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Chapter 1: Introduction

Outline of study

Chapter 1 provides fundamental information regarding silica. This includes the methods used
currently to synthesize it, its surface characteristics, the methods available for modifying its surface,
and their underlying mechanisms. Further, the increase in the industrial demand for nanosized
materials and the problems associated with these materials are also stated.

Chapter 2 describes an investigation of the relationship between the polarity of the organic solvent
used and the amount of water adsorbed on the surface of fumed silica, with the aim of modifying the
silica surface. This is an effective way of realizing surface-modified fumed silica at the molecular
level. The obtained results are also discussed.

Chapter 3 describes the effects of the structure and mobility of the modifier introduced onto the
surfaces of the fumed silica particles owing to wettability. It is shown that the structure and mobility
of the modifier control the surface modification process at the molecular level.

Chapter 4 describes the synthesis of a novel dispersible and aggregatable silica-based
nanomaterial by the modification of the surfaces of fumed silica nanoparticles based on the knowledge
presented in Chapters 2 and 3. It is confirmed that the modified silica is highly dispersible and
aggregatable when subjected to UV irradiation.

Chapter 5 summarizes the results of the study.



1-1 Introduction

Nanoparticles 1-100 nm in size have become indispensable materials in various fields, including

in materials science [1-3], medicine [4—6], and cosmetics [7-9], because their physical and chemical

properties can be controlled to a greater degree than those of particles larger than 100 nm. Controlling

the dispersion stability of nanoparticles in various liquid media or solid matrix materials is essential

for controlling the properties of the final products [10].

Nanoparticles show a high degree of adhesion and a propensity to undergo aggregation because

they exhibit Brownian movement and because their surfaces are activated [11, 12]. Thus, when using

nanoparticles as a raw material, being able to control their dispersibility and aggregation becomes

critical.

Nanosized particles are being used in many industrial fields. In such cases, the surface properties

of the particles determine the properties of the final material. To ensure that the nanoparticles being

used have the desired effect, they should be uniformly dispersed in the medium in question [13—-15].

On the other hand, the material which can be shaped by irradiation of laser or ultraviolet technic [16—

19] is nanosized because of the recent development proceed of three-dimensional (3D) technology [20,

21].

The dispersibility and aggregation of nanoparticles in various media, which are key factors, are

determined by their surface structure and properties. For example, if the nanoparticles are to be



dispersed in water, their surfaces should be hydrophilic. In contrast, if the nanoparticles are to be

dispersed in an organic solvent or resin, their surfaces should be modified to exhibit a high affinity for

the organic solvent in question, meaning that their surfaces should be made hydrophobic [22, 23].

The surfaces of inorganic oxide particles are hydrophilic owing to the presence of hydroxyl

groups [12, 24-28]. The surfaces are modified based on the type of organic functional groups present

in the medium being used and their content. This is done by replacing the surface hydroxyl groups

with other organic functional groups. Several researchers have studied surface-modification reactions

between hydroxyl groups and organic functional groups [29-31]. It has been suggested that the

dispersibility and aggregation of nanoparticles can be controlled by selecting the appropriate

functional groups and introducing them on the surfaces of the nanoparticles. In addition, the surface

modification rate determines the wettability of the surfaces of the nanoparticles, meaning that it also

affects their dispersibility and aggregation as they relate to various applications.

1-2 Fumed silica

Fumed silica is used in various applications to improve the functionality of different materials.

Some of these applications are listed below [32-39];

e Paints and coatings
o C(Catalysts
e Airbags

o Silicone sealants used in cars, sanitaryware, and electronics



Sealing inserts (e.g., for covering the crown cork)
Printing inks

Creams, lotions, and gels

Deodorants

Paper properties

Chemical dowels

Unsaturated polyester resins

Light bulbs and fluorescent tubes

Toners for photocopying machines

Silicone profiles

Shoe soles

Putty

Dental composites

Two-component mortars

Marine paints

Structural adhesives used for producing rotor blades for wind power plants
Varying the dosability of active substances in tablets
High-tension cables

Adhesives (e.g., instant glue and hot-melt adhesives)

For all these applications, being able to control the dispersibility of fumed silica in the medium

being used, which could be an organic solvent, polymer, or water, is essential. However, it is well

known that fumed silica nanoparticles are highly hygroscopic and exhibit a high degree of

agglomeration. Thus, to be able to use fumed silica in the above-listed applications, it is essential to

control their dispersibility and agglomeration.

Fumed silica is manufactured by the continuous-flame hydrolysis of substances such as silicon

tetrachloride (SiCls). In the flame, hydrogen and oxygen (from the air) react in the presence of SiCls.

The formation of SiO; occurs through the combination of an oxyhydrogen reaction, in which water is

4



formed, and the hydrolysis of SiCls because of the formed water. The process can be expressed by the

following equations [40]:

2H> + O2 — 2H20

SiCls + 2H20 — Si02 + 4HCI

Overall reaction: 2H2 + Oz + SiCls — S102 + 4HCI

Many of the properties of fumed silica can be described using a simplified droplet model. This

model assumes that the reaction gases pass through a region that results in an initial sharp increase in

the temperature and a subsequent decrease the flame. At the start of the reaction (at the base of the

flame), minute droplets of SiO, are formed (nuclides). These nuclides collide with one another

stochastically and merge to form bigger and heavier droplets. These bigger droplets can then merge

with others and so on the overall number of droplets keeps decreasing as the droplet size increases.

This process continues till the flame is hot enough to keep the droplets in the liquid state. When the

droplets enter a colder area of the flame, they solidify (at least partially). When these droplets collide,

instead of fully merging and coalescing to form larger spherical droplets, they merge only partially.

This results in aggregates consisting of primary particles (the partially solidified droplets).

The aggregates solidify completely in the colder parts of the flame. When these aggregates collide,

they are unable to merge. Instead, they attach to each other and are held together by weak interactions.



This results in the formation of agglomerates. This droplet model of particle genesis is illustrated in

Fig. 1-1 [41].
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Fig. 1-1 Schematic illustrating simplified model of particle genesis in flame.

1-3 Surface structure of fumed silica

The surface of fumed silica contains two types of functional groups, namely, the silanol group
and the siloxane group. These structures are shown in Fig. 1-2. The silanol groups are responsible for
the hydrophilicity of the surface of fumed silica while the siloxane groups are responsible for the

hydrophobicity. Agglomeration is caused by the activation of the silanol groups on the fumed silica

surface [42].
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Fig. 1-2 Silanol groups (left) and siloxane groups (right).

Figure 1-3 shows the hydrogen-bond-based interaction between two fumed silica particles. The
probability of a silanol group finding another silanol group to form a hydrogen bond increases with a
decrease in the particle size. Therefore, the number density of the unbonded silanol groups decreases
as the specific surface area increases. This, in turn, decreases the dispersibility of the fumed silica

particles and the particles readily undergo aggregation by forming hydrogen bonds with each other

[43].



Siloxane group
Silanol group (Hydrophobicity)
(Hydrophilicity)

Fig. 1-3 Formation of hydrogen bonds between two fumed silica primary particles.

1-4 Surface modification

As mentioned above, fumed silica particles readily form aggregates. However, they must exhibit
high dispersibility for use in various applications. Methods of preventing aggregate formation have
been studied by several researchers. The main method of preventing fumed silica from undergoing
aggregation is to modify the silica surface using organic functional groups.

A schematic of a typical silica surface modification process is shown in Fig. 1-4 and 1-5 [44].



Hydrophilic Hydrophobic
silica silica

Organic
S;frfac: functional
moadirication group
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Fig. 1-4 Schematic of surface treatment for transforming hydrophilic fumed silica into

hydrophobic fumed silica.

Ex. Disperse in hexane
Hexane: non-polar

CH3_CH2_CH2_CH2_CH2_CH3

—) S X Introduce organic groups that
), J\@ have high affinity for matrix.

Fig. 1-5 Schematic of surface treatment of hydrophobic fumed silica to allow for

dispersion in hexane.



1-5 Surface modification mechanism and modifiers

During the liquid-phase reaction, the surface modification process occurs as follows [45]:

a) The modifier undergoes hydrolysis with water, resulting in the formation of the SIOH group.

b) Hydrogen bonds form between the SiOH groups of the hydrolyzed modifier and the SiOH groups
on the silica surface.

¢) The dehydration of the bonds formed between the SiOH groups results in the formation of

covalent bonds.

The reaction mechanism for surface modification is shown in Fig. 1-6 [46—48]. Functional groups

appropriate for the dispersion medium being used should be chosen, as mentioned in Fig. 1-5. A few

commonly used modifiers are listed in Table 1-1.

Select . X X X
appropriate Hydrolysis
functional
groups H.0
4 2 ¢ L
RO—SII—OR - HO— Si— OH - HO SII 0 Sln 0 sI. OH
|
o OR OH OH OH OH
OH OH OH
Silane coupling agent ' . —1
Surface modification N JH?T%?TE'&T?F?T(?E&
agent l
Dehydration
X X X' condensation X X
Heating
HO—Sli—O—Si—O—Si—OH - HO—SIi—O—Si—O—Si—OH
| | |
P T N (O Hydrogen .-O<_, " O~ 0~
Chem}cal o o) H\o ..... H Bondi H G HH o Hl-ko .... H
Bonding onding :

| | L 1 '
N\ Inorganic material \ N\ norganic material

Fig. 1-6 Schematic of mechanism underlying modification of silica surface.
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Table 1-1. Examples of modifiers used commonly for surface modification [47, 49]

X
$
RO-S%i R{OH
OR
Alcohol X eg.
Alkyl group ~(CH,),-CH ™\ CH:OH . CHy(CHs),CH,OH
Coupling agent X k Y ) e.g.
Vinyl group -C(R)=CH, Cl, -OCH;, -OC,Hs (OCHa)5Si-(CHa)s-CH=CH,
Styryl group Cl, -OCHg, -OC;Hs
Acrylic group -O(C=0)C(R)=CH, | Cl, -OCH,, -OC,Hs | (OCH3)3Si-(CH,)s-O(C=0)CH=CH,
_ ‘ [-NH,| Cl, -OCHa, -OC,H; (OCHS,)5Si-(CH,)s-NH,
Am'gﬁ;dg"m “NH-R-NH, Cl, -OCHy, -OC,Hs | (OCH3)sSi-(CHa)s-NH-C,H4-NH,
-NH-R Cl, -OCHj, -OC,Hs
Isocyanate group [-N=c=0 | Cl, -OCHs, -OC,H; (OCHj)3Si-(CH,)s-N=C=0
Epoxy group Cl, -OCHg3, -OC,H;s
Disilazane, X e.g.
Alkyl group ~(CH,),-CH (H3C)3-Si-N=N-Si-(CH)s
Vinyl group -CR=CH, (CH,;=CH)3-Si-N=N-Si-(CH,=CH),

X Structure of R of figure is not limited

Next, we discuss silane coupling agents, which are among the most commonly used surface
modifiers.

Silane coupling agents contain two types of reactive functional groups, which exhibit different
reactivities. The molecular structure of silane coupling agents is shown in Fig. 1-7. The agents react
with water (undergo hydrolysis) to form silanol groups, while oligomers are formed through particle
condensation. The silanol oligomers then form hydrogen bonds with the surface of the inorganic
material. Finally, the inorganic material is subjected to a drying process, which leads to the formation

of robust chemical bonds through a dehydration condensation reaction.

11



Reactive groups that form Reactive groups that form
‘ O chemical bonds with chemical bonds with organic
inorganic materials including materials such as synthesis

glass, metals, silica, stone resins

Fig. 1-7 Molecular structure of silane coupling agents [48, 49].

1-6 Surface modification methods

In this paragraph, we explain the various chemical methods used for surface modification. These

methods can broadly be categorized as wet and dry methods. The methods that involve the use of an

organic solvent as the dispersion media are called non-aqueous wet methods, while those that use

water as the medium are called aqueous methods. Further, mixtures of water and an organic solvent

can also be used as the dispersion medium. On the other hand, in the case of dry methods, such as the

gas-phase method, the modifier is made to react in the presence of a decompression or carrier gas.

Further, these methods involve mechanical mixing. Methods requiring mechanical mixing are

primarily used in the industry.

With respect to the wet methods, the surfaces of the nanoparticles can be modified uniformly.

12



This is an advantage of these methods. The most common wet method is the reflux method. The reflux
method can be performed using a simple setup, which is shown in Fig. 1-8. The organic solvents that

are used with the reflux method are listed in Table 1-2 [50].

Water as coolant

10

Silane coupling agent

Fig. 1-8 Setup used for reflux method.
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Table 1-2. Organic solvents used with reflux method [50, 51]

Solvent B.P. [°C] Relative permittivity [-]

Hexane 68.75 1.8
1,4-Dioxane 101.5 -

Xylene 138.35~144.15 24
THF 64.85 7.5
Toluene 110.65 24
Benzen 80.05 2.3
Acetone 56.05 20.7
MEK 79.55 155
DMSO 189 45

Another wet method is the autoclave method, in which the particles and the modifier are made to

react in the solvent at the critical temperature of the solvent. A schematic of the autoclave method is

shown in Fig. 1-9 [50, 52, 53].

Elimination of solvent Nitrogen

Temp

A G
VY “run

Supercritical fluid 7]

Particle, solvents, and modifiers

Fig. 1-9 Schematic of autoclave method.

The particle modification rate of the autoclave method is high because the amount of modifier

14



that can be made to react with the particles is greater than that in the case of the reflux method.

The amount of modifier to be added is determined based on the assumption that the modifier

forms a monomolecular layer on the particle surface. The following equation can be used to determine

the amount of modifier needed [50];

W 10"

where wy is the amount of modifier to be added (g), S, is the BET specific surface area of the
particles in question, as measured from their nitrogen adsorption isotherm (m?-g™), w), is the weight
of the modified particles (g), Ms is the molecular weight of the modifier (g-mol ™), Hp is the number
density of the hydroxyl groups on the surfaces of the particles (nm™), and 4 is Avogadro’s number.

The value obtained using this equation is taken as the reference amount, and the actual amount of

modifier is 1-10 times this value, as determined based on experience.

1-7 Characterization of modified silica surface

Knowing the structural and other properties of the particle surfaces is necessary for modifying
them. The functional groups present on the surfaces, which include the hydroxyl groups and the
organic functional groups introduced, and the adsorption properties of the particles can be investigated
using various methods. With respect to the characterization of the modified particle surfaces, the

amount of modifier used should be known. In general, the amount of modifier used can be determined

15



based on the decrease in weight owing to thermal decomposition during thermogravimetric and

differential thermal analysis (TG-DTA) [50, 54—-56]. The TG-DTA measurements are performed in air

or oxygen and allow for the qualitative evaluation of the surface functional groups.

On the other hand, the surface wettability can be evaluated using the dispersion test, whose

underlying mechanism is the opposite of weight loss. If the hydroxyl groups remain on the particle

surfaces after the surfaces have been modified, they will act as adsorption sites for water molecules.

Thus, this method is a simple one. The amount of water adsorbed, which is indicative of the surface

wettability of the particles, can be determined using Fourier Transform infrared spectroscopy (FT-IR)

[54, 57]. Observation methods can be classified as being microscopic or macroscopic, based on their

scale of observation. Example of macroscopic and microscopic observation methods are shown in Fig.

1-10 and Fig. 1-11, respectively.

Thus, various methods are available for characterizing the modified particles. To characterize

the surface properties of the particles, different methods should be used, and the obtained results

should be analyzed in combination. Obtaining both macroscopic results and microscopic results is

essential for modifying the particle surfaces such that the particles are suitable for the application in

mind.

16
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Fig. 1-10 Microscopic methods for evaluating modified particle surfaces [50, 58-61]
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Fig. 1-11 Macroscopic methods for evaluating modified particle surfaces [61-64]
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1-8. Objectives

In the past few years, the demand for functionalized particulate materials has increased

significantly. Further, there has been considerable development in the synthesis of such particulates at

the nanoscale. The specific surface areas of particles increase with a decrease in their size. As a result,

nanoparticles exhibit a high degree of aggregation. Thus, controlling the aggregation and dispersion

of nanoparticles in various media has become a critical issue, as nanoparticle aggregation can result

in significant performance degradation. Thus, various methods are being explored for controlling the

aggregation behavior of silica nanoparticles. The surface modification of fumed silica particles is a

widely used method for improving their dispersibility in various media and has been investigated by

many researchers. However, few researchers have investigated modified surfaces at the molecular

level. Molecular-level observations of the fumed silica surface should yield useful information for

designing functional nanosized materials.

In this study, silica nanoparticles that are dispersible and aggregable in various media were

synthesized with the aim of exploring methods of controlling their dispersibility/aggregation. In

addition, the surfaces of the modified silica are investigated to know their functional characteristics at

a molecular level. The feasibility for using these as novel nano functional materials is explored.
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Chapter 2: Effect of solvent polarity and adsorbed water on reaction between

hexyltriethoxysilane and fumed silica

2-1. Introduction

Nano-sized fumed silica is widely used in many fields such as cosmetics [1, 2], CMP and

electronics [3], sealants and adhesives [4—6], paints and coatings [7—10], silicone rubbers [11], and

toners [12] to improve their functionalities. For these applications, dispersion of fumed silica in the

desired medium, such as organic solvents, polymers, and water, is required. However, fumed silica

easily aggregates owing to the hydrophilic silanol (SiOH) groups on its surface [13]. To obtain uniform

dispersion in organic solvents, the affinity between the silica surface and solvent is effectively

controlled through surface modification using modifiers such as silane coupling agents and alcohols

[14, 15].

Silane coupling agents mostly have one type of functional group, which can be hydrophobic,

hydrophilic, polar, or non-polar. The other groups are alkoxide (OR), which turns into SiOH via

hydrolysis in the presence of water and then forms hydrogen bonds with the SIOH groups of the silica

surface. The functional groups of the modifier should be compatible for the organic solvent. The

reaction between the modifiers and the silica surface can occur in gas phase [16, 17], liquid phase [17,

18], and by autoclaving [19]. In the liquid phase, the modifier is dissolved in the selected organic

solvent and is followed by hydrolysis and condensation aided by heating or the addition of a catalyst

[20].
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In the liquid phase reaction, the following surface modification process can occur:

a) The modifier undergoes hydrolysis to form the SiOH group.

b) The hydrolyzed modifier forms hydrogen bonds between its SiOH groups and those of the

silica surface.

c¢) Covalent bonds are formed by the dehydration of SiOH.

In reaction a), the water adsorbed at the silica surface facilitates the hydrolysis of the modifier;

reaction b) depends on the stability of the modifier-adsorbed silica in the reaction solvents; and

reaction c) is promoted by heating or the addition of a catalyst. The progress of reaction b) could be

dominated by the physical properties of the selected solvent, such as their polarity, and solubility of

the modifier.

Hexane and toluene are generally used as solvents for surface modification in the liquid phase

[21, 22]. Since these solvents are chemically stable, there is a low probability of limiting the reaction

between the modifier and silica surface.

For the hydrolysis of modifier, only a small amount of water, which is at least molar equivalent

of the modifier, is necessary. As the silica surface has many SiOH groups, a certain amount of water

adsorbs chemically and physically, which can be controlled by relative humidity [23]. In hexane and

toluene, the adsorbed water on the silica surface could be useful for hydrolysis because the

hydrophobic solvents do not absorb water from the atmosphere. Hexane and toluene are effective
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reacting solvents for surface modification; however, the difference in the progress of the reaction of

modifier and solvents in terms of their physical properties has not been investigated.

In this study, the effect of solvents on the surface modification progress was investigated. Fumed

silica was chosen because of its non-porosity and surface smoothness, and hexane and toluene were

used as low polarity solvents. For comparison, acetone was used as a high polarity solvent. Relative

permittivity was used as an index for solvent polarity. In addition, hexyltriethoxysilane was used as a

modifier. The relationship between the amount of adsorbed water at the silica surface and that in the

reacting solvent was investigated, and the optimum water amount required for surface modification

was determined.

2-2. Experimental

2-2-1. Materials

Hexane (Hex), toluene (Tol), and acetone (Ace) of special chemical grade (Wako Pure Chemical

Industries, Ltd.) were used as organic solvents after overnight removal of the dissolved water by dried

molecular sieves (3A Wako Pure Chemical Industries, Ltd.). Fumed silica powder was supplied by

Nippon Aerosil Co., Ltd., as Aerosil200 (abbreviated A200) with the specific surface area of 200 m*/g

calculated by applying the Brunauer-Emmett-Teller (BET) equation [24] to the nitrogen adsorption

isotherms. To adjust the amount of water adsorbed on the A200 surface, the A200 was dried under
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reduced pressure at 180 °C for 2 h then the A200 was exposed to the various relative humidities (RH)

0f42.8, 68.8, and 92.0 % for one week at 25 °C by the corresponding saturated salt solutions of K,COs,

KI, and KNO3 (Wako Pure Chemical Industries, Ltd.), respectively [25-28]. The amounts of water at

for 2g of the A200 surface were determined to be as 30, 50, and 190 mg, respectively. As a the surface

modifier agent, hexyltriethoxysilane (HTES, CH3(CH2)sSi(OCH2CH3)3, Tokyo Chemical Industry Co.,

Ltd.) with a hydrophobic chain was used.

2-2-2. Surface modification

The A200 (2.0 g) samples with the controlled adsorbed water were dispersed in the dehydrated

solvents (150 ml) containing 0.3 — 4.2 ml/g of dissolved HTES. The suspensions were stored at 50 °C

for 1 h. The treated A200 samples were separated by centrifugation and dried under reduced pressure

at 80 °C for 2 h.

2-2-3. Characterizations

How many CH3(CH2)sSi (-Cs) groups of HTES introduced on the A200 surface was determined

using thermogravimetric and differential thermal analysis (TG-DTA, Thermo Plus 8120, Rigaku Co.,

Ltd.) as shown in Fig. 2-1.
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Fig. 2-1 Estimation of the number of HTES (Cs) groups introduced onto the A200

surface from thermogravimetric analysis (TG) differential thermal analysis (DTA)

(a) DTA curve for modified A200, (b) TGA curve for modified silica, (¢)TGA curve

for unmodified A200.

The measurement was carried out under air. The value was calculated from the deference in the

weight loss between modified sample (Wcy) and unmodified sample (Wor). Described as the surface
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HTES density were determined by the following equation (1) [29, 30].

(AW crp - AW o) N 4
My Sy

d 4 (-Cs/nm’ )= x107" (1)

where d, is the surface density (-C¢/nm?), Mw is the the molecular weight of the modifier, Sy; is
the BET specific surface area measured from the nitrogen adsorption isotherm, and N, is Avogadro’s
number. AWcy and AWop are the weight loss of the modified and unmodified A200 measured by

thermogravimetric and differential thermal analyze, respectively.

2-3. Results and discussion

To investigate the effect of solvent polarity on the surface HTES density, the A200 sample with
30 mg of adsorbed water was treated in each solvent at 50 °C for 1 h. The relative permittivities (&/€o)
of Hex, Tol, and Ace were 1.88, 2.38, and 20.7, respectively [32, 33]. Fig. 2-2 shows the surface HTES
density as a function of the added amount of HTES from 0.3 to 4.2 ml/g in (a) Hex, (b) Tol, and (c)
Ace. It is evident that the surface HTES density increased with increasing €/gyp (Hex < Tol < Ace). In
Hex, the surface HTES density is almost constant at about 0.3 (-Cs/nm?) over the entire range of added
HTES, while in Tol, it increased with increase in the HTES amount. In Ace, the surface HTES density

was low and constant at about 0.1-C¢/nm?.
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Fig. 2-2 Surface HTES density in (a) Hex, (b) Tol, and (c) Ace as a function of added

HTES amount.

Since Ace is a polar solvent, it does not promote the reaction of HTES with the non-polar Ce

group and the polar A200 surface. Tol and Hex, being non-polar, are categorized as hydrophobic

solvents, and hence, the affinity of A200 for both Tol and Hex is low. HTES molecules can work as

stabilizers for A200 by adsorbing on its surface. However, the behavior of the surface HTES density

with the added HTES amount is entirely different, as observed from Fig. 2-2.

The following reactions are involved in the surface modification process: a) hydrolysis of HTES

to form silanol (SiOH) groups, b) hydrogen bond formation between the SiOH groups of the

hydrolyzed HTES and that of the A200 surface, and c) dehydration of the SIOH groups to form
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covalent bonds. In reaction a), the water adsorbed at the A200 surface participates in the hydrolysis of

HTES; reaction b) depends on the stability of A200 by the adsorption of HTES in the reaction solvents;

and reaction c) is promoted by heating [34-37].

The physical properties of the solvents affect the progress of reaction b). Apart from &/go, the

solubility of HTES in the solvents was determined. In a good solvent, HTES can easily approach the

A200 surface; that is, the solubility parameters (SP) of HTES and the solvents should be close. Table

2-1 shows the SP values of Hex and Tol and the difference between the SP values of the solvents and

HTES before and after hydrolysis.

Table 2-1. (a) Solubility parameter (SP) of Hex and Tol, (b) SP difference between

solvents and HTES, and (c) SP difference between solvent and hydrolyzed HTES [30].

Solvent o (@) () . (c) .
Solubility Parameter (SP) Aa (C,H50)5S1C¢H 5 Ao (OH);SiC¢H

Hexane 7.28 0.63 5.11

Toluene 9.14 1.23 3.25

The SP value difference between Hex and HTES is as low as 0.63, while that for Tol and Ace, it

is 1.23 and 1.26, respectively, which is two times higher than that of Hex. The solubility power of Tol

is lower than that of Hex, possibly because of the pi-bond in Tol, which is absent in HTES. On the

other hand, the solubility of the hydrolyzed HTES significantly deteriorates in Hex and is low in Tol

and Ace because of the polar SIOH groups in the HTES molecules.

The adsorbed water at the A200 surface corresponding to the RH of 42.8 % is 30 mg; this amount
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appears to be sufficient for the hydrolysis of 0.3 (~Cs/nm?) HTES at the A200 surface (Fig. 2-2(a)).

The adsorbed water can adhere as a layer on the A200 surface in Hex because of Hex’s hydrophobicity.

HTES tends to stabilize the polar A200 surface in Hex by adsorbing through the alkoxy groups. After

the alkoxy groups of HTES attach to the adsorbed layer on the A200 surface, the hydrolyzed HTES

forms hydrogen bond with the A200 surface. The lowest added amount of 0.3 ml/g of HTES (Fig. 2-

2) corresponds to 2.8 SiOH/nm? on the A200 surface [30]. However, the actual surface HTES density

was 0.3 (-Ce/nm?), which could be due to the steric hindrance of the Cs groups of the modified HTES.

Unlike Hex, Tol has a low water miscibility of 0.067 wt% (at 23.5 °C) [38]. Therefore, the adsorbed

water layer on the A200 surface forms a “diffused layer” in Tol near the A200 surface. The solubility

of HTES without the pi-bond is relatively low in Tol than in Hex. Despite this, HTES acts as a stabilizer

for A200 in Tol. When HTES reaches the diffused layer, it undergoes stepwise hydrolysis with a small

amount of water. Because the solubility of the hydrolyzed HTES in Tol is low, it moves toward the

silica surface to form hydrogen bonds. Thus, the increase in surface HTES density with increase in

HTES amount (Fig. 2-2(b)) can be ascribed to the low solubility of HTES in Tol [39].

Since these factors affect the progress of surface modification, the amount of adsorbed water on the

A200 surface can be determined. The effects of the adsorbed water amount on the surface HTES

density in Hex or Tol were investigated. Fig. 2-3 shows the surface HTES density of 42.8-90.0% RH-

controlled A200 in (a) Hex and (b) Tol.
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Fig. 2-3 Effects of various weights of adsorbed water on silica surface which were
controlled at RH of 42.8, 68.8, and 90.0 % for A200 reacted in (a) Hex and (b) Tol on

surface HTES density.

The reaction was conducted at 50 °C for 1 h. Here, 0 mg represents the modified A200 without
RH control just after drying under reduced pressure at 180 °C for 2 h. It seems that the weight of the
adsorbed water, which provides the maximum surface HTES density, is different in Tol and Hex. In
Hex, the surface HTES density is 0.12 (—C¢/nm?) without RH control, and attains a maximum value
of 0.37 (-C¢/nm?) with 30 mg adsorbed water. Thereafter, it decreases to 0.20 (—C¢/nm?) with further

increase in the weight of adsorbed water to 190 mg. However, in Tol, the surface HTES density
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remained almost constant at 0.17 (—C¢/nm?) with an increase in the weight of adsorbed water for up to

30 mg; it then reached a maximum value of 0.47 (-Ce/nm?) at 50 mg of adsorbed water and then

decreased.

As already described, 30 mg adsorbed water seems to be enough for the hydrolysis of 0.3 (—

Ce/nm?) HTES. With an increase in the weight of adsorbed water, the thickness of the “adsorbed water

layer” on the A200 surface in Hex seems to increase. The hydrophilicity of A200 with a thick water

layer increases and the affinity with Hex becomes low. The alkoxyl groups of HTES approach the

“adsorbed water layer” on the A200 surface and are hydrolyzed. However, the hydrolyzed HTES could

not contact the A200 surface due to the thick “adsorbed water layer.” Additionally, the solubility of

the hydrolyzed HTES in Hex is low, which prevented its hydrolysis and modification.

The adsorbed water layer on the A200 surface is diluted by Tol. Therefore, to hydrolyze HTES,

which reaches the “diffused water layer” of A200, more than 30 mg of water is required. It is estimated

that 50 mg could be the proper amount. With increase in the weight of adsorbed water, the diffused

layer thickness increases. Similar to the reaction in Hex, the solubility of hydrolyzed HTES in Tol is

low, and the thick water layer prevents the HTES from approaching the A200 surface. Therefore, the

surface modification of HTES is not promoted in Tol, as shown in Fig. 2-3(b).

Zheng Yang reported that preferential adsorption of Tol vapor on the silica surface occurs when

silica is exposed to a mixture of Tol and Hex vapors due to the interaction of the pi-bond in the Tol
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molecules with the SIOH groups on the silica surface [40]. In this experiment, the effect of Tol on the

diffused water layer on the A200 surface was investigated. Fig. 2-4 shows the surface HTES density

of A200 prepared in different Hex/Tol mixtures with 100/0, 75/25, 50/50, 25/75, and 0/100 v/v ratios.

0.5

Surface HTES density (-Cy/nm?)

0.0 L 1 1 Il
10.0/0.0 7.5/2.5 5.0/5.0 25/175 0.0/10.0

Mixed volume ratio of Hex/Tol

Fig. 2-4 Effects of different Hex/Tol volume ratios of 100/0, 75/25, 50/50, 25/75, and

0/100 on surface HTES density.

The adsorbed water on A200 was controlled at 42.8 % RH and reacted at 50 °C for 1 h; thus, the

HTES amount was selected as 3.0 ml/g.

In Hex (100/0), the surface HTES density was 0.37 (-C¢/nm?), which decreased to 0.11 (~Ce¢/nm?)

for Hex/Tol = 75/25. With an increase in the Tol ratio, the surface HTES density remained almost

constant at around 0.11 (~Ce¢/nm?), though with a slight increase. In Tol (0/100), the surface HTES
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density was 0.20 (~C¢/nm?). These results clearly indicate that Tol prevents the progress of the reaction

between HTES and A200.

The adsorption of Tol on the A200 surface due its presence in the reaction media was investigated.

A certain amount of Tol was added to Hex in which A200 was dispersed. The suspension was heated

at 50 °C for 1 h in the same way as in the surface modification process. Based on gas chromatography

and mass spectroscopy (GC-MS) analysis, the adsorption of Tol on the A200 surface was confirmed

at 300 °C.

As already described, in Hex, the hydrolysis of HTES occurs when HTES reaches the water

adsorbed “layer” of A200. When Tol was added to Hex at 75/25, Tol approaches the water layer due

to its slight water miscibility to form a “diffused layer.” It can thus be said that A200 with a diffused

layer was dispersed in the Hex/Tol mixture. Tol molecules in the diffused layer gradually approach the

A200 surface and adsorb at the SiOH groups of A200, which prevents HTES from forming hydrogen

bonds with the SiOH groups of A200. In addition, HTES before hydrolysis dissolves in a sufficient

amount of Hex in the mixture; therefore, the hydrolysis of HTES is not promoted, and consequently,

the surface HTES density decreases.

Even if the Tol ratio increases (50/50 and 25/75), the thickness of the diffused layer does not

remarkably change, and the surface HTES density does not increase. In Tol (0/100), the solubility of

HTES before hydrolysis is low; here, HTES is hydrolyzed by the water in the diffused water layer of
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A200 than by dissolving in Tol. Consequently, the surface HTES density in Tol increases compared to

that in the Hex/Tol mixture.
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2-4. Conclusion

The effects of the physical properties of a solvent and the amount of adsorbed water on the A200

surface on the surface HTES density were investigated.

1. With an increase in solvent polarity (Hex < Tol < Ace), the surface HTES density decreased. The

difference in the surface HTES density in Hex and Tol, which have similar polarities, is due to the

low solubility of HTES in Tol.

2. The maximum surface HTES densities in Hex and Tol with different RHs were 42.8 % (weight of

adsorbed water is 30 mg) and 68.8 % (weight of adsorbed water is 50 mg), respectively. In Hex,

the water adsorbs as a “layer” on the A200 surface, while in Tol, water forms a “diffused layer.”

For the hydrolysis of HTES, more water was required in Tol than in Hex.

3. Tol in the diffused layer tends to adsorb at the SiOH groups of A200. Therefore, HTES cannot

approach the A200 surface and the reaction between HTES and A200 is not promoted.

Based on these results, in addition to the difference in €/gp between the modifier and solvent, the

solubility of the modifier in the solvent before and after hydrolysis and the amount of water adsorbed

at the particle surface should be considered to control the progress of surface modification.
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Chapter 3: Effect of steric hindrance on surface wettability of fine silica powder

modified by »- or #-butyl alcohol

3-1. Introduction

Fumed silica is a unique industrial material owing to its extremely small particle size, large

surface area, and high purity [1]. Fumed silica is widely used in medical products as a glidant [2], in

cosmetics as a sun protection agent [3], in electronics for chemical-mechanic planarization (CMP)

[4,5], in paints and printing inks as a thickening agent [6—8], an anticaking agent in the processing of

dry materials, and in thermal insulators for high temperatures (~1000 °C). Another important industrial

use of the fumed silica powder is as a filler. Silica fillers are key materials used for reinforcing the

high-performance / high-functional industrial products [9,10]. Thus, recently, high performance fillers

that can meet diverse industrial requirements are desired. Nanosized silica fillers have an advantage

over their micrometer or millimeter-sized counterparts owing to their high surface area, which leads

to better reactivity and adhesion between the filler and matrix particles. However, nanosized silica

particles usually suffer from aggregation [11-13], which is nanosized particles tend to stick to each

other due to the high surface area. Therefore, the development of monodisperse silica nanoparticles

that hardly aggregate is of great importance for both industrial and academic applications.

Another factor that causes the aggregation of silica particles is hydroxyl groups (-OH) that are

present on the surface of fumed silica particles [1]. These hydroxyl groups can be in the form of

isolated hydroxyl groups, hydrogen-bonded hydroxyl groups, geminal hydroxyl groups, and siloxane
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groups, which usually facilitate the aggregation of silica particles. Therefore, the surface of silica

particles is usually modified by various functional groups such as alcohol [14,15], silane coupling

agents [16—18], and silicone oil [19,20] in order to prevent their aggregation. Determining the degree

of modification is also important and evaluation methods such as measuring the weight loss by

thermogravimetric and differential thermal analysis (TG-DTA) [11,15], examining the wettability by

preferential dispersion test [15], measuring total organic carbon content [1], and measuring the contact

angle between the silica surface and water [21,22] have been reported. However, to the best of our

knowledge, a systematic study, which investigates the interaction of water molecules and modifiers

present on the surface of silica particles is lacking. Moreover, molecular level understanding of the

surface structure of modified silica particles is important for improving the performance of silica

nanoparticles, i.e., the wettability of a fumed silica surface is dependent on the molecular structure of

the functional species on the surface of silica particles [23].

Fourier transform infrared spectroscopy (FT-IR) has been widely used for the observation of

fumed silica surfaces and the states of their hydroxyl groups [24]. However, a comparison between

the macroscopic and microscopic results will help obtain a better view of the surface wettability of

modified fumed silica. In the present study, the wettability of fumed silica surfaces modified by two

different structures of butyl alcohol is measured. Here, the preferential dispersion test in water is used

as the macroscopic wettability evaluation method, while the water vapor adsorption test determined
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by FT-IR is used as the microscopic wettability evaluation method. Finally, a molecular level

mechanism for the formation of a water film on the surface of silica is proposed.

3-2. Experimental

3-2-1 Materials

Fumed silica powder (Aerosil 200, A200) is provided by Nippon Aerosil Co., Ltd. The specific
surface area (200 m*/g) is measured using the Brunauer-Emmett-Teller (BET) method by nitrogen

adsorption isotherms [25]. n- and ¢-butyl alcohols (special chemical grade, Kanto Chemical Co., Inc.)

are used as modifying agents, and n-hexane is used as solvent.

3-2-2 Surface modification

Surface modification of the fumed silica is carried out using the autoclave [26, 27]. 2.0 g of
A200 sample is dispersed in n-hexane containing 0—1.4 ml/g of either n- or t-butyl alcohol. The
samples are dispersed in n-hexane and placed in the autoclave system. Autoclave system is purged by

N> gas for 5 min to completely remove the air. Finally, the system is heated at 260°C for 1 h at 30 bar.

3-2-3 Characteristics of silica surface

The proportion of butoxy groups introduced onto the silica particles is determined by
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thermogravimetry-differential thermal analysis (TG-DTA; TG/DTA300 SSC 5200H, Seiko Instrument,
Inc.). Measurements are conducted in air flow of 250 ml/min at up to 500 °C with a heating ramp of
20 °C/min. The modification ratio of butoxy groups 0 (%) on the silica surface is calculated using the

following equation:

e((y)_(AG/}’3_W)XNA
T T mw X S X Nog

x 100 (1)

where 4G is the weight loss of the modified sample measured by TG-DTA, y; is the initial weight

of the modified sample, w is the weight loss of surface silanol groups from unmodified silica, mw is

the molar weight of the species used for modification, S is the BET specific surface area calculated

from the nitrogen adsorption isotherm, N, is Avogadro’s number, and Nog is the surface silanol density

(-OH/m?) [11, 28].

The extent of silica surface modification is also observed using FT-IR (IR 5300, Jasco

Corporation; operated at a resolution of 2 cm ™! and with 16 scans per spectrum). The modified samples

are molded and placed into a sample cell. The system is depressurized to 10! Pa, and the sample is

pretreated by degassing at 160 °C. FT-IR spectra are quantitatively analyzed. Absorbance at 1864 cm™!

is used as the standard peak because it is reported to be proportional to the thickness of the sample

pellet [29]. The absorbance of the modifiers is examined in the range of 2800-3000 cm .
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3-2-4 Determination of the amount of water vapor adsorption by FT-IR

The microscopic wettability of modified silica is determined by measuring water vapor adsorption
using FT-IR [30]. 0.02 g of modified silica pellet is prepared with a diameter of 13 mm at 0.7 kPa
using die set for compaction. The pellet is placed in a sample cell, and the system is evacuated for 4
h at 160 °C. The sample chamber is cooled to room temperature and the IR spectrum is obtained.
Subsequently, water vapor is introduced into the sample chamber until the relative pressure is about
0.1. After adsorption reached equilibrium, the FT-IR spectrum is recorded. These steps are repeated
with increasing vapor pressure until the maximum relative pressure is reached. The amount of water

vapor (Son) 1s calculated from the areas of the silanol peaks as follows:

_ Sa— Scy
Son = -1 -1
1(1864 cm=1) — (2450 cm™1)

(2)

where Sy is the area of the peaks in the 2450-4000 cm ™! region, Scy is the area of the peaks in the

2750-3000 cm ! region which indicated the C—H stretching region, and I (1864 cm™!) and 1 (2450

cm ) are the absorbance at the respective wavelengths.

3-2-5 Preference dispersion test

The macroscopic wettability of the modified silica samples is determined by a preference

dispersion test. Fumed silica sample is dried at 160 °C for 4 h. The sample is then stirred in distilled

water, and the wettability is determined by visual observation. It is noted that hydrophilic samples are
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dispersed in the water, while hydrophobic samples are floated on the water surface. The samples are

slowly placed in a thermostatic tank at 30 °C, and observed for 6 h with an additional dispersion every

30 minutes [15, 30].

3-3. Results and Discussion

3-3-1 Characteristics of modified fumed silica surface

The degree of surface modification ratio, 6 %, as a function of alcohol content is shown in Fig.

3-1. Here, the modification ratio is the fraction of modified hydroxyl groups, relative to the total

hydroxyl groups on the surface of unmodified silica. It is shown that the modification ratio increases

more drastically for n-modified silica when the butyl alcohol content increases, as compared to ¢-

modified silica. The modification ratios of #- and ¢-silica are 30 % and 20 % when 0.1 ml/g of n- and

t-butyl alcohol are used, respectively. As the alcohol concentration increases to >0.1 ml/g, the

modification ratio increases at a slower rate than that at lower concentrations. The decrease in

modification rate at butyl alcohol concentrations higher than 0.1 ml/g is because of the steric hindrance

of the modification agents that are already present on the surface of the silica particles. The highest

modification ratios obtained for n-silica and ¢-silica are 49 % and 39 % when 0.5 ml and 1.5 ml of

alcohol were added, respectively.
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Fig.3-1 Change in modification ratio of n-silica and #-silica as a function of amount

butyl alcohol contents.

The surface modification by butyl alcohols proceeds via a dehydration reaction of the hydroxyl
groups on the silica surface and the R—OH groups in the alcohol. As a result, Si—~OH is replaced by
Si—O-R, where R is either #- or ¢-butoxy groups. The differences in the modification ratios of n- and
t-modified silica are attributed to the chemical structure of the butyl alcohols. The n-butoxy group is
relatively narrow and has flexible conformation, while the #-butoxy group is very bulky and has rigid
conformation. Therefore, the difference between the nature of chains in n-butoxy and #-butoxy isomers

is the main reason for the difference in modification ratio. The effect of structural differences is
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confirmed by calculating the area that each butoxy group occupies on the silica surface [31, 32]. The

results are summarized in Table 3-1.

Table 3-1. Occupancy areas of #- and n-butoxy groups on silica surface. o1, is

calculated from Van der Waals radii and Bond lengths; o2 is calculated based on the

surface coverage of hydroxyl groups on silica surface at n-butoxy = 49 % and #-butoxy =

39 %. o3 is calculated from surface coverage at turning point of n-butoxy and #-butoxy

occur when modification ratio is 30 % and 20 %, respectively.

n-butoxy groups t-butoxy groups
Occupancy area
[nm?] [nm?]
ol 0.3-1.7 0.6
62 0.7 0.9
o3 1.2 1.4

The theoretical occupancy area of each butoxy group, o1, is calculated from the van der Waals

radii and bond lengths. o, is the occupancy area of each type of butoxy group, which is calculated

from the TG-DTA results by assuming 100 % surface coverage of hydroxyl groups on the silica surface

at the maximum modification ratios (n-butoxy = 49 % and #-butoxy = 39 %). o3 is the occupancy area

of each type of butoxy group calculated from TG-DTA results assuming 100 % surface coverage at

the turning points of the modification ratios (turning point of n-butoxy and #-butoxy occur when
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modification ratio is 30 % and 20 %, respectively). The o; value of the n-butoxy groups varies in a

range instead of a specific value because of conformational changes. The lower limit (1 = 0.3 nm?)

indicates that the n-butoxy groups are well oriented vertically on the silica surface, and the upper limit

(1.7 nm?) corresponds to the n-butoxy chains lying parallel to the silica surface. At the maximum

modification ratio, the occupancy area for n-modified silica is calculated as o> = 0.7 nm?, while the

theoretical minimum occupancy area of n-butoxy group (c1) is 0.3 nm?. At the turning point, the

2

calculated occupancy area of n-modified silica is 1.2 nm”, which is smaller than the theoretical

maximum, 1.7 nm?. In contrast, the experimentally determined occupancy area for the t-butoxy group

(02 = 0.9 nm?) is larger than the theoretical value at the turning point, 6; = 0.6 nm>.

When the density of n-butoxy modifiers on the surface of silica is high, n-butoxy chains tend to

be oriented perpendicular to the silica surface, which reduces the average occupancy area close to the

theoretical minimum, 0.3 nm?. In case of lower densities, n-butoxy chains will lay parallel to the

surface of silica occupying an area close to the theoretical area, 1.7 nm”. At the maximum modification

ratio of n-modified silica with modification ratio of 49 %, the average occupancy area of the n-butoxy

groups is estimated to be 0.3 nm?. This is not plausible because this theoretical value does not include

steric hindrance. The occupancy area of 1.2 nm? calculated at the turning point of n-modified silica

with modification ratio of 30 %, is more reasonable, as there is not enough space for all chains to lay

parallel to the silica surface. Based on these results, the n-butoxy groups experience significant steric
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hindrance at the modification ratio of 30 %, above which the n-butoxy groups begin to be oriented

perpendicular to the silica surface.

In addition to silanol groups, the unmodified silica surfaces contain siloxane groups [1]. Hence,

some sites are inaccessible to the #-butoxy groups. Since the #-butoxy groups are significantly more

bulky and less flexible than the n-butyl chains, they experience greater steric hindrance; thus, 6o =0.9

nm? is a reasonable occupancy area for the z-butoxy groups.

Fig. 3-2 shows the FT-IR spectrum of each type of hydroxyl group on the silica surface. There

are two types of hydroxyl groups on the surface of fumed silica particles: (1) free hydroxyl groups and

(2) H-bonded hydroxyl groups [33]. Free hydroxyl groups can exist as isolated and geminal groups.

Moreover, H-bonded hydroxyl groups possess terminal H bonded and non-terminal H bonded

hydroxyl groups. The spectral peak of the free hydroxyl groups occurs at 3747 cm™', H-bonded

hydroxyl groups at 3740-3000 cm', and terminal H-bonded hydroxyl groups at either 3720 or 3725

cm ! [34,35]. The vibration band for the butoxy group on the modified silica surface occurs at 3000—

2800 cm ! because of C—H stretching. Since the H-bonded hydroxyl groups are at a short distance

from their neighboring hydroxyl groups, the H-bond interactions of the terminal hydroxyl groups are

weak, and therefore, their IR peaks are shifted to either 3720 or 3725 cm ™! [33] .
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Fig.3-2 FT-IR spectrum of each type of hydroxyl group on silica surface.

Fig. 3-3 shows the FT-IR spectra of n- and #-modified silica at various modification ratios. The
peak area of the free hydroxyl groups at 3747 cm™' decreases significantly with increasing
modification ratio, and almost disappeared at the maximum modification ratios (49 % of n-silica and
39 % of t-silica). The peaks at 2800-3000 cm ™!, ascribed to the alkyl chains, increase with increasing
modification ratio. A similar trend is confirmed for both n- and fmodified silica particles; the

increasing modification ratios are in good agreement with the results shown in Fig. 3-1.
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Fig. 3-3 FT-IR spectra of various modification ratio of zn- and ¢-silica.
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3-3-2 Macroscopic wettability evaluated by preference dispersion test

Preference dispersion test results which observed after 3h are shown in Fig. 3-4, and the

photograph of the example samples shows Fig. 3-5. The n-modified silica samples with a modification

ratio of < 30 % are well dispersed in water, indicating their hydrophilicity. The n-modified silica

samples with the modification ratio of 30-32 % are partially hydrophobic, and samples with

modification ratio of > 32 % are completely hydrophobic. In contrast, the -modified silica sample is

hydrophilic when the modification ratio is <25 %, partially hydrophobic when the modification ratio

is 25%-26.5 %, and completely hydrophobic when the modification ratio is > 26.5 %. A comparison

between Fig. 3-1 and Fig. 3-4 shows that the modification ratio and hydrophilic/hydrophobic turning

points differ for t-modified silica, while they are consistent for n-modified silica.
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3h.

Hydrophilic Hydrophobic

Fig. 3-5 Photograph of the hydrophilic and hydrophobic samples of preference

dispersion test.
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It is noted that n-modified silica with modification ratios of 30 % and 32 % are initially partially

hydrophobic; however, they become hydrophilic after being dispersed in water for 6 h. This indicates

that the surface of n-modified silica with the modification ratio of 30—32% is hydrolyzed in water due

to the accessibility of the Si-O-nBu linkage because of the flexibility of the n-butyl chains. In contrast,

the bulky #-butoxy groups remain stable even after 6 h because the Si-O-/Bu linkage is inaccessible

by the surrounding water molecules.

3-3-3 Amount of water vapor adsorption on unmodified silica observed by FT-IR

The water vapor adsorption isotherm and FT-IR spectra of unmodified silica under different

relative vapor pressures are shown in Fig. 3-6. As shown in Fig. 3-6 a), at P/Po = 0.7 a single water

molecule is adsorbed onto each surface hydroxyl group [33]. At P/Py = 0.8, two water molecules are

adsorbed on each hydroxyl group [33], suggesting that the surface hydroxyl groups are saturated with

water molecules. However, free hydroxyl groups are still present on the surface of silica at P/Py =0.8.

The free hydroxyl peak at 3747 cm™' decreases with increasing relative pressure and a slight shift to a

lower wavenumber is observed at 3720 and 3725 cm!, as shown in Fig. 3-6 b). These results

demonstrate that water molecules are not uniformly adsorbed on the silica surface. Instead, they are

partially adsorbed onto the H-bonded hydroxyl groups and formed a two-dimensional layer on the
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silica surface, as schematically illustrated in Fig. 3-7.
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Fig. 3-6 b) FT-IR spectra of unmodified silica under different relative vapor pressures.
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Fig. 3-7 Adsorption mechanisms of water on silica particle surface.

The water adsorption mechanisms on silica surfaces have been reported by Fuji and Takahashi

[37]. The adsorption mechanism at low and humidities are shown in Fig. 3-7. As shown in Fig. 3-7

(a), at low humidity water molecules undergo localized adsorption. As humidity increases, more water

molecules are adsorbed in a cooperative process, Fig. 3-7(b). At a high humidity water molecules from

the two-dimensional layer, Fig. 3-7(c), resulting in greater water adsorption. The continuous formation

of a two-dimensional water layer followed by additional water adsorption resulted in the formation of

multiple layers of water molecules on the surface of silica particles. The amount of water adsorption

increases rapidly with high relative pressure. Finally, the formation of a continuous two-dimensional

layer of water molecules affects the wettability of the silica surface.
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This water adsorption mechanisms has not been revealed by microscopic observation. Based on

the Fig. 3-6, the formation of the two-dimensional layer and a continuous two-dimensional layer of

water molecules were revealed by water vapor adsorption test on silica surface microscopically.

3-3-4 Microscopic wettability evaluated by the amount of water vapor adsorption
by FT-IR

3-3-4 (1) Observation of water adsorption behavior on modified silica surface

The observed water adsorption behavior of modified silica surfaces is explained based on the

adsorption mechanisms of unmodified silica surfaces [36] as explained in the following. Based on the

results of preference dispersion, n-modified silica with modification ratio of 19 % and ~-modified silica

with modification ratio of 20 % are chosen as representative hydrophilic samples. In addition, n-

modified silica with modification ratio of 49 % and t-modified silica with modification ratio of 39 %

are chosen as representative hydrophobic samples. The water vapor adsorption of these modified silica

particles is examined by FT-IR.

Fig. 3-8 shows the FT-IR spectra of hydrophilic n-modified silica with modification ratio of 19 %

and #-modified silica with modification ratio of 20 % at different relative vapor pressures. In these

modified silicas, the peak intensity of free hydroxyl group at 3747 cm™' decreases with increasing the

relative pressure. However, the rate of peak area decrease is slower than that of the unmodified silica.
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In addition, similar peak shifts to lower wavenumber are observed in the 3740-3680 cm™! plateau.

The decrease in free hydroxyl groups is more significant for the f-modified silica with

modification ratio of 20 % sample than that of n-modified silica with modification ratio of 19 % sample

because: On one hand, n-butoxy groups lye flat on the silica surface, corresponding to ~0.5 butoxy

groups/nm?, and shielding free hydroxyl groups from water molecules [15]. On the other hand, ¢

butoxy groups are conformationally stable. Therefore, some of the remaining hydroxyl groups are

protected from modification by steric hindrance of #-butoxy groups. The presence of the butoxy groups

hinders the formation of a continuous two-dimensional water layer, resulting in smaller peak

reductions (3747 cm™!) and slighter shift (3740-3680 cm™') compared to those of unmodified silica.
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Fig. 3-8 FT-IR spectra of modified silica at each relative pressure during the water

vaper process obtained from modification rate of 19 % of n-silica and 20 % of #-silica.

Fig. 3-9 shows the FT-IR spectra of the hydrophobic 49 % n-modified silica samples and 39 % ¢-

modified silica samples at different relative vapor pressures. In these samples, all of the free hydroxyl

groups are modified, and therefore do not appear in the FT-IR spectra. The two samples exhibit similar

trends during water adsorption. The peak area of H-bonded hydroxyl group at 3740-3000 cm'

increases with increasing relative pressure. Although the surfaces of these samples are hydrophobic,

the proportion of H-bonded hydroxyl groups increases because water molecules preferentially adsorb

on these hydroxyl groups, resulting in the formation of a two-dimensional layer of water on the surface
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of'silica particles. This result is in good agreement with those of unmodified and hydrophilic modified

silica particles. Therefore, water molecules can adsorb onto H-bonded hydroxyl groups regardless of

the surface condition, although the accessibility of these hydroxyl groups is affected by surface

modifications.
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Fig. 3-9 FT-IR spectra of modified silica at each relative pressure during the water

vaper process obtained from modification rate of 49 % of n-silica and 39 % of ¢-silica.

3-3-4 (2) Calculation of the amount of adsorbed hydroxyl groups from peak area of

FT-IR
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Water vapor adsorption is estimated from the peak area of the hydroxyl group. The relationship

between the relative pressure and the O—H stretching peak area of H-bonded hydroxyl groups (4000—

2450 cm™!, Sou) for n- and t-modified silica samples are shown in Fig. 3-10 a) and 3-10 b), respectively.

Son is calculated by equation (2). Although the absorption peak of the free hydroxyl groups (3747

cm ') is included within this spectral range, it can be ignored since its contribution is negligible

compared to that of H-bonded hydroxyl groups. As shown in Fig. 3-10 a), the 19 % n-modified silica

sample exhibits a similar trend to that of unmodified silica shown in Fig. 3-10 b), although the peak

area in the spectrum of the former is smaller throughout the range of the relative pressure test. The

trends in the 32 % and 36 % n-modified silica are similar for P/Pyp < 0.5, and changes are more sluggish

than those of 19 % n-modified silica are. In the case of the 32 % n-modified silica, a significant increase

in peak area is observed at P/Py > 0.5. The peak area for the 36 % n-modified silica increases more

linearly upon increasing the relative pressure.

As shown in Fig. 3-10 b), the unmodified silica shows the largest peak area of the samples and

its hydroxyl group peak area gradually increases with increasing relative pressure. The 20 % and 39 %

t-modified silica samples show similar trends and almost identical peak areas at P/Po < 0.5. The 20 %

t-modified silica is hydrophilic, while the 39 % ¢-modified silica sample is hydrophobic as confirmed

by a preference dispersion test. For 20 % #-modified silica, a significant increase in adsorption is

observed at P/Py > 0.5, attributed to the shielding of free hydroxyl groups by n-butyl chains on the

68



surface of 19 % n-modified silica.

At high relative pressures, water molecules are more strongly adsorbed on the H-bonded hydroxyl

groups than on the free hydroxyl groups. Therefore, the hydroxyl group peak area of unmodified silica

gradually increases. In contrast, only a small fraction of free hydroxyl groups remains on 39 % ¢-

modified silica because of its hydrophobicity. However, the water vapor adsorption of the H-bonded

hydroxyl groups on the 39 % t-modified silica gradually increases. Although the surface of the #-

modified silica with modification ratio of 20 % is hydrophilic, water molecules are preferentially

adsorbed on the H-bonded hydroxyl groups at low relative pressures. This proves that the initial water

adsorption process at low relative pressure is similar for both #- and #-modified silica surfaces.

As already shown in Fig. 3-1, the steric hindrance effect of the #-butyl groups are evident in the

20 % t-modified silica sample. At this modification ratio, a large amount of #-butoxy groups are

supposed to be present on the surface of silica. However, its surface remains hydrophilic because of

the presence of free hydroxyl groups. That is why a rapid increase in water adsorption is observed for

this sample at P/Pg > 0.5. In contrast, the 39 % #-modified silica is hydrophobic and only a small

amount of free hydroxyl groups are expected to exist on its surface. Hence, the rapid increase in

adsorption at P/Po> 0.5 is not observed in the 39 %. t-modified silica.
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Fig. 3-10 a) Relationships between relative pressure and spectrum area of -OH

stretching for modification rate of 19 %, 32 %, and 36 % of n-silica.
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Fig. 3-10 b) Relationships between relative pressure and spectrum area of -OH

stretching for modification rate of 20 %, and 39 % of ¢-silica, and unmodified silica.
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3-4. Conclusions

Fumed silica surfaces were modified with either n- or ¢#-butyl alcohols at various concentrations.

Changes in surface wettability were observed macroscopically by water preference dispersion tests

and microscopically by the water vapor adsorption test determined by FT-IR. The bulky structure and

unchanged conformation was found to be more effective for a hydrophobic surface and was confirmed

by the macroscopic method. The same amount of butyl alcohols with different molecular structures

have different hydrophobic effects.

1. Macroscopic water preference dispersion test confirmed that butyl alcohols with different

molecular structures effectively modified the surface of silica particles with different

hydrophobicity. Silica modified by bulky, rigid, #-butoxy groups was more hydrophobic than n-

butyl-modified silica was.

2. Microscopic water vapor adsorption test by FT-IR confirmed that water molecules preferentially

adsorbed onto H-bonded hydroxyl groups during the initial stage of adsorption. Therefore, the

hydrophobic effects of different structural surfaces became more distinct at P/Py > 0.5.

3. The hydrophilic/hydrophobic turning points of the n- and #-silica were in accordance with the

observation results by the preference dispersion test and by the water vapor adsorption test.

Furthermore, macroscopic and microscopic observation results were correlated.
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Chapter 4: Surface modification of fumed silica by photo-dimerization reaction of

cinnamyl alcohol and cinnamoyl chloride

4-1. Introduction

In recent years, three dimensional (3D) printers have started being used in various fields [1—

3]. 3D printers can create structures by reading out the three-dimensional data generated by Computer

Aided Design (CAD) [4, 5]. The start of that technology was the acquisition of a patent on 3D stereo

lithography [6, 7] by Chuck Hull who was an American engineer in 1987. His first working 3D printer

was created in 1984. He published a number of patents on the concept of 3D printing, many of which

are used in today’s additive manufacturing processes. [8—10]. In addition, due to the invention of

various molding method technologies, Fused Deposition Modeling [11-13], Inkjets, [14—17] and

Selective Laser Sintering [18-22] are also carried out using the 3D printer [23]. Following the

evolution of the technology and cost reductions, the 3D printer market is rapidly growing. Along with

this development, the demand for resins for use in each manufacturing method has been rapidly rising

with advances in the technology. At present, an ultraviolet (UV) curing resin with an acrylic resin base

and a thermoplastic resin with an acrylonitrile-butadiene-styrene resin base are primarily used in the

3D printer material. With the inkjet printer becoming popular due to reduction in size, the market share

growth of UV curing resin is significantly expanding on a global scale [24]. The use of UV curing

resins has attracted attention in recent years from the viewpoint of a reduced environmental burden

because it reduces the emission of volatile organic compounds (VOCs) due to instant formation of the
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coating film by UV irradiation [25]. A remarkable feature of the UV resin is that it does not need a

drying process for removing the solvent, thus leading to shortened working duration.

In the past decade, nanosilica particles have been widely introduced into polymers to provide

functionalities that have never existed before [26]. There are some reports that the nanosilica contained

in UV cured resin provided new functions for the polymers. Nanosilica particles are used as a filler in

UV acrylate paints where they crosslink and cure the silica and UV curing resin upon UV irradiation

[27]. However, since the amount of silica powder to be added to a UV resin is limited, it is difficult to

obtain a UV resin containing a large amount of the inorganic material. If the amount of inorganic

material included is greater than the amount of organic polymer is, the 3D printing process may

possibly be more environmentally friendly. Additionally, one of the optical shaping methods requires

an additional step for excessive resin removal. Thus, it can reduce the surplus resin and increase

efficiency due to a shorter processing time. If the inorganic material can function by itself upon photo-

irradiation, its content rate and function in the polymer can be improved.

There are two kinds of photo-dimerization functional groups: cinnamoyl based and

cinnamylidene based groups. Many compounds functionalized with these groups, such as activated

ethylene and polycyclic compounds, can undergo photo-dimerization involving the intermolecular

cross-linking bonds in the polymer. As cinnamoyl groups develop the [2+2] cyclization by the photo-

dimerization reaction, polyvinyl cinnamate, which was made by the esterification reaction of the
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cinnamoyl groups and PVA, becomes insoluble depending on the photo-crosslinking [28]. Therefore,

polyvinyl cinnamate applied as a negative photoresist is a representative example of the photo-

sensitive resin. Taking inspiration by the photo-reaction of polyvinyl cinnamate, photo-functional

groups might be introduced on the surface of the fumed silica thus creating functional particles capable

of photo-crosslinking by optical irradiation. In addition, nano-sized inorganic functional materials,

which are difficult to be obtained by modern technology, can be developed [29, 30].

Herein, it was shown that the cinnamoyl chloride has a cinnamyl group (CsHs-CH=CH-CH>-)

and cinnamy] alcohol has cinnamoyl group (CsHs-CH=CH-CHO-) on the fumed silica surface because

their terminals substituted by -Cl and -OH have a high reactivity with the silanol groups. Furthermore,

it was determined that the corresponding interparticle photo-dimerization process of the cyclobutane

ring with photo-functional groups occurs on the modified silica surface.

4-2. Experimental

4-2-1 Materials and surface modification

Fumed silica powder, Aerosil® OX50 (OX50), was obtained from Nippon Aerosil Co., LTD.

Cinnamyl alcohol and cinnamoyl chloride with photo-functional groups were used as the modifier,

and the physical properties of the two photo-functional groups are shown in Table 4-1.
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Table 4-1. Physical properties of cinnamyl alcohol and cinnamoyl chloride.

Modifier Cinnamyl alcohol Cinnamoyl chloride
Formula CyH 100 (C¢HsCH=CHCH,OH) CyH7Cl10 (C¢HsCH=CHCOCI)
Moleculer weight 134.18 166.6
Melting point 33°C 35-36 °C
Boiling point 250 °C 256-258 °C
Manufacture KANTO CHEMICAL CO.,INC KANTO CHEMICAL CO.,INC

As both photo-functional groups can initiate a reaction when exposed to natural light, these

experiments were carefully carried out in the dark. For the surface modification with cinnamyl alcohol,

the autoclave method was performed at 270 °C, and 30 atm for 1 h with hexane used as the solvent

[31, 32]. An additional amount of modifier was then changed from 0.25 to 20 number of modifiers per

nm? on the modified silica surface related to the specific surface area of 2g of 0X50. After the reaction,

the sample was dried in a nitrogen atmosphere at above 70 °C. For the modification with cinnamoyl

chloride, the reaction was carried out by the reflux method [33]. OX50 (2.0 g) was dispersed in 62.5mL

of hexane and a certain amount of cinnamoyl chloride was then dissolved. The additional amount of

cinnamoyl chloride was changed the same as for the modification using cinnamyl alcohol. The

suspension was heated to reflux for 1 h at 68 °C, then the modified OX50 was washed with 80 mL of

hexane 3 times and separated by pressure filtration, followed by drying under reduced pressure.

Surface modification was carried out by the reactions of the cinnamy] alcohol and cinnamoyl chloride

molecules with the hydroxyl groups on the silica surface according to the following equations:
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C,H,CH = CHCH,OH + HO—- Si - C,H.CH = CHCH,0—Si=+H,0 (1)

C,H,CH = CHCH,0CI+ HO—Si — C,H,CH = CHCH,0—Si=+HCl ~ (2)

4-2-2 Characteristics of silica surface

Qualitative analysis of the modifier on the surface of the modified OX50 was evaluated by FT-
IR (Jasco FT/IR-620 spectrometer, Jasco Corporation), and the purpose of this characterization was to
determine the decrease in the hydroxyl groups and presence of the Si-O-C spectral peak. It is regarded
that the spectral peak of Si-O-C was attributed to chemisorption of the modifier on the silica surface,
thus the processing of the modified reaction can be confirmed by observing this peak. The FT-IR
measurement was done at a resolution of 4 cm™ between 400 and 4000 and the scan number was 200.
The sample was molded into a pellet and it was then placed in a vacuum measuring cell [34].

The surface modifier density was estimated from the amount of modifiers and the specific surface
area. Quantitative analysis of the modifier groups was obtained from the TG/DTA performed using a
Rigaku Thermo plus TG8120 (Rigaku Corporation) from 30 °C to 550 °C at the heating rate of 20

°C/min in flowing air at 250 mL/min.

4-2-3 Determination of hydrophilic/hydrophobic

In order to determine the hydrophobic or hydrophilic properties of the modified silica surface,
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the sample powders were dropped into the water, while the floating nature was judged by visual

observation. The hydrophilic powders sank in the water, while the hydrophobic ones floated [35, 36].

4-2-4 Simulation

The modified silica forms a dimer structure through the cyclobutane-ring with C=C bonds by

optical irradiation due to the photo-irradiation reaction described as follows:

CsH;CH =CHCH,0—Si= + CsHsCH = CHCH,0—Si=

v CH,CH—CHCH,O0—Si= €)
—> —
CoH; HCH,0—Si=

The, simulation results provided information about the UV absorbing spectrum of the a and

B-dimer structure of the modifiers by optical irradiation.
This simulation was carried out using the software “CAChe4.4” produced by Fujitsu Limited,
and the MP3 method of MOPAC was selected for the structural optimization. In addition, the UV

absorption spectrum was calculated by ZINDO which is a semi-empirical quantum chemistry method.

4-2-5 Optical irradiation and UV spectral characteristics of modified silica

surface

1. Determination of tablet molding condition

The optimum condition for the tablet molding of the modified silica used in the photo-irradiation
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experiment was determined by nitrogen adsorption, which could determine the pore sizes within the

tablet samples [37].

The nitrogen adsorption measurements were performed using a Gemini manufactured by the

Shimadzu Co., Japan. The measurement range of P/Py was between 0.7 and 0.99 with plot numbers of

30. The tablet samples of the silica powder were molded under various pressures, (20, 50 kgf/cm?) and

not molded.

2. Optical reaction of modified silica

Due to the photo-dimerization of the modifiers, a photoreaction was observed by a UV

spectrometer using on UV3100PC manufactured by the Shimadzu Corporation during the photo

irradiation experiment. An extra high pressure mercury lamp (USHIO) covered with pyrex glass

because of lightproof below 300 nm was selected as the optical source. The following are the other

optical irradiation conditions: distance between the sample and optical source was 80 cm, the wattage

was 350 W and the wavelength band emission was 300 nm to 500 nm. Acetonitrile and hexane were

used as the solvents of the modifiers. On the other hand, when characterizing the surface modified

silica, samples were formed into tablets which was confirmed to form the o bridge between the

particles and measured by the diffuse reflex method.
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4-3. Results and discussion

4-3-1 Characteristics of fumed silica

The corresponding transmission electron microscope (TEM) image of Aerosil® OX50 is shown

in Fig. 4-1. As the sample is nonporous with a smooth surface, it is used to investigate the modified

surface structures. The specific surface area of OX50 is 46.9 nm*> measured by the BET method and

the density of the surface hydroxyl groups for the unmodified sample was determined to be 3.2 —

OH/nm? by the Grignard reagent method [38, 39].

Fig. 4-1 TEM image of Aerosil® OX50.

4-3-2 IR spectral characteristics of silica surface

The FT-IR spectral characteristics of the silica with earlier reported data are shown in Table 4-2.

The FT-IR spectra of the unmodified OX50 and silica particles modified with various concentrations
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of cinnamyl alcohol are shown in Fig. 4-2 and Fig. 4-3, respectively. Based on the curves, the silica

bond absorption at 1868 cm™ was determined based on the baseline of 2450 cm™ in each sample. From

Fig. 4-3, we can see that the -CH peak derived from the benzene ring located at 3066 cm™ gradually

increased with the increasing concentration of the cinnamyl alcohol, while the O-H stretching and

adsorbed water decreased. In addition, the small peak that appeared at 963 cm™ was assigned to the

Si—O—C bond as shown in Fig. 4-4, which is attributed to the chemisorption modifier on the silica

surface. It can be concluded that the surface modification was successfully performed by the chemical

reaction of the cinnamyl alcohol molecules with the surface silanol groups by the autoclave method.
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Table 4-2. FT-IR spectral characteristics of silica.

Frequency
(e Position assignment Values reported earlier References
cm
963 Si-O-R 950-115 [40]
1623 1102
1868 Asymmetric Si-O-Si 1130-900
_ [41, 42]
1980 stretching
1000-1300
) ) 3080
3066 Aromatic C-H stretching [43]
3110
O-H stretching of
3748 3690 [42]

Si-OH

25

Absorbance

15

1.0 [T

Wavenumber (cm!)

Fig. 4-2 FT-IR spectrum of the unmodified silica.
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Wavenumber (cm1)
Fig. 4-3 FT-IR spectra of the unmodified and modified silica samples: (a) unmodified
cinnamyl alcohol content was (b) 0.12 g/I (¢) 0.23 g/1 (d) 0.44 g/1 (e) 1.60 g/1 (f) 2.25 g/l

(g) 4.46 g/l.
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Fig. 4-4 FT-IR spectrum of Si-O-C at 963 cm.

4-3-3 Determination of modifier introduced on silica surface

975 980

The number of modifier groups introduced onto the silica surface (dB) was calculated using

equation (4), applying the weight losses of the modified sample (Wcy) and unmod

AWy =AW,y )N 4
M, Sy,

x10'

dB(— OR/nm2)= (

(4)

88

ified sample (Won).



where AWy and AWoy are the ratio of the weight loss for the modified and unmodified samples,

respectively, measured by TG, MW is the molar weight of the modifier groups, Sx2is the BET specific

surface area measured from the nitrogen adsorption isotherm, and N4 is Avogadro’s number [35].

The TG/DTA curves of the unmodified and modified silica were obtained by continuous heating

at a definite temperature rate and the results are shown in Fig. 4-5 and Fig. 4-6, respectively. Based on

the DTA curve, an exothermic reaction began around 270 °C, indicating that the burning of the

modifier on the silica surface began at this temperature. Therefore, the amount of modifiers can be

estimated from the weight loss in the TG curve in the combustion region of 270-550 °C, which in turn

was determined by the DTA curve. In the case of the cinnamyl alcohol modified silica, the maximum

surface density of the functional groups is 1.7 —OR/nm?, and the relationship between the cinnamyl

alcohol amount for the sample weight and surface density of the modification group is shown in Fig.

4-7. Meanwhile, two samples, which were modified with 0.44 and 3.23 mL/g cinnamyl alcohol, were

used for the optical irradiation examination.

On the other hand, the maximum surface density of the modifier group was about 0.33 —OR/nm?

for the samples modified with cinnamoyl chloride by the reflux method, while the value can be

increased to 0.69 —OR/nm? with pyridine as the catalyst.
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surface density of modification groups.

4-3-4 Determination of hydrophilic/hydrophobic

The unmodified silica sank in the water due to its hydrophilicity, while the modified sample
floated on the water because of its hydrophobicity. The hydrophobic propensity was observed in a
sample with the modifier density of 1.0 —OR/nm* and a higher density still results in surface
hydrophobicity. Based on these results, it is postulated that the surface of the silica was uniformly-

modified by the cinnamoyl groups at a modifier density greater than 1.0 ~OR/nm? [44].
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4-3-5 Calculation of the intermolecular distance

The intermolecular distance was calculated assuming that the modifiers were present in the most

densely packed state on the silica surface. Their formulas and image diagrams are shown in Fig. 4-8.

The intermolecular modifier distance for the sample with the surface density of 1.8 —OR/nm? was

calculated to be about 0.75 nm, while the value for the sample with 0.4 —OR/nm? was about 16 nm.

According to the established topo chemistry concept by Schmidt et al., the reactive double bonds are

located parallel and the minimum distance between each other is 0.36—0.42 nm in the photo- dimerized

olefin crystal [45]. Taking this concept into account, the dimers could not be formed in the calculated

intermolecular distance. However, this calculation result was just an average distance determined from

the surface modification density. It is considered that the surface modifiers are not evenly distributed

and some modifiers might actually exist closely-situated on the silica surface, which could possibly

initiate the photo-dimerization.
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Intermolecular distance (L) = 0.74 nm
1:L2=1:1.8

Fig. 4-8 Formulas and image diagram of intermolecular distance of modifiers (The

sample whose amounts of surface modifier groups is 1.8 ~-OR/nm?).

4-3-6 Simulation

The structures of the monomer and a, B-photodimers for the cinnamyl alcohol are shown in Fig.
4-9, and it is considered that the a-dimer possibly formed interparticles whereas the B-dimer formed
intraparticles. The UV absorption spectra for each structure of the cinnamyl alcohol and cinnamoyl
chloride are shown in Fig. 4-10 and Fig. 4-11 respectively. Based on the results of these simulations,
the maximum absorption was observed around 250nm on both modifiers. However, as these strong
absorptions were observed on each monomer, these absorptions were not observed after formation of
their dimers. It is postulated that for the monomer structure, the n-electron delocalization occurs on

the benzene through the double bond of the alkene on the monomer structure. On the other hand,
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because the alkene double bond disappears due to the formation of the cyclobutane ring, the n-electron
is partially delocalized in the benzene. Additionally, the difference in the a, B-dimers is mainly for the
adsorption peaks located at 200 nm, that is, the absorption around 200 nm decreased if the a-dimer is

formed, while it increased if the B-dimer is formed.

A

monomer

| w

a- dimer B- dimer

Fig. 4-9 Structure of monomer and a, -dimers of cinnamyl alcohol by simulation.
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Fig. 4-11 UV adsorbing spectra of cinnamoyl chloride by simulation.
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4-3-7 Optical irradiation

Fig. 4-12 shows the changes in the UV-absorption spectrum of the modifier in the organic
solvent during the optical irradiation. It was observed that the 250 nm absorption decreased, which is
in accordance with the simulation, suggesting that the modifier on the silica surface formed a photo-
dimer by optical irradiation.

The pore size results of the tableting samples were provided by nitrogen adsorption, thus we
could estimate how densely the silica particles were packed within each tablet. It is known that the
initial pressure of the capillary condensation changes depending on the pore size of the tablet when
measuring the nitrogen adsorption, and there is a correlation between the relative pressure at the
beginning of the capillary condensation and radius of the capillary evaporation (kelvin radius, rk),
which is obtained by Kelvin’s equation (5).

1, (3 =-(2Vmeos 0)/{RTIn(P/P, )}

where P is the actual vapor pressure, Py is the saturated vapor pressure, y is the surface tension,
Vm is the molar volume of the liquid, R is the universal gas constant, 0 is the contact angle, and T is
temperature. The thickness of nitrogen multilayer has been reported by many researchers [46, 47].
Herein, the experimentally resolved multilayer thickness was calculated by formula (6) which was

reported by Makinshima et al. using the Cranston-Inkley method.

t=2.633+11.877—46.6%° —385.8/° +970.87" ~1024.8/° +395.9%° ©
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where t is the multilayer thickness and ¥ is the relative pressure (P/Po). Based on these formulas,

the pore size was calculated and the tableting condition was determined [48, 49]. Based on the

adsorption isotherm for nitrogen shown in Fig. 4-13, the capillary condensation began at about 0.995

P/Py in the tableting sample shape molded at 50 kgf/cm?.

Antc0of 207 A and a t of 14.3 A were calculated by the kelvin equation, while the r, was 221.3A

as determined from the sum of rk and t. Hence, it was found that the pore radius in the 50 kgf/cm?

tablet sample was about 22 nm and such a sample has a moderate-density for the optical irradiation

experiment. Therefore, it was expected that the modifiers on the silica surface would be situated within

a reasonable distance to form the o-bridge between each other by applying the 50 kgf/cm? pressure.

Also, the UV-absorption spectrum changes for the modified sample with the surface density of

0.4 —OR/nm’ and 1.8 —OR/nm’ are shown in Figs. 4-14 and 4-15, respectively. Hence, the optical

reaction rate of 1.8 —OR/nm? was lower than the 0.4 —OR/nm? sample, although the UV absorption

was stronger. Additionally, the unmodified silica is not a UV absorber. It is expected that the surface

modifier of the modified silica could react under optical irradiation and the reaction rate was

determined by the modification density amount on the silica surface.

Also, in the case of the simulation result, the decrease in the adsorption at 250 nm can be observed

due to the disappearance of the C=C. Therefore, the optical-dimer was formed on both modified

sample surfaces in this experiment. In addition, in the 1.8 —OR/nm? case, it is expected that a large
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volume of B-dimers will be formed as analyzed from the increase in the adsorption at 200 nm. On the

other hand, in the case of 0.4 —OR/nm?, the a-dimers would be more easily formed than the B-dimers

judging from the intermolecular distance. For the reasons noted above, if the B-dimers were formed

on the silica surface, the modifier needs to be densely situated because they form intraparticles with

the intermolecular distance of 7 A. Moreover, the o-dimers are mainly formed between different

particles with the intermolecular distance of about 16 A. For these reasons, it is suggested that the

surface modifier with a concentration of 1.8 —OR/nm? was densely packed, and thus the B-dimers were

easily formed. The surface modifier with a concentration of 0.4 ~OR/nm? was situated with enough

space in the interparticles, leading to the tendency to form a-dimers. Based on these results, it was

found that the modification with optical functional groups on the silica surface was achieved which

led to the interparticle cross-linking.
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4-4. Conclusion

In the present study, it was found that the surface modification density could be controlled by

changing the initial concentration of the cinnamyl alcohol by the autoclave method, and the maximum

modification density was 1.8 —OR/nm?. For the modification with cinnamoyl chloride, the density

highly depended on the presence of a catalyst. In this case, the maximum modification density was

only 0.33 —OR/nm?, but can be increased to 0.69 —OR/nm? with pyridine as the catalyst. Moreover, a

and B-dimers were formed by photo reaction of the surface cinnamoyl groups on these modified silicas.

The structure of the dimers on the modified silica surface was mainly affected by the surface

modification density, which can be interpreted as the intermolecular distance. If the surface

modification density is high, the surface cinnamoyl groups are close to each other, and they could form

B-dimers. In contrast, if the surface modification density is low, sufficient space between the surface

cinnamoyl groups could be created and could be more favorable for forming the a-dimers. It was

suggested that the formation of a-dimers was necessary to form the three dimensional structures.

However, the surface modifiers on the silica surface should not be densely packed for forming the o

bridge within the interparticles.
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Chapter 5: Summary

Dispersible and aggregatable fumed silica was synthesized with the aim of developing methods

for controlling the dispersibility and aggregability of nanosized particles. This thesis is divided into

the following five chapters:

Chapter 1 is an introduction to fumed silica and its surface characteristics as well as the methods

used for modifying its surface.

Chapter 2 describes the results of the investigation of the relationship between solvent polarity

and the amount of water adsorbed on the surfaces of fumed silica particles; this relationship has a

significant effect on the surface modification of fumed silica. The modification conditions play a key

role in the modification of fumed silica at the molecular level. The experimental results revealed that

the solvent polarity, solubility of the modifier, and amount of water adsorbed on the silica surface

affect the surface modification rate in the liquid phase. The modification rate was high when the non-

polar solvent hexane was used. It was observed that the water molecules adsorbed on the silica surface

form a “layer” owing to the difference in their polarity and that of the solvent and that the amount of

water adsorbed affects the surface modification rate. Based on the results presented in Chapter 2, it

can be concluded that the relationship between solvent polarity and the amount of water adsorbed is

important for designing nanosized materials with the desired functionality. It is suggested that the

108



interaction between solvent polarity and the adsorbed water can be exploited to control the number

density of the modifier at the molecular level.

Chapter 3 describes the investigation performed to elucidate the effects of the structure and

mobility of the modifier introduced on the fumed silica surface. The surfaces of fumed silica

nanoparticles were modified with either n- or #-butyl alcohol at various concentrations. The changes

in the surface wettability were observed macroscopically based on water preference dispersion tests

and microscopically through water vapor adsorption tests, which were performed using FT-IR. It was

determined that the structure and mobility of the modifier determine the surface wettability of the

modified fumed silica. Based on the results presented in this chapter, it can be concluded that the

effects of the structure and mobility of the modifier on surface wettability can observed at the

molecular level based on the water vapor adsorption test performed using FT-IR. It is suggested that

the wettability influences the dispersibility and aggregability of fumed silica. Therefore, wettability

observations performed at the molecular level are essential for designing fumed silica nanoparticles

with the desired functionality.

Chapter 4 describes the synthesis of dispersible and aggregatable fumed silica, which was

designed based on the knowledge presented in Chapters 2 and 3. Two photo-dimerization substances,

namely, cinnamyl alcohol and cinnamoyl chloride, were introduced on the surfaces of the fumed silica

nanoparticles. The modified nanoparticles formed two types of dimer, a- and B-dimers, after a
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photoinduced reaction of the surface cinnamoyl groups. The structures of the dimers on the surfaces

of the modified silica nanoparticles were primarily determined by the number density of the surface

modifier, which can be considered the intermolecular distance. When the number density is low, there

is enough space between the surface cinnamoyl groups for a-dimers to form. It is suggested that the

formation of a-dimers is necessary for the realization of three-dimensional structures. Based on the

results described in Chapter 4, the dispersible and aggregatable fumed silica design and synthesis at

molecular level, and it confirmed their function by UV irradiation.

Based on the above-mentioned results, it can be concluded that elucidating the relationship

between solvent polarity and the surface-adsorbed water is essential for the surface modification of

fumed silica at the molecular level. The modification rate is probably determined by the interaction

between solvent polarity and the water adsorbed on the surfaces of the fumed silica particles. In

addition, the structure and mobility of the modifier significantly affect the surface wettability of fumed

silica. It was determined that the wettability can be used as a molecular-level indicator of the properties

of the modified surfaces of fumed silica nanoparticles. Based on these factors, a method for

synthesizing dispersible and aggregatable fumed silica was proposed. Further, dispersible and

aggregatable fumed silica was successfully synthesized using the proposed method, confirming that

the method, which is based on molecular-level information, is an effective one.
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