as an oxygen 

concentration sensor.[43] Studies of pH sensing and anion sensing using 

lanthanide(III) complexes were also reported.[44,45] 
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I-3. Porous silica nanoparticles 

 

I-3-1. Synthetic method of obtaining mesoporous silica 

nanoparticles 

 

 Silica nanoparticles with pores have been widely investigated owing to their 

unique optical and physical properties. Mesoporous silica nanoparticles are 

representative porous silica, and have been used in many applications, such as 

sensors, catalytic materials, adsorbents, nano-reactors, separation systems, and 

drug delivery systems. In optical applications, mesoporous silica nanoparticles 

have been of great interest as low refractive index materials for anti-reflection 

coatings, owing to their highly porous structures.  

Since several groups had synthesized mesoporous silica in 1990s, various 

synthesis methods have been proposed.[46-50] Properties and morphologies of 

synthesized mesoporous silica depend on the silica source, template, and 

catalysis. Some representative mesoporous silica nanoparticles are summarized 

in Table I-2. Mesoporous silica nanoparticles are typically synthesized as 

follows. First, an inorganic silica source material containing template molecules 

is hydrolyzed and condensed in a specific pH condition. In the final stage, the 

template molecules are removed by calcination or extraction.  
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Table I-2. Representative mesoporous silica. 

Abbreviation Full Name Ref. 

MCM Mobil Crystalline Matter [47,48] 

SBA Santa Barbara Amorphous [49,50] 

MSU Michigan State University [51] 

AMS Anionic surfactant templated Mesopous Silca [52] 

FDU Fudan University [53] 

FSM Foled Sheet Mesoporus [54] 

HMS Hexagonal Mesopous Silica [55] 

IBN Institute of Boiengineering and Technology [56] 

KIT 
Korea Advanced Institute of Science and 

Technology 
[57] 

MCF Meso Cellular Foam [58] 

TUD Technische University Deft [59] 

 

The template molecules function as structure-directing agents, critically 

defining the morphology and final structure of mesoporous silica nanoparticles. 

Various surfactants have been investigated as templates for mesoporous 

nanoparticles, owing to their amphiphilic molecular structures. Mesoporous 

silica nanoparticles are listed in Table I-3, considering the surfactants and 

synthesis conditions. 
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Table I-3. Synthesis of mesoporous silica, depending on the template type. 

Template Route Symbol Condition Example 

Cationic S+I- S+: cationic surfactant 

I-: anionic silicate species 

basic MCM-41,  

MCM-48,  

MCM-50,  

SBA-6[60],  

SBA-8[61],  

FDU-11,  

FDU-13[62] 

S+X-I+ S+: cationic surfactant 

X-: Cl-, Br- 

I+: silicate species 

acidic SBA-1[63],  

SBA-2[64],  

SBA-3[65] 

     

Anionic S-I+ S-: anionic surfactant 

I+: transition metal ion 

Neutral 

-basic 

Mesopous 

aluminum, 

iron, lead oxide 

S-M+I- S-: anionic surfactant 

M+: Na+, K+ 

I-: transition metal ion 

basic W, Mo oxide[66] 

     

Nonionic S0I0 S0: nonionic surfactant 

I0: silicate species 

neutral HMS, 

MSU[67] 

 S0H+X-I+ S0: nonionic surfactant 

X-: Cl-, Br- 

I+: silicate species 

acidic SBA-11,  

SBA-15,  

SBA-16,  

FDU-5,  

FDU-12,  

KIT-5[68] 
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Hexadecyltrimethylammonium bromide (CTAB) is the most famous cationic 

surfactant. For anionic surfactants, anionic phosphate surfactants, carboxylates, 

sulfates, and sulfonates have been widely used. Representative nonionic 

surfactants are three block copolymers such as the ones in the Pluronic series. 

 

I-3-2. Synthesis of hollow silica nanoparticles 

 

 Hollow silica nanoparticles are another representative porous silica materials. 

Hollow silica nanoparticles have an empty core and thin shell made of silica, 

which yields very low refractive indices. There are two main strategies to 

synthesize hollow silica nanoparticles (Figure I-6).  

 

 

Figure I-6. Schematic of the synthesis of hollow silica nanoparticles. 
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Soft templating methods have also been considered. In this approach, droplets 

of polymer templates are formed in an oil-water emulsion and silica sources are 

deposited around the droplets. The deposited silica sources are converted into 

silica shells, and the template molecules in the core are removed by calcination 

or extraction. Yu’s group synthesized hollow silica spheres using 

polyelectrolytes.[69] Poly(acrylic acid) was used for forming a spherical 

colloidal aggregation in an ethanol solution, and subsequent hydrolysis of 

TEOS under control of ammonia induced formation of thin walls of silica 

around the poly(acrylic acid). Finally, the poly(acrylic acid) was removed by 

solvent washing. Fan’s group fabricated hollow silica spheres using 

thermosensitive poly(N-isopropylacrylamide) (PNIPAm).[70] PNIPAm was used 

as a reversible template owing to its thermosensitivity. PNIPAm chains can 

reversibly aggregate and dissolve in an aqueous solution. By increasing the 

temperature, PNIPAm chains aggregate and act as a soft template core for 

hollow silica, and they can be easily removed by lowering the temperature as 

they dissolve and can be extracted from the hollow silica core. In addition, the 

extracted PNIPAm can aggregate repeatedly and can be used as a recyclable 

template.   

 

Another strategy of synthesizing hollow silica nanoparticles utilizes the 
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method of hard templating. Polystyrene (PS) nanoparticles are typical hard 

templates for hollow silica nanoparticles. In the hard templating approach, the 

template’s size can be controlled precisely and the size distribution of 

synthesized hollow silica nanoparticles is satisfactory, whereas hollow silica 

nanoparticles synthesized using soft templating methods exhibit relatively 

broad size distributions. Blanco’s group synthesized mono-dispersed silica 

hollow spheres using PS spheres.[71] PS spheres were synthesized and silica 

coating was applied on the PS spheres, after which the PS spheres were 

removed by solvent extraction and subsequent calcination or simply in one-step 

calcination process without solvent extraction.  
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I-4. Superhydrophilicity 

 

I-4-1. Definition and mechanism of superhydrophilicity 

 

 Accompanied by a growing interest in superhydrophobicity and 

superhydrophobic surfaces, significant research on superhydrophilicity and 

superwetting surfaces has been conducted during the last twenty years. Since 

Onda et al. investigated the wettability of fractal surfaces, highly water-wetting 

surfaces became known as superwettable surfaces.[72,73] The concept of 

superhydrophilicity was introduced by several Japanese research groups in 

2000.[74-77] In the literature, a superhydrophilic surface is defined as a surface 

with the water contact angle smaller than 5°, whereas a surface with the water 

contact angle larger than 150° is called a superhydrophobic surface. A leaf of 

lotus, which exhibits an excellent water repelling property, is a representative 

naturally occurring superhydrophobic surface, and its mechanism was 

investigated by Barthlott and Neinhuis.[78] Fujishima’s group was the first to 

study highly hydrophilic surfaces.[79] They achieved a nearly 0° water contact 

angle for a titanium dioxide surface irradiated by UV light.  

Superhydrophilic surfaces are characterized by anti-fogging, ultrafast drying, 

and self-cleaning ability. The relationship between the surface and interface 
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energy of different materials and the contact angle of a liquid on a flat solid 

surface is shown in Figure I-7. 

 

 

Figure I-7. Schematic of Young’s model, where γs is the solid surface free 

energy, γl is the liquid surface free energy (liquid surface tension), γsl is the 

solid-liquid interfacial free energy, and θ is the equilibrium contact angle on a 

flat surface. 

 

 To obtain a superhydrophilic surface, the water contact angle should be 

smaller than 5°, which implies cos(θ) > 0.996. By considering the surface 

- 27 -



energy of water (72 mJ/m2) and the boundary condition of Young’s equation, 

the equation can be expressed as   

 

γs - γsl > 71.726 mJ/m2        (Equation I-8) 

 

The surface free energy of the solid should be high and at the same time the 

solid-liquid interfacial free energy should be minimal, which means that the 

solid surface should be highly hydrophilic for achieving superhydrophilicity.  

 

Several strategies for fabricating superhydrophilic surfaces have been 

considered. Specific metal oxides, such as TiO2, ZnO, SnO2, WO3, and V2O5, 

are superhydrophilic under the UV irradiation, resulting in the photo-induced 

hydrophilic effect, which was discovered accidentally at the Japanese company 

TOTO in 1995.[79] TiO2 can generate electrons and holes under the UV 

irradiation, which induces Ti3+ defect sites and oxygen vacancies respectively, 

following which water molecules are adsorbed on the TiO2 surface, resulting in 

superhydrophilicity. The same mechanism explains the superhydrophilicity of 

ZnO. Figure I-8 schematically shows the photo-induced hydrophilic effect.[80] 

 

- 28 -



 

Figure I-8. Photo-induced hydrophilic effect of TiO2. CB is the conduction 

band and VB is the valence band. 

 

However, the photo-induced hydrophilic effect of TiO2 decays with time in a 

dark environment, and a superhydrophilic surface becomes a hydrophilic 

surface. Although the superhydrophilicity property can be recovered reversibly, 

permanently superhydrophilic surfaces have been investigated using a different 

strategy. 

 Another representative approach to superhydrophilicity is surface roughening 

of hydrophilic materials. In 1936, Wenzel defined the relationship between the 

wettability and roughness of a surface as follows:[81] 
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cos θm = r cos θi    (Equation I-9) 

where θm, r, and θi denote the macroscopic contact angle, the roughness factor, 

and the intrinsic contact angle, respectively.  

 

The roughness factor r is defined as the ratio of the actual to the projected solid 

surface area (Equation I-10): 

 

r = actual surface area / projected surface area        (Equation I-10) 

 

The roughness factor of an ideally flat surface is 1, because the actual surface 

area and the projected surface area are the same. However, the roughness factor 

of a rough surface is larger than 1. For a fixed dimensional area, the actual 

surface area increases with increasing the surface roughness, whereas the 

projected surface area does not change. As a result, the roughness factor 

increases as the surface roughness of a solid increases. 

 

 According to Equation I-9, the macroscopic water contact angle can be 

increased or decreased by increasing the roughness factor. A surface with the 

intrinsic contact angle under 90° can demonstrate a smaller macroscopic contact 

angle compared with its intrinsic contact angle as the roughness factor increases. 
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Figure I-9 shows the minimal roughness factors needed for superhydrophilicity 

(water contact angle smaller than 5°) for given intrinsic contact angles of 

materials. The surfaces in the area below the line are superhydrophilic. 

 

 

Figure I-9. Minimal roughness factors for achieving superhydrophilicity, for 

given intrinsic contact angles of materials. 

 

 On the other hand, a surface with the intrinsic contact angles larger than 90° 
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can exhibit a larger macroscopic contact angle than its intrinsic contact angle as 

the roughness factor increases. Figure I-10 shows the minimal roughness 

factors needed for superhydrophobicity (water contact angle larger than 150°) 

for given intrinsic contact angles of materials. The surfaces in the area above 

the line are superhydrophobic. 

 

 

Figure I-10. Minimal roughness factors for achieving superhydrophobicity, for 

given intrinsic contact angles of materials. 
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 Reversible superhydrophilic-superhydrophobic coatings have been of 

significant interest owing to their usability in sensors, microfluidics, and drug 

delivery. Reversible wettability can be accomplished on rough surfaces by 

reversibly altering chemical composition using external stimuli. Zhang and 

coworkers fabricated pH-sensitive reversible wetting surfaces by synthesizing a 

pH-sensitive polymer and applied it to a rough gold substrate. As the 

conformation of the pH-sensitive polymer changed depending on the pH value, 

the surface wettability of the coating was changed from superhydrophilic to 

superhydrophobic.[90] 

   

I-4-2. Applications of superhydrophilicity 

 

 Superhydrophilicity is utilized in many fields. Anti-fogging coating is one 

representative application of superhydrophilicity.[91-95] Anti-fogging coated 

surfaces can diminish light scattering of the condensed water droplet on the 

surfaces under high humidity conditions owing to the surfaces’ superwetting 

properties. (Figure I-11) Swimming goggles, optical lenses, and display screens 

coated with anti-fogging coatings can maintain optical clarity in high-humidity 

conditions.   
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Figure I-11. (a) Light scattering from water droplets condensed on an uncoated 

surface, in a high-humidity condition. (b) Clear reflection from a superwetted 

water layer on an anti-fogging coated surface, in a high-humidity condition.  

 

Superhydrophilicity can be also utilized in bio-fouling applications. Meng’s 

group investigated the anti-fouling effect of superhydrophilic surfaces.[96] 

Superhydrophilically treated surfaces demonstrated lower fouling by 

fluorescein and fluorescent proteins. 

 Optical fiber-based humidity sensors with superhydrophilic silica coating have 

also been fabricated.[97] The fabricated sensors exhibited a rapid response time 

and good sensing linearity for relative humidity in the 40–98% range. 

Superhydrophilic anti-reflection films have been applied to solar cells, 

increasing their efficiency.[98] 
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Chapter II. 

 

Photosensitive double-layered anti-reflection film 

containing a europium(III) complex   



II-1. Introduction 

 

 In recent years, as their sizes have increased, flat panel displays have attracted 

considerable interest for use in the delivery of presentations. Direct presentation 

on a flat panel display screen can provide bright and clear images with a higher 

contrast ratio than images using the beam projection system composed of a 

beam projector and a white screen. However, the problem with flat panel 

displays is that it is difficult to optically highlight specific content on the screen 

using a laser pointer or laser pen. The anti-reflection coating[1-6] applied on the 

top of the display screen diminishes the reflection of the laser light. 

Furthermore, the display is self-lightening and the bright light from the 

backlight of the display interrupts the detection of the laser light.[7] Several 

researches have been conducted on luminescent anti-reflection films that 

contain metal oxides in order to overcome this problem.[8-11] However, obstacles 

to the practical application of these films remain, such as the high temperature 

process required for the fabrication of the coating layer and the difficulty in 

selecting an excitation wavelength outside of the backlight spectrum of the 

display. Photochromic materials have also been considered, but cannot be used 

because of their slow response and low fatigue resistance.[12]  

In this work, laser visibility on a double-layered anti-reflection film with a 
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high refractive index layer containing a photoluminescent europium(III) 

complex was demonstrated. The europium(III) ion shows a narrow emission 

and long life because its luminescence is derived from intraconfigurational f-f 

transitions. Direct irradiation of the europium(III) ion is difficult due to its low 

absorption coefficient. Therefore, the europium(III) ion is used for practical 

applications after complexation with organic molecules which absorb light and 

sensitize the ion by intramolecular energy transferfer.[13,14] The absorption 

pattern of the complex can be controlled easily by varying the organic ligand 

structures. In addition, the europium(III) complex shows a relatively large 

Stokes shift between absorption and emission. By considering these advantages, 

the europium(III) complex can be excited at near-UV wavelengths, which are 

rarely emitted by the display, and the photoluminescence of the europium(III) 

complex can be detected in the visible range. 
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II-2. Experimental 

 

 Materials. Tris(1,3-diphenyl-1,3-propanedionato)(1,10-phenanthroline) 

europium(III) (TDPP-Eu(III)) was purchased from TCI and was used without 

further purification. Dipentaerythritol hexaacrylate (Miramer M600) was 

purchased from Miwon Specialty Chemical. 1-Hydroxycyclohexyl phenyl 

ketone was purchased from Aldrich. Colloidal nano-silica sol (IPA-ST-MS, 

solid contents 20 wt%) was purchased from Nissan Chemical. Other solvents 

were used as received. 

 

Preparation of an europium(III) complex containing high refractive index 

coating solution (HR-Eu). A UV curable acrylate solution was prepared by 

dissolving Miramer M600 (0.16 g, 25.37mM), 1-hydroxycyclohexyl phenyl 

ketone (0.01 g, 6.25 mM), and TDPP-Eu(III) (0.08 g, 6.84 mM) in THF (10.97 

ml). The total solid contents was 2.5 wt%. 

 

Preparation of a low refractive index coating solution (LR-silica). A 

colloidal nano-silica solution was prepared by diluting 0.1 g of IPA-ST-MS in 

9.9 g (12.60 mL) of isopropyl alcohol and stirred for 10 min at room 

temperature. The total solid contents was 2 wt%. 
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Preparation of europium(III) complex containing anti-reflection film 

(AR-Eu). HR-Eu (200 µL) was dropped on the glass substrate (5 × 5 cm2), 

followed by spin coating at 400 rpm for 30 sec. The coated glass was cured by a 

100W high pressure mercury lamp under nitrogen. Total irradiation dose was 

400 mJ cm-2. Then, LR-silica (200 µL) was applied on the top of the high 

refractive index layer by spin coating at 1000 rpm for 30 sec. 

 

Instrument. UV-Vis absorption spectrum was obtained by a Sinco S-3150 

spectrometer. Fluorescence measurements were performed on a Shimadzu RF-

5301PC spectrofluorometer. Refractive indices and reflectance were measured 

by a K-Mac ST4000-DLX reflectometer. Transmitted white LED backlight 

spectrum of LCD was investigated by a Topcon SR-UL1R spectroradiometer. 

Cross-sectional layer analysis was performed by a Hitachi S-4300 FE-SEM. A 

Philips TL 100W/10R lamp (wavelength; between 350 and 400 nm) was used 

for irradiation of a TDPP-Eu(III)-containing layer. 

 

Photoluminescent pointing test. A surface-protective-coated polarizer film of 

an LCD (Samsung smart TV model UN32ES6400) was replaced by an 

uncoated glare polarizer film. The AR-Eu coated glass or uncoated glass was 

attached on the glare polarizer film and the pointing test was carried out using a 
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405 nm laser pointer. 
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II-3. Results and discussion 

 

Anti-reflection is achieved by the destructive interference between two types 

of reflected light originated from the surface of the coating layer and the 

interface between the coating layer and the substrate. To successfully achieve 

anti-reflection, it is essential to match the two conditions. Firstly, the phase 

difference between the two types of reflected light should be half of the 

wavelength. Secondly, the intensities of the two types of reflected light should 

be equal.[1,15] Both conditions can be expressed as equation I-2 and I-3, 

respectively, as follows: 

 

nc
2 = ns                      (Equation I-2) 

2 nc dc = λ/2                  (Equation I-3) 

where nc, ns refer to the refractive indices of the coating layer, substrate, 

respectively, dc is the thickness of the coating layer and λ is the wavelength of 

the light. 

 

The refractive index of the coating layer should be 1.22 to prevent light 

reflection from the glass substrate (refractive index of 1.5) according to 

equation I-2. Although some low refractive index materials are available such 
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as silica (refractive index of 1.46) and magnesium fluoride (refractive index of 

1.39), they do not achieve perfect anti-reflection. Due to the difficulty of 

attaining a low refractive index near 1.22, an anti-reflection film generally has a 

multi-layered structure. The equations for a double-layered anti-reflection 

coating are as follows: 

 

(ns / nair) n1
2 = n2

2              (Equation I-6) 

n1d1 = n2d2 = λ/4              (Equation I-7) 

where n1 and d1 are the refractive index and thickness of the upper layer, 

respectively, and n2 and d2 are those of the bottom layer. ns is the refractive 

index of the substrate and nair is the refractive index of air.  

 

In a double-layered anti-reflection system with the bottom layer of a high 

refractive index and the upper layer of a low refractive index, equation I-7 

suggests that the refractive index of the upper layer is not necessarily as low as 

1.22 when the refractive index of the bottom layer is high.  

 

Tris(1,3-diphenyl-1,3-propanedionato)(1,10-phenanthroline)europium(III) 

(TDPP-Eu(III)) was choosed as a photosensitive compound for highlighting 

because the absorption spectrum of TDPP-Eu(III) was out of the backlight 
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spectrum of the LCD and could be excited to emit red light by using a 

commercially available laser source. In addition, TDPP-Eu(III) was soluble in 

various organic solvents and commercially available. A UV cured acrylate film 

containing TDPP-Eu(III) and a film of a colloidal nano-silica were used as a 

high and a low refractive index layer, respectively, for the fabrication of an anti-

reflection film.  Figure II-1 shows the absorption, excitation, and emission 

spectra of TDPP-Eu (III) in THF and the transmitted white LED backlight 

spectrum of the LCD. When irradiated by near-UV such as the 405 nm laser 

light, TDPP-Eu (III) showed a strong red emission at 615 nm, corresponding to 

the 5D0→7F2 transition of the Eu (III) ion. Emission peaks at 581 nm, 594 nm, 

and 654 nm were assigned to the 5D0→7F0, 
5D0→7F1, and 5D0→7F3 transitions, 

respectively. The absorption and excitation spectra of TDPP-Eu (III) barely 

overlapped with the transmitted white LED backlight spectrum of the LCD, 

indicating that TDPP-Eu(III) in the anti-reflection film would not disturb the 

display images when the film was placed on the top of the display screen. It was 

also expected that the illumination on the anti-reflection film containing TDPP-

Eu(III) by a laser beam of appropriate wavelength could be possible even in the 

presence of a backlight. 
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Figure II-1. Normalized absorption, excitation (λem = 615 nm) and emission 

(λex = 405 nm) spectra of TDPP-Eu(III) in THF (10-2 mM) and transmitted 

white LED backlight spectrum of the LCD.  

 

A UV curable acrylate solution containing TDPP-Eu(III) in THF (HR-Eu) was 

prepared from TDPP-Eu(III) (6.84 mM), a dipentaerythritol hexaacrylate 

(Miramer M600) (25.37 mM) and 1-hydroxycyclohexyl phenyl ketone (6.25 

mM). A clear thin film containing TDPP-Eu(III) was obtained by spin coating 

of the solution on the glass substrate and subsequent UV curing. The HR-Eu 

coated glass emitted bright red light, whereas the uncoated glass was 

photophysically silent under the near-UV irradiation with a Philips TL 

100W/10R lamp (spectral range from 350 to 400 nm) as shown in Figure II-2. 
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Figure II-2. Photographs of the uncoated glass (left) and the TDPP-Eu(III) 

coated glass (right) under visible light (a) and under near-UV light (b). 

 

The concentration effects of TDPP-Eu (III) on the refractive index of the 

acrylate film were examined. The films with different TDPP-Eu (III) 

compositions were prepared on a glass substrate by spin coating of the acrylate 

solutions containing various concentrations of TDPP-Eu (III) in THF. The 

thicknesses of the films were set to be over 100 nm in order to measure the 

refractive indices correctly. For the measurement, green 555 nm light was used, 

which is known to be the most sensitive to human eyes.[16] Figure II-3 shows 
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the refractive indices of the films depending on the compositions of TDPP-

Eu(III). The refractive index of the acrylate film was 1.53 in the absence of 

TDPP-Eu(III) and increased proportionally as the composition of the Eu(III) 

complex increased. The refractive index of TDPP-Eu(III) itself was 1.69.  

 

 

Figure II-3. Refractive indices of the films depending on TDPP-Eu(III) 

compositions. 

 

To confirm the stability of the acrylate film having TDPP-Eu(III) at the 

display system, the UV stability of the TDPP-Eu(III) was investigated. Two 

- 55 -



polarizer films were attached in parallel to the rear side of the Eu(III) complex 

coated glass. UV irradiation was carried out from the rear side with a high 

pressure mercury lamp and PL intensity was measured every 3,000 mJ/cm2 up 

to 9,000 mJ/cm2. The emission intensity was slightly decreased after UV 

irradiation of 9,000 mJ/cm2 (Figure II-4). 

 

 

Figure II-4. The emission of the Eu(III) complex (λex = 405 nm) coated glass 

before and after UV irradiation. 

 

As a low refractive index layer, a thin film was prepared from a colloidal 

nano-silica sol (LR-silica).[17] The film showed a refractive index of 1.34, which 

was much lower than the intrinsic refractive index of silica (1.46). Randomly 
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packed spherical particles without interparticle forces have been reported to 

have void fractions ranging from 37 % to 42 % in their packing structures.[18,19] 

Because of the interparticle voids, the colloidal nano-silica coated layer showed 

a relatively low refractive index. The calculated void fraction from the 

measured refractive index was about 26 %. It was presumed that the porosity 

lower than the reported values resulted from the irregularity of the silica 

particles (Figure II-5).[20,21] 

 

A double-layered anti-reflection film (AR-Eu) was prepared from HR-Eu and 

LR-silica. HR-Eu was first coated on the glass substrate and cured to give a 

high refractive index layer [composition of TDPP-Eu(III): 30 wt%]. A LR-silica 

layer of a low refractive index was then applied on the top of the high refractive 

index layer. The refractive index of the HR-Eu layer in AR-Eu was measured to 

be 1.57. The refractive index of the LR-silica layer slightly increased from 1.34 

for the single LR-silica layer to 1.37, which probably resulted from the porosity 

change. According to equation I-7, when the refractive index of the top layer 

was 1.37, the bottom layer should have a refractive index of 1.68 to achieve a 

perfect anti-reflective effect. This value could be achieved using a solution of a 

high concentration of TDPP-Eu (III), but the film with a TDPP-Eu (III) 

composition of over 30 wt% showed poor quality due to nonhomogeneous 
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crosslinking. 

 

 

Figure II-5. SEM images of (a) the surface and (b) the cross-section of the LR-

silica layer. Scale bar is 100 nm for (a) and 50 nm for (b). 
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According to equation I-7, the theoretically optimized thicknesses of the high 

and low refractive index layers for visible light at 555 nm were 88 and 101 nm, 

respectively, when their refractive indices were 1.57 and 1.37, respectively 

(Figure II-6a).  

The spin coating rate for each layer was controlled to have an optimum 

thickness. Figure II-6b shows the SEM image of the cross-section of AR-Eu. 

The thickness of the bottom layer was measured to be around 85 nm (HR-Eu 

layer) and that of the upper layer was around 100 nm (LR-silica layer), and 

these were very close to the optimum thicknesses. The AR-Eu film eventually 

showed the minimum reflectance at 551 nm. 

 

The uncoated glass showed a reflectance of around 4 % at 555 nm (Figure II-

7). The reflectance of the HR-Eu coated glass was increased to 6 % because of 

its enhanced reflection at the surface and at the interface of the coating layer 

and the substrate. The reflectance of the LR-silica coated glass was 0.81 %. The 

reflectance of AR-Eu composed of the HR-Eu and LR-silica layers was 

dramatically reduced to 0.48 % at 555 nm. The reflectance spectrum of each 

sample measured between 400 ~ 700 nm was very similar to the calculated 

spectrum based on Fresnel’s equation.[1] 
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Figure II-6. (a) Calculated optimum thickness as a function of a refractive 

index. (b) Cross-sectional SEM image of the AR-Eu layer on the glass. Scale 

bar is 100 nm. 
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Figure II-7. Reflectance of the uncoated glass and the surface-coated glass. The 

calculated reflection spectra of the HR-Eu and LR-silica films on the glass were 

obtained considering their refractive indices of 1.57 and 1.34, respectively, and 

thicknesses of 85 and 100 nm, respectively. The calculated reflection spectrum 

of the AR-Eu film on the glass was obtained based on the bottom layer, with a 

refractive index of 1.57 and a thickness of 88 nm, and on the top layer with a 

refractive index of 1.37 and a thickness of 101 nm. 

 

An AR-Eu coated glass substrate was placed on the top of the glare polarizer 

of the LCD, on which letters were displayed. A photograph of the display taken 

under irradiation using an indoor fluorescent lamp showed that the letters were 
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clearly visible (Figure II-8). An uncoated glass substrate was similarly placed 

on the LCD; in this case, the fluorescent lamp reflected strong light, making it 

difficult to recognize some of the letters on the display. It was also possible to 

highlight a specific point on the AR-Eu coated display screen using the laser 

light. When a 405 nm laser pointer was used, the pointed area appeared as a 

bright red spot because the europium (III) complex in the AR-Eu layer was 

excited by the laser light (Figure II-9). In contrast, the area highlighted by the 

laser-pointer was barely recognizable on the uncoated screen due to the bright 

backlight of the display. 

 

 

Figure II-8. Photographs of the uncoated display screen (left) and the AR-Eu 

coated display screen (right) under irradiation by an indoor fluorescent lamp. 
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Figure II-9. Photographs of the uncoated display screen (a) and the AR-Eu 

coated display screen (b) taken while using a 405 nm laser pointer. 
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II-4. Conclusions 

 

A double-layered anti-reflection film with a high refractive index layer 

containing an europium (III) complex was prepared. The europium (III) 

complex acted as a high refractive index material as well as a photosensitive 

material. When the anti-reflection film was placed on the top of the glare 

polarizer of the LCD, It was possible to selectively highlight a displayed image 

using near-UV laser light and to simultaneously eliminate unnecessary 

reflection of outside light. These anti-reflection and photosensitive coatings 

could be used in various devices such as displays, sensors for communication 

systems, solar cells, and functional windows. 
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Chapter III. 

 

Anti-reflective film prepared by the surface assembled 

of hollow silica nanoparticles 

  



III-1. Introduction 

 

For anti-reflection coating of polymer substrates, functionally separate 

multiple layers are usually needed. A hard coating layer for protecting the film 

is first coated on a polymer substrate, following which high and low refractive 

index layers are coated on the hard coating layer. To achieve the destructive 

interference of the reflected light, it is necessary to control the coating thickness 

of the low refractive index layer to be in the range of nanometers. For 

accurately controlling the layer’s thickness, stepwise layer-by-layer assembly 

and dip coating methods have been widely investigated[1-8] but, it is still a 

challenge to efficiently fabricate anti-reflection films. Recently, the need for a 

simple and convenient process for enhancing the production efficiency of the 

films has grown.  

 

 We report a simple anti-reflection coating method of polymer substrates 

using aggregation behaviors of hollow silica nanoparticles. The aggregation 

behaviors of hollow silica nanoparticles and the solvent swelling effects of the 

polymer substrates on the optical properties are discussed in comparison with 

the results from a glass substrate. Surface localization of nanomaterials has 

been widely investigated in many fields but been rarely studied to achieve 
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antireflection properties.[9,10] and are compared with those for a glass substrate. 
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III-2. Experimental 

 

 Materials. Hollow silica nanoparticles, dispersed in methyl isobutyl ketone 

(Thrulya4120, solid content of 20 wt%), were purchased from JGC&C. 

Pentaerythritol triacrylate (Miramer M340) was purchased from Miwon 

Specialty Chemical. 1-Hydroxycyclohexyl phenyl ketone was purchased from 

Aldrich. Other solvents were used as received. 

 

 Preparation of a UV curable acrylate solution. A UV curable acrylate 

solution was prepared by dissolving Miramer M340 (3.00 g, 1.35 mM) and 1-

hydroxycyclohexyl phenyl ketone (0.30 g, 0.20 mM) in 6.70 g (7.43 mL, 76.04 

mmol) of ethyl acetate. The total solid content was 33 wt%. 

 

Preparation of a UV curable hollow silica coating solution (HS-AR-

15~HS-AR-70). All the coating solutions in this study were prepared by simply 

mixing the dispersed hollow silica nanoparticles with a UV curable acrylate 

solution and an additional solvent, at various ratios. The ratios of the hollow 

silica nanoparticles to the total solid content were 15 wt% (HS-AR-15), 20 wt% 

(HS-AR-20), 30 wt% (HS-AR-30), 40 wt% (HS-AR-40), 50 wt% (HS-AR-50), 

60 wt% (HS-AR-60), and 70 wt% (HS-AR-70), respectively. For all coating 
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solutions the total solid content was maintained at 4.76 wt%, and the solvent 

ratio was also maintained at 50 (EA) : 50 (MIBK) wt%. 

 

 Preparation of anti-reflection films. In each experiment, 1 g of the prepared 

coating solution was loaded on a triacetyl cellulose film (TAC; thickness, 40 

μm) and coated by a wire bar #7. The wet film’s thickness was 16 μm. The 

coated wet films were dried at 90  for 2 min to remove the solvent by 

evaporation. Finally, the dried films were UV-cured by a 100 W high-pressure 

mercury lamp in the presence of gaseous nitrogen. The overall irradiation dose 

was 400 mJ/cm2. 

 

 Instrument. Reflectance was measured using a Shimadzu UV-2450 device. 

Refractive indices were measured using a K-Mac ST4000-DLX reflectometer. 

Scanning electron microscopy (SEM) images were obtained using a Hitachi S-

4300 FE-SEM. Energy-dispersive X-ray spectroscopy (EDS) analysis was 

performed using a Thermo NORAN System SIX. Transmission electron 

microscopy (TEM) images were obtained using a JEOL JEM-2010 microscope 

at 200 keV. Pencil hardness was measured using a Sukbo Science ED-PC2 

pencil hardness tester.  
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III-3. Results and discussion 

 

Hollow silica nanoparticles have been investigated as low refractive index 

materials owing to their highly porous structures. These particles have thin 

shells and large pores in their core, which effectively reduces their refractive 

index. To fabricate anti-reflection films, the morphology and the refractive 

indices of hollow silica nanoparticles were investigated first. TEM analysis was 

performed to characterize hollow silica nanoparticles (Figure III-1). The 

particles’ diameter was in the 40–80 nm range, and the shell thickness ranged 

from 5 nm to 10 nm. The refractive index of hollow silica nanoparticles was 

measured and compared to the refractive index calculated based on the particles’ 

core-shell volume fraction.  

 

The dispersion containing hollow silica nanoparticles (Thrulya4120) was spin-

coated on a silicon wafer and the refractive index of the resulting coating layer 

was analyzed in the visible range (Figure III-2). Although the measured 

refractive index of the coating layer was 1.19 at 555 nm, the real refractive 

index of hollow silica nanoparticles was estimated as 1.27, assuming the inter-

particle pore volume in the packing layer is 30%, which reduces the refractive 

index even more.  
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Figure III-1. TEM imaging of hollow silica nanoparticles. The scale bar is 50 

nm. 

 

 

Figure III-2. Refractive index of a layer of hollow silica nanoparticles, with 

inter-particle pores. 
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The refractive index of hollow silica nanoparticles was calculated from the 

TEM imaging data and compared to the measured refractive index. As the 

measured hollow silica nanoparticles exhibited a relatively broad range of 

diameters and shell thicknesses, the refractive index of hollow silica 

nanoparticles was calculated depending on these two parameters. The shell 

thickness varied from 5 nm to 10 nm and the external diameter varied from 30 

nm to 100 nm; the refractive indices of silica and air were set to 1.46 and 1.00, 

respectively (Figure III-3). 

 

 

Figure III-3. Refractive indices of hollow silica nanoparticles, calculated from 

the particles’ core-shell volume fraction. The shell thicknesses are (a) 10 nm 

and (b) 5 nm.   
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 TEM imaging results reveal that smaller particles have thinner shells. For 

instance, the shell thickness of a typical 40-nm-diameter hollow nanoparticle is 

5 nm, and that of a typical 80-nm-diameter particle is 10 nm. For both of 

particles, the refractive index is ~1.27, because the core-shell volume fraction is 

nearly the same. This value matches the one obtained from direct measurements 

of the refractive index of a layer of hollow silica particles.   

 

The dispersion of hollow silica particles and a UV curable acrylate solution 

were mixed at various ratios, and the refractive indices of the resulting mixtures 

were measured (Figure III-4a).  

To investigate the substrate dependence of the optical properties of a coating 

solution, several HS-AR solutions were coated on glass substrates and polymer 

substrates, and the reflectance values of the resulting structures were measured. 

The mixed solutions were coated on the glass substrates and polymer substrates 

using a wire bar, and dried for 2 min at 90 , following which the surfaces 

were UV-cured using a 100 W high-pressure mercury lamp in the presence of 

gaseous nitrogen. The overall irradiation dose was 400 mJ/cm2. The refractive 

index and reflectance decreased with increasing the portion of hollow silica 

nanoparticles (Figure III-4). 
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Figure III-4. (a) Refractive index and (b) reflectance of a coating layer, vs. the 

concentration of the hollow silica nanoparticles. The dashed line with circles: 

reflectance results for the glass substrate. The solid line with closed diamonds: 

reflectance results for the TAC substrate. 
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 To reduce the reflectance below 1%, over 60 wt% of hollow silica 

nanoparticles is needed for the glass substrate, whereas only 20 wt% of hollow 

silica nanoparticles is needed for the polymer substrate. The dependence of 

reflectance on the concentration of hollow silica nanoparticles was quite 

different across the glass and polymer substrates. For the glass substrate, the 

reflectance matched the refractive index of the coating layer, depending on the 

concentration of hollow silica nanoparticles. On the other hand, for the polymer 

substrate the reflectance did not match the refractive index of the original 

coating solution. The reflectance was ~2% for the 15 wt% concentration of 

hollow silica nanoparticles (HS-AR-15), while it was 1% for concentrations 

ranging from 20 wt% (HS-AR-20) to 60 wt% (HS-AR-60), and it was 0.28% 

for 70 wt% (HS-AR-70). 

 

To explain this dependence, morphological investigations were performed. 30 

wt% of a solution of hollow silica nanoparticles (HS-AR-30) was coated on a 

glass and a TAC substrate using a wire bar over than 2-μm-thickness, and the 

cross-sectional morphologies of the resulting films were investigated using 

SEM (Figure III-5). 
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Figure III-5. Cross-sectional SEM images of a UV-curable solution of hollow 

silica nanoparticles (HS-AR-30) on the (a) glass substrate and (b) TAC 

substrate. The scale bar is 1 μm. 

 

 Based on the cross-sectional SEM images, the UV-curable coating of hollow 

silica nanoparticles on the glass substrate exhibited uniformly distributed 

hollow silica nanoparticles throughout the coating layer. However, for the UV-

curable coating of hollow silica nanoparticles on the polymer substrate, the 

hollow silica nanoparticles accumulated closer to the upper surface of the 

coating layer and were rarely observed near the bottom surface of the coating 

layer. The distribution of hollow silica nanoparticles was confirmed by Si 

element profile analysis with EDS investigation (Figure III-6).  
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For the glass substrate, the Si element intensity only slightly increased from 

the upper surface to the bottom surface of the coating layer. However, for the 

polymer substrate the Si element intensity was dramatically lower on the 

bottom surface of the coating layer (compared with the upper surface), implying 

that in this case hollow silica nanoparticles in the coating layer were phase-

separated in the vertical direction and were localized on the upper surface of the 

coating layer and rarely found on the bottom surface of the coating layer.  

 

 

Figure III-6. Si profiles for solutions of UV-curable hollow silica nanoparticles 

on (a) the glass substrate and (b) the TAC substrate, obtained by the EDS 

analysis. 
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 Owing to the above-described aggregation phenomenon, the optical properties 

of the coating on the polymer substrate differed from those of the coating on the 

glass substrate. To determine the refractive index of the layer of aggregated 

hollow silica nanoparticles coated on the polymer substrate, reflectance was 

calculated for the coating layers with different refractive indices coated on the 

TAC substrate with the refractive index of 1.47 (Figure III-7), and the result 

was compared to the measured reflectance.  

 

 

Figure III-7. Calculated reflectance vs. the refractive indices of the coating 

layer on the TAC film with the refractive index of 1.47.  

 

The intrinsic refractive index of a layer coated with 15 wt% of hollow silica 
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nanoparticles solution (HS-AR-15) was 1.47. According to Figure III-7, the 

calculated reflectance of a TAC film coated with 15 wt% of hollow silica 

nanoparticles was 3.62%. However, the measured reflectance for this TAC 

substrate was 2%, and the calculated refractive index was 1.40.   

To achieve the intrinsic refractive index of 1.40, ~40 wt% of hollow silica 

nanoparticles is needed. This implies that aggregation of hollow silica 

nanoparticles increases the concentration of hollow silica nanoparticles up to 

2.7-fold for the upper top surface of the coating layer on the TAC substrate.  

 

For the case of the TAC substrate, the aggregation behavior was observed for 

all solution ratios of hollow silica nanoparticles. However, the reflectance and 

the refractive index values remained nearly the same for nanoparticle solution 

concentrations ranging from 20 wt% (HS-AR-20) to 60 wt% (HS-AR-60).  

To explain these phenomena, the refractive index of a fully concentrated layer 

of hollow silica nanoparticles with UV-curable acrylate was calculated. 

Assuming the inter-particle volume of 30% in the fully packed structure of 

nanoparticles, the refractive index of the fully packed layer of hollow silica 

nanoparticles with acrylate was 1.34 as calculated for a system for which 70% 

of the volume was taken up by hollow silica nanoparticles and 30% by UV-

curable acrylate. From Figure III-7, the layer with the refractive index of 1.34 
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had the reflectance of ~1%.  

 

These results suggest that for the 20 wt% solution concentration of hollow 

silica nanoparticles (HS-AR-20), the nanoparticles should be fully concentrated 

on the upper surface of the coating layer. From the same calculation, the coating 

layer with the 20 wt% solution concentration of hollow silica nanoparticles 

(HS-AR-20) yields a 3-fold more concentrated layer of hollow silica 

nanoparticles. The concentration of hollow silica nanoparticles was saturated 

and a fully packed structure was maintained for up to 60 wt% solution 

concentration of hollow silica nanoparticles (HS-AR-60). As a result, the 

reflectance remained at 1%.  

 

Finally, a 70 wt% solution concentration of hollow silica nanoparticles (HS-

AR-70), coated on the TAC substrate, yielded the reflectance as low as 0.28%, 

and the calculated refractive index was 1.28, which was the lower value than 

the fully saturated layer of hollow silica nanoparticles. In other words, for 

hollow silica nanoparticle concentrations above 70 wt%, the acrylate volume 

was not sufficient for filling the inter-particle pores, which reduced the 

refractive index and the reflectance of the coating layer dramatically.  
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To determine the mechanisms responsible for the observed surface aggregation 

behavior, coating solutions with various solvent ratios were coated by several 

micrometers thick on the TAC substrates, and the resulting morphologies were 

investigated (Figure III-8). In these characterizations, all of the chemical 

composition parameters except the solvent ratio were the same. 

 

Because the swelling intensity of the TAC substrate obtained by EA is higher 

than that obtained by MIBK, the morphologies of the coating layer were 

investigated depending on the concentration of EA. As the concentration of EA 

decreased to 14 wt%, the extent of the substrate swelling decreased and the 

phase separation in the thickness direction decreased as well, compared with the 

50 wt% of the EA solution (Figure III-8a, b). On the other hand, a very high 

concentration of the EA solution induced a strong swelling of the TAC substrate, 

making it difficult to distinguish the coating layer from the substrate (Figure III-

8c). Even more, the swelled substrate component rose to the surface of the 

coating layer and increased the roughness of the coating surface, resulting in the 

diffusion of light.  
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Figure III-8. Film SEM images for the solution with 30 wt% concentration of 

hollow silica nanoparticles coated on the TAC substrate: (a) for the EA to 

overall solvent ratio of 14 wt%, (b) for the EA to overall solvent ratio of 50 

wt%, (c) for the EA to overall solvent ratio of 90 wt%. The scale bars in (a) and 

(b) are 1 μm, and that in (c) is 5 μm. 
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The above results predict that the polymer substrate should swell owing to the 

presence of the solvent, and the UV-curable acrylate should penetrate into the 

substrate, while hollow silica nanoparticles cannot penetrate the mixed layer 

owing to their relative large size during the coating and drying processes 

(Figure III-9). This prediction applies only to the polymer substrate, because 

glass substrates were not affected by the solvent and no phase separation 

occurred. These results demonstrate aggregation hollow silica nanoparticles on 

the polymer substrate. In addition, these results demonstrate that this 

aggregation of nanoparticles reduces the reflectance for coating with low-

concentration solutions of hollow silica nanoparticles. 

 

 

Figure III-9. Aggregation of hollow silica nanoparticles coated on the polymer 

substrate: (a) immediately after coating, (b) swelling of the substrate induced by 

the solvent and penetration of the acrylate, (c) the final phase-separated 

structure. 
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 Commercially available anti-reflection TAC films typically feature a several 

micrometers thick hard coating layer under the low refractive index layer, for 

reinforcing the film hardness. For destructive interference, the low refractive 

index layer should be coated separately with a hard coating layer, which 

requires at least two coats. Anti-reflective hard coating on TAC substrates can 

be accomplished in one coating process using solvent swelling-induced surface 

aggregation of hollow silica nanoparticles. In what follows, a several 

micrometers thick layer of the HS-AR-30 solution was coated on a TAC film 

(Figure III-8b), and the optical and mechanical properties of the resulting 

structure were investigated. 

The HS-AR-30 solution, coated on the TAC film, exhibited pencil hardness of 

H and the minimal reflectance of 2.04% (Figure III-10), which was better than 

the result of the Takahashi group.[10]  

Coating films with thicknesses on the order of several micrometers can exhibit 

multiple minimal reflection points in the visible range, which results in the 

ripple pattern of reflection. However, TAC films coated with HS-AR-30 rarely 

demonstrated ripple patterns of reflection, implying very weak interference 

involving reflected light. Based on the distribution of Si in the thickness 

direction in Figure III-6b, the coating layer of HS-AR-30, coating the TAC film, 

exhibited a graded distribution of hollow silica nanoparticles, from the upper 
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surface of the coating layer to the substrate, which induced a gradient refractive 

index change on the bottom surface of the coating layer.  

 

 

Figure III-10. Reflectance of a TAC film coated with a several micrometers 

thick layer of HS-AR-30. The black solid line is the measured reflectance, the 

gray dotted line is the simulated reflectance for the film coated with the 2-μm-

thick coating layer with the refractive index of 1.34. The refractive index of the 

TAC film was 1.47. 

 

As a result, the TAC film coated with the HS-AR-30 solution exhibited only 

surface reflection, without interface reflection between the coating layer and the 

substrate. Reflectance for the coating layer with the refractive index of 1.34 was 
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2.11%, as calculated from Equation I-1, matching well the measured reflectance 

for the TAC film coated with the HS-AR-30 solution. 

  

Owing to the surface aggregation process in the coating layer that occurred 

over several micrometers, interface reflection was reduced. This phenomenon is 

advantageous for fabricating anti-reflection films, because the thickness 

dependence of destructive interference of light rays can be minimized. 

Therefore, the need to precisely control the film thickness is also alleviated, 

increasing the production efficiency of anti-reflection films.  
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III-4. Conclusions 

 

 Coating layers of surface-aggregated hollow silica nanoparticles were 

prepared on the triacetyl cellulose film. Owing to the solvent swelling of the 

polymer substrate and penetration of a UV-curable acrylate solution, hollow 

silica nanoparticles aggregated towards the coating layer’s surface. The 

refractive index of the coating layer containing fully packed hollow silica 

nanoparticles and acrylate monomers was calculated to be 1.34. Thin coatings 

with 20 wt% to 60 wt% of silica nanoparticles on the polymer substrate showed 

the reflectance of about 1.0%. The cross-sectional morphology investigation 

revealed that surface aggregation of hollow silica nanoparticles occurred on the 

polymer substrate, but not on the glass substrate. These results suggested that 

solvent swelling of the polymer substrate was essential for inducing the 

aggregation of hollow silica nanoparticles. In addition, thick coatings on the 

polymer substrate yielded the reflectance of 2.0% and pencil hardness of H. 

This work demonstrates the possibility that anti-reflective hard coatings with 

thickness-independent optical properties can be obtained in one process. 
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Chapter IV. 

 

Anti-reflective and anti-fogging film using mesoporous 

silica nanoparticles 

  



IV-1. Introduction 

 

 Nanoporous structures have been extensively studied for the preparation of 

anti-reflection films. Because the refractive index of air is nearly 1.0, a coating 

layer that contains nanopores can reduce the layer’s effective refractive index. 

Several methods of introducing pores into the coating layer have been reported. 

Stefan Walheim et al. prepared a nanoporous anti-reflection coating by 

nanophase separation of two polymers, and selective extraction of one polymer 

by a specific solvent.[1] Hao Jiang et al. fabricated a porous polymer latex 

coating by selective dissolution of sacrificial latex particles from a codeposited 

latex polymer film.[2,3] Self-assembled structures of block copolymers and 

polymer-extracted structures from self-assembled morphologies were also 

investigated.[4-6] However, it is difficult to scale up these self-assembly 

processes, and the process of porogen extraction is complex and demanding.  

Recently, hydrophobic and hydrophilic surface modifications of anti-reflection 

films attracted significant attention owing to the potential of these modifications 

to improve visibility in a variety of situations. The superhydrophilic surface of a 

film has been obtained using hydrophilic materials with rough surface 

profiles.[7-9] Porous silica nanoparticles are good candidate materials for 

fabricating superhydrophilic anti-reflection films, owing to their low refractive 
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indices and hydrophilicity. Ling Zhang et al. reported anti-reflection and anti-

fogging coatings of loosely packed mesoporous silica nanoparticles, which was 

fabricated by the layer-by-layer (LbL) deposition method.[10]  

In this study, superhydrophilic anti-reflection films with single-layer structures 

were prepared using relatively large-size mesoporous silica nanoparticles, and 

their optical properties were investigated. Morphological changes were induced 

by controlling the ratio of 150-nm-diameter mesoporous silica nanoparticles to 

the binder and the morphology effects on the wetting properties were 

investigated.  
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IV-2. Experimental 

 

 Materials. Hexadecyltrimethylammonium bromide (CTAB) was purchased 

from TCI. Triethanolamine (TEA) was purchased from Sigma Aldrich. 

Tetrapropyl orthosilicate (TPOS) was purchased from Sigma Aldrich. N-[tris(3-

acrylamidopropoxymethyl)acrylamide was purchased from Wako Chemicals. 1-

Hydroxycyclohexyl phenyl ketone was purchased from Sigma Aldrich. 

Hydrochloric acid (assay above 35%) (HCl) was purchased from Daejung. 1-

Butanol was purchased from Junsei Chemicals. Ethanol was purchased from 

Daejung. Dimethylformamide (DMF) was purchased from Junsei Chemicals. 

All materials were used as received. 

 

 Preparation of silica nanoparticle (S-150). Silica nanoparticles were 

prepared as described in the literature.[11] Trienthanolamine (0.42 g, 2.82 mmol) 

and hexadecyltrimethylammonium bromide (CTAB) (2.00 g, 5.49 mmol) were 

added to 240 mL of water and stirred at 80  for 30 min. Tetrapropoxy 

orthosilicate (TPOS) (3.18 mL, 11 mmol) was added to this solution and stirred 

vigorously at 80 . After stirring for 12 h, the resulting colloidal suspension 

was filtered using filter paper (Advantec No. 131) and washed several times 

with ethanol and dried overnight in a vacuum oven. 
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Preparation of mesoporous silica nanoparticle (MPS-150). Mesoporous 

silica nanoparticles were prepared by extracting hexadecyltrimethyl ammonium 

bromide from S-150. 0.5 g of S-150 was added to the mixture of 120 mL of 

ethanol and 15 mL of HCl and stirred at 60  for 24 h. The resulting colloidal 

suspension was filtered using filter paper (Advantec No. 131) and washed 

several times with ethanol and dried overnight in the vacuum oven. 

 

Preparation of MPS-150-sol. A colloidal silica dispersion was prepared by 

dispersing 0.2 g of MPS-150 in 4 g (4.24 mL, 54.72 mmol) of DMF and 

sonicated for 1 h at room temperature. The total solid content was 4.76 wt%. 

 

 Preparation of a UV curable binder solution (B). A UV curable acrylate 

solution was prepared by dissolving N-[tris(3-acrylamidopropoxymethyl) 

acrylamide (0.16 g, 0.315 mmol), 1-hydroxycyclohexyl phenyl ketone (0.04 g, 

0.20 mmol) in 4 g (4.24 mL, 54.72 mmol) of DMF. The total solid content was 

4. 76 wt%.  

 

Preparation of a UV curable mesoporous silica coating solution [AF-AR-

20~AF-AR-80]. All the coating solutions were prepared simply by mixing the 

MPS-150 sol and B solution at various ratios. The ratios of the MPS-150 to the 
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total solid content were 20 wt% (AF-AR-20), 33 wt% (AF-AR-33), 50 wt% 

(AF-AR-50), 67 wt% (AF-AR-67), and 80 wt% (AF-AR-80). The total solid 

content of all coating solutions was maintained at 4.76 wt%. 

 

 Preparation of superhydrophilic anti-reflection films. Glass substrates were 

plasma-treated (0.83 kV, 0.94 A) before coating. Series of AF-AR solutions 

were dropped on plasma-treated glass substrates (5 × 5 cm2), followed by spin-

coating at 4000 rpm for 60 s. The coated glasses were UV-cured using a 100 W 

high-pressure mercury lamp in the presence of gaseous nitrogen. The overall 

irradiation dose was 400 mJ/cm2.  

 

 Instrument. Fourier transform infrared (FT-IR) spectra were obtained using 

an Avatar 360 (Thermo Nicolet) in the ATR mode. TEM images were obtained 

using a JEOL JEM-2010 microscope at 200 keV. Nitrogen 

adsorption/desorption measurements, Brunauer–Emmett–Teller (BET) surface 

areas, and Barrett–Joyner–Halenda (BJH) pore size distributions were obtained 

and calculated using a Belsorp-Max (BEL Japan, Inc.) apparatus. Reflectance 

was measured using a K-Mac ST4000-DLX reflectometer. SEM images were 

obtained using a Hitachi S-4300 FE-SEM. Water contact angles were measured 

using CAM100 (KSV instruments ltd.). Martens hardness data were obtained 
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using a Fischer Technology Picodentor HM500.    
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IV-3. Results and discussion 

 

 Mesoporous silica nanoparticles were synthesized as described in the 

literature.[11] First, TPOS was hydrolyzed and condensed in the basic condition, 

which induced formation of colloidal silica nanoparticles with CTAB micelles 

inside the nanoparticles (S-150). Mesoporous silica nanoparticles (MPS-150) 

were obtained after extracting CTAB using ethanolic HCl. The extraction of 

CTAB was confirmed as a reduction in the intensity of the FT-IR absorption 

characteristic of CTAB, in the 3000–2800 cm-1 region (Figure IV-1).  

 

 

Figure IV-1. FT-IR spectra of S-150 and MPS-150. 
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 The small angle X-ray scattering (SAXS) pattern of MPS-150 exhibited a 

broad peak with the d-spacing of 49.6 Å (Figure IV-2).   

 

 

Figure IV-2. SAXS pattern of MPS-150. 

 

Mesoporous silica nanoparticles (Figure IV-3, Figure IV-4) were imaged using 

SEM and TEM. SEM imaging revealed mesoporous silica with the typical 

diameter of 150 nm and rough silica surface, owing to the presence of 

mesopores. TEM imaging revealed dendritic inner pore structures, in a good 

agreement with previously reported results.[11] 
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Figure IV-3. SEM images of MPS-150. The scale bar is 500 nm. 
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Figure IV-4. TEM images of MPS-150. 

 

 Nitrogen adsorption/desorption measurements were performed to investigate 

the pore structure of MPS-150 (Figure IV-5). The BET surface area of MPS-150 

was 787 m2/g and the overall pore volume was 1.52 cm3/g. The typical BJH 

pore size (Figure IV-6), determined from the adsorption branch of the isotherm, 

was 2.74 nm. 
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Figure IV-5. Nitrogen adsorption-desorption isotherm for MPS-150. 

 

 

Figure IV-6. BJH pore size distribution for MPS-150. 
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 To prepare superhydrophilic anti-reflection films, nanoporous structures were 

fabricated. According to Equation I-9 suggested by Wenzel, a superhydrophilic 

superwetting surface can be accomplished by ensuring a rough surface 

morphology and hydrophilic materials.[7] As the roughness factor r increases, 

the maximal intrinsic contact angle (θi) for superwetting increases as well, 

making it more easier to turn a hydrophilic material into a superhydrophilic one 

by manipulating its surface roughness. The relation between the angles is 

 

cos θm = r cos θi            (Equation I-9) 

 

Figure IV-7. Surface roughness factor r vs. the intrinsic contact angle, 

calculated from the Wenzel equation. 
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 For example, when r is 2, materials with the intrinsic contact angle in the 0°–

60° range are macroscopically superwetting, owing to their surface roughness. 

 

 In addition, nanoporous structures can reduce their refractive index, which can 

induce the anti-reflection property. To achieve these two properties in a single 

coating process, a single-layer loosely packed structure of 150-nm-diameter 

mesoporous silica nanoparticles was prepared. The dispersion solvent played a 

critical role in preparing a uniform single-layer coating of nanoparticles. In this 

study, water and DMF were considered as dispersion solvents. The coating 

solution prepared with DMF yielded a well-dispersed single layer of MPS-150, 

whereas the coating solution prepared with water yielded a coating surface with 

irregular morphology (Figure IV-8). Low surface tension and high boiling point 

of DMF, compared with those of water, contributed to the coating surface 

morphology. The lower surface tension made it easier to wet the substrate, 

while the higher boiling temperature assured that the deposited nanoparticles 

had sufficient time to be deposited on the substrate as a single-layer structure.[12] 

The single-layer structure of MPS-150 was confirmed by the cross-sectional 

SEM image (Figure IV-9). 
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Figure IV-8. SEM images of MPS-150 dispersion in (a) water and (b) DMF. 

The scale bar is 5 μm. 

 

 

Figure IV-9. Cross-sectional SEM image of MPS-150 dispersion in DMF. The 

scale bar is 500 nm. 
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The synthesized 150-nm-diameter mesoporous silica nanoparticles (MPS-150) 

were dispersed in DMF and mixed with a UV-curable binder solution at various 

ratios. Single-layered coatings with MPS-150 were fabricated on plasma-treated 

glass substrates by spin-coating the prepared solutions at 4000 rpm. The 

morphologies of the coated surfaces were characterized by SEM measurements 

(Figure IV-10). 

 

 

Figure IV-10. SEM images of the coating surfaces with (a) MPS-150 

dispersion in DMF, (b) AF-AR-80, (c) AF-AR-67, (d) AF-AR-50, (e) AF-AR-

33, and (f) AF-AR-20, respectively. The scale bar is 1 μm and the magnification 

of all the images is the same. 
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 The dispersion of MPS-150 in DMF without any binder (Figure IV-10. a) 

yielded a single layer of closely packed silica nanoparticles coating the surface. 

As the ratio of MPS-150 in the coating solution decreased from 80 wt% (AF-

AR-80) to 20 wt% (AF-AR-20), the distance between the MPS-150 particles 

increased. The increased distance between the nanoparticles was manifested as 

pores in the single layer and changed the optical properties and wettability of 

the coating layer. For MPS-150 concentrations in the 100–67 wt% range, 

increasing the inter-particle space reduced the refractive index of the coating 

layer, reducing the reflectance from 0.95% to 0.71%. However, from 50 wt% of 

MPS-150, the reflectance increased and the reflectance for the 20 wt% of MPS-

150 exhibited 2.29 % (Figure IV-11).  

These results imply that for MPS-150 ratio less than 67 wt%, the inter-particle 

distance is too large to contribute to reducing the refractive index as a porous 

structure in the coating layer; rather, for this inter-particle distance the 

nanoparticle scatter the incident light. This light scattering was parameterized in 

terms of haze. Haze was defined as the ratio of the transmittance of diffused 

light to the overall transmittance (Figure IV-12). For MPS-150 layers at 80 wt% 

and 67 wt% the haze was under 1%, whereas for concentrations under 67 wt% 

the haze was above 1%, decreasing the optical clarity of the coating layer. 
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Figure IV-11. Reflectance of the coating film, vs. the MPS-150 ratio. 

 

 

Figure IV-12. Schematic illustration of haze. 

 

 Reflection spectrum was measured for light in the visible range (Figure IV-13). 

The minimal reflectance was 0.71%, obtained at 560 nm. Assuming that the 

coating layer is a homogeneous single layer, the refractive index of the coating 

layer was calculated as 1.33 from Equation I-1 and the thickness of the coating 
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layer was calculated as 105 nm from Equation I-3; note that the calculated 

thickness is smaller than the diameter of MPS-150. This implies that a fraction 

of the top surface of a single layer of 150-nm-diameter mesoporous 

nanoparticles acts as a gradient refractive index layer.  

The visibility of anti-reflection films was compared with that of uncoated 

glass. The uncoated glass film strongly reflected the outside fluorescent lamp 

light, distorting the image of a letter behind the glass. In the case of anti-

reflection coated glass the reflection of the outside light was alleviated, and the 

letter was clearly visible. 

 

 

Figure IV-13. Images and reflectance spectrum of the optimal anti-reflection 

film obtained by coating with solution 2. 
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 Water contact angles of the coating layers were investigated as well (Figure 

IV-14). For MPS-150 ranging from 100 wt% to 67 wt%, superhydrophilic 

properties were observed, with the water contact angle under 4°. This was 

attributed to hydrophilic silica and rough coating surface. However, for MPS-

150 concentration below 67 wt%, the water contact angle of the coating 

increased, reaching the binder layer’s water contact angle (56°), implying that 

the amount of MPS-150 was too small to cover the layer under 67 wt%. 

Furthermore, as the MPS-150 ratio decreased, the area of the flat surface 

increased, decreasing the surface roughness factor r. As a result, the 

macroscopic contact angle increased. 

 

 

Figure IV-14. Water contact angles of coating films, vs. the MPS-150 

concentration. 
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By virtue of the superhydrophilic properties of the MPS-150 coating layer, the 

resulting structures exhibited anti-fogging properties (Figure IV-15). To 

characterize the anti-fogging ability, 67 wt% of MPS-150 coated and uncoated 

bare glasses were placed in a refrigerator at −40  for 30 min, following which 

they were kept at room temperature. Because in all cases the coating was 

applied to one side only, water droplets on the other side of the glasses were 

wiped out and the visibility of images behind the glasses was investigated. 

 

 

Figure IV-15. Characterization of anti-fogging using images, for a (a) AF-AR-

67 coated glass and (b) uncoated glass, and water contact angles for a (c) AF-

AR-67 coated glass and (d) uncoated glass. 

 

 MPS-150 coated glass exhibited vivid transmission and a sample letter located 

behind the glass could be clearly read, whereas the surface of the uncoated glass 
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was fogged, scattering the incident light and blurring the image of the letter 

located behind the glass.  

 

 Finally, the hardness of the coating layer was investigated for different ratios 

of MPS-150 to the binder (Figure IV-16). As the concentration of MPS-150 

decreased (implying an increase in the binder ratio) the Martens hardness 

increased. The MPS-150 layer at 100 wt% exhibited the lowest hardness of 79 

N/m2, because there was no binding property to hold the nanoparticles together. 

The hardness of the MPS-150 layer at 67 wt% was above 100 N/mm2 (115 

N/mm2), making that coating layer resistant to gentle scratching.  

  

 

Figure IV-16. Coating film’s hardness, vs. the MPS-150 concentration.  
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IV-4. Conclusions 

 

 Mesoporous silica nanoparticles with a diameter of 150 nm (MPS-150) were 

synthesized and used for a single-layer superhydrophilic anti-reflection film 

coating. By controlling the ratio of MPS-150 to the binder, porous anti-

reflection films were obtained without employing any other porogens or 

extraction processes. It was observed that the inter-particle distance effectively 

reduced the refractive index and reflectance in the coatings with MPS-150 of up 

to 67 wt%. The coatings also demonstrated anti-fogging properties, which was 

attributed to superhydrophilic surfaces resulting from hydrophilic silica and 

rough surfaces formed by them. 
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