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Abstract
The marked development of chemical industry has greatly improved our quality of
life, but at the same time caused various environmental issues. Since catalysis is useful
chemical phenomenon to increase productivity of chemical processes and reduce waste
generation, catalytic science has been steadily grown with the development of the chemical
industry, and various concepts have been proposed to develop highly active, selective, and
durable catalysts. A concept is “bifunctional catalyst”, which is the catalyst having more than
two functional groups with different properties. In the bifunctional catalysts, the functional
groups cooperatively work as a catalyst, which is called “cooperative catalysis”. By this, the
bifunctional catalysts show unexpectedly high catalytic performances comparing to those
with single functional group and can proceed difficult and unattainable reactions. A pair of
acid and base is the most common functional groups in the cooperative catalysis, which has
been widely used to develop acid-base bifunctional catalysts. However, precise and rational
design of the acid-base pair sites on heterogeneous catalysts was still not achieved.
The catalytic performance is primally determined by the properties of active center
itself. Thus far, catalysis over the acid-base bifunctional catalysts has been understood
basically in terms of three fundamental properties, including types, strengths, and amounts
of acid and base sites. Recently, control of the environment around the active sites has been
investigated for the acid-base bifunctional catalysts, for which active functional groups
including sulfo, carboxyl, and amino groups are grafted on siliceous materials. The control
of the environment around the active functional group would be considered as an additional
property important for the design and development of the acid-base bifunctional catalysts.
Thus, this thesis aimed to develop a robust approach for precise control of the environment
ii

around active sites to achieve high catalytic performance in heterogeneous catalysis. The
background, motivation, and objectives of this thesis mentioned above are described in
Chapter 1.
Chapter 2 describes a novel method to definitely create adjacent acid-base pair sites
on SiO2 through hydrolysis of secondary amide grafted in advance on SiO2. This method
enables to create the pair sites with close proximity between acid and base sites, which are
carboxyl and amino groups, respectively, by hydrolysis of amide. This method is further
applicable to create acid-base pair sites with precisely controlled distance by hydrolysis of
amide having appropriate linker moiety.
In Chapter 3, it was demonstrated that the distance between carboxyl and amino
groups on SiO2 had a significant effect on the catalytic performance. The catalyst with the
adjacent carboxyl and amino groups showed excellent catalytic performance for aldol
condensation of 4-nitrobenzaldehyde with acetone, overwhelming the catalyst having only
amino group and an acid-base catalyst prepared in a conventional manner. This cooperative
effect was strongly dependent on the distance between amino and carboxyl groups.
Chapter 4 describes octyl and propylsulfonic acid co-fixed Fe3O4@SiO2 as a
magnetically separable and highly active solid acid catalyst for hydrolysis of ethyl acetate in
water. The catalyst showed activity twice as high as that of the catalyst without octyl
modification. In addition to the high catalytic activity, the modification with octyl groups
improved the catalyst stability over repeated use in hydrolysis of ethyl acetate in water. High
hydrophobicity over the surface and around the acid sites by the octyl group was responsible
for the high catalytic activity and high stability in water.
In Chapter 5, the findings of each chapter are summarized, and general conclusions
and future considerations are described.
iii

Based on the results throughout the thesis, it can be concluded that the control of the
environment around active sites is an effective approach to significantly improve the catalytic
performance of heterogeneous catalysts owing to cooperative action between the active site
and functional group located close to it. In addition, the approach developed in this thesis is
considered to give a robust solution for precise control of the environment around active sites
toward efficient cooperative catalysis. The next challenge in this approach is certainly to
derive the cooperative effect of multiple functional groups on the surface, which would result
in more uniform pairings and spacing of them. Due to their limitless application and design,
the control of the environment around active sites will continue to be a topic of much research
for years to come.
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Chapter 1

General Introduction
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Chapter 1
Chemistry has provided various benefits to mankind since its birth and also contributed to
the development of society. Present-day uses chemical technology in various ways, and its use is
increasing with the development of chemistry. The numerous chemically synthesized organic
compounds are indispensable in our lives. However, one of the problems in chemistry is that it can
adversely affect environment.1,2
In 20th century, the rapid development of chemical industry had caused environmental issues
as a new problem. Even now, those are recognized as one of the most critical problems that all
mankind is facing today.3 Nevertheless, there are complex conflicts between chemistry and
environment, and the scientists in chemistry should make an effort to solve these problems. It is also
unacceptable to sacrifice environment for the development of chemical industry. Until recently, the
waste was disposed in a way to reduce toxicity by diluting the concentration of contaminants and/or
to transform them into non-toxic materials. However, the scientists have realized that the ways to
reduce waste emissions themselves are more important than to handle to waste generated in chemical
industry.4

1.1 Importance of catalysis
Catalysis is phenomenon defined as "change in the rate of chemical reactions due to the
presence of the specific material called a catalyst”. Catalysts are materials that promote chemical
reactions but are not consumed. In addition, it does not change chemical equilibrium and it also can
help to proceed chemical reactions easier to increase the efficiency of the reactions.5–6 The main topic
of catalysis science is rational design of catalysts to control chemical reactions and to understand the
mechanisms of the chemical reactions over catalysts.7 Catalysis plays a vital role in various industries
such as petroleum, pharmaceuticals, and fine chemicals. These industries are closely related to our
everyday life. Most of the products, such as pharmaceuticals, polymers, detergents, beverages, and
food, that are constantly consumed in daily life, are produced with catalysis.8,9
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Catalysis also makes huge fields of science and technology for the development of ecofriendly chemical processes. Eco-friendly literally means earth-friendly or not harmful to the
environment. To improve the overall efficiency for the eco-friendly chemical processes, the
development of state-of-the-art know-how in the technologies are indispensable for chemical
processes and industrial applications. Environmental responsibility in scientists has increased with
the development of industries, and efforts towards innovating clean technology are marked by on
hazardous chemicals and by-product generation.10,11

1.2 Green Chemistry
The marked development of the chemical industry has largely contributed to the economic
development, which also leads to the beginning of various environmental issues.12 In the early 1970s,
people began to perceive the seriousness of environmental pollution and environmental issues
including air, water, and soil pollutions gave people a negative image over chemistry. Since chemistry
is location in continuously improving the quality of daily life, it is necessary to be correctly
recognized by public. To eliminate the negative image of chemistry, the concept of green chemistry
have been proposed. Green chemistry is the design of chemical products and processes that reduce or
eliminate the use or generation of hazardous substances and it addresses obvious risks associated with
global problems such as climate change, energy production, availability of safe and adequate water
supplies, food production and toxic materials in environment.13 Catalysis, one of the overarching
principles of green chemistry, contributes to improve and refine chemical processes and to handle the
waste as well as to save energy, because catalysts can reduce hazardous chemicals utilization and byproduct generation in the chemical process, become receiving great attention.4,14,15
As the demand for various chemical products is growing globally with enhancing the level
of standard of living, it is necessary to develop an improved and cost-effective approach to the
chemical processes. In this regard, catalysis science plays a vital role in developing key research areas,
including the design of safe chemicals, environmentally harmless materials, and the development of
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renewable materials.16,17 Since chemical reactions with catalysts reduce the activation energy and
waste generation due to high selectivity to desired products, catalysis can be the basis for achieving
the purpose of green chemistry and it should be being steadily grown in the development of the
chemical industry. For their efforts on the development of enantioselective catalysts, Sharpes, Noyori
and Knowles won the Novel prize in chemistry in 2001. Their finding showed great possibilities for
achieving an eco-friendly chemical industry.18 It is expected that better technologies will be
developed in the process of exploring eco-friendly goals.19

1.3. Homogeneous and heterogeneous catalysis
Catalysts are classified into homogeneous and heterogeneous ones according to physical and
chemical properties, and type of chemical reactions.20 The advantage and disadvantages of
homogenous and heterogenous catalysis are summarized in Table 1-1.
In homogenous catalysis, reactants and catalysts are present in the same phase. Homogeneous
catalysts have important advantages over heterogeneous ones.21 Since all active sites have a uniform
structure and can be accessed by reactant molecules, homogenous catalysts often achieve high
catalytic activity and/or selectivity in chemical reactions.22 The chemical reactions over homogenous
catalysts have great contributions to manufacture of fuel and bulk chemicals as well as specialty
chemicals. Hydrocracking, alkylation, catalytic decomposition, hydration/dehydration, esterification,
oligomerization, and condensation are typical examples for the reactions promoted by homogeneous
acid and base catalysts.23 A large amount of typical liquid catalysts (H2SO4, AlCl3) are used in
petrochemical industries because those are basically inexpensive and has also high catalytic activity.24
However, the neutralization of acid and base wastes is necessary after the reaction and generates
inorganic salts, which are additional wastes.
Heterogeneous catalysts are defined as a catalyst that is presence in a different phase from
that for reactants and products. While heterogeneous catalysts can be recycled and reused more easily
than homogenous catalysts, which are great advantage, it is often difficult to achieve high catalytic
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activity and selectivity.25 The recovery, recycle and reuse of catalysts are critical when large quantities
of reactants and products are dealing with especially for expensive precious metal catalysts such as
platinum, iridium, and palladium.26,27 Therefore, despite the various advantages, most homogeneous
catalysts have major disadvantages, which would limit the use of them in chemical industries.28 In
Friedel-Crafts acylations, aldol and/or various condensation reactions, which used mainly
homogeneous acid and base catalysts, those have been replaced with recyclable heterogeneous
catalysts in response to increasing environmental issues and strict regulations. In particular,
heterogeneous catalysts are safer and easier to be handled than corrosive and hazardous liquid
homogeneous catalysts (e.g., H2SO4, HF). Since each of homogenous and heterogeneous catalysts
has advantages and disadvantages, it is necessary to develop the ideal catalysts that reinforce the
advantage and overcome disadvantages in each catalyst.29

Table 1-1 The advantages and disadvantages in homogeneous and heterogeneous catalysis.
Homogeneous

Heterogeneous

Active centers

All atoms

Only surface atoms

Thermal stability

Low

High

Catalyst separation

Difficult

Easy

Recycling & Reproducibility

Not possible / difficult

Possible / Easy to handle

Reaction conditions

Mild (50-200oC)

Severe ( > 250oC)

Catalyst cost

High

Low
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1.4 Solid acid and base catalysts
Solid acid and base catalysts form an important category of heterogeneous catalysts. Metals,
Metal oxides, mixed metal oxides, zeolites, phosphates, sulfated oxides, and clays are included in the
solid acid and base catalysts. These materials have the properties of acidic, basic, or both, and it can
promote various chemical reactions. Therefore, proper selection of the acid or base catalysts to fit the
type of reactions is necessary for achieving the high catalytic activity and selectivity.30
In general, solid acid catalysts are defined as the solids that change the color of base indicators
or that a base chemically adsorbs on. Conversely, solid base catalysts are done as solids that change
the color of acid indicator or solids where acid chemically adsorbs on. More strictly, according to
Brønsted (-Lowry) and Lewis is definitions, Brønsted acid and base are a proton donor and a proton
acceptor, respectively.31 Lewis acid and base are an electron pair acceptor and an electron pair donor,
respectively.30 This definition is useful for the understanding of acid-base phenomena observed for
various solid acid and base catalysts and it is convenient for a clear explanation of the reactions
occurred over solid acid and base catalysts.
Solid acid catalysis is a subject of the most extensivly studied in detail over heterogeneous
catalysts. The number, physical and chemical properties of the acid sites determine the catalytic
activity and selectivity in solid acid catalysts. Typical solid acid catalysts are zeolite, metal oxide,
mixed metal oxide, supported acid, sulfated oxide, heteropolyacid (Table 1-2).32 Examples of
chemical reactions promoted by solid acid catalysts are catalytic cracking reaction (X & Y (faujasite)),
paraffin isomerization (chlorinated Pt-Ag), reforming (SiO2-Al2O3, supported noble metal), and
alcohol from olefin and alkylation (H3PO4/SiO2).32
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Table 1-2 Classification of solid acid catalysts.32
Class

Example

Zeolite

Metal oxide

Mixed metal oxide

Supported acid

X & Y (faujasite), chabasite, ferrierite, beta,
mordenite, erionite, ZSM-5, MCM-22
Al2O3, TiO2, SiO2, Nb3O5, WO3
SiO2-Al2O3, SiO2-ZrO2,
TiO2-SiO2, WO3-ZrO2, WO3-SnO2
H3PO4/SiO2, heteropolyacid/SiO2,
HClO4/SiO2, AlCl3/SiO2

Sulfated oxide

SO42-/ZrO2, SO42-/TiO2, SO42-/SnO2

Heteropolyacid

H3PW12O40, H4SiW12O40, H3PMo12O40, H4SiMo12O40

While solid acid catalysts have been extensively researched and applied to numerous
chemical reactions, studies on solid base catalysts have not been extensively done.33,34 The first study
on the solid base catalysts was reported by Pines et al. who showed that the sodium metal dispersed
on alumina was an effective catalyst for double-bond isomerization of alkenes.35 The isomerizations,
alkylations, condensations, additions, and cyclizations are catalyzed by solid base catalysts.36 Typical
solid base catalysts are listed in Table 1-3. Tanabe et al. summerized the number of solid acid, solid
base, and solid acid-base bifunctional catalyst in industrial processes up to 1999 and the data are listed
in Table 1-4.32 Using the solid acid catalysts in industrial processes are the largest in the last 40 years,
driven by demand for big advances in oil refining and petrochemical industries. Despite researches
on the solid base catalyst, there were only 10 processes with the solid base catalyst in 1999. Until
now from that day, the number of industrial processes with solid base catalysts has been increasing,
but still now, solid acid catalysts are used in large amount in the industrial process. For acid-base
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bifunctional catalysts, the number in industrial processes was estimated to be only 14 processes in
1999 (Table 1-4).

Table 1-3 Solid base catalysts.30,32,35
Class

Example

Metal oxides

MgO, CaO, Al2O3, ZrO2, La2O3, Rb2O

Mixed metal oxides
Alkali or
alkaline earth oxides on support
Metal oxynitrides and
metal nitrides
Alkali compounds on support

Amides, imines on support

SiO2-MgO,

SiO2-CaO,

MgO-La2O3,

Al2O3(calcined hydrotalcite)
Na2O/SiO2, MgO/SiO2, Cs oxides supported on zeolites

AlPON, partially nitride zeolites and mesoporous silica
KF/Al2O3, K2CO3/Al2O3, KNO3/Al2O3, NaOH/Al2O3,
KOH/Al2O3
KNH2/Al2O3, K, Y, Eu supported on zeolites from the
ammoniacal solution

Amines or

Aminopropyl group/SiO2, MCM-41, SBA-15

ammonium ions grafted on the support

Alkylammonium group/MCM-41

Alkali metals on support

Na/Al2O3, K/Al2O3, K/MgO, Na/zeolite

Anion exchangers

Alkali metal ion-exchanged zeolites

MgO-

Anion exchange resions Hydrotalcite and modified
hydrotalcite
K, Rb, Cs-exchanged X, Y-zeolites, ETS-10
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Table 1-4 Number of solid acid, base and acid-base bifunctional catalysts in industrial processes.32
Type of Catalyst

The number of industrial processes

Solid acid catalysts

103

Solid base catalysts

10

Solid acid-base bifunctional catalysts

14

Total

127

1.5 Catalyst support materials
Support is an important component for heterogeneous catalysts. Some of the important
characteristics of the supports are to provide a space for distributing active components and to
increase the stability of the catalyst. Consequently, the support helps to reduce the amount of active
component required and increases the effective surface area of the catalyst. In addition, the support
stably immobilizes the fine crystal particles of active components on the catalytic surface, preventing
aggregation and sintering of the particles. Since support can change the chemical and physical
properties of the active components immobilized on it and can provide some functional groups on it
that are involved in catalysis, the catalysts with the support often show the high catalytic activity
and/or selectivity than the active component itself.37–40
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1.5.1 Organic/inorganic hybrid catalyst
For organic/inorganic hybrid catalyst, the organic group and inorganic material are generally
used as an active component and support, respectively. The grafting of organic groups on inorganic
material has many advantages to overcome the disadvantages of homogeneous catalysts.41 The
methods for grafting organic groups on inorganic materials were reported by various researchers.42–
44

Basically, organic groups grafted on the inorganic material work the same as if they were in a

solution as a homogeneous catalyst. However, diffusion of reactants to the catalytic surface, some
modification of the structure of active sites, and interaction between organic groups and inorganic
material surface should be considered. Understanding these factors is necessary to improve the
catalytic performance. The inorganic portion in the organic/inorganic hybrid catalyst plays a vital role
in the overall properties of the catalyst. For the hybrid catalysts, the inorganic material requires high
physical/chemical stability during chemical reactions and high reactivity for graft organic groups
without the destruction of organic functionalities.

1.5.2 Siliceous materials
Siliceous materials, typically SiO2, are one of the common inorganic support that complies
with the requirements mentioned in 1.5.1. In addition, the support should have a property that make
it easier to graft the organic groups on the surface. Surface of the siliceous materials has highly
reactive hydroxy group namely silanol (Si–OH). The silanol group allows the surface to connect with
organic groups through covalent bonds. The four types of surface silanols, which are isolated silanol,
geminal silanols, vicinal silanols, and siloxane bridge, can form covalent bonds to grafted organic
compounds on the surface. (Figure 1-1).45
Various active organic compounds can be grafted on SiO2 surface. Among them,
organosilane is one of the most useful ones to design the organic/inorganic hybrid catalysts. The
organosilane is low-cost and easy to be handled, and SiO2 also have advantages such as low cost and
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high physical/chemical stability. Organic/inorganic hybrid catalysts (organic group grafted on SiO2)
are attracted much attention in heterogeneous catalysts.

Figure 1-1 Types of silanol groups and siloxane bridges on SiO2 surface.45

1.6 Cooperative catalysis
While catalysts functionalized with a single active component have already been used in
various chemical reactions, the concept of cooperative catalysis brought about by two different active
sites is proposed. The term “cooperative catalysis” was defined as "two catalysts and two catalytic
cycles work in concert to create a single new bond" by Bode’s group, and other authors use terms like
“synergistic catalysis”, “cooperative dual catalysis”, and “contemporaneous dual catalysis” (Figure
1-2).46–49 In general, one active site activates one reactants (e.g., electrophile) while the other reactant
(e.g., nucleophile) is not activated on it. On the other hand, the chemical reaction in cooperative
catalysis is achieved by activating both the nucleophile and the electrophile by two different catalysts
or active sites. This cooperative catalysis diminishes the HOMO-LUMO gap between the nucleophile
and the electrophile. As a result, the cooperative catalysis can increase the reaction rates and decrease
the activation energy, leading to promote previously unsuccessful reactions due to high activation
energy.47 In addition, it is expected that the catalyst having the appropriate multiple active sites is
advantageous especially for complex multi-step (cascade) reactions.
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Cooperative catalysis is expressed as the two discrete active sites to simultaneously activate
the two substrates in a concerted manner and this cooperative mechanism promotes a chemical
reaction (Figure 1-2 (a), (b)). First of all, where both nucleophile and electrophile are activated
separately by two different catalysts, this is defined as two-center cooperative catalysis (Figure 1-2
(a)). The bifunctional catalysis is defined as phenomenon that a catalyst, which two active sites are
presence on the same surface of catalysts, and activate each substrate (Figure 1-2 (b)). The cascade
catalysis means that a sequential reaction in which a catalyst (Cat. 1) activates a substrate to produce
intermediate, and the intermediate is subsequently activated by the other catalyst (Cat. 2). (Figure 12 (c)). The last one is double activation catalysis, where catalysts work in concert to activate a
substrate (Figure 1-2 (d)).50–52

Figure 1-2 Classification of catalytic systems involving two active groups.50–52

There are fators that should be considered when grafting two or more active sites on supports.
The both active site on the support should work cooperatively without any deactivated of both of
them. What should be considered firstly in synthesizing catalysts is appropriate choices and
combination of active sites.53 In addition, locating properly active sites on the support with an
appropriate position is another key for synthesis of a high-performance catalyst. On the solid catalyst
surface, the active site is irregularly distributed according to the interaction between surface and each
active site.54,55 For the catalysts to show maximum efficiencies, the method to locate the appropriate
position of two active sites on the surface must be devised.56,57
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1.6.1 Cooperative catalysis over heterogeneous catalysts
The catalysts that more than two active sites with different properties are immobilized on
solid surface are called “bifunctional catalysts”. The bifunctional catalysts that show cooperative
effects are expected to proceed difficult or unattainable reactions. To rationally design the
bifunctional catalysts, deep understanding on the active sites in bifunctional catalysts is absolutely
necessary.58–61
The cooperative catalysis in bifunctional catalysts was reported with the combination of
organic groups (e.g., two different Brønsted acids, comples of Lewis acid-amine, urea-amine) and
molecular catalyst (e.g., heterobinuclear organometallic complexes, amine and urea-thiourea
groups).62–74 Among them, a couple of acid and base is the most common active components in the
bifunctional catalysts. However, the acid-base bifunctional catalysts often have some problems that
acid and base are neutralized. Thus, if acid and base are spacially isolated to prevent the neutralization,
the couple would show high catalytic activity owing to the cooperative effect. The separately grafting
of acid and base on a solid support is promising. In fact, such acid-base bifunctional catalysts were
reported.27,39,46 Since acid and base sites on the acid-base bifunctional catalyst cooperatively work,
the catalysts often show high catalytic performance even if the strengths of the acid and base sites are
weaker than that acid or base site on the catalysts with each of the two.
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1.6.2 Organic groups-grafted on SiO2 catalysts with acid and base bifunctions
The catalysts that organic groups are grafted on SiO2 are a common one showing cooperative
catalysis. Previous studies on the cooperative acid−base catalysts focused on the understandings on
the physical and chemical properties of the catalysts to clarify how interactions of two functional
groups were involved in catalysis. Reports investigated the acid-thiol bifunctionalized mesoporous
SiO2 catalyst for Bisphenol A synthesis and amine-urea and urea-acid and urea-base catalyst for aldol
condensation.75–77 Some reports indicate that rationally designed catalysts with both acid and base
sites with appropriate conformation and distance show high catalytic activity and selectivity
compared to the catalysts with either of the two. Brunelli et al. synthesized alkylaminosilanes-grafted
on SiO2 and investigated the effect of the carbon chain length in the alkylamineosilanes on the
catalytic performance.54 They used silanol groups on SiO2 surface as acid sites and found that the
catalyst with propyl (C3) linker was the best one has a high impact on the cooperativity between
amine and silanol in the catalytic reaction. Katz et al. reported organoamine-grafted on SiO2. In their
method, prior to the sol-gel process for the active sites (amino group) were protected to prevent the
ruining reaction for both active sites.78 However, for the catalysts prepared with such manner, acid
and base sites are randomly placed on SiO2 surface. It is often difficult to precisely control the distance
between acid and base sites if both are separately grafted on the support surface.
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1.7 Controlling the environment around the active sites
The catalytic performance is primally determined by the properties of the active site itself. It
is ideally possible to obtain catalysts with diverse properties by changing the type of active sites such
as metals and organic groups, and with different amount of the active sites. In addition to them,
recently, an additional factor that is the environment around the active sites has been investigated by
the modification with organic compounds for heterogeneous catalysts.30,79,80 The environment around
the active sites in homogeneous catalysts such as metal complex and organic molecular catalyst has
been well established by a precise design of the ligand and molecular structure. The control of the
environment ensures high catalytic performances owing to controlling coordination state of substrates
on the active site. For heterogeneous catalysts, the controlling the environment around the active sites
is also recognized as a very important factor. The factors in heterogeneous catalysts include distance
between

acid

and

base

sites,

interaction

between

active

sites

and

surface,

and

hydrophobicity/hydrophilicity on the surface. The rational design of heterogeneous catalyst based on
tuning the active site itself as well as controlling the environment around them and development of
the catalysts according to such concept are the ultimate goal in research on heterogeneous catalysts.
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1.8 The objectives of this doctoral thesis
The major objective of this thesis is to understand the effect of the environment around the
active site on the catalytic performance in heterogeneous catalysis. Controlling the environment
around the active site with additional functional groups provides the unique interaction between the
active sites and the functional groups.
In this thesis, it is investigated that the control of the environment around active sites by
organic groups at present appropriate position to active sites. Change of organic groups and/or their
position are expected to affect catalytic performance of the catalyst owing to interaction with active
sites, and/or the change of hydrophobicity or hydrophilicity and electronic state of the active sites on
the catalyst surface.
As one of the ways to control the environment around the active sites the author proposes a
method to create adjacent acid-base pair sites, which are carboxyl and amino groups, respectively, on
SiO2 through hydrolysis of pre-anchored amide. Structural analysis for the catalyst and evaluation of
the catalytic performance demonstrated the cooperative catalysis of acid and base sites in the adjacent
acid-base pair sites catalyst and the catalyst showed excellent catalytic performance for aldol
condensation of 4-nitrobenzaldehyde with acetone, overwhelming the catalyst having only amino
group and a conventionally prepared acid-base catalyst.
The second topic for the control of the environment around the active sites is the modification of
propylsulfonic acid fixed on Fe3O4@SiO2 with organosilanes to control the hydrophobicity. In this
investigation, triethoxy(ethyl)silane, triethoxy(octyl)silane and triethoxy(phenyl)silane were used for
the modification. To know the influence of the alkyl chain length and to compare aliphatic and
aromatic organic groups.
In Chapter 2, synthesis and characterization of the catalysts with adjacent acid-base pair sites
on SiO2 synthesized through hydrolysis of pre-anchored amide are described. In addition, the
possibility of the expansion of the method to create acid-base pair sites with precisely controlled
distance is discussed.
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In Chapter 3, the application of the catalysts obtained in Chaper 2 is shown. The advantage of
the adjacent acid-base sites on SiO2 is demonstrated for aldol condensation, in addition, the density
of acid-base pair sites on SiO2 is also investigated systematically. It is discussed how the adjacent
acid-base pair sites on SiO2 promote the reaction through kinetic analysis.
In Chapter 4, the synthesis and characterization of the catalyst that propylsulfonic acid-grafted
Fe3O4@SiO2 modified with three organosilanes (C2, C8, and phenyl) is described. The effect of the
organosilanes and catalytic performance for hydrolysis of ethyl acetate in excess water are
investigated.
Finally, in Chapter 5, the findings of each chapter and general conclusions and future
considerations are described.
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A reliable method for controlling the distance between acid and base
sites in the acid-base pair through hydrolysis of well-designed amide
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2.1 Introduction
Enzymes can promote chemical reactions even under mild conditions by activating reactants
in concert with two and/or more active sites. This cooperative effects are not only restricted to
enzymes but also can appear for chemical catalysts. Thus, such catalysts, namely the cooperative
catalyst, have been developed by mimicking the activities in enzymes. An example inspired by a
biological system is bifunctional catalysts.1
Bifunctionality is a popular concept in understanding the roles of acid and base in catalytic
systems, and it has been widely utilized in developing new industrial chemical processes. The acidbase bifunctional catalyst was reported and the cooperative effect between acid and base sites helps
it to promote the chemical reaction.2 While acid-base bifunctional catalysts with the cooperative effect
can promote the chemical reaction, the inappropriate combination and location of acid and base sites
over the catalysts often cause a decrease in the catalytic activity.3,4
Proline is an excellent example of the acid-base bifunctional catalyst. Proline, which has both
acid and base sites in one molecule without neutralization, is an amino acid consisting of secondary
amine-containing pyrrolidine and carboxyl group, and efficiently promotes various carbon-carbon
bond formation reactions.5–7 Another example for the acid-base bifunctional catalysts is metal oxides
(Al2O3, ZnO, Al2O3-ZnO, and ZrO2-ZnO), on which both acid and base sites are present. However,
since the surface of the metal oxide is inhomogeneous at the atomic level, the distance between acid
and base sites is not constant even for highly crystalline metal oxides. In addition, the surface structure
of metal oxides depends on the crystal faces. Therefore, the irregular distance between acid and basic
sites is a fatal disadvantage for metal oxides.8–11
The grafting of organic groups (organosilane) on metal oxides especially, siliceous material,
was proposed to control the distance between acid and base sites as well as the density of them as
mentioned in 1.5.2. Especially, organic groups-grafted SiO2 catalysts with amorphous silica,
mesoporous silica, and silica-alumina have been extensively studied as high-performance acid-base
bifunctional catalysts.12
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The acid-base bifunctional catalysts, that have both base and weak acid sites in a spatially
appropriate position is reported to exhibit high catalytic activity for the aldol condensation and related
coupling reactions under mild conditions.12–15 The weak acid site around the base site is important to
show the high catalytic activity because it help to stabilize carbonyl groups of ketone and aldehydes
in these reactions.16,17
The acid-base pair sites on the surface can be created by grafting two different organosilanes
on metal oxides or the co-condensation of the two. This has a great advantage for the installation of
a variety of acid and base sites by simply changing the acid and base attached to organosilanes.
However, acid and base sites in organosilanes should be protected or organosilanes should have
functional groups that are transformable to acid and base sites. It means that additional synthesis
processes with complex experimental steps are required for each acid and base to avoid neutralization.
In addition, this method is difficult to preciously control the distance between acid and base sites on
the surface. These drawbacks limit the rational design of acid-base pair sites with a well-controlled
cooperative effect.
As mentioned in 1.6.2, the distance between acid and base sites in catalysts is an important
factor to determine catalytic activity in reactions. Most studies so far reported that the distance
between acid and base sites was controlled by changes in pore size and pore structure of mesoporous
silica.18 Indeed, this method can control the distance, but other factors are concurrently changed.
Therefore, a method that can control only the distance between acid and base sites is expected to bring
a lot of inspirations for designing the surface of acid-base bifunctional catalysts.
In this chapter, the author proposes a reliable method to definitely create acid-base pair sites
on the surface through hydrolysis of amide grafted on SiO2. In the method, secondary amide with
trialkoxysilyl groups at both ends is grafted on SiO2 and subsequently is hydrolyzed to create carboxyl
and amino groups, namely the acid-base pair sites. This method has a merit to control the distance
between acid-base pair sites while changing the structure of amide organosilanes. This method, in
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principle, has the great advantage of being able to change in the distance between acid and base sites
to show optimal cooperative effect.
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2.2 Experimental
2.2.1 Preparation of catalysts

Figure 2-1 Synthesis procedure for adjacent acid-base pair sites catalyst.
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2.2.1.1 Creation of adjacent acid-base pair sites on SiO2
Synthesis of N-allylpent-4-enamide (Step 1 in Figure 2-1) 19,20
To a solution of 4-pentenoic acid (Wako Pure Chem. Ind., Ltd., 0.48 g, 4.5 mmol) in N,Ndimethylformamide (Wako Pure Chem. Ind., Ltd., 25 mL) at 0ºC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (WSCD·HCl, PEPTIDE INSTITUTE. INC., 0.96 g, 5.0 mmol) was
slowly added. After the mixture was stirred at 0ºC for 5 min, 1-hydroxybenzotriazole (HOBt,
PEPTIDE INSTITUTE. INC., 0.83 g, 6.2 mmol) and N,N-diisopropylethylamine (DIEA, Wako Pure
Chem. Ind., Ltd., 0.38 mL, 2.2 mmol) were added at 0ºC and the solution was further stirred at 0ºC
for 30 min. To the solution, 3-amino-1-propene (Wako Pure Chem. Ind., Ltd., 0.39 mL, 5.0 mmol)
was added, and it was stirred overnight at room temperature. After the solution was evaporated, the
residue was diluted with ethyl acetate (Wako Pure Chem. Ind., Ltd., 50 mL) and the mixture was
washed successively with an aqueous solution of saturated NaHCO3 (Wako Pure Chem. Ind., Ltd.,
20 mL×2), aqueous solutions of 1 M HCl (Wako Pure Chem. Ind., Ltd., 20 mL×2), distilled water
(20 mL×2), and a saturated saline (Wako Pure Chem. Ind., Ltd., 20 mL×2. The organic layer was
dried over Na2SO4, filtered, and evaporated to afford the N-allylpent-4-enamide. 1H and 13C solution
NMR spectra for N-allylpent-4-enamide was shown in Figure 2-2.
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Figure 2-2 1H and 13C solution NMR spectra for N-allylpent-4-enamide.
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Hydrosilylation (Step 2 in Figure 2-1) 21,22
The mixture of triethoxysilane (Wako Pure Chem. Ind., Ltd., 1.28 g, 7.8 mmol) and Nallylpent-4-enamide (0.54 g, 3.9 mmol) was stirred in the presence of catalytic amount of
dichloro(dicyclopentadienyl)platinum(II) ((DCPD)PtCl2, Sigma-Aldrich, 7.8 μmol) without solvent
at 500 ppm and 85ºC in a sealed round bottom flask under Ar. After cooled to room temperature, the
obtained crude product was purified by vacuum distillation and silica gel column chromatography to
afford 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide. 1H and 13C solution NMR spectra
for 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide was shown in Figure 2-3.

Grafting 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide on SiO2 (Step 3 in Figure 2-1)23
Silica (Nippon Aerosil Co., Ltd., AEROSIL® 300) was pretreated in air at 120ºC for 2 h. Under
nitrogen atmosphere, 0.38 mmol of 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide was
added to 10 mL of anhydrous toluene with 2.0 g of SiO2 and the suspension was heated at 110ºC for
24 h to immobilize 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide on SiO2. After cooled
to room temperature, the solid was collected by filtration, washed with toluene and ethanol, and dried
in air at room temperature overnight. The obtained solid is Amide/SiO2.
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Figure 2-3 1H and 13C solution NMR spectra for 5-(trithoxysilyl)-N-(3(trithoxysilyl)phenanamide).
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Hydrolysis of amide on Amide/SiO2 (Step 4 in Figure 2-1) 24,25
Hydrolysis of amide bond on Amide/SiO2 was performed in hydrochloric acid. Amide/SiO2
(1.0 g) was added to hydrochloric acid (Wako Pure Chem. Ind., Ltd., 6.0 M, 10 mL) and the
suspension was heated with stirring at 110°C for 24 h. After cooled to room temperature, the solid
was collected by filtration and washed with excess water. Then, the wet solid was added to water. To
the suspension, aqueous sodium hydroxide (Wako Pure Chem. Ind., Ltd., 0.01 M) was added
dropwise until pH of the suspension reached to near 7. Finally, the solid was collected by filtration,
washed with excess water, and dried in air at room temperature overnight. The obtained catalyst is
Acid-Base/SiO2.

2.2.1.2 Preparation of acid-base pair sites with controlled distance on SiO2

4-aminobutyric acid

11-aminoundecanoic acid

Figure 2-4 Organic linkers used for control of the distance between acid and base sites.
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Figure 2-5 Synthesis procedure for amide compound with linker such as 4-aminobutyric acid.
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Acid-Base/SiO2-4A and Acid-Base/SiO2-11A
Protection of amino group with tert-butoxycarbonyl (Boc) group (Step 1 in Figure 2-5)
To control the distance between acid and base sites on SiO2, 4-aminobutyric acid (Wako Pure
Chem. Ind., Ltd.,) and 11-aminoundecanoic acid (Wako Pure Chem. Ind., Ltd.,) were used as a linker
between amide organosilanes and carboxylic acid one (Figure 2-4). To a solution of 4-aminobutryric
acid (Wako Pure Chem. Ind., Ltd., 1.03 g, 10 mmol,) in 25 mL tetrahydrofuran (THF, Wako Pure
Chem. Ind., Ltd.,), an aqueous solution of saturated NaHCO3 (Wako Pure Chem. Ind., Ltd., 25 mL)
was added. After the solution mixture was cooled to 0°C, Di-tert-butyl dicarbonate (Wako Pure Chem.
Ind., Ltd., 4.4 g, 20 mmol,) was added and the solution was further stirred overnight at room
temperature. Then, the residue was basified with 0.5 M NaOH (Wako Pure Chem. Ind., Ltd., 20 mL).
The mixture was then extracted with diethyl ether (Wako Pure Chem. Ind., Ltd., 50 mL) and the
organic layer was washed with distilled water to afford the 4-((tert-butoxycarbonyl)amino)butanoic
acid.

Synthesis of tert-butyl (4-(allylamino)-4-oxobutyl)carbamate. (Step 2 in Figure 2-5) 26
To a solution of 4-((tert-butoxycarbonyl)amino)butanoic acid (5 mmol) in N,Ndimethylformamide (Wako Pure Chem. Ind., Ltd., 25 mL) at 0ºC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (0.96 g, 5.0 mmol) was slowly added. After the mixture was stirred at
0ºC for 5 min, 1-hydroxybenzotriazole (HOBt, 0.83 g, 6.2 mmol) and N,N-diisopropylethylamine
(DIEA, 0.38 mL, 2.2 mmol) were added at 0ºC and the solution was further stirred at 0ºC for 30 min.
To the solution, 3-amino-1-propene (0.39 mL, 5.0 mmol) was added, and it was stirred overnight at
room temperature. After the solution was evaporated, the residue was diluted with ethyl acetate (50
mL) and the mixture washed successively with an aqueous solution of saturated NaHCO3 (20 mL×2),
aqueous solutions of 1M HCl (20 mL×2), distilled water (20 mL×2), and a saturated saline (20 mL×2).
The organic layer was dried over Na2SO4, filtered, and evaporated to afford the tert-butyl (4(allylamino)-4-oxobutyl)carbamate. The residue is purified by silica gel chromatography if necessary.
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Deprotection of tert-butoxycarbonyl (Boc) group. (Step 3 in Figure 2-5) 27
To a solution of tert-butyl (4-(allylamino)-4-oxobutyl)carbamate in 40 mL of anhydrous
dichloromethane (DCM, Wako Pure Chem. Ind., Ltd.,), trifluoroacetic acid (TFA, Wako Pure Chem.
Ind., Ltd., 10 mL) was added. The solution mixture was stirred at room temperature for 1 h and then
evaporate with dichloromethane (DCM) and methanol (CH3OH, Wako Pure Chem. Ind., Ltd.,) as an
azeotrope until the trifluoroacetic acid (TFA) smell is totally removed. After that, it was concentrated
in vacuum to obtain N-allyl-4-aminobutanamide.

Synthesis of N-(4-(allylamino)-4-oxobutyl)pent-4-enamide. (Step 4 in Figure 2-5)
To a solution of N-(4-(allylamino)-4-oxobutyl)pent-4-enamide (0.7 g, 5.0 mmol) in N,Ndimethylformamide (25 mL) at 0ºC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(0.96 g, 5.0 mmol) was slowly added. After the mixture was stirred at 0ºC for 5 min, 1hydroxybenzotriazole (HOBt, 0.83 g, 6.2 mmol) and N,N-diisopropylethylamine (DIEA, 0.38 mL,
2.2 mmol) were added at 0ºC and the solution was further stirred at 0ºC for 30 min. To the solution,
4-pentenoinic acid (0.57 g, 5.0 mmol) was added, and it was stirred overnight at room temperature.
After the solution was evaporated, the residue was diluted with ethyl acetate (50 mL) and the mixture
was washed successively with an aqueous solution of saturated NaHCO3 (20 mL×2), aqueous
solutions of 1M HCl (20 mL×2), distilled water (20 mL×2), and a saturated saline (20 mL×2). The
organic layer was dried over Na2SO4, filtered, and evaporated to afford the N-(4-(allylamino)-4oxobutyl)pent-4-enamide.
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Hydrosilylation (Step 5 in Figure 2-5)
The mixture of triethoxysilane (1.28 g, 7.8 mmol) and N-(4-(allylamino)-4-oxobutyl)pent-4enamide. (0.875 g, 3.9 mmol) was stirred in the presence of catalytic amount of
dichloro(dicyclopentadienyl)platinum(II) ((DCPD)PtCl2, 7.8 μmol) without solvent at 500 ppm and
85ºC in a sealed round bottom flask under Ar. After cooled to room temperature, the obtained crude
product was purified by vacuum distillation and silica gel column chromatography to afford N-(4oxo-4-((3-(triethoxysilyl)propyl)amino)butyl)-5-(triethoxysilyl)pentanamide. 1H and

13

C solution

NMR spectra for N-(4-oxo-4-((3-(triethoxysilyl)propyl)amino)butyl)-5-(triethoxysilyl)pentanamide
is shown in Figure 2-6.

Grafting the well-deigned organosilanes containing amide bond on SiO2 (Step 6 in Figure 2-5) and
Hydrolysis of amide (Step 7 in Figure 2-5)
Grafting N-(4-oxo-4-((3-(triethoxysilyl)propyl)amino)butyl)-5-(triethoxysilyl)pentanamide on
SiO2 to give Amide/SiO2-4A was performed with a similar manner to that for Amide/SiO 2. The
obtained solid is Amide/SiO2-4A. Hydrolysis of amide to give Acid-Base/SiO2-4A was performed
in a similar manner to the manner giving Acid-Base/SiO2. The obtained catalyst is Acid-base/SiO24A. Acid-Base/SiO2-11A was prepared with the similar manner to that for Acid-Base/SiO2-4A,
except for using 4-aminobutyric acid (Wako Pure Chem. Ind., Ltd.,), instead of 11-aminoundecanoic
acid (Wako Pure Chem. Ind., Ltd.,). The obtained solids are Amide/SiO2-4A and Acid-Base/SiO211A
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2.2.1.3 Synthesis of mono-functionalized catalyst
Acid/SiO2
The mixture of triethoxysilane (3.9 mmol) and 5-(triethoxysilyl)pentanoic acid (3.9 mmol) was
stirred in the presence of catalytic amount of (DCPD)PtCl2 (3.9 μmol) without solvent at 500 ppm
and 85ºC in a sealed round bottom flask under Ar. After cooled to room temperature, the obtained
crude product was purified by vacuum distillation and silica gel column chromatography to afford 5(triethoxysilyl)pentanoic acid. 1H and 13C solution NMR spectra for 5-(triethoxysilyl)pentanoic acid
is shown in Figure 2-7. The supporting 5-(triethoxysilyl)pentanoic acid on SiO2 to give Acid/SiO2
was performed with a similar manner to that for Amide/SiO2.

Base/SiO2
SiO2 was pretreated in air at 120ºC for 2 h. Under nitrogen atmosphere, 0.38 mmol of 3aminopropyltriethoxysilane was added to 10 mL of anhydrous toluene with 2.0 g of SiO2 and the
suspension was heated at 110ºC for 24 h to immobilize 5 3-aminopropyltriethoxysilane on SiO2. After
cooled to room temperature, the solid was collected by filtration, washed with toluene and ethanol,
and dried in air at room temperature overnight. The obtained catalyst is Base/SiO2.
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Figure 2-7 1H and 13C solution NMR spectra for 5-(triethoxysilyl)pentanoic acid.
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2.2.2 Characterization
All the samples were characterized by X-ray powder diffraction (XRD), nitrogen
adsorption/desorption isothermal, thermogravimetry differential thermal analysis (TG-DTA), CHN
elemental analysis, acid-base back titration, 1H and 13C solution NMR spectra, solid state 13C{1H}
CP/MAS NMR spectra, ion chromatography and Fourier-transform infrared spectroscopy (FT-IR).
XRD patterns of samples were obtained on an X-ray diffractometer (Rigaku, Mini Flex) with
Cu Kα (λ = 0.154 nm, 30 kV, 15 mA) radiation at a scanning rate of 0.02°/sec in a 2θ range of 4°–80°
at room temperature. Nitrogen adsorption/desorption isotherm measurement was used to determine
surface area, pore volume, pore diameter and pore size distribution, and taken on Belsorp mini
apparatus (MicrotracBEL) at -196°C. Brunauer-Emmett-Teller (BET) surface area was calculated
with the adsorption branch, and pore volume, diameter, and pore size distributions were analyzed by
using the Barrett−Joyner−Halenda (BJH) isotherm equations.
TG-DTA analysis was performed on a Rigaku Thermo Plus (TG 8120) system with a heating
rate of 10°C/min from room temperature up to 500°C in air or He. The contents of C, H and N in the
samples were determined via CHN elemental analysis using an elemental analyzer (Exeter Analytical,
Inc., CE-440) in Hokkaido University Global Facility Center.
The numbers of acid and base sites in the samples were estimated by acid-base back-titrations
as follows. The number of base site was estimated by titration with hydrochloric acid. First, 25 mg of
the sample was added to dilute hydrochloric acid (0.01 M, 5.0 mL) and the suspension was stirred at
room temperature for 5 min to neutralize the base sites on the sample. Then, the sample was removed
by filtration and the resultant filtrate was titrated with an aqueous solution of sodium hydroxide
(Wako Pure Chem. Ind., Ltd., 0.01 M) with phenolphthalein as an indicator.
The number of acid sites was estimated by titration with an aqueous solution of sodium
carbonate (Wako Pure Chem. Ind., Ltd., 0.01 M). First, 25 mg of the catalyst was added to an aqueous
solution of sodium carbonate (4.0 mL, 0.01 M) and the suspension was stirred at room temperature
for 5 min to neutralize the acid sites on the sample. Then, treating the filtered solution with a pre-
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determined excess sodium hydroxide solution (Wako Pure Chem. Ind., Ltd., 5.0 mL, 0.01 M). Finally,
the collected hydrochloric acid solutions were titrated with an aqueous solution of sodium hydroxide
(0.01 M), again with phenolphthalein as the indicator. The numbers of base and acid sites (mmol g–
1

) were calculated by using an equation (Eq. 2-1);

The number of acid/base sites (mmol g −1 ) = 2 − 0.4V

(2-1)

, in which V (mL) is the volume of an aqueous solution of sodium hydroxide required for
neutralization.
1

H and 13C solution NMR spectra of the samples were recorded on a JNX-EX 400 (400 MHz

and 100 MHz, respectively) spectrometer using CDCl3 as a solvent. 13C{1H} CP/MAS NMR spectra
were measured on a JEOL ECA-600 spectrometer (14.1 T) by using a 4 mm zirconia sample rotor at
a spinning rate of 15 kHz. The resonance frequency was 150.9 MHz and the 1H pulse contact time
was 5 ms. The spectrum was scanned 6000 times with 5 s of delay.
The amount of chloride ion was estimated by using ion chromatography. The sample (30 mg)
and an aqueous solution of KOH (Wako Pure Chem. Ind., Ltd., 5.0 mL, 1.0 M) were added to a beaker
(polypropylene, 50 ml) and it was heated at 100°C for 30 min to dissolve the sample. After diluted
H2SO4 (Wako Pure Chem. Ind., Ltd., 40 mL, 0.05 M) was added to the mixture, the solution was
diluted with Milli-Q water to 50 mL. A part of the solution was taken to a sample tube, and chloride
ions were quantified using an ion chromatograph (Tosoh Co. Ltd., IC-2001) which was equipped with
column (TSK gel Super IC AZ, 4.6 mm × 15 cm), guard column (TSK guard columns Super IC AZ)
and suppressor gel (TSK suppress IC-A).

44

Chapter 2
IR spectra of the samples were recorded for self-supporting disks on an IR spectrometer (FTIR/230, JASCO). The sample was pressed into a self-support disk. Prior to the measurement, the
sample disk was pretreated in an IR cell at 120°C for 2 h in N2 flow to remove physisorbed water. IR
spectra were recorded in N2 at 120°C and were scanned 1024 times at 4 cm−1 resolutions.
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2.3 Results and discussion
2.3.1 Determination of the number of hydroxy groups in SiO2 with thermogravimetry
Since it is reported that organosilanes on SiO2 are bonded with surface hydroxy groups
(silanol groups) [27], the number of hydroxy groups in SiO2 is important to control the density of the
surface functional groups (1.5.2 in Chapter 1). The thermogravimetry profiles of amorphous SiO2
(AEROSIL® 300) and mesoporous (MCM-41) SiO2 are shown in Figure 2-8. The dehydration and
dihydroxylation phenomena (two weight loss) were distinguished on the thermogravimetry profile of
SiO2. Since physisorbed water on SiO2 was assumed to be totally released with the first weight loss
in the range of 100~120°C, the number of hydroxy group in SiO2 was calculated from the second
weight loss by assuming that all hydroxy groups were eliminate to form only siloxane bridges at
1000°C. Here, the total number of hydroxy groups is calculated from the total weight loss of the
second step occurring in the temperature range of 200~1000°C.28
The number of hydroxy groups can be calculated with Eq. 2-2.

(2-2)

, where (Weight Loss(T200)- (Tfinal)) is the weight loss (wt.%) between T200 and Tfinal and MH2O is the
molecular weight of water, and NA is Avogadro's Number (6.02×1023 mol−1). The surface area in Eq.
2-2 is the one calculated by BET method from N2 adsorption isotherm.
The numbers and densities of hydroxy groups in AEROSIL® 300 and MCM-41 are
summarized in Table 2-1. The temperature regions of the first (25~200°C) and second weight losses
(200~1000°C) are highlighted in different colors in Figure 2-8. The densities of hydroxy groups on
AEROSIL® 300 and MCM-41 were 4.46 and 2.64 nm–2, respectively. The numbers of hydroxy groups
estimated by the method also include inaccessible internal hydroxy groups that is not useable for the
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grafting. While the surface area of MCM-41 was larger than that of AEROSIL® 300, the number of
hydroxy groups was smaller for MCM-41 than that for AEROSIL® 300. A large number of hydroxy
groups on SiO2 helps to control the density of organosilanes on SiO2 surface. In addition, the
influences of the size and structure of the pore is not considered for AEROSIL® 300, because it does
not have any pores. Since organosilanes on the mesoporous SiO2 are mainly bonded with hydroxy
groups in the pore, the size and structure of the pore may be changed by the grafting organosilanes in
pores. The pore of catalysts may help to achieve the high catalytic activity, but the catalytic effect of
pores disturbs to understand the mechanism for the cooperative catalysis.29 For these reasons, it was
considered that AEROSIL® 300 was more appropriate support for understanding the cooperative
catalysis between acid and base sites in this study.

47

Chapter 2

Figure 2-8 TG and DTA profiles of AEROSIL® 300 and MCM-41 in air atmosphere at heating rate of 10°C min-1.

Table 2-1 The hydroxy group content at first weight loss and second weight loss of the silica samples determined by TG-DTA.

1st weight loss

2nd weight loss

Hydroxy group content

Surface Areaa

Sample

a

/%

/ mmol g–1

/%

/ mmol g–1

/ OH nm–2

/ m2 g–1

AEROSIL 300

4.1

2.28

2.0

2.22

4.46

300

MCM-41

4.6

2.56

4.0

4.44

2.64

1014

BET surface area estimated from N2 adsorption isotherm.
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2.3.2 Amide compounds by the reaction of carboxylic acid with amine 25,30–32
Normally, amide bond is formed by condensation reaction of carboxylic acid with amine with
the release of one equivalent water. In organosilanes-grafted SiO2 catalysts, the structure of them is
crucial to determine the distance between acid and base sites, which is also directly related to the
cooperative effect and must affect the catalytic performance. Therefore, the author determined firstly
the structure of the organosilanes. As mentioned in 2.3.1, the number of silanol groups on SiO2 was
about 4~5 OH nm-2. Basically, the organosilanes used here has two trialkoxysilyl groups at both the
ends (Figure 2.6). Ideally, the organosilanes are grafted on SiO2 surface with three Si-O-Si bonds at
an end. If the molecular size of the organosilanes is smaller than 1.0 nm, all trialkoxysilyl groups in
the organosilanes would not be bonded to silanol groups on SiO2. Brunelli et al. found that the amine
with propyl (C3) linker was the best organosilane as base catalysts.15 In this case, the distance between
SiO2 surface and the amino group is about 5~6 Å with consideration for the molecular size of propyl
linker. For these reasons, the author selected 3-amino-1-propene and 3-buteonic acid firstly as starting
substrates for the organosilane with amide compound, Figure 2-9 show the synthetic procedure.
To obtain the target product, N-allyl-3-butenamide, with high yield, reaction conditions were
widely investigated. The coupling agents, such as BOP, HBTU, and HATU, which are commonly
used in the synthesis of amides were used for the synthesis, but unfortunately, the yield of isomers
(by-product) in the final products was high. Therefore, HOBt and EDC were used to increase the
yield of the target product at low temperatures. After intensive investigations, the target product, Nallyl-3-butenamid, was obtained by the yield of 62%. However, the production of isomers was still
inevitable and thus it is difficult to obtain the pure target products. For this reason, 4-penteonic acid
was used as a starting substrate in place of 3-butenoic acid to suppress the formation of isomer was
investigated. The molecular size of each organosilanes is shown in Figure 2-10. The molecular sizes
of 5-(triethoxysilyl)pentanoic acid and 4-(triethoxysilyl)butanoic acid are 6.2 and 5.6 Å, respectively.
The difference in the molecular size between 5-(triethoxysilyl)pentanoic acid and 4(triethoxysilyl)butanoic acid is 0.6 Å. The product obtained from each organic compound is 4-
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(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)butanamide

and

5-(triethoxysilyl)-N-(3-

(triethoxysilyl)propyl)pentanamide, and the molecular sizes of the products are 10.4 and 11.7 Å,
respectively. Therefore, it is considered that the slight difference in the length of the organosilanes
might have no significant effect on catalytic performance.

Figure 2-9 Synthesis procedure for amide compound with 3-amino-1-propene and 3-buteonic acid.

Figure 2-10 The molecular size of each organosilanes for amide formation.
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2.3.3 Hydrosilylation with triethoxysilane
Since silanol groups allow SiO2 surface to make covalent bonds with alkoxysilyl groups in
organosilanes, hydrosilylation was performed to attach trialkoxysilyl groups to the precursor organic
compounds. Triethoxysilane is a common hydrosilylation reagent for the synthesis of organosilanes
from the organic compounds with double bonds. The amide compound, which was synthesized in
2.3.2, has two double bonds at each end (Figure 2-2). In general, hydrosilylation was conventionally
performed in the presence of nickel, rhodium, ruthenium, or platinum catalyst.33,34 Among them,
platinum catalyst ((DCPD)PtCl2) show the best catalytic performance even under mild reaction
conditions.21,22000000000000000000000000000000000000000000000000000000000000

2.3.4 Grafting the organosilanes on SiO2
Organosilanes were grafted on SiO2. The number of silanol groups on SiO2 is decreased by
the grafting the organosilanes on SiO2. In addition, since silanol groups on SiO2 act as weak acid sites,
it is necessary to decide the density of organosilanes on SiO2. In the present study, to prevent multilayer deposition of organosilanes on SiO2, the densities of 3-aminopropyltriethoxysilane and 5(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide on SiO2 were decided to 0.8 and 0.4 nm–2
with consideration for the molecular sizes and the number of silanol groups on SiO2. It is expected
that all of trialkoxysilyl groups in organosilanes can be bonded by condensation with silanol groups
on SiO2. Since the number of silanol groups on SiO2 was determined to be 4~5 OH nm-2, a part of
them remained after the modification even if organosilanes were grafted on SiO2 with three Si–O–Si
bonds (Figure 2-1).
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Table 2-2 The density of organosilanes graft on SiO2 surface by changes in the type of solvent and organosilanes.
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The samples with difference organosilanes and densities, which were prepared here, are listed
in Table 2-2. The densities were changed by the change in the organosilane dose. The expected
density of organosilanes (nm–2) was calculated with equation 2-3.

(2-3)

, where NA and M.W are Avogadro's Number (6.02×1023 mol−1) and molecular weight of the
organosilane.
For all organosilanes used here, the actual densities on SiO2 was lower than the expected ones
for the grafting in ethanol. The actual density of 3-aminopropyltriethoxysilane and 5-(triethoxysilyl)N-(3-(triethoxysilyl)propyl)pentanamide were only about 30 and 20 %, respectively, for the expected
ones (Entries 1,5). In particular, when the excess amount of organosilanes was added, the actual
density only a little. (Entries 2,6). It means that the ethanol solvent prevents multi-layer deposition
of the organosilanes on SiO2.
In toluene, the degree of the decrease in the actual density of organosilanes was lower than
that for ethanol of them. (Entries 1,3 and 5,7, Entries 2,4 and 6,8). The densities of 3aminopropyltriethoxysilane and 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide on SiO2
were almost same as expected ones, indicating that it can help to reduce the error of the surface
densities of the organosilanes on SiO2 of obtained catalysts. Therefore, the toluene was decided for
the solvent for grafting the organosilanes on SiO2.

53

Chapter 2

2.3.5 Hydrolysis of amide bond to give acid-base pair sites
Carboxyl and amino groups which can be used as acid and base sites in catalytic reactions
can be produced by hydrolysis of amides. Generally, amide bond is hydrolyzed in acidic or basic
solutions. However, some papers report that amide bond can be hydrolyzed even under neutral
conditions at high temperature and high pressure.35 Hydrolysis in acidic or basic solutions has some
problems that acid and base sites are deactivated due to neutralization in acidic or basic solution
during hydrolysis. In addition, catalysts often contained remaining inorganic salts produced by
neutralization.
Hydrolysis in neutral condition is ideal for organosilanes grafted on SiO2. Thus, the author
firstly tried to do under neutral conditions, and the reaction conditions in the neutral condition were
investigated with FT-IR of the samples. IR spectra of Amide/SiO2 taken at different temperatures in
H2O/He flow and the difference spectra between the spectrum at each temperature and that at 120°C
are shown in Figure 2-11. The IR spectra of Amide/SiO2 showed absorption bands assignable to
amide at 1524 and 1652 cm–1 and methylene groups at 2800 – 2900 cm–1. The IR spectrum revealed
the presence of free silanol groups at 3740 cm–1. Since organosilanes containing amide bond were
grafted on SiO2 with silanol groups, the little absorption bands corresponding to the free silanol group
appeared at 120°C. When the temperature reached at 300°C, the absorption bands assignable to the
free silanol group began to appear again. This appearance of the change in absorption bands
corresponding to the free silanol group means that the Si-O-Si bonds between SiO2 surface and
organosilanes were broken at around 300ºC. In addition, it was also found that the absorption bands
assignable to amide at 1524 and 1652 cm–1 became less intense with increase temperature up to 500ºC.
Since the absorption bands assignable to amide disappeared at 500ºC, it is considered that
organosilanes grafted on SiO2 surface was almost-completely decomposed at around this temperature.
To get further information on proper condition for the hydrolysis, hydrolysis of amide bond
in Amide/SiO2 was performed in a fixed-bed flow reactor with a Q-Mass detector as follows.
Amide/SiO2 was put in a quartz tube reactor and pretreated in a flow of He at 120°C for 3h. Then, the
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temperature was lowered to 50°C, and outlet gas was analyzed with a Q-mass (M-200QA(ANELVA);
Q-MS) in H2O/He flow with increase in the temperature up to 800°C, while the signals of
m/z=16(CH4), 18(H2O), 28(CO), 44(CO2) were mentioned. The result is shown in Figure 2-12. The
signal of m/z=18, which corresponds to water, was decreased at around 300ºC. This temperature
range was almost the same as that at which the breaking of Si-O-Si bond occurred as confirmed by
FT-IR (Figure 2-11). This result indicates that the bond breaking of the Si-O-Si bonds occurs before
hydrolysis of amide bond since there was no change in the spectrum until the temperature reached
300ºC. It means that the hydrolysis of amide bond is impossible under neutral conditions before the
Si-O-Si bond was broken. These results are consistent with a decrease in the absorption bands
corresponding to the amide on the IR spectra.
In addition, intensities of the signals of m/z=16, 28 and 44, which corresponds to the CO,
CO2, and CH4, were increased at around 400ºC, indicating that organosilanes were decomposed, and
CO, CO2, and CH4 were produced by steam reforming reaction with water.
Since SiO2–supported catalysts has a fatal problem that SiO2 is dissolved in a basic solution,
amide bond on Amide/SiO2 should be hydrolyzed under acidic conditions. However, hydrochloric
acids will react with amino groups, and chloride ions would remain in the catalyst, which may affect
the catalytic performance. To prevent the problem, after the hydrolysis, the obtained solid was treated
with aqueous sodium hydroxide (Wako Pure Chem. Ind., Ltd., 0.01 M) solution, which was added
dropwise until pH of the suspension reached to near 7. The residual chloride ions on SiO2 surface
were examined on an ion chromatography. While the residual chloride ion was 0.0059 mmol g–1
without this treatment, after this treatment and washing with water and ethanol, residual chloride ion
was less than the detection limit of Cl analysis (0.0001 mmol g–1). This little amount of chloride ion
on the catalyst would not affect the catalytic performance.
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Figure 2-11. IR spectrum of Amide/SiO2 taken at different in H2O/He flow.
Experiment condition: Sample: Amide/SiO2 (Density of organosilanes: 1.0 nm–1), Pretreatment :
120°C, 3h, Rate of heating : 10°C min–1.

Figure 2-12. Temperature-programmed reaction profiles for Amide/SiO2 in H2O/He flow.
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2.3.6 Structural analysis of organosilanes grafted on SiO2

Figure 2-13 XRD patterns of a) Pristine SiO2, b) Amide/SiO2, c) Acid-base/SiO2, d) Base/SiO2,
and e) Acid/SiO2.

Here, the structural analysis for catalysts is described. Powder XRD patterns and N2
adsorption/desorption isotherms of pristine SiO2, Amide/SiO2, Acid-base/SiO2, Base/SiO2, and
Acid/SiO2 are shown in Figure 2-13 and Figure 2-14, respectively. The pristine SiO2 revealed the
broad peak at around 2θ = 20º. The broad peak is typical for amorphous SiO2 without a regular longrange ordered structure. XRD patterns of Amide/SiO2, Acid-base/SiO2, Base/SiO2, and Acid/SiO2
were almost identical to that of the pristine SiO2.
The adsorption/desorption isotherms showed no significant change by the graft of
organosilanes and hydrolysis of amides. BET surface areas are shown in Table 2-3. As mentioned in
2.3.1, the effect of pores in amorphous SiO2 is not needed to be considered. It is indicated that the
grafting organosilanes on SiO2 and hydrolysis of amides did not affect the structure and morphology
of SiO2. It is reported that the surface area is decreased when organosilanes are grafted on SiO2.36
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The grafting organosilanes with a single functional group (Acid/SiO2 and Base/SiO2) cause
a significant decrease of the surface area, compared to Amide/SiO2. The major difference in the
catalysts is their molecular sizes and the density of them on SiO2.

Figure 2-14. Adsorption-desorption isotherms of N2 at –196ºC for a) Pristine SiO2 (●○), b)
Amide/SiO2 (●○), c) Acid-Base/SiO2(●○), d) Base/SiO2(●○) and e) Acid/SiO2(●○). Closed circles
correspond to adsorption, open circles to desorption. Data have been offset vertically by 700 units
for clarity.
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Table 2-3. Density of organic groups, specific surface area and pore diameter for the samples.
Density of organic groups

Specific surface area

Pore diameter

/ nm–2 a

/ m2 g–1 b

/ nm c

Pristine SiO2

-

300

9.7

Amide/SiO2

0.4

256

21

Acid-Base/SiO2

0.4

206

26

Acid/SiO2

0.8

208

14

Base/SiO2

0.8

203

13

SiO2 (Toluene) d

-

297

10

SiO2 (6 M HCl) e

-

252

22

Sample

a

Determined by CHN elemental analysis.

b

BET surface area estimated from N2 adsorption isotherm.

c

Pore diameter estimated from N2 adsorption isotherm with BJH theory.

d

SiO2 was treated with stirring in 10 mL of anhydrous toluene at 120ºC for 24 h.

e

SiO2 was treated with stirring in 10 mL of aqueous solutions of 6M hydrochloric acid at 110ºC
for 24 h.
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Structure of 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide grafted on SiO2 was
confirmed by 13C{1H} CP/MAS NMR. 13C{1H} CP/MAS NMR spectrum of Amide/SiO2 and AcidBase/SiO2 are shown in Figure 2-15.

Figure 2-15 13C solution NMR spectrum of 5-(triethoxysilyl)-N-(3(triethoxysilyl)propyl)pentanamide and 13C{1H} CP/MAS NMR spectra of Amide/SiO2 and
Acid-Base/SiO2.
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13

C{1H} CP/MAS NMR spectrum of Amide/SiO2 was almost identical to 13C solution NMR

spectrum of 5-(triethoxysilyl)-N-(3-(triethoxysilyl)propyl)pentanamide except for weakened peaks
due

to

ethoxy

group.

Thus,

it

was

concluded

that

5-(triethoxysilyl)-N-(3-

(triethoxysilyl)propyl)pentanamide was successfully grafted on SiO2 without any structural changes.
Even after hydrolysis of the amide bond on Amide/SiO2,

13

C{1H} CP/MAS NMR spectrum was

almost identical to that of Amide/SiO2 except for the difference of one peak assignable to amide bond.
The cleavage of amide bonds was confirmed by the peak shift of carbonyl group from 176.6 (–
CONH–) to 182.3 (–COOH) ppm in 13C{1H} CP/MAS NMR spectrum. This chemical shift indicates
that amino and carboxyl groups were successfully formed by the hydrolysis of amide bond without
any structural changes of the compound in 6 M hydrochloric acid.

Figure 2-16. Infrared (IR) spectra a) pristine SiO2, b) Amide/SiO2, c) Acid-Base/SiO2 (left panel),
difference spectra obtained by (d) b–a, (e) c–a, and (f) c–b.
Further information of structures of organosilanes grafted on SiO2 was obtained from IR
spectra. IR spectrum of the pristine SiO2, Amide/SiO2, and Acid-Base/SiO2 are shown in Figure 216 (left). The difference IR spectrum before and after the grafting organosilanes and that better before
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and after the hydrolysis also included in Figure 2-16 (right). After the grafting organosilanes on SiO2,
the absorption band of free silanol groups at 3740 cm−1 was decreased, indicating that the organosilane
was grafted by the condensation of ethoxy groups on SiO2. Even after the grafting organosilanes,
Acid-Base/SiO2 still had silanol groups that were possible to act as acid sites in catalytic reactions.
The IR spectrum of Amide/SiO2 showed two additional absorption bands at 1652 and 1524 cm−1,
which were C=O stretching vibration of carboxyl groups and N-H deformation vibration of amino
groups and also displayed CH stretching of methylene group at 2800 – 2900 cm–1 for connecting to
organosilanes containing amide bonds. After the hydrolysis of amide bonds, the absorption bands
assignable to amide at 1652 and 1524 cm−1 were decreased, while two additional bands appeared at
1592 and 1730 cm−1, which could be ascribed to the N−H bending of amino groups and the C=O
stretching of carboxyl groups, respectively. The change in the IR spectra indicated that the
organosilane was successfully grafted on SiO2 and amide bonds in organosilanes were hydrolyzed,
which lead to the formation of carboxyl and amino groups on SiO2. All of analysis results
demonstrated that Acid-Base/SiO2 was successfully synthesized as illustrated in Figure 2-1.

Table 2-4. Contents of carbon, hydrogen and nitrogen, the density of organosilanes, and the number
of acid and base sites for pristine SiO2, Amide/SiO2 and Acid-Base/SiO2 and Base/SiO2.
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The numbers and surface densities of acid (–COOH) and base (–NH2) sites on SiO2 were
investigated by CHN elemental analysis and acid-base back-titration. The contents of C, H and N,
density of organosilanes, and number of acid and base sites are summarized in Table 2-4. Pristine
SiO2 contained no nitrogen, which indicates no base site due to N. The nitrogen content increased to
0.28% by the grafting of organosilanes (Amide/SiO2), indicating the successful grafting of it on SiO2.
Meanwhile, the molar ratio of carbon to nitrogen (=C/N) determined by CHN elemental analysis for
Amide/SiO2 was 8.1 (Table 2-4), indicating that all trialkoxysilyl groups in the organosilane were
almost eliminated by the reaction with silanol groups on SiO2 to form Si-O-Si bonds.

The surface density of organic groups, which is defined as Eq. 2-3, (mmol g–1) were investigated
by TG-DTA analysis. TG-DTA profiles of the samples are shown in Figure 2-17.

(2-3)

The surface density of organosilanes is listed in Table 2-5. These were consistent with the
results estimated from CHN elemental analysis. Physisorbed water on SiO2 surface was assumed to
be totally eliminated in the range from 100°C to 120°C. Since pristine SiO2 surface is hydrophilic, it
contained a lot of physisorbed water. However, SiO2 surface becomes hydrophobic owing to the
grafting organosilanes, which decreased the amount of physisorbed water. Organosilanes grafted on
SiO2 was stable up 300°C.
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Figure 2-17 Thermogravimetric analysis for pristine SiO2, Acid-Base/SiO2, Base/SiO2 and
Acid/SiO2.

Table 2-5 The active sites loading from weight loss with TG-DTA.

Sample

Weight loss

Density of organosilanes

Number of base sites

%a

/ nm–2

/ mmol g–1

/ mmol g–1

CHNb

CHNb

TG-DTAc

SiO2

-

-

-

-

Acid-Base/SiO2

3.2

0.37

0.18

0.15

Base/SiO2

3.7

0.82

0.41

0.39

Acid/SiO2

5.1

0.80d

0.40e

0.39e

a

The temperature range from 200°C to 500°C. bDetermined by CHN elemental analysis.

c

The active sites loading (mmol g–1) from weight loss (%) with TG-DTA was calculated by using an
equation (2-3).

d

Expected density of organic compound. eThe number of acid sites.
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The number of acid sites estimated by the acid-base back-titration was 0.33 mmol g–1 for
pristine SiO2, which implies that silanol groups on SiO2 act as acid sites. Previous papers report that
the silanol group on SiO2 is a weak acid.37 In contrast, no base site was detected for the pristine SiO2
by the acid-base back-titration. The number of base sites of Amide/SiO2 was calculated by the content
N estimated from the CHN elemental analysis and was 0.10 mmol g–1. Since silanol groups on SiO2
were consumed for the condensation reaction with the organosilane, the number of the acid sites was
decreased from 0.33 to 0.10 mmol g–1 by the grafting of organosilanes. Even after the grafting of
organosilanes containing amide bonds. Some silanol groups were remaining on Amide/SiO2. These
results are consistent with CHN elemental analysis and FT-IR.
While even after the hydrolysis of the amide bond, the number of base sites in Acid-Base/SiO2
was similar to that in Amide/SiO2, the type of base sites might change from N–H in secondary amide
to N–H2 in primary amine. In other words, even though the catalysts had a similar number of base
sites, they will show difference catalytic performances.
The number of acid sites was increased by 0.9 mmol g–1 by the hydrolysis. This increment
indicated that acid sites (carboxylic acid) were formed by the hydrolysis. Since Acid-Base/SiO2 has
two acid sites (silanol and carboxyl group) and a base site (amine).

65

Chapter 2

2.3.7 Expansion of the method to create acid-base pair sites with precisely controlled
distance
This method mentioned in previous sections is possible to create acid-base pair sites on SiO2
without neutralization. The merit of this method is to create only the pair sites close proximity
between acid and base sites. Now, this author proposes the expansion of the method to create acidbase pair sites with precisely controlled distance by applying amides with linker moiety as shown in
Figure 2-18.

Figure 2-18 Schematic image to create the acid-base pair sites by using specially designed amide
with two amide bonds that are linked with an appropriate methylene chain.

The two types of linkers with different length were used (Figure 2-4). It was assumed that
the distance between acid and base sites could be about 6~7 Å for the linker of the 4-aminobutyric
acid. Structure and purity of organosilanes with 4-aminobutyric acid were confirmed by 1H and 13C
solution NMR (Figure 2-6). 1H and 13C solution NMR demonstrate that the organosilane compound
with

linker

moiety,

namely

(N-(4-oxo-4-((3-(triethoxysilyl)propyl)amino)butyl)-5-

(triethoxysilyl)pentanamide), was successfully synthesized. The organosilanes was grafted on SiO2
by the procedure shown in Figure 2-5 and the obtained sample was denoted as Amide/SiO2-4A. Then,
Amide/SiO2-4A was treated in 6 M hydrochloric acid at reflux temperature for 12 h to hydrolyze the
amide bond to form carboxyl and amino groups (Step 7 in Figure 2-5). The obtained catalyst was
denoted as Acid-Base/SiO2-4A.
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Acid-Base/SiO2-4A was examined with IR spectroscopy. IR spectra of pristine SiO2,
Amide/SiO2-4A, and Acid-Base/SiO2-4A are shown in Figure 2-19.

The IR spectrum of

Amide/SiO2-4A showed absorption bands at 1524 and 1652 cm–1, indicating of the C=O stretching
vibration of carboxyl acid and N–H deformation vibration of amino groups. The absorption bands of
Amide/SiO2-4A are consistent with those of Amide/SiO2. In addition, the additional absorption band
assignable to ketone at 1715 cm–1, which was not displayed on Amide/SiO2, was present in
Amide/SiO2-4A. It is considered that the shift of absorption bands was caused by two amide bonds
in the organosilane. The molar ratio of carbon to nitrogen (=C/N) determined by CHN elemental
analysis for Amide/SiO2-4A was 10.2 (Table 2-6), indicating that the ethoxy groups in N-(4-oxo-4((3-(triethoxysilyl)propyl)amino)butyl)-5-(triethoxysilyl)pentanamide were remained by the grafting
to form Si-O-Si bonds. As Table 2-6 indicates, the density of organosilanes on SiO2 was decreased
by the hydrolysis of amides. This indicates that organosilanes with the linker moiety was unstable
compared with Amide/SiO2. Further investigations are necessary to find proper conditions for the
hydrolysis of amide bonds on Amide/SiO2-4A
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Figure 2-19 IR spectra of (a) pristine SiO2, (b) Amide/SiO2-4A, and (c) Acid-Base/SiO2-4A.

Table 2-6 Contents of carbon, hydrogen and nitrogen, the density of organosilanes, and the number
of acid and base sites for pristine SiO2, Amide/SiO2-4A, and Acid-Base/SiO2-4A.
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2.4 Conclusion
The author has developed a reliable method to definitely create adjacent acid-base pair sites
on SiO2 through hydrolysis of secondary amide grafted on SiO2. The organosilane containing amide
bonds with trialkoxysilyl groups at both ends was immobilized on SiO2 and subsequently was
hydrolyzed to create the adjacent carboxyl and amino groups. The method has a great advantage to
create only adjacent acid-base pair sites in principle. In addition, this method enables to create the
pair sites with close proximity between acid and base and further applicable to create acid-base pair
sites with precisely controlled distance by hydrolysis of amide including linker moiety.
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Cooperative catalysis with adjacent acid-base pair sites on SiO2
toward highly catalytic activity in aldol condensations
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3.1 Introduction
Since chemical industries should develop with the balance of economic and environmental
in equal harmony, the catalysis is required steady for developments and scientific studies to achieve
high catalytic performance. One of the main topics in catalysis science focuses on how to accurately
control the environment around the active site over catalysts to improve the complex efficiency of
chemical process.1–6
Coupling reactions such as aldol, nitroaldol, and Knoevenagel condensations are important
reactions in chemical industries. The reaction products are commonly used in pharmaceutical and
fine chemical industries. Moreover, since eco-friendly development in chemical industries is essential,
hydrocarbon fuels obtained from biomass highlights the importance of aldol condensations.7,8 At
present, most aldol condensations are industrially catalyzed by homogeneous base catalysts such as
KOH, Ca(OH)2, NaOH and Na2CO3.9,10 As mentioned in 1.3, since homogeneous catalysts have some
disadvantages, the development of high-efficiency heterogeneous catalysts suitable for aldol
condensations is still keenly desired.
Previous papers report that coupling reactions are accelerated by the presence of an additional
compound that works cooperatively with the main component.11 In aldol condensations, the
cooperative catalysis is common in enzymatic systems. For example, natural aldolase enzymes
cooperatively promote aldol condensations in concert with carboxylic acid from aspartic acid residues
and amines from lysine.12 The carboxylic acid makes it easy to susceptible to protonate carbonyl
groups for nucleophilic attack by the amine, and the reaction is promoted by this cooperative effect
through a lower energy transition state. By mimicking this optimized cooperative catalysis in
enzymatic systems, the heterogeneous catalyst should be designed to maximize of the cooperative
effect.13,14
Some reports demonstrate that the catalyst with rationally designed acid-base pair sites shows
high catalytic performance in aldol condensations.15–18 The presence of weak acid sites around base
sites is essential to develop the cooperative effect between acid and base sites. In particular, it was
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highlighted that the appropriate combination and location of acid and base sites over catalysts cause
a significant effect on the cooperative effect.19–22
In Chapter 2, the method to definitely create adjacent acid-base pair sites on SiO2 surface
through hydrolysis of amide grafted on SiO2 has been developed. Thus, the author will demonstrate
the cooperative effect of the adjacent acid-base sites created by the method in aldol condensations in
Chapter 3. The cooperative effect between acid and base sites on SiO2 will be investigated
systematically by controlling the density of organosilanes on SiO2. It is discussed how the adjacent
acid-base pair sites on SiO2 promote the reaction through kinetic analysis.
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3.2 Experimental
3.2.1 Creation of randomly distributed acid and base sites on SiO2 by using Bocprotected aminosilane

Figure 3-1 Synthesis procedure for randomly distributed acid-base pair sites catalyst.
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Protection of amino groups with tert-butoxycarbonyl (Boc) group (Step 1 in Figure 3-1)
Firstly, amino group in (3-aminopropyl)triethoxysilane was protected with tert-butoxycarbonyl
(Boc) group. 3-(aminopropyl)triethoxysilane (2.2 g, 10 mmol) and di-tert-butyl dicarbonate (Wako
Pure Chem. Ind., Ltd., 2.5 g, 11.5 mmol) were added to 10 mL of ethanol and the solution was stirred
at room temperature overnight. After the solvent was removed under vacuum conditions to afford (3tert-butyloxycarbonylaminopropyl)triethoxysilane. 1H and

13

C solution NMR spectra for (3-

aminopropyl)triethoxysilane and (3-tert-butyloxycarbonylaminopropyl)triethoxysilane are shown in
Figures 3-2 and 3-3, respectively.

Hydrosilylation (Step 1’ in Figure 3-1)
The mixture of triethoxysilane (0.64 g, 3.9 mmol) and 4-penteonic acid (0.54 g, 3.9 mmol) was
stirred in the presence of catalytic amount of dichloro(dicyclopentadienyl)platinum(II) ((DCPD)PtCl2,
3.9 μmol) without solvent at 500 ppm and 85ºC in a sealed round bottom flask under Ar. After cooled
to room temperature, the obtained crude product was purified by vacuum distillation and silica gel
column chromatography to afford 5-(triethoxysilyl)pentanoic acid.1H and 13C solution NMR spectra
for 5-(triethoxysilyl)pentanoic acid are shown in Figure 3-4.
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Figure 3-2 1H and 13C solution NMR spectra for (3-aminopropyl)triethoxysilane.
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Figure 3-3. 1H and 13C solution NMR spectra for (3-tertbutyloxycarbonylaminopropyl)triethoxysilane.
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Figure 3-4 1H and 13C solution NMR spectra for 5-(triethoxysilyl)pentanoic acid.
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Grafting

both

5-(triethoxysilyl)pentanoic

acid

and

(3-tert-

butyloxycarbonylaminopropyl)triethoxysilane on SiO2 and deprotection of Boc group (Steps 2 and
3 in Figure 3-1)
5-(triethoxysilyl)pentanoic

acid

(0.10

g,

0.38

mmol)

and

(3-tert-

butoxycarbonylaminopropyl)triethoxysilane (0.12 g, 0.37 mmol) were added to 10 mL of anhydrous
toluene with 2.0 g of SiO2, which was treated in air at 120ºC for 2 h in advance, and the suspension
was heated at 110ºC for 24 h to immobilize them on SiO2. After cooled to room temperature, the solid
was collected by filtration, washed with toluene and ethanol, and dried in air at room temperature
overnight. Finally, the solid was treated in N2 at 100°C for 1 h, followed by 250°C for 4 h to provoke
the deprotection of Boc group to give the catalyst with randomly distributed acid and base sites on
SiO2, which is denoted as Acid-Base/SiO2(CV).

3.2.2 Capping of silanol groups on SiO2 with hexamethyldisilazane
Catalysts including pristine SiO2, Base/SiO2 and Acid-Base/SiO2 were pretreated in air at
120°C for 2 h. Under N2 atmosphere, 1,1,1,3,3,3-hexamethyldisilazane (Wako Pure Chem. Ind., Ltd.,
2.5 mmol) was added to 10 mL of anhydrous toluene with 2.0 g of SiO2 and the suspension was
heated at 110°C for 24 h to undergo silylation of silanol groups remaining on the catalyst. After cooled
to room temperature, the solid was collected by filtration, washed with toluene and ethanol, and dried
in air at room temperature overnight. The catalysts treated with hexamethyldisilazane are named with
“(TMS)” at the end of their abbreviations.
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3.2.3 Characterization
CHN elemental analysis, acid-base back titration, 1H and

13

C solution NMR spectra and

Fourier-transform infrared spectroscopy (FT-IR) were performed in the same manner as those
described in Chapter 2.
N 1s X-ray photoelectron spectra were conducted on a JEOL JPS-9010 MC spectrometer
equipped with an Mg Kα radiation source (1253.6 eV, 10 kV). All binding energies were calibrated
with the C 1s peak at 284.7 eV.

3.2.4 Aldol condensation of 4-nitrobenzaldehyde with acetone
The aldol condensation was performed in a batch reactor in air. First, 4-nitrobenzaldehyde
(Wako Pure Chem. Ind., Ltd., 0.5 mmol) and acetone (Wako Pure Chem. Ind., Ltd., 1.5 mmol) were
dissolved in toluene (10 mL) with decane (Wako Pure Chem. Ind., Ltd.,) as an internal standard. the
catalyst (0.025 mmol) was added to the solution and the reaction solution was heated with vigorous
stirring at 50°C for 24 h. After 24 h, the catalyst was separated by centrifugation and the resulting
supernatant was analyzed by using a GC-FID (Shimadzu, GC-14B) equipped with a DB-1 column.

Kinetic Analysis
The aldol condensations were performed in the presence of Base/SiO2 or Acid-Base/SiO2 at
different reaction temperatures (50~70°C) to estimate appearance activation energy. Base/SiO2 and
Acid-Base/SiO2 with the density of 0.8 and 0.4 nm-2, respectively, were used for the reactions, to a
round bottom flask, a magnetic stir bar, 20 mL of toluene, 1.0 mmol of 4-nitrobenzaldehyde, 3.0
mmol of acetone and 0.05 mmol of catalysts were added. The flask was completely sealed with a
rubber cap to prevent evaporation of toluene from the reaction solution over time. An aliquot was
taken from the round flask prior to the reaction temperature. The reaction data were analyzed by
assuming that the reactions followed the first-order of the concentration of 4-nitrobenzaldehyde,
namely, first-order reaction.
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3.3 Results and discussion
3.3.1 Catalytic performance of adjacent acid-base pair sites on SiO2 for aldol
condensation and comparison with others

Figure 3-5 Time courses in conversions of aldol condensations for 4-nitrobenzaldehyde with
acetone. Reaction conditions: 4-nitrobenzaldehyde, 0.5 mmol; acetone, 1.5 mmol; catalyst (the
number of amine), 0.025 mmol; toluene (solvent), 10 mL; and temperature, 50°C.

The catalytic performance of Acid-Base/SiO2 was evaluated for aldol condensation of 4nitrobenzaldehyde with acetone and it was compared with those of pristine SiO2, Acid/SiO2,
Base/SiO2, and Amide/SiO2 in Figure 3-5. Base/SiO2 showed catalytic activity for the aldol
condensation and conversion at 24 h was 34%, while pristine SiO2, Acid/SiO2, and Amide/SiO2 were
completely inactive, indicating that the aldol condensation was catalyzed by amino groups. Generally,
aldol condensations are known to proceed over both acid and base sites. However, silanol and
carboxyl groups completely inactive the aldol condensation under the present reaction conditions. In
contrast, it should be noted that Acid-Base/SiO2 efficiently promoted the reaction and the conversion
was much higher than that for Base/SiO2 despite the same in the number of base sites, indicating that
the cooperative effect between amino and silanol and/or carboxyl groups on SiO2 provides the high
catalytic activity in aldol condensation. The cooperative effect will be discussed in detail later.
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3.3.2 Cooperative effect between amino and silanol/carboxyl groups over organosilanesgrafted SiO2 catalysts
To demonstrate the cooperative effect of organosilanes-grafted SiO2 catalysts, Base/SiO2 and
Acid-Base/SiO2 with different densities of organosilanes were prepared, while the density of
organosilanes on Base/SiO2 and Acid-Base/SiO2 were decided to 0.8 and 0.4 nm–2, respectively, in
Section 2.3.4. These catalysts with the different densities are named with “(density of organosilanes)”
at the end of their abbreviations. The densities of organosilanes and the numbers of acid (–OH, –
COOH) and base (–NH2) sites on SiO2 were estimated by CHN elemental analysis and acid-base
back-titration. The contents of C, H and N, and the numbers of acid and base sites for Base/SiO2 with
the different densities are summarized in Table 3-1. The density of organosilanes over the catalyst
was calculated from the content of N and surface area.
The number of acid sites estimated by the acid-base back-titration was 0.33 mmol g–1 for pristine
SiO2. The number of acid sites on Base/SiO2 was decreased as the density of organosilanes was
increased. Base/SiO2 (1.5) and Base/SiO2 (2.0) did not have the acid sites and the number of base sites
were 0.71 and 0.93 mmol g–1, respectively, indicating that the acid sites due to silanol groups on SiO2
were totally removed by grafting the organosilanes on SiO2.
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Table 3-1 Contents of carbon, hydrogen and nitrogen, and the numbers of acid and base sites for
pristine SiO2 and Base/SiO2 with different densities of the organosilane.

Number of active sites

Contentsa/wt%

Molar ratio

Sample

Baseb

Acidc

/ mmol g–1

%C

%H

%N

(C/N)

SiO2

0.33

0.78

0.00

-

0.00

0.33

Base/SiO2(0.1)

0.46

0.14

0.07

6.6

0.05

0.28

Base/SiO2(0.4)

1.31

0.25

0.34

3.9

0.23

0.15

Base/SiO2

1.83

0.32

0.58

3.2

0.39

0.10

Base/SiO2(1.5)

3.17

0.56

1.07

3.0

0.71

0.00

Base/SiO2(2.0)

3.90

0.71

1.40

3.0

0.93

0.00

a

Determined by CHN elemental analysis, bEstimated by titration with HCl.

c

Estimated by titration with Na2CO3.

Figure 3-6 IR spectra of pristine SiO2, Base/SiO2 (0.1), Base/SiO2 (0.4), Base/SiO2, Base/SiO2 (1.5)
and Base/SiO2 (2.0). Upper: difference spectra, lower: IR spectra as they are.
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To get further information on structures of Base/SiO2, Base/SiO2 with different densities of
organosilanes were examined by IR spectroscopy. IR spectra of pristine SiO2, Base/SiO2 (0.1),
Base/SiO2 (0.4), Base/SiO2, Base/SiO2 (1.5) and Base/SiO2 (2.0), and difference spectra between each
spectrum with pristine SiO2 are shown in Figure 3-6. The IR spectrum of Base/SiO2 showed the
absorption bands assignable to the N−H bending of amino groups at 1592 cm−1 and CH stretching of
methylene groups at 2800 – 2900 cm–1. Even if the catalyst was grafted excess organosilanes on SiO2,
like Base/SiO2 (1.5) and Base/SiO2 (2.0), these catalysts still gave the absorption bands assignable to
the N−H bending of the amino group and CH stretching of methylene groups, while the presence of
free silanol groups at 3740 cm–1 disappeared. This result is consistent with CHN elemental analysis
and the acid-base back-titration in Table 3-1.

Figure 3-7 Influence of the numbers of acid and base sites and the density of organosilanes on the
catalytic performances, and the aldehyde conversion in aldol condensation of 4-nitrobenzaldehyde
with acetone over Base/SiO2 with difference densities of organosilanes. Reaction conditions: 4nitrobenzaldehyde, 0.5 mmol; acetone, 1.5 mmol; catalyst (the number of amine), 0.025 mmol;
toluene (solvent), 10 mL; temperature, 50°C; and reaction time, 24 h.
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The influence of the numbers of acid and base sites and the density of organosilanes on the
catalytic performance, and the aldehyde conversion in aldol condensations of 4-nitrobenzaldehyde
with acetone over Base/SiO2 with the difference densities are shown in Figure 3-7. The number of
base sites was linearly increased with increase in the density of organosilanes. Base/SiO2(0.1) showed
moderate catalytic activity for the aldol condensation and the conversion at 24 h was 24%. With the
increase in the density of organosilanes on SiO2, the conversion was also increased. Among the
catalysts tested here, Base/SiO2, in which the density was 0.8 nm–2, exhibited the highest activity, and
the conversion at 24 h was 36 % despite the same in the number of base sites afforded to the reaction.
However, the conversion decreased when the density of organosilanes exceeded at 0.8 nm–2. The
decrease in the conversion was consistent with the absence of acid sites due to silanol groups on SiO2.
In other words, the cooperative effect by amino and silanol groups on SiO2 is maximized for the
catalyst with the density of 0.8 nm–2.
With the same manner as those described in the previous paragraph, the influence of the density
of organosilanes on SiO2 was investigated for Acid-Base/SiO2 to get information on the cooperative
effect between amino and carboxyl groups. The contents of C, H and N, and the numbers of acid and
base sites for Acid-Base/SiO2 with different densities of organosilanes are summarized in Table 3-2.
IR spectra of pristine SiO2, Acid-Base/SiO2 (0.2), Acid-Base/SiO2, Acid-Base/SiO2 (0.6) and AcidBase/SiO2 (0.8), and difference spectra between the spectrum with pristine SiO2 are shown in Figure
3-8. The molar ratio of carbon to nitrogen (=C/N) for Acid-Base/SiO2 with the different densities
were around 8.0 for all the catalysts, indicating that almost all trialkoxysilyl groups in the
organosilane were eliminated by the reaction with silanol groups on SiO2 to form Si-O-Si bonds.
Acid-Base/SiO2 (0.8) did not show the absorption bands assignable to silanol groups on SiO2. In
addition, Acid-Base/SiO2 (0.6) and Acid-Base/SiO2 (0.8) showed absorption bands assignable to
amide at 1524 and 1652 cm–1, indicating that a little amount of amide bond still remained even after
the hydrolysis of amid bond on Amide/SiO2 under the present conditions.
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Table 3-2 Contents of carbon, hydrogen and nitrogen, and the numbers of acid and base sites for
pristine SiO2 and Acid-Base/SiO2 with difference densities of the organosilane.

Contentsa/wt%

Molar ratio

Sample

Number of active sitesb
Baseb

Acidc

/ mmol g-1

%C

%H

%N

(C/N)

SiO2

0.33

0.78

0.00

-

0.00

0.00

Acid-base/SiO2 (0.2)

0.83

0.21

0.11

7.6

0.15

0.07

Acid-base/SiO2 (0.3)

1.27

0.22

0.18

7.1

0.25

0.12

Acid-base/SiO2

2.20

0.36

0.27

8.2

0.38

0.18

Acid-base/SiO2 (0.8)

4.83

0.69

0.60

8.1

0.84

0.40

a

Determined by CHN elemental analysis, bEstimated by titration with HCl.

c

Estimated by titration with Na2CO3.

Figure 3-8 IR spectrum of pristine SiO2, Acid-Base/SiO2 (0.2), Acid-Base/SiO2, Acid-Base/SiO2
(0.6) and Acid-Base/SiO2 (0.8) in N2 flow. Upper: difference spectra, lower: IR spectra as they are.
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Figure 3-9 The influence in the number of acid and base sites and the density of organosilanes on
the catalytic performance, and the aldehyde conversion in aldol condensation of 4nitrobenzaldehyde with acetone for Acid-Base/SiO2 with difference densities of organosilanes.
Reaction conditions: 4-nitrobenzaldehyde, 0.5 mmol; acetone, 1.5 mmol; catalyst (the number of
amine), 0.025 mmol; toluene (solvent), 10 mL; temperature, 50°C; and reaction time, 24 h.

Figure 3-9 shows the influence of the number of acid and base sites and the density of the
organosilane on the catalytic performance, and the changes in aldehyde conversion in the aldol
condensation of 4-nitrobenzaldehyde with acetone for Acid-Base/SiO2 with difference densities of
organosilanes. Acid-Base/SiO2 showed the highest catalytic activity at 0.4 nm–2 of the density. The
conversion at 24 h was 66% for Acid-Base/SiO2, and this conversion was higher than the highest one
over Base/SiO2, indicating that cooperative effect occurring on Acid-Base/SiO2 is more efficient that
that on Base/SiO2. In other words, the cooperative effect between amino and carboxyl groups are
more efficient that that between amino and silanol groups. The cooperative effect between
amino/silanol groups or amino/carboxyl groups was classified as cooperative effect, dual cooperative
effect and non-cooperative effect (Figure 3-10). The author focused on the dual cooperative effect
where amino groups work in concert with both silanol and carboxyl groups to promote the reaction.
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It is considered that dual cooperative effects via multiple acid sites (silanol and carboxyl groups) in
Acid-Base/SiO2 effectively promote the aldol condensation despite the same in the number of base
sites. (Figure 3-10, a), b)).

Figure 3-10 Cooperative effect between amino/silanol groups or amino/carboxyl groups for
a) Base/SiO2, b) Acid-Base/SiO2, and c) Base/SiO2 (TMS).

To confirm how the cooperative effect between amino and silanol groups works for the aldol
condensation in more detail, Base/SiO2 and Acid-Base/SiO2 were treated with 1,1,1,3,3,3hexamethyldisilazane (HMDS) to cap remaining silanol groups on them with trimethylsilyl group. It
is expected that this treatment leads to removing the cooperative effect with silanol groups because
the silanol groups on SiO2 are eliminated. The contents of C, H and N, the density of organosilanes,
the numbers of acid and base sites, and the conversion for the aldol condensation for SiO2 (TMS),
Base/SiO2, Base/SiO2 (TMS), Acid-Base/SiO2 and Acid-Base/SiO2 (TMS) are summarized in Table
3-3. Even after the capping of the silanol groups on SiO2, the contents of N for Acid-Base/SiO2 (TMS)
and Base/SiO2 (TMS) was not changed, indicating that the capping process did not remove the
organosilanes over the catalysts. In addition, while Acid-Base/SiO2 (TMS) still had the acid sites, no
acid sites were remaining on Base/SiO2 (TMS), suggesting that no cooperative effect works for the
latter. Thus, it is expected that the cooperative effect between amino and carboxyl groups still emerges
for Acid-Base/SiO2 (TMS).
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Table 3-3 Contents of carbon, hydrogen and nitrogen, molar ration (C/N), the density of organosilanes, the numbers of acid and base sites
and conversion for the aldol condensation for SiO2 (TMS), Base/SiO2, Base/SiO2 (TMS), Acid-Base/SiO2 and Acid-Base/SiO2 (TMS).

Sample

Contentsa/wt%

Molar ratio

Density of
organosilanes

Number of active sites

Conversionc

Baseb

Acidc

/ nm-1

/ mmol g-1

/ mmol g-1

/%

%C

%H

%N

(C/N)

SiO2 (TMS)

3.23

0.64

0.03

-

-

0.00

0.00

0

Base/SiO2

1.02

0.07

0.29

3.50

0.27

0.14

0.17

29

Base/SiO2 (TMS)

3.23

0.05

0.25

12.9

0.26

0.13

0.00

09

Acid-Base/SiO2

2.33

0.37

0.29

8.00

0.37

0.18

0.19

63

Acid-Base/SiO2 (TMS)

5.01

1.12

0.27

18.6

0.37

0.21

0.07

35

a

Determined by CHN elemental analysis, bEstimated by titration with HCl. cEstimated by titration with Na2CO3.
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Figure 3-11 IR spectra for (a) pristine SiO2, (b) Base/SiO2, (c) Base/SiO2 (TMS), (d) AcidBase/SiO2, and (e) Acid-Base/SiO2 (TMS).

The IR spectra for pristine SiO2, Base/SiO2, Acid-Base/SiO2, Base/SiO2 (TMS), and AcidBase/SiO2 (TMS) are shown in Figure 3-11. The eliminations of silanol groups for Base/SiO2 (TMS)
and Acid-Base/SiO2 (TMS) were confirmed by the decrease in the absorption band at 3740 cm-1 due
to silanol groups. The IR spectra of CH stretching of methylene groups at 2800–2900 cm–1 was
increased by the capping of silanol groups for Base/SiO2 (TMS) and Acid-Base/SiO2 (TMS). Even
after the capping of silanol groups, the IR spectrum of Acid-Base/SiO2 (TMS) showed two absorption
bands at 1592 and 1730 cm−1 and the intensities of absorption bands were almost same as those for
Acid-Base/SiO2. The IR spectrum of Base/SiO2 (TMS) was also quite similar to that before the
capping, namely, Base/SiO2, indicating that the capping did not give any influence for the grafted
amino groups on the catalyst, while the silanol groups on SiO2 were completely capped with
trimethylsilyl groups.
The capping of the silanol groups affected significantly the catalytic performance for the aldol
condensation (Table 3-3). Base/SiO2 (TMS) showed only 9% conversion. This conversion is
considered as the catalytic activity of isolated amino groups without the cooperative effect with acid
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sites. The previous paper suggests that the formation of the stable Schiff base by the reaction of the
isolated primary amino group with aldehyde inhibits the aldol condensation as shown in Figure 312.23 Thus, it is assumed that the reaction similar to this would occur over Base/SiO2 (TMS). Contrary
to this, Acid-Base/SiO2 (TMS) still had carboxyl groups (acid sites) around amino groups on SiO2
and carboxyl groups promote the reaction more effectively, resulting in the higher catalytic activity
than Base/SiO2 (TMS). Previous papers report that the silanol group is the best counterpart as an acid
site to make the acid-base pair sites with primary amines.24–26 It is considered that the adjacency of
carboxyl group to the amino one provides effective pathways in the aldol condensation.

Figure 3-12 Formation of a Schiff base by the reaction between 4-nitrobenzaldehyde and primary
amine over Base/SiO2 (TMS).23
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Table 3-4 Contents of carbon, hydrogen and nitrogen, and the numbers of acid and base sites and comparison of catalytic activities for
aldol condensation of 4-nitrobenzaldehyde with acetone for acid-base SiO2 catalyst that was prepared by a conventional manner and a
homogeneous base catalyst. Reaction conditions: 4-nitrobenzaldehyde, 0.5 mmol; acetone, 1.5 mmol; catalyst (the number of amine), 0.025
mmol; toluene (solvent), 10 mL; temperature, 50°C; and reaction time, 24 h.

Number of active sites

Contentsa/wt%
Entry

a

Sample

Base

b

Acid

c

%C

%H

%N

/ mmol g-1

/ mmol g-1

Conversiond
/%

1

Base(P)/SiO2(CV)

3.88

0.99

0.61

0.07

0.08

3

2

Base/SiO2(CV)

2.23

0.74

0.62

0.41

0.07

35

3

Acid/SiO2 + Base/SiO2

-

-

-

-

-

8

4

Acid-Base(P)/SiO2(CV)

3.62

0.69

0.33

0.04

0.17

4

5

Acid-Base/SiO2(CV)

2.79

0.55

0.33

0.16

0.19

42

6

Proplyaminef

-

-

-

-

-

22

7

Proplyamine + Pentanoic acidg

-

-

-

-

-

12

e

Determined by CHN elemental analysis, bEstimated by titration with HCl. cEstimated by titration with Na2CO3.

d

Conversion of 4-nitrobenzaldehyde. ePhysical mixture. fHomogeneous catalyst. gMixture.
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3.3.3 Comparison of catalytic activities of Acid-Base/SiO2 for aldol condensations with
another catalyst with both acid and base sites on SiO2
To highlight the superiority of Acid-Base/SiO2, the author further compared Acid-Base/SiO2
with another acid-base SiO2 catalyst that was prepared by a conventional manner and a homogeneous
base catalyst. The characterization data and catalytic activities of catalysts are shown in Table 3-4.
As Figure 3-5 demonstrates, pristine SiO2, Acid/SiO2 and Amide/SiO2 were completely inactive for
the reaction. In addition, Base(P)/SiO2(CV) (Entry 1 in Table 3-4) prepared by grafting (3-tertbutyloxycarbonylaminopropyl)triethoxysilane, which is a Boc-protected aminosilane, on SiO2 was
also inactive, indicating that the amino groups on Base(P)/SiO2(CV) were perfectly capped with Boc
groups. Base/SiO2(CV) (Entry 2), which was obtained by the removal of Boc groups from
Base(P)/SiO2(CV), showed almost the same catalytic activity for Base/SiO2 in the aldol condensation,
indicating that the treatments of Boc-protection and subsequent Boc-deprotection had no significant
effect on the catalytic performance. In addition, equimolar physical mixture of Acid/SiO 2 and
Base/SiO2 gave only low conversion (Entry 3). Although the number of base sites for AcidBase/SiO2(CV) determined by acid-base back-titration (0.16 mmol g–1) was almost the same as that
for Acid-Base/SiO2 (0.14 mmol g–1, Table 3-2), Acid-Base/SiO2(CV) was less active than AcidBase/SiO2 in the aldol condensation (Entry 5). However, Acid-Base/SiO2(CV) showed high catalytic
activity than Base/SiO2. Pervious paper reports lower activity of amine-carboxylic acid pair sites
catalyst than amine-silanol pair sites catalyst for aldol condensation.25 It is presumed that since the
amino-carboxyl group pairs sites with appropriate distance happened to be created for AcidBase/SiO2(CV), it showed higher catalytic activity than Base/SiO2. It is interesting that the adjacent
acid-base pair sites on Acid-Base/SiO2 was more active than the corresponding propylamine (Entry
6) that acted as a homogenous catalyst and a mixture of propylamine and pentanoic acid (Entry 7).
After all, Acid-Base/SiO2 has great advantages that it can create two types of acid sites such as
silanol and carboxyl groups and it can also generate adjacent acid-base pair sites that can promote
aldol condensations. Therefore, it is concluded that the adjacency of carboxyl group to amino one
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created by hydrolysis of the amide resulted in the excellent catalytic activity of Acid-Base/SiO2 for
the aldol condensation.

3.3.4 Stability and recyclability of the catalysts
Finally, the stability of catalysts was confirmed. At 10 h for the reaction over Acid-Base/SiO2,
the catalyst was removed from the reaction solution by filtration and the obtained solution was further
heated again at 50°C. No significant increase in the conversion was observed (Figure 3-13),
indicating that the reaction proceeded over Acid-Base/SiO2. In addition, Acid-Base/SiO2 was reusable
for the reaction. After the reaction for 24 h, the catalyst was collected by a centrifugation and washed
with toluene and ethanol, followed by drying at 60°C overnight. Then, the catalyst was afforded to
the second reaction under the same reaction conditions. It was found that Acid-Base/SiO2 was
reusable without any significant loss of activity at least 2 times reuse (Figure 3-14).
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Figure 3-13 Hot-filtration experiment for the aldol condensation over Acid-Base/SiO2 (●) without
removal of the catalyst and (○) the catalyst was removed at 10 h.

Figure 3-14 Conversion of aldehyde in aldol condensation of 4-nitrobenzaldehyde with acetone
over fresh and reused samples of Acid-Base/SiO2 (■) and Base/SiO2 (■).
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3.3.5 Mechanistic study for aldol condensation of 4-nitrobenzaldehyde with acetone
over Acid-Base/SiO2
In the aldol condensation catalyzed by amine, it is proposed that the reaction starts with the
formation of enamine intermediate formed by the reaction between ketone and amine. In this process,
enough nucleophilicity of amine is required for the addition to carbonyl group. Thus, the higher the
nucleophilicity of amine on the catalyst is, the more the reaction is enhanced. As demonstrated in the
previous sections, Acid-Base/SiO2 showed higher activity than Base/SiO2. Thus, it is plausible that
the nucleophilicity of amine is different between Base/SiO2 and Acid-Base/SiO2, resulting in different
catalytic activities. To get information on the nucleophilicities of amines over the catalysts, N 1s XPS
spectra for Base/SiO2 and Acid-Base/SiO2 were measured (Figure 3-15). Both catalysts gave the
peaks with almost the same binding energy, indicating similar nucleophilicity of the amines over
Acid-Base/SiO2 and Base/SiO2. In other words, the carboxyl group adjacent to amine does not affect
the nucleophilicity of the amine.

Figure 3-15 N 1s XPS spectra for (a) Base/SiO2 and (b) Acid-Base/SiO2.
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The previous paper proposes the reaction mechanism for the aldol condensation of 4nitrobenzaldehyde with acetone over the primary amine on mesoporous SiO2 that is like Base/SiO2
as Figure 3-16.27 In the first step, enamine is formed by the reaction of amine with acetone activated
on silanol group on SiO2. As Figure 3-12 shows, if no silanol group is remaining on the catalyst,
stable Schiff base was formed by the reaction between 4-nitrobenzaldehyde and the amino group, and
this prevents the progress of the reaction, lowering the catalytic activity. It is considered that
nucleophilic attack of enamine to aldehyde in 4-nitrobenzaldehyde is the key step in this reaction
mechanism. The presence of the silanol group on SiO2 helps to the activation of acetone and the
increase in the electrophilicity of the 4-nitrobenzaldehyde. This fact provides a reasonable
explanation for increased catalytic activity in the aldol condensation caused by the presence of both
silanol and carboxyl groups around the amino groups on SiO2.

Figure 3-16 Proposed mechanism for the aldol condensation of acetone and 4-nitrobenzaldehyde
on primary amine fixed on SiO2 like Base/SiO2.27
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Figure 3-17 Plausible mechanism for the acceleration of aldol condensation over the adjacent acid-base pair sites on SiO2 for Acid-Base/SiO2
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In acid-base cooperative mechanism for the aldol condensation in Acid-Base/SiO2 (Figure 3-17),
the adjacency of amino group to carboxyl one would promote the acetone to form enamine.
Subsequently, nucleophilic attack of the enamine to the aldehyde smoothly occurs through activation
of the aldehyde in 4-nitrobenzaldehyde by the carboxyl group to form the carbon-carbon bond. In
addition to the cooperative effect due to the carboxyl groups, the nucleophilic attack of enamine also
occurs through activation of the aldehyde in 4-nitrobenzaldehyde by the remaining silanol group.
Under these processes, the carboxyl group and the adjacent distance between carboxyl and amino
groups are considered to be important for the high catalytic activity of Acid-Base/SiO2.
To know further the reaction mechanism, activation energies were estimated by Arrhenius
analysis for the aldol condensation over Base/SiO2 and Acid-Base/SiO2. The reactions were
performed at 50, 60 and 70°C and Arrhenius plots were made by assuming that the reaction was a
first-order reaction. The plots and apparent activation energies are given in Figure 3-18 and Table 35. The apparent activation energy for Acid-Base/SiO2 was 48 kJ mol-1, which was a little smaller than
that for Base/SiO2.
One possible interpretation of the reduced activation energy is that the nucleophilic attack of the
acetone by the amino group with the assistance of the carboxyl groups caused the reduction of
activation energy. If the silanol groups is present on SiO2, it will hydrogen bond with the acetone,
meaning that the energy of the hydrogen bond should be accounted for in the activation of the acetone
by the amine. On the other hand, adjacent distance between carboxyl and amino groups enable that
hydrogen bonds with acetone is present close to the amino group, which leads to easy to disrupt the
hydrogen bond with low energy.
The other possibility is that the carboxyl groups provide the additional pathway for nucleophilic
attack of enamine. The carbonyl group of the aldehyde is stabilized by both the silanol and the
carboxyl group on SiO2, which withdraws electron density from the oxygen atom of the carbonyl
group. As explained in the previous paragraph, the nucleophilic attack of enamine occurs through
activation of the aldehyde in 4-nitrobenzaldehyde by both the silanol and the carboxyl group. (Figure

103

Chapter 3
3-17). It could explain why the activation energy decreased for the aldol condensation over AcidBase/SiO2.

Table 3-5 Apparent activation energies for the aldol condensation over Base/SiO2 and AcidBase/SiO2.

Ea (kJ mol–1)

Catalyst
Base/SiO2

55

Acid-Base/ SiO2

48

Figure 3-18 Arrhenius plot for the aldol condensation of 4-nitrobenzaldehyde with acetone for
Base/SiO2 (●) and Acid-Base/SiO2 (●). The data were taken at 50, 60, and 70°C.
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3.4 Conclusions and prospects
Acid-Base/SiO2 showed excellent catalytic performance in the aldol condensation of 4nitrobenzaldehyde with acetone compared to acid-base SiO2 catalyst that was prepared by a
conventional manner, which has the randomly distributed acid and base sites on SiO2. The catalyst
was also stable and reusable without any significant loss of activity in reaction. This result highlights
the importance of the spatial positioning of acid and base sites in the development of acid-base
bifunctional catalysts. It also reveals how the factor of the environment around acid and base sites on
catalytic surface can be tuned to provide a level of reactivity control unachievable through traditional
conventional manners. This fine-tuning of distance between acid and base sites would be expected to
be especially important for various condensation, and potentially to be opening the door for the
development of new acid-base bifunctional catalysts.
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Environmental control with organosilanes around sulfonic acids on silica
toward highly active and magnetically separable solid acid catalyst

111

Chapter 4

4.1 Introduction
Sulfonic acid-fixed silica gel, of which the pioneering work done by Badley and Ford was
reported in 1989,1 is a kind of organic-inorganic hybrid material which acts as a solid acid. After the
discovery of mesoporous SiO2, including MCM-41 2 and FSM-16 3, research into sulfonic acid-fixed
solid acids was expanded into their utilization to improve catalytic activity, especially for acidcatalyzed reactions involving bulky reactants without any mass transfer limitation.4–10 Apart from the
utilization of mesoporous SiO2, intensive investigations have been carried out into the immobilization
of well-designed sulfonic acid precursors on siliceous supports.7–14 Davis et al. have set out ways of
immobilizing well-designed sulfonic acid precursors including disulfide and sulfonate ester on SBA15 and transforming them into sulfonic acid, to offer control of the spatial arrangement of acid centers
and found a cooperative effect between two adjacent sulfonic acids for bisphenol A synthesis. 7
Recently, control of the microenvironment around the active center by organic modification
has been investigated for solid acid catalysts, in which acid components including sulfonic acid 15–19
and Keggin-type heteropolyacid 20 are fixed onto siliceous materials. Thus far, catalysis by solid acid
catalysts has been understood basically in terms of three fundamental properties, including types of
acid site, acid strength, and acid amount.21 The control of the microenvironment would be considered
another property important for the design of and developments in solid acid catalysts. Yang et al. 15
synthesized propylsulfonic acid functionalized-silica particles with different hydrophobicity by a cocondensation method, with organosilanes having different alkyl chain lengths (C3, C8, and C16).
They found that a catalyst with a highly hydrophobic surface with a hexadecyl group gave high
selectivity for 5-hydroxymethylfurfural (5-HMF) in the dehydration of fructose, due to suppression
of the successive rehydration of 5-HMF owing to rapid separation of produced water from the active
site. A similar positive effect was also observed in the dehydration of sorbitol to isosorbide catalyzed
by propylsulfonic acid-fixed SBA-15, by tuning hydrophobicity with different loadings of methyl
groups.16 Wilson and coworkers demonstrated that the acid strength of sulfonic acid in a
propylsulfonic group fixed over MCM-41 was restored to inherent strength by further modification
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of the octyl group to hinder the interaction of sulfonic acid with silanol on the silica wall. 17 They
further demonstrated that octyl group and propylsulfonic acid co-grafted SBA-15 was highly tolerant
of water for esterification of methanol with acetic acid.18 Inumaru et al. synthesized an organicinorganic hybrid heteropolyacid catalyst, in which H3PW12O40 was firmly anchored on the silica wall
of SBA-15 by acid-base interaction with 3-aminopropyl group pre-fixed on the wall and surrounded
by octyl groups.20 This hybrid heteropolyacid catalyst showed excellent catalytic activity per acid
sites which was higher than Nafion-H and Cs2.5H0.5PW12O40 for hydrolysis of ethyl acetate in water.
Easy and rapid separation of catalysts is essential, especially for practical applications.
Magnetic separation is one of the most convenient and efficient techniques for recovery of powdery
materials dispersing in liquid phase. Iron oxides are easily available magnetic substances which play
a major role in many areas of chemistry, physics, and materials sciences.22 However, unmodified
magnetite nanoparticles tend to aggregate because of their high specific surface area and strong interparticle interaction. To prevent this aggregation, magnetite nanoparticles are often covered with a
silica shell. Another merit of the silica covering is in providing reaction sites for further modification
with organosilanes through covalent Si-O-Si bonds.
In the present study, the author investigated modification of propylsulfonic acid-fixed
Fe3O4@SiO2 with organosilanes to develop a magnetically separable solid acid catalyst which was
highly active and reusable for acid-catalyzed reactions in excess water. To systematically control the
hydrophobicity, triethoxy(ethyl)silane and triethoxy(octyl)silane were used for the modification. In
addition, to compare aliphatic and aromatic organic groups, triethoxy(phenyl)silane was applied. As
a result of comparison, the author found that the modification of triethoxy(octyl)silane significantly
improved the catalytic activity and stability for hydrolysis of ethyl acetate in water. The reason why
the author chose to investigate the reaction in excess water was to clearly demonstrate the advantage
of the control of the microenvironment around the acid site in such harsh reaction conditions for solid
acid catalysts. In addition, hydrolysis of carboxylic acid esters is one of the most important reactions
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both scientifically and industrially and thus the development of solid acid catalysts with high activity
is still keenly desired.
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4.2 Experimental
4.2.1 Catalyst preparation
Materials synthesis.
Series of the prepared samples are illustrated in Scheme 4-1. Firstly, silica coated magnetite
(Fe3O4@SiO2) was prepared and 3-mercaptopropyl group was fixed on it with different densities.
Then, thiol group was oxidized with nitric acid to transform it into sulfuric acid. Finally, the materials
were further modified with organosilanes with different organic groups. The preparation procedures
are described in detail in the following sections.

Fe3O4@SiO2.
Magnetite (Fe3O4) was prepared according to a method reported in ref..22 Milli-Q water was
deaerated by flowing through N2 for 30 min before use. Two grams of FeCl2∙4H2O (Wako Pure Chem.
Ind., Ltd., 2 mmol), 5.2 g of FeCl3∙6H2O (Wako Pure Chem. Ind., Ltd., 4 mmol) and 1.0 mL of
hydrochloric acid (Wako Pure Chem. Ind., Ltd., 0.1 M) were added to Milli-Q water (200 mL) and
the suspension was stirred at room temperature until the solids were completely dissolved. To the
resulting solution, 4.0 mL of aqueous ammonia (Wako Pure Chem. Ind., Ltd., 25%) was added. The
solution was stirred at room temperature for 3 h and a black suspension was formed. After addition
of 100 mL of 2-propanol (Wako Pure Chem. Ind., Ltd.), the suspension was heated at 40°C and then
60 mmol of tetraethoxysilane (TEOS) was added with stirring. The suspension was stirred at room
temperature for another 21 h. Throughout all operations, N2 was passed through the solution. Finally,
the suspension was evaporated at 60°C. The resulting brown powder was calcined at 250°C for 2 h.
The obtained solid is denoted as Fe3O4@SiO2. Bare Fe3O4 without TEOS addition was also prepared
for comparison.
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Modification of Fe3O4@SiO2 with 3-mercaptopropyltrimethoxysilane.
Fe3O4@SiO2 was dried at 150°C for 6 h before use. Two grams of Fe3O4@SiO2 and 0.12 g
of 3-mercaptotriethoxyproplsilane (MPTES, Wako Pure Chem. Ind., Ltd.) were added to 9.215 g of
toluene (Wako Pure Chem. Ind., Ltd.). The suspension was refluxed at 120°C for 4 h with vigorous
stirring. After being separated by filtration, the solid was washed with toluene and methanol (about
300 mL of each) and dried at 60°C for 12 h. The obtained solid is denoted as HS(1.1)/Fe3O4@SiO2,
in which the figure in parenthesis is the surface density of SH (nm–2) estimated from surface area and
elemental analysis. To investigate the influence of MPTEP loading, samples prepared with different
MPTEP doses ranging from 0.02 g (0.03 mmol g_Fe3O4@SiO2–1) to 1.19 g (3.00 mmol g_Fe3O4@SiO2–1)
were prepared in a similar manner to HS (1.1)/Fe3O4@SiO2.

Oxidation of HS/Fe3O4@SiO2.
Oxidation of the thiol group for HS(1.1)/Fe3O4@SiO2 was carried out with 20% HNO3 (Wako
Pure Chem. Ind., Ltd.) according to the method reported by Yang et al..23 First, 0.5 g of
HS(1.1)/Fe3O4@SiO2 was wetted with a small amount of 20 wt% HNO3. Then, 10 g of 20% HNO3
was poured over it very slowly. The mixture was then stirred at room temperature for 24 h, and 10
mL Milli-Q water was then added. The obtained powder was separated by filtration, thoroughly
washed with Milli-Q water and dried overnight at 60°C. The resulting sample is denoted as
HSO3(1.1)/Fe3O4@SiO2. For the samples with different SH densities, the oxidation of SH was
conducted using the same procedure as for HSO3(1.1)/Fe3O4@SiO2.
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Modification of HSO3(1.1)/Fe3O4@SiO2 with organosilanes.
Triethoxy(octyl)silane (Wako Pure Chem. Ind., Ltd., 0.6 mmol) was added to the suspension
of HSO3(1.1)/Fe3O4@SiO2 (1.0 g) in toluene (9.215 g), and the suspension was refluxed at 120°C for
24 h. After being separated by filtration, the solid was washed with toluene and methanol (about 200
ml of each) and dried at 60°C for 12 h. The resulting solid is denoted as Oc/HSO3(1.1)/Fe3O4@SiO2.
Modification with triethoxy(ethyl)silane (Wako Pure Chem. Ind., Ltd.) and triethoxy (phenyl)silane
(Wako Pure Chem. Ind., Ltd.) were also conducted in the same manner as for
Oc/HSO3(1.1)/Fe3O4@SiO2, and the obtained materials are denoted as Ph/HSO3(1.1)/Fe3O4@SiO2
and Et/ HSO3(1.1)/Fe3O4@SiO2, respectively.

4.2.2 Characterization
Powder X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET) and Infrared (IR) spectra
were performed in same manner as those in Chapter 2.
Adsorption isotherm of water vapor was obtained at 25°C on an automatic apparatus (Belsorp
18, BEL Japan Inc.) after the sample was pretreated at 150°C in a vacuum for 3 h. The amounts of H,
C, and S in the samples were determined by the Center for Instrumental Analysis at Hokkaido
University (Sapporo, Japan).
X-ray photoelectron spectra (XPS) were taken on an XPS-7000 instrument (Rigaku) with Mg
Kα radiation. Binding energy was calibrated with respect to C 1 s at 284.6 eV. Scanning electron
microscopy (SEM) images were obtained on an FE-SEM (Hitachi, S-4800).
Silicon to iron ratio (Si/Fe) in the sample was estimated by using an inductively coupled
plasma-atomic emission spectrometer (ICP-AES, Shimadzu ICPS-7000). To obtain the solution for
the ICP-AES measurement, the sample was dissolved in an aqueous solution of KOH (Wako Pure
Chem. Ind., Ltd.).
Acid amounts in the samples were estimated by a titration method as follows. The sample
powder (0.02 g) was added to an aqueous solution of NaCl (Wako Pure Chem. Ind., Ltd., 1.0 M, 5
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mL) and the suspension was stirred at room temperature. During the treatment, H+ in the sample was
exchanged with Na+ in the solution. Only for Oc/ HSO3(1.1)/Fe3O4@SiO2, a small amount of ethanol
was added to the solution to get the sample to well disperse in the solution. After 1 h, the suspension
was centrifuged to separate the sample powder. Concentration of Na+ in the solution was determined
by using an ion chromatograph (Tosoh Co., IC-2001). A column containing a cation exchange resin
(TSK gel IC-Cation 1/2 HR, Tosoh) and an aqueous solution of methane sulfonic acid (2.2 mmol L–
) and 18-crown-6 (1.0 mmol L–1) was used as stationary and mobile phases, respectively.

1

4.2.3 Catalytic hydrolysis of ethyl acetate in water
Hydrolysis of ethyl acetate in excess water was performed in a batch reactor. The catalyst
powder (0.1 g), aqueous solution of ethyl acetate (Wako Pure Chem. Ind., Ltd., 5 wt%, 10 mL), and
dihexyl ether (Sigma-Aldrich, 0.18 g, internal standard) were put in the reactor and heated at 60°C
with vigorous stirring. A small portion of the reaction solution was periodically withdrawn, and the
catalyst powder was immediately separated by centrifugation. The obtained supernatant was analyzed
using a gas chromatograph (Shimadzu, GC-8A) equipped with a Porapak® QS column and a flame
ionization detector. Reusability testing was performed as follows. After 4 h of the reaction, the
catalyst was recovered magnetically by putting a magnet on the outer wall of the reactor and the
reaction solution was decantated. Then fresh reaction solution was poured and heated at 60°C to start
the reaction (first reuse). This operation was repeated up to fourth reuse.
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4.3 Results and Discussion
4.3.1. Fe3O4 and Fe3O4@SiO2

Figure 4-1 XRD patterns of (a) Fe3O4, (b) Fe3O4@SiO2, (c) HS-(1.0)/Fe3O4@SiO2, and (d) HSO3(1.0)/Fe3O4@SiO2.

Figure 4-1 shows XRD patterns of bare Fe3O4, Fe3O4@SiO2, HS(1.1)/Fe3O4@SiO2 and
HSO3(1.1)/Fe3O4@SiO2. Bare Fe3O4 gave diffraction lines at 2θ=30.26, 35.68, 43.44, and 53.98°
(Figure 4-1, (a)), which were assigned to (220), (311), (400), and (422) of magnetite (Fe 3O4),
respectively. By using the Scherrer’s equation with the diffraction line of (311), the crystallite size
of Fe3O4 was estimated to be 16.8 nm (DXRD, Table 4-1). Morphology of bare Fe3O4 was observed
on an SEM image (Figure 4-2, (a)). Bare Fe3O4 was composed of spherically shaped particles. One
hundred and fifty particles were randomly selected on the SEM images and the size of each particle
was measured. The particle sizes were distributed from approximately 8 to 17 nm, with an average
diameter of 12.5 nm (DSEM) which was almost the same as the crystallite size estimated by XRD
(DXRD).
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After coating of Fe3O4 with SiO2, a broad diffraction line due to amorphous SiO2 appeared
at 2θ=22°. The XRD pattern of Fe3O4 remained intact though the intensities were decreased (Figure
4-1, (b)). The diffraction angles, relative intensities, and crystallite size of the F3O4 core were not
changed by the SiO2 coating. Since the peak caused by Fe 2p completely disappeared on the XPS
spectrum and an intense peak at Binding energy=106.0 eV due to Si 2p emerged for Fe 3O4@SiO2
(Figure 3, (b)), the Fe3O4 core was evidently fully covered with the SiO2 shell. From the size of
the Fe3O4 core (DXRD=16.4 nm, Table 1) and the average diameter of the particles (DSEM=23.0 nm),
the thickness of the SiO2 shell for Fe3O4@SiO2 was estimated to be about 3.5 nm (Scheme 1).
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Scheme 4-1 The samples prepared in this study.
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Table 4-1 Physical and chemical properties of the prepared samples.

DSEMb

Surface area

/ nm

/ nm

/m2 g–1

C

S

SH
(or SO3H)

Rd

/ mmol g–1

-

16.8

12.5

78

-

-

-

-

-

Fe3O4@SiO2

5.9

16.4

23.0

196

-

-

-

-

-

HS(0.47)/Fe3O4@SiO2

6.4

-

-

191

1.04

0.48

0.47

-

0.08

HS(1.1)/Fe3O4@SiO2

6.7

17.0

21.5

190

1.77

1.13

1.10

-

0.20

HS(1.4)/Fe3O4@SiO2

7.0

-

-

185

2.10

1.40

1.40

-

0.09

HO-SO2(0.47)/Fe3O4@SiO2

-

-

-

229

1.06

0.55

-

0.19

HO-SO2(1.1)/Fe3O4@SiO2

6.9

16.6

24.0

225

1.37

0.83

-

0.40

HO-SO2(1.4)/Fe3O4@SiO2

-

-

-

215

1.79

1.20

-

0.56

Et/HO-SO2(1.1)/Fe3O4@SiO2

-

-

-

208

3.65

1.01

0.91

2.3

0.45

Oc/HO-SO2(1.1)/Fe3O4@SiO2

-

-

-

193

7.98

0.96

1.00

2.0

0.46

Ph/HO-SO2(1.1)/Fe3O4@SiO2

-

-

-

153

5.84

1.00

1.20

2.3

0.48

CHN analysis / wt%

Sample
Fe3O4

0.67
(0.21)e
0.99
(0.31)e
1.43
(0.45)e

Surface densityc /nm-2

Acid
amount

DXRDa

Si/Fe

a

Crystallite size estimated by using Scherer’s equation with line width of the diffraction line due to (311) of Fe3O4 on powder XRD patterns.

b

Average diameter of the particles estimated from SEM images.

c

Estimated from elemental analysis and surface area by using Eqs. (4-1) and (4-3).

d

R = ethyl, octyl, or phenyl group.

e

Sulfur contents expressed with mmol g–1.
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4.3.2 Modification of Fe3O4@SiO2 with MPTES and oxidation of the thiol group into
sulfonic acid
Modification of Fe3O4@SiO2 with MPTES did not change the size and crystalline structure of
the Fe3O4 core (Figure 4-1, (c); Table 4-1). From the elemental analysis, contents of C and S were
found to be 1.77 and 1.13 wt%, respectively, for HS(1.1)/Fe3O4@SiO2, indicating that MPTES was
successfully grafted on Fe3O4@SiO2. The Si/Fe ratio and average diameter of the particles (DSEM,
Table 4-1) were slightly increased by the modification with MPTES, supporting the suggestion that
MPTES was grafted on the surface of Fe3O4@SiO2. HS(1.1)/Fe3O4@SiO2 gave five absorption bands,
at 2808, 2867, 2896, 2937, and 2953 cm–1 assignable to C–H stretching of CH3 and –CH2–. If MPTES
was ideally grafted with three Si–O–Si bonds on Fe3O4@SiO2, only two C–H stretching bands would
have been observed because of the presence of only –CH2– in Si– (CH2)3–SH. However, five
absorption bands were in fact present in that region, suggesting the presence of Si–OCH2CH3 in
addition to Si–(CH2)3–SH. This will be discussed in detail later. No IR band assignable to SH
stretching, which would be observed at around 2550~2650 cm–1, was detected for
HS(1.1)/Fe3O4@SiO2. Neat propyl mercaptan gives only a very weak IR band due to SH stretching.24
In addition, the concentration of SH on HS(1.1)/Fe3O4@SiO2 was low due to the surface modification.
Those were the reason for the absence of the band due to SH stretching for HS (1.1)/Fe 3O4@SiO2.
Surface density of SH over HS(1.1)/Fe3O4@SiO2 was estimated from
the sulfur content (1.13 wt%) and surface area (190 m2 g–1) using Eq. (4-1).

(4-1)
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The calculated SH density was 1.1 nm–2. If MPTES was grafted with three Si–O–Si bonds,
the atomic ratio of C/S would be 3. However, the actual C/S atomic ratio for HS(1.1)/Fe 3O4@SiO2
measured by the elemental analysis was 4.2 (Table 4-1), suggesting that some ethoxy groups were
remaining, as supported by the IR spectra. In other words, a part of MPTES was fixed on the surface
with two or less Si–O–Si bonds. Here, assuming that MPTES is grafted on the surface with three or
two Si–O–Si bonds, the author can estimate the fraction of MPTES grafted with two Si–O–Si bonds
(α) using Eq. (4-2):

(4-2)

, where 3 and 5 are the numbers of carbon atoms contained in the moiety grafted on the surface with
three and two Si–O–Si bonds, respectively, for (Si(C3H6SH) and Si(C3H6SH)(OC2H5), respectively.
From the actual measured C/S atomic ratio (=4.2), α was calculated to be 0.6, meaning
that 60% of MPTES was grafted with two Si–O–Si bonds (Scheme 4-1). The author prepared
HS(x)/Fe3O4@SiO2 with different doses of MPTES and examined the relationship between the
MPTES dose and the surface density of SH grafted on Fe3O4@SiO2 (Figure 4-5). The surface density
of SH was linearly increased with increases in the MPTES dose up to close to 0.3 mmol g–1. The
increase in the surface density of SH slowed down with more doses of MPTES and finally the surface
density reached a constant value of around 1.5 nm–2. The further increase in the surface
density of SH by the addition of excess MPTES dose (3.0 mmol g–1) was probably due to selfcondensation of MPTES.
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Figure 4-2 SEM images and particle size distributions of (a) Fe3O4, (b) Fe3O4@SiO2,
(c) HS(1.1)/Fe3O4@SiO2, and (d) HSO3(1.1)/Fe3O4@SiO2.
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Figure 4-3 XPS spectra of (A) Fe 2p and (B) Si 2p for (a) Fe3O4, (b) Fe3O4@SiO2,
(c) HS(1.1)/Fe3O4@SiO2, and (d) HSO3(1.1)/Fe3O4@SiO2.

Figure 4-4 IR spectra of (a) Fe3O4, (b) Fe3O4@SiO2,
(c) HS(1.1)/Fe3O4@SiO2, and (d) HSO3(1.1)/Fe3O4@SiO2. The spectra were taken with selfsupporting disks.
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Figure 4-5 Surface density of SH fixed on Fe3O4@SiO2 plotted as a function of dose of 3mercaptotriethoxyproplsilane (MPTES) per unit weight of Fe3O4@SiO2. Surface density of SH
was calculated from sulfur content and surface area by using eq. 1. The samples represented with
a filled circle are those applied for further treatment and provided for the catalytic reaction shown
in Figure 4-6.

Figure 4-6 Catalytic performance for hydrolysis of ethyl acetate in water over (○)
HSO3(0.47)/Fe3O4@SiO2, (△) HSO3(1.1)/Fe3O4@SiO2, and (□) HSO3(1.4)/Fe3O4@SiO2.
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4.3.3 Transformation of the thiol group of HS/Fe3O4@SiO2 to sulfonic acid
Before investigating the impact of the surface SH density on catalytic performance, the author
selected HS(x)/Fe3O4@SiO2 with x=0.47, 1.1, and 1.4 nm–2 as typical samples and used them for
oxidation of SH into SO3H. The oxidation of SH with HNO3 did not change the size (DXRD) and
crystalline structure of the Fe3O4 core, average diameter of the particle (DSEM), or thickness of SiO2
shell (Figure 4-1 and 2, and Table 4-1). After the oxidation, the absorption band due to SH stretching
at 2808 cm–1 disappeared and instead two absorption bands due to SO3H appeared at 1578 and 1601
cm–1 for HSO3(1.1)/Fe3O4@SiO2 (Figure 4-4, (c)). In contrast to the sample before oxidation, only
two bands were observed at 2896 and 2953 cm–1 in the CH stretching region. The disappearance of
three bands (2808, 2867, and 2937 cm–1) due to CH stretching suggested elimination of Si–OCH2CH3
from the sample during the oxidation. In addition, the broad band at 3230 cm–1 due to highly
hydrogen-bonded OH stretching disappeared in the oxidation with HNO3, which was probably due to
condensation between residual silanol groups. However, Si–O–Si bonds formed by the condensation
were not very strong and were available for further modification with organosilanes. For
HS(x)/Fe3O4@SiO2, the sulfur content changed little as a result of oxidation (Table 4-1), indicating
that oxidative decomposition and elimination of the mercaptopropyl group from HS(x)/Fe3O4@SiO2
did not occur during the oxidation. However, carbon content was decreased by the oxidation with
HNO3 and the C/S atomic ratio became around 3 for every HSO3(x)/Fe3O4@SiO2. The decrease in
the C/S atomic ratio by the oxidation of SH supports the deduction that the unreacted ethoxy groups
left on HS(x)/Fe3O4@SiO2 were eliminated by hydrolysis with the help of HNO3.
Even after the oxidation, no peak due to Fe 2p was observed on the XPS spectrum for
HSO3(1.1)/Fe3O4@SiO2 (Figure 4-3, (d)), indicating that the SiO2 shell was stable during the
oxidation process. The acid amounts of HSO3(0.47)/Fe3O4@SiO2, HSO3(1.1)/Fe3O4@SiO2, and
HSO3(1.4)/Fe3O4@SiO2 estimation by the titration were 0.19, 0.40, and 0.56 mmol g–1, respectively
(Table 4-1), which were a little larger than the amounts of sulfur for each sample, being 0.21, 0.31,
and 0.45 mmol g–1, respectively. Since the measurements of acid amount for the samples before the
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oxidation indicated that those had certain amounts of acid sites (Table 4-1) despite without any
sulfonic acid, the method applied in this study counted silanol groups on Fe3O4@SiO2 as acids. Thus,
the acid amounts of HSO3(x)/Fe3O4@SiO2 were overestimated a little.
The catalytic performances of HSO3(0.47)/Fe3O4@SiO2, HSO3(1.1)/ Fe3O4@SiO2, and
HSO3(1.4)/Fe3O4@SiO2 were evaluated for hydrolysis of ethyl acetate in excess water (Figure 4-6).
All the catalysts promoted the reaction and the conversions were increased over the reaction time.
Among the catalysts, HSO3(1.4)/Fe3O4@SiO2 showed the highest activity for the reaction. Figure 45 indicates, however, that the surface density of SH reached a constant value for HS(1.4)/Fe3O4@SiO2,
and thus it might contain few silanol groups for further modification with triethoxy (ethyl)silane,
triethoxy(octyl)silane

and

HSO3(1.4)/Fe3O4@SiO2

triethoxy(phenyl)silane.

was

unsuited

for
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the
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HSO3(1.1)/Fe3O4@SiO2.

4.3.4 Further modification of HSO3(1.1)/Fe3O4@SiO2 with organosilanes and influence
of the modification on the catalytic performance
Modifications of HSO3(1.1)/Fe3O4@SiO2 with triethoxy(ethyl)silane, triethoxy(octyl)silane,
and triethoxy(phenyl)silane brought about an increase in the carbon content (Table 4-1). The CH
stretching on the IR spectrum for the sample modified with triethoxy(octyl)silane became strong,
while the strength of IR bands due to SO3H was unchanged (Figure 4-4, (d)). Those modifications
did not change sulfur content or acid amounts. Using Eq. (4-3), surface density of the modified R (=
ethyl, octyl, or phenyl group) was calculated for the contents of carbon and sulfur, and surface area.

(4-3)
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Figure 4-7 A schematic image of the surface for R/HSO3(1.1)/Fe3O4@SiO2. R = ethyl, octyl, or
phenyl group.
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Figure 4-8 Adsorption isotherms of water vapor at 25°C for (△) HSO3(1.1)/Fe3O4@SiO2, (○)
Et/HSO3(1.1)/Fe3O4@SiO2, (□) Oc/HSO3(1.1)/Fe3O4@SiO2 and (◇) Ph/HSO3(1.1)/Fe3O4@SiO2.

Although there was some difference depending on the kind of organosilane, the surface
density of R was about 2 nm–2, meaning that R and SO3H were present on the surface with a 2 to 1
ratio (Table 4-1). In Figure 4-7, a schematic image of the surface is illustrated, in which Si–(CH2)3–
SO3H and Si-R are assumed to be regularly arranged. A propyl sulfonic silane (–(CH2)3–SO3H) is
surrounded by four Si-R on average and the average distance between Si–(CH2)3–SO3H and Si–R is
estimated to be 0.5 nm. Because van der Waals’ radius of –CH2– is about 0.2 nm, Si–(CH2)3–SO3H
and Si–R are densely packed over the surface. Figure 4-8 shows adsorption isotherms of water vapor
taken at 25°C for HSO3(1.1)/Fe3O4@SiO2, Et/HSO3(1.1)/Fe3O4@SiO2, Oc/HSO3(1.1)/ Fe3O4@SiO2,
and Ph/HSO3(1.1)/Fe3O4@SiO2. In the case of the unmodified HSO3(1.1)/Fe3O4@SiO2, the
desorption amount of water vapor steeply increased in the low-pressure region (P/P0<0.02),
indicating that the surface was hydrophilic. In contrast, the adsorption amounts of water vapor in the
low-pressure region were considerably suppressed for the organosilane-modified samples. The lower
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adsorption of water vapor indicated that the surface became hydrophobic as a result of the
modifications with organosilane, and especially with octylsilane. As was mentioned above, there was
little difference in the surface density of Si-R (about 2.0 nm–2), regardless of the kind of organosilane.
In addition, little Si-OH was remaining over the modified samples. Thus, the kind of R had a strong
impact on the adsorption properties for water vapor. Apparently, the molecular length of the ethyl
group is shorter than that of propylsulfonic acid. Thus, sulfonic acid on Et/HSO3(1.1)/Fe3O4@SiO2
was not surrounded by ethyl groups in the bare state (Figure 4-9A). At such acidic sites, water
molecules would be able to approach easily. Molecular length of the phenyl group is comparable to,
but somewhat shorter than, that of propyl sulfonic acid (Figure 4-9C). Thus, it is reasonable that the
sulfonic acid group still protrudes from the surface created by the phenyl groups and such acid sites
attract water molecules. In contrast, the edges of the octyl group can surround the sulfonic acid over
Oc/HSO3(1.1)/Fe3O4@SiO2, because the molecular length of the octyl group is longer than that of
propylsulfonic acid (Figure 4-9B). The hydrophobic environment around the sulfonic acid group
caused by octyl groups could weaken the power of sulfonic acid to attract water molecules, as
observed in the reduction of the amount of water molecules on the adsorption isotherm.
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Figure 4-9 Comparison of molecular length of propylsulfonic acid with those of ethyl, octyl, and
phenyl groups. (A) Et/HSO3(1.1)/Fe3O4@SiO2, (B) Oc/HSO3(1.1)/
Fe3O4@SiO2 and (C) Ph/HSO3(1.1)/Fe3O4@SiO2.

Figure 4-10 Catalytic performance for hydrolysis of ethyl acetate in water over (△)
HSO3(1.1)/Fe3O4@SiO2, (○) Et/HSO3(1.1)/Fe3O4@SiO2, (□) Oc/HSO3(1.1)/
Fe3O4@SiO2 and (◇) Ph/HSO3(1.1)/Fe3O4@SiO2.
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The catalytic performances of HSO3(1.1)/Fe3O4@SiO2, Et/HSO3(1.1)/ Fe3O4@SiO2,
Oc/HSO3(1.1)/Fe3O4@SiO2, and Ph/HSO3(1.1)/Fe3O4@SiO2 for hydrolysis of ethyl acetate in water
are compared in Figure 4-10. All the organosilane-modified catalysts exhibited catalytic activities
higher

than

that

of

HSO3(1.1)/Fe3O4@SiO2

the
showed

unmodified
the

HSO3(1.1)/Fe3O4@SiO2.
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at
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6

h
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Oc/HSO3(1.1)/Fe3O4@SiO2 was about twice that of HSO3(1.1)/Fe3O4@SiO2. The order of the
catalytic performances correlated well with that of the hydrophobicity evaluated by the adsorption
isotherm of water vapor. The catalyst with the highest hydrophobic surface gave the highest catalytic
activity in water. It is proposed that enhancement of hydrophobicity over the surface or around the
active site is an effective way to reduce poisoning of the active site with water, leading to the
development of highly active solid acid catalysts for use in water.25 In author’s catalysts, two factors
were achieved by the further modification of octylsilane by the controlled amount: (i) significant
enhancement of hydrophobicity over the surface caused by the capping of silanol and (ii) creating a
hydrophobic environment around acid sites. The sulfonic acid in such hydrophobic environments was
not subjected to severe poisoning by water and consequently showed high catalytic activity for acid
catalyzation in water.
Table 4-2 compares the catalytic performance of Oc/HSO3(1.1)/ Fe3O4@SiO2 for hydrolysis
of ethyl acetate in water with various acid catalysts reported in the literature20,26 under the same
reaction conditions as applied in the present study. As Table 4-2 clearly demonstrates, the activity of
Oc/HSO3(1.1)/Fe3O4@SiO2 was higher than H3PW12O40, its Cs salt, and the one anchored on the
hydrophobic surface (H3PW12O40/C8-AP-SBA), if compared per catalyst weight. It should be noted
that Oc/HSO3(1.1)/Fe3O4@SiO2 had activity comparable to them if compared per acid sites, though
the acid strength of sulfonic acid was much weaker than that of H3PW12O40, which is known as a
super acid,27 being 115 and 200 kJ mol–1, respectively,17,28 evaluated by ammonia adsorption
calorimetry. The highly hydrophobic environment around the acid sites over Oc/HSO3(1.1)/
Fe3O4@SiO2 could suppress the poisoning of the acid site with water, leading to high catalytic activity
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in water. In addition to the improvement in catalytic activity, modification with octylsilane enhanced
the stability of the catalyst for repeated uses in water. Figure 4-11 shows the results of the repeated
uses of the unmodified and octylsilane-modified catalysts in hydrolysis of ethyl acetate. Both
catalysts were magnetically collected within 1.0 min (upper photos in Figure 4-11). In the case of
HSO3(1.1)/Fe3O4@SiO2, the conversion as gradually decreased over repeated uses. The catalytic
activity after four-times reuse was decreased by 20% compared to that of the fresh catalyst. On the
other hand, Oc/HSO3(1.1)/Fe3O4@SiO2 was very stable for repeated use and degradation in catalytic
performance over repeated use was small. Over the hydrophobic surface created by octyl modification,
it is hard for water molecules to approach the silica surface in water, which suppresses elimination of
propylsulfonic acid by hydrolysis of the Si–O–Si bond connecting to the surface, leading to high
stability in repeated use in water.
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Figure 4-11 Reusability tests of (□) HSO3(1.1)/Fe3O4@SiO2 and (■) Oc/HSO3(1.1)/Fe3O4@SiO2
for hydrolysis of ethyl acetate in water. Upper photos are the look of catalyst separation with a
magnet.
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Table 4-2 Comparison of acidity and activity for hydrolysis of ethyl acetate in water over Oc/HOSO2/Fe3O4@SiO2 with the reported data.

Catalyst

State
of catalysta

Acidity of catalyst
-1

/ mmol g

Catalytic activity
Per catalyst weight
/ μmol min–1 gcat–1

per acidic protons
/mmol min–1 molacid -1

Ref.

H2SO4

liquid

19.8

992

46

26

HY zeolite

solid

2.6

0

0

26

γ-Al2O3

solid

0.47

0

0

26

H-ZSM-5 zeolite

solid

0.39

27.6

70

26

SO42‾/ZrO2

solid

0.35

25.5

127

26

Nafion-H resin

solid

0.8

162

202

26

Cs2.5H0.5PW12O40

solid

0.15

30.1

200

26

H3PW12O40

liquid

1.0

78.7

75

20

H3PW12O40/C8-AP-SBAb

solid

0.091

25.1

275

20

Oc/HSO3(1.1)/Fe3O4@SiO2

solid

0.52

107

205

This work

a

Liquid, homogeneous catalysis and solid, heterogeneous catalysis.

b

H3PW12O40 supported on octyl and 3-aminopropyl groups co-grafted on SBA-15.
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4.4 Conclusion
The author developed octyl and propylsulfonic acid co-fixed Fe3O4@SiO2 as a magnetically
separable and highly active solid acid catalyst for hydrolysis of ethyl acetate in water. In the optimized
catalyst, the surface density of propylsulfonic acid groups was about 1.0 nm–2, and they were
surrounded by four octyl groups with a distance of 0.5 nm from the propylsulfonic acid on average.
The catalyst was easily separated from the reaction solution by an external magnetic field.
The catalyst showed activity about twice as high as that of the catalyst without octyl
modification. Modification of propylsulfonic acid-fixed Fe3O4@SiO2 with ethyl and phenyl groups
enhanced the catalytic performance, but the enhancement in the activity was less than for octyl group
modification. In addition to the higher catalytic activity, the modification of propylsulfonic acid-fixed
Fe3O4@SiO2 with octyl groups provided high stability for repeated use of the catalyst in hydrolysis
of ethyl acetate in water and there was little decrease in activity over four reuses. High
hydrophobicity over the surface and around the acid sites (SO3H) by the octyl group was responsible
for the high catalytic activity and high stability in water.
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5.1 General conclusions and future considerations
The rational design of heterogeneous catalysts based on tuning the active site itself as well as
controlling environment around them and the development of catalysts according to such concept are
the ultimate goal in research on the heterogeneous catalysts. The major objective of this thesis is to
understand the effect of the environment around the active site on the catalytic performance for
heterogeneous catalysts.
Chapter 2 described a reliable method to definitely create adjacent acid-base pair sites on
SiO2 through hydrolysis of secondary amide grafted on SiO2. This method enables to create the pair
sites with close proximity between acid and base sites by hydrolysis of amide. This method is further
applicable to create acid-base pair sites with precisely controlled distance by hydrolysis of amide
including linker moiety.
In Chapter 3, it was demonstrated that the distance between the amino and carboxyl group
on SiO2 had a profound influence on the catalytic performance in the aldol condensation. In the aldol
condensation of 4-nitrobenzaldehyde with acetone, the adjacent amino and carboxyl groups in AcidBase/SiO2 provided increase of catalytic activity greatly beyond that of acid-base SiO2 catalyst that
was prepared by a conventional manner, which had the randomly distributed acid and base sites.

This cooperativity was strongly dependent on distance between acid and base sites.
Chapter 4 described octyl and propylsulfonic acid co-fixed Fe3O4@SiO2 as a magnetically
separable and highly active solid acid catalyst for hydrolysis of ethyl acetate in water. The catalyst
showed activity about twice as high as that of the catalyst without octyl modification. In addition to
the higher catalytic activity, the modification with octyl groups provided high stability for repeated
use of the catalyst in hydrolysis of ethyl acetate in water. High hydrophobicity over the surface and
around the acid sites (SO3H) by the octyl group was responsible for the high catalytic activity and
high stability in water.
The general conclusion is that the control of the environment around active sites, as well as
tune of the active sites itself, could be an effective approach to improve the catalytic performance of
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heterogeneous catalysts. The degree to which the catalytic performance depends on the site-to-site
distance depends on the type of active sites and the reaction being catalyzed. However, the details of
this effect the environment around active sites are still not fully understood. The next key challenge
in this research area is certainly to better control the distribution of multiple active sites on surface,
which would result in more homogenous site pairings and spacing, and more homogeneous surface
activity. This would in turn enable a more rational engineering of cooperative effects and more
accurate analysis of surface ratio and proximity effects. Finding robust and general methods to
position and coordinate cooperative effects in a confined space will enable the full potential of these
bifunctional catalytic systems. The approach of this thesis is strongly expected a robust solution for
precise control of the environment around active sites toward efficient cooperative catalysis.
In order to rival enzymatic catalysts, two factors of enzymes must be co-opted: the number
of active sites with cooperative effects should be increased beyond two, and chirality should be
introduced to the property of catalysts. There are still many obstacles to be overcome before chemical
catalysts can approach the catalytic prowess of enzymes. The importance of such a type of catalysts
is that, if the reaction products exhibit the same sort of chiral symmetry, it should allow us to make
one of the isomers selectively. This is vitally important in chemical industry, for instance where only
one of the related isomers is usually active and selective synthesis of one over the other isomer is
required. Therefore, the development of the cooperative effect over heterogeneous catalysts could be
very important in various industries such as petroleum, pharmaceuticals, and fine chemicals. Due to
their limitless application and design, the control of the environment around active sites will continue
to be a topic of much research for years to come.
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