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CHAPTER 1. GENERAL INTRODUCTION 

Dissertation Organization 

This dissertation is composed of five chapters. Chapter 1 is a comprehensive review 

article focusing on the development of mesoporous silica materials. Topics related to 

material synthesis, functionalization method, characterization, and applications on both drug 

delivery system and heterogeneous catalysis are discussed. Recent development of 

mesoporous silica nanomaterials (MSNs) is also included. Chapters 2 to 4 are journal articles, 

in which Chapter 2 and 3 have already been published and Chapter 4 is a manuscript ready 

for submission. Chapter 5 is a general conclusion summarizing the significance of the 

research done in this dissertation.  

Chapter 2 highlights a newly developed surfactant-assistant strategy for hydrophobic 

drug delivery based on MSNs as the delivery platform. This delivery system was 

demonstrated efficient for intracellular delivery of resveratrol into human cells. In addition, it 

also shows great potential on the application of Ca2+-responsive controlled release system. 

Chapter 3 depicts a rational design of bifunctionalized MSN catalyst for esterification 

reactions. The incorporated secondary pentafluorophenyl (PFP) groups provide strong 

hydrophobicity which efficiently expels produced water out of mesochannels, pushing the 

equilibrium reaction to completion. The synthesis and application of novel bimetallic Pd-

Au@MSN catalysts for aerobic oxidative esterification is reported in Chapter 4. A sequential 

impregnation method is demonstrated to be very efficient on the synthesis of metal 

nanoparticle supported on MSNs with highly homogenous distribution. Finally in Chapter 5, 
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the significance and future prospect of the research done in this dissertation is discussed as a 

general conclusion. 

 

Introduction 

Porous materials are of scientific and industrial interest due to their ability to interact with 

ions and molecules not only at their surfaces, but throughout the bulk of the material. 

Traditionally, porous materials were applied to fields involving ion-exchange, adsorption, 

separation and catalysis, and many of them benefit from the large surface area and pore 

volume.1,2 According to the definition from International Union of Pure and Applied 

Chemistry (IUPAC), the porous materials have been classified as three categories: pore sizes 

below 2 nm are called micropores, those in between 2 nm to 50 nm are mesopores, and those 

above 50 nm are macropores. In this dissertation, I will mainly concentrate on the 

development and applications of mesoporous silica materials.  

 

1.1 The evolution of porous materials     

The first porous material was discovered by a Swedish mineralogist Axel F. Cronstedt in 

1756, who observed that a large amount of water steam were produced once the material 

“stilbite” was rapidly heated.3,4 He then concluded the water molecules were originally 

absorbed in the “micropores” of stilbite, and later, he termed this material as “Zeolite”. Up to 

the 1940s, a group of scientists led by Dr. Richard M. Barrer successfully synthesized the 
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first artificial aluminosilicate zeolite via a hydrothermal condition, in which they mimicked 

the natural environment of the growth of zeolite.5-7 As of now, there are more than 190 

unique zeolite frameworks have been identified and over two-third of them are man-made, 

according to the Database of Zeolite Structures. Due to their high degree of crystallinity and 

uniform size of micropores, zeolite materials provide superior properties on the fields of 

adsorption, separation, ion-exchange and catalysis.1,2,8-10 For example, in petrochemical 

industry synthetic zeolites, such as HY, are widely used as catalysts for catalytic cracking 

reactions. Zeolites confine molecules in the micropores, providing a high density of solid-

state acid sites which can facilitate a host of acid-catalyzed reactions.11 In addition, most of 

zeolites are thermally stable up to 800 oC as a result of their crystalline structure.12  

 

Figure 1-1 Pore characteristics in the aluminophosphates AlPO4-11, AlPO4-5, and VPI-5. a,
Rhomboids indicate the unit cell. b, measured pore sizes by argon adsorption technique.1  



www.manaraa.com

	
  

	
  
	
  

4	
  

Despite the above-mentioned merits, the applications of zeolite materials are often 

restricted by their small pore size. The demands on the development of porous materials with 

larger pores were eagerly increased since the 1980s. In 1988, Mark E. Davis et al. first 

reported an aluminophosphate type of zeolite, VPI-5, with uniform pores larger than 10 Å, 

opening up the area of extra-large porous crystalline materials.13 (Figure 1-1) Since then, 

many attempts to synthesize larger pore zeolites have achieved great success on the basis of 

the aluminophosphate frameworks (AlPO4-n).14-16  Very recently, researchers in Spain and 

Sweden have successfully synthesized a germanosilicate (GexSiyOz(OH)n) zeolite ITQ-37 

with crystalline pores as large as 2 nm, which is reportedly the largest pore of crystalline 

materials at present.17 The emergence of the extra-large microporous materials has led to a 

rapid development in the areas of heterogeneous catalysis involving bigger molecules, host-

guest chemistry and material science.  

Meanwhile, the development of another class of porous materials, which is now known to 

be mesoporous silica material, was underway. The first successful attempt to synthesize this 

type of materials has appeared as early as 1971, where a material described as low-bulk 

density silica was obtained from hydrolyzing and condensing tetraethoxy silicate (TEOS) in 

the presence of cationic surfactants.18 This result did not gain much attention at the time it 

was published because the porosity and structural properties were not reported. However, a 

reproduced experiment suggested that it may have yielded ordered mesoporous silica 

materials.19 It was not until 1992 that the chemistry society started to realize the potential of 

this field, when scientists in oil giant Mobil Corporation laboratories published a series of 

ordered mesoporous materials (M41S) with pore sizes ranging from 1.5-10 nm.20,21 These 
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silica materials were synthesized via a liquid-crystal template mechanism under basic 

aqueous solution, and later denoted as MCM-41 (hexagonal), MCM-48 (cubic) and MCM-50 

(lamellar) according to their mesopore arrangements. (Figure 1-2) Among them, MCM-41 

type  

 

Figure 1-2 Representation of mesostructure of M41S materials. 

material, featuring highly ordered 2d-hexagoanl porous structure with BET (Brunauer-

Emmett-Teller) surface area exceeding 1000 m2 g-1 and pore volumes up to 1 cm3 g-1, has 

been comprehensively studied and widely applied to many fields such as drug delivery, bio-

sensors and catalysis.22-31  

In 1998, G. D. Stucky and co-workers successfully synthesized SBA-type (Santa Barbara 

Amorphous-type) materials, best known for SBA-15, using a triblock co-polymer as the 

structure-directing agent (SDA) instead of commonly used cationic tetraalkylamine 

surfactant under acidic condition.32,33 The characteristic results showed that this type of 

material had ordered hexagonal pores with pore sizes over 15 nm in average. In addition, its 

wall-thickness is around 4-6 nm, around two to three times thicker than that of MCM-41 
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Table 1-1 Structural diversity of the most common mesoporous silica materials.34 

Name Possible SDA Type of 
interaction 

Structure Pore size 
(nm) 

MCM-41 Cn(CH3)3 N+ Br− or Cl− 
(8 ≤ n ≤ 20) 

S+I− 2-D hexagonal 
(p6mm) 

1.5-10 

MCM-48 Cn(CH3)3 N+ Br− or Cl− 
(12 ≤ n ≤ 20) 

S+I− 3-D cubic 
(Ia3d) 

1.5-4.6 

SBA-1 Cn(C2H5)3 N+ Br− or Cl− 
(12 ≤ n ≤ 18) 

S+X−I+ 3-D cubic 
(Pm3n) 

1.5-3.0 

SBA-3 Cn(CH3)3 N+ Br− or Cl− 
(12 ≤ n ≤ 18) 

S+X−I+ 2-D hexagonal 
(p6mm) 

1.5-3.5 

SBA-12 Brij 76 C18EO10 S0I0 3-D hexagonal 
(intergrowth) 

3.0-5.0 

SBA-15 P123 EO20PO70EO20 
 

(N0H+) (X−I+) 2-D hexagonal 
(p6mm) 

4.0-15 

SBA-16 F127 EO106PO70EO106 (N0H+) (X−I+) 3-D cage-like 
cubic 

(Im3m) 

4.7-12 

KIT-1 C16(CH3)3 N+ Cl− S+I− Disordered 3.4 

KIT-6 Blend of P123 and butanol (N0H+) (X−I+) 3-D cubic 
(Ia3d) 

4.0-11.5 

FDU-1 B50-6600 EO39BO47EO39 (N0H+) (X−I+) 3-D cage-like 
cubic 

(Fm3m) 

8.0-14 

FDU-12 F127 and trimethyl-
benzene (TMB) 

(N0H+) (X−I+) 3-D cage-like 
cubic 

(Fm3m) 

6.0-12.5 

MCF Blend of P123 and TMB (N0H+) (X−I+) Disordered 20-42 

MSU-X Tergitol 15-S-n 
C11–15 EOn 7 ≤ n ≤ 30 

Triton X-100, X-114 
P64 EO13PO30EO13 

N0I0 Disordered 2.0-5.8 

MSU-H P123 EO20PO70EO20 N0I0 2-D hexagonal 
(p6mm) 

7.5-12 

HMS Alkylamines (C8–C18) S0I0 Disordered 2.3-4.0 
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material, indicating that SBA-15 type material may have better thermal and hydrothermal 

stability. Unlike the 2d-hexagoanl pore arrangement shown in MCM-41 type material, SBA-

15 has numerous micropores interconnecting the mesopores, making this material suitable for 

serving as templates in nanocasting applications.34 Based on the similar concept of soft-

templating method, tremendous efforts have been made to develop other types of 

mesoporous silica materials by varying factors like reaction condition, types of surfactant, 

silica precursor, and even additives.34-37 Table 1-1 lists the structural diversity of the most 

common mesoporous silica materials prepared using cationic or non-ionic surfactants as the 

SDA.   

Another class of mesoporous silica materials is AMS-n series (Anionic surfactant-

templated Mesoporous Silica) developed by Che et al. using anionic surfactant in 

combination with organosilane groups as co-structure-directing agent (CSDA).38-41 As 

depicted in Figure 1-3, the negatively charged carboxylic head groups of the anionic 

surfactant interact electrostatically with positively charged amine or ammonium groups of 3-

aminopropyltrimethoxysilane (APS) or N-trimethoxysilylpropyl-N,N,N-trimethylammonium 

chloride (TMAPS). Subsequently, the organosilane co-condenses with the TEOS to form the 

silica framework. High-resolution transmission electron microscopy (HRTEM) and powder 

X-ray diffraction studies of this type of materials have revealed structural diversity as a 

function of reaction condition and the type of surfactants.41 One feature of the AMS material 

is that a great amount of amine groups are accessible inside the pores, which provides an 

alternative method for functionalizing mesoporous silica materials.42 We followed similar 

approach by using our home-made bio-compatible phosphate monoester (PME) surfactant as 

the structure direction agent (SDA) along with 3-aminopropyltrimethoxysilane (APS) as the 
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CSDA to synthesize a series of materials (PME-MSNs).43 By varying the ratio of SDA and 

CSDA, we can tune the particle morphology from isolated spheres to aggregated tubules, and 

the meso-structure from wormholes to radially-aligned pores. More details and application of 

PME-MSNs are included in Chapter 2. 

 

Figure 1-3 Schematic representation of the two types of interactions between amino groups 
and anionic surfactant head groups.38  

In contrast to crystalline zeolite, ordered mesoporous materials are structurally 

amorphous, suggesting a disordered wall structure.44 This implies that well-ordered 

mesoporous material can be prepared using element combinations found in its analogues like 

aerogels, xerogels, organic-inorganic hybrid materials and even metals or alloys. Many of 

these hybrid materials have been well developed including periodic mesoporous organosilica 
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(PMOs),45-47 mesoporous metal oxide,48,49 metal-doped MCM-4123 and so forth. Although 

the amorphous wall structure may limit the industrial application of ordered mesoporous 

material due to relatively low thermal stability,1,8 their special physicochemical properties 

such as much-larger pore size, pore volume, surface area and abundant silanol groups 

provide more opportunities for other applications.  More details about synthesis, 

characterizations and applications of ordered mesoporous silica materials will be discussed in 

the following sections. 

 

1.2 Synthesis of mesoporous silica materials 

Kresge and co-workers proposed a “liquid-crystal templating (LCT)” mechanism for the 

formation of mesostructure in their original 1992 paper.21 As shown in Figure 1-4, in this 

hypothesis, the structure of silica-framework was pre-determined by the organization of 

surfactant molecules, which self-assemble to form a LC phase in aqueous solution (pathway 

a). The silicate species then occupy the void space between the hexagonally aligned lyotropic 

crystal phases and condense on the top of micellar rods.  

Since the micelle solution is very sensitive to the characteristics of the solution, they also 

suggested that the addition of silicate precursors could possibly assist the ordering of the 

surfactants into specific mesophases (pathway b).21,50 Further investigation revealed that 

MCM-41 can form at concentrations where only spherical micelles are present (1 wt%), 

which strongly supported the cooperative pathway b. Monnier et al. proposed a “charge 

density matching” model which includes three steps involving in the cooperative pathway:51  
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Figure 1-4 Formation of mesoporous materials by structure-directing agent: a). true liquid-
crystal template mechanism, b). cooperative liquid-crystal template mechanism. 

a. Multidentate binding of the silicate poly-ions to the cationic head groups through 

electrostatic interactions leading to a surfactant-silica interface 

b. Preferential silicate polymerization in the interface region 

c. Subsequent charge density matching between the surfactant and the silicate 

At the first stage, the surfactant molecules are in dynamic equilibrium between self-

assembled micelles and independent molecules. The addition of silicate species would 

displace the negatively charged counter ions (Br- or Cl-) of surfactants to form organic-

inorganic composite micelles. The third step is the polymerization of silicate species to yield 

inorganic framework. This hypothesis can also be rationalized by using the surfactant 

packing parameter g value:52,53 

! !
!
!!!"
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Where V is the total volume of the hydrophobic chains, a0 is the effective head group area, 

and lc is the critical length of the hydrophobic tail. As shown in Table 1-2, the g value can be 

used to estimate the structure of micelles, depending on the molecular geometry of surfactant 

and the size and charge of the polar head group. Additionally, pH, ionic strength and 

temperature can be included in the parameters of V, a0, and lc. According to this equation, one 

can expect that spherical aggregates would be favored with surfactant molecules bearing 

larger head groups. On the other hand, bi-continuous cubic or lamellar structure would be 

formed if the hydrophobic chains of surfactants are branched. It is noted that the factor a0 

represents the effective head group area of surfactants, which is strongly dependent on the 

degree of dissociation of the head groups, ionic strength and other factors, which could 

potentially influence the characteristics of the solution. This implies that during the synthesis 

of mesoporous silica material the addition of silica species would largely affect a0 due to the 

charge matching. In addition, the pH value, concentration, temperature and even stirring rate 

of the reaction solution are factors of the degree of hydrolysis of silica precursor (different 

degree of multidentate charge-matching with surfactants), resulting in a structural diversity of 

mesoporous silica materials despite using the same reactants.  

Huo et al. summarized a generalized cooperative formation mechanism on the basis of 

the specific electrostatic interactions between an inorganic species (I) and a surfactant head 

group (S).48,55 As depicted in Figure 1-5, the organic-inorganic interaction are built by 

electrostatic force in the case of ionic surfactants as SDA (route a-d); on the other hand, 

hydrogen bonding ties surfactant molecules and silica precursors together while nonionic 

surfactants are used as templates (route e-f). It is noted that an auxiliary element is essential  
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Table 1-2 Surfactant packing parameter g and predicted mesophases.54 

g value Expected structure Representative examples 

<1/3 Hexagonal (hcp) SBA-2 

1/3 Bicontinuous SBA-1 

1/2 Hexagonal MCM-41, FSM-16 

1/2-2/3 Bicontinuous MCM-48 

1 Lamellar MCM-50 

 

in some cases. For instance, a metal cation is needed to be added to the synthetic solution 

when anionic surfactant is the SDA (route c). Our group has used this S-M+I- pathway to 

develop a mesoporous silica-supported Uranyl (UO2
2+) catalyst for photo-oxidation of 

alcohol,56 in which sodium dodecyl sulfate (SDS) was used as the surfactant and uranyl 

nitrate hexahydrate was added as the metal cation. Despite the fact that this material did not 

show a high order of mesoporosity, the nitrogen sorption result (588 m2 g-1) and XRD pattern 

proved its mesoporous structure. Also, the earlier-mentioned SDA-CSDA templating method 

for the synthesis of anionic-templated mesoporous silica (AMS) is designed based on the 

same concept described here.  

Another plausible mechanism called “aggregate-growth” was introduced by Rankin and 

co-workers in 2004 when they were studying an unique mesoporous silica nanoparticle with  
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Figure 1-5 Interactions between the inorganic species and the head group of the surfactant 
with consideration of the possible synthetic pathway.36 

radially-aligned porous structure (Figure 1-6a).57 In this hypothesis, they suggested that the 

mesophase is not determined only by the self-assembled structure of surfactants, but 

thermodynamically controlled by the rearrangement of the “micelle-silica” composite. As 

shown in Figure 1-6b, when silicon species condense with surfactant micelles, small 

“micelle-silica” nuclei will form at the initial stage. These nuclei then aggregate into larger 

composite materials, which are soft and unordered due to the incomplete condensation of 

silica. Subsequently, a re-alignment process occurs inside the nanoparticles, and the meso-

strucutre is controlled by the thermodynamic stability of the material under the reaction 

conditions. They examined samples collected from different reaction times through the 

course of the reaction under TEM, and observed a clear transition from disordered clusters to 

larger nanoparticles with radially-aligned mesopores. Our PME-MSN (phosphate monoester- 
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Figure 1-6 a. TEM images of mesoporous silica with radially-aligned mesopores prepared 
by Rakin et al. b. Schematic representation of “aggregate-growth” model.57 

templated mesoporous silica nanoparticle) materials also featured the similar radial-like 

mesophase.43 We found that the radially-aligned mesostructure exists not only in spherical 

nanoparticles but also in tubular-shape nanoparticles and other aggregates. Additionally, we 

also observed a clear phase-transition when studying variations in CSDA to PME ratios. 

Indeed, our results strongly supported the “aggregate-growth” model. Similar mesostructural 

transitions have also been reported elsewhere.58-63 More discussion would be included in 

Chapter 2. 

1.3 Functionalization of mesoporous silica materials 

As previously mentioned, there are abundant silanol groups (#Si-OH) on the surface of 

mesoporous silica materials owing to its amorphous wall structure. With these reactive 

silanol groups, one can effectively immobilize organic functional groups onto a silica surface

through either covalent bonding or hydrogen bonding. In general, functionalization through 

covalent bonding is favored in most of applications. Hydrogen bonding pathway, although 

facile, usually results in undesired leaching problems due to weak interaction.8  
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The large surface area of mesoporous materials can be split into two categories: external 

surface and internal surface. Approximately 90% of all surface silanol groups are on the 

internal surface of the mesopores. This suggests that by carefully choosing the 

functionalization approach, ideally, we can effectively and selectively functionalize the 

mesoporous silica material with different functional groups.64-66 There are two common 

methods for functionalization of mesoporous silica materials with organosilanes. 1) 

postsynthetic functionalization of silicas (also refers to grafting method); 2) direct synthesis 

method. Both methods have advantages and disadvantages and will be discussed as follows: 

1). Grafting Method 

This process is carried out primarily by reaction of organosilanes such as (R’O)3SiR, 

ClSiR3 or silanzanes HN(SiR3)3, with the silanol groups (≡Si-OH) on the material surface. 

As shown in Figure 1-7, a variety of functional groups can be easily immobilized onto the 

silica surface as long as the organosilanes can diffuse into the mesopores. The advantage of 

this method is that the mesostructure of the starting silica material is usually retained under 

the synthetic condition, although the pore size might be reduced to a certain degree 

depending on the size of the R group and the degree of occupation.36,65  

However, the major drawback of this modification method is that, the organosilanes 

would preferentially react at the pore opening and on the external surface during the initial 

stage of the synthetic process, which impairs the diffusion of further molecules deeply into 

the center of pores, leading to a nonhomogeneous distribution of the organic functional 

groups.36 Furthermore, in the cases of bulky R groups used or higher concentration of 
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organosilanes, mesopores might be occasionally blocked and result in poor accessibility of 

functional groups.  

Figure 1-7 Grafting method for organic modification of mesoporous silica material with 
(R’O)3SiR. R= organic functional group.36 

2). Co-condensation method

As depicted in Figure 1-8, the co-condensation method provides an alternative route to 

synthesize organically functionalized mesoporous silica in a one-pot synthesis.36,64-66 When 

an organosilane (R’O)3SiR is added along with TEOS into the reaction solution they co-

condense to form the silica framework, and the organic residues are covalently anchored to 

the pore wall. Since the organic functionalities (R) are usually hydrophobic they tend to 

intercalate into the hydrophobic region of surfactant micelles, causing the incorporated 

organic functionalities to project into the pores.67 In addition, because the organic groups are 
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direct components of the silica framework pore blocking is not an issue in this method. 

Moreover, it is believed that this functionalization method provides more homogeneous

distribution of organic units over the grafting method.36,65 Despite these merits, this direct-

synthesis method also has some disadvantages. First, the addition of organosilanes may 

dramatically change the characteristic of the reaction solution, which might result in a change 

of mesoscopic order of the resulting product, and often times ending up with disordered or 

non-porous material. This situation may be worse as  

 

Figure 1-8 Schematic representation of co-condensation (one-pot synthesis) method.36 
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the concentration of organosilane has increased. Second, a phase separation problem may 

occur if the organosilane is poorly soluble in the surfactant solution, or if its hydrolysis or 

condensation rates differ greatly from that of TEOS. Furthermore, it has been reported that 

some of organic functional groups introduced via the co-condensation method may not be 

accessible due to the fact that they are embedded inside the silica matrix.68  Moreover, the 

stability of organic functionalities in either acidic or basic aqueous media needs to be 

carefully considered. This would also limit the options of functionalities which can be 

applied to mesoporous silica materials.     

 

1.4 Control of particle morphology of mesoporous silica materials (size, 

shape)  

One of major applications of mesoporous silica materials lies in the biological 

applications such as drug delivery systems, imaging reagents and bio-sensors.26,28,29 Particle 

size and shape are highly related to the biocompatibility and cellular uptake behavior of 

mesoporous silica materials.69-72 For example, smaller spherical nanoparticles were found to 

be more biocompatible than larger amorphous bulk materials. Different shapes of 

nanoparticles have also demonstrated different endocytosis kinetics.71 In addition, 

mesoporous silica nanoparticles (MSNs) within the size domain of 100-200 nm tend to 

accumulate in tumor tissues much more readily than in normal tissues due to the enhanced 

permeability and retention (EPR) effect of macromolecules.73 Therefore, it is crucial for the 

application of mesoporous silica materials to control the particle morphology. Different 
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methods have been developed by our group and others.67,69,74-90 For instance, K. Unger and 

co-workers first reported the synthesis of micrometer- and submicrometer-sized (400-1100 

nm) MCM-41 type mesoporous silica nanoparticles (MSNs) by using a modified Stöber 

process,75,76 in which a significant amount of ethanol was added into the reaction mixture as 

the controlling reagent. Cai et al. synthesized a MCM-41 type MSNs with relatively uniform 

size around 110 nm by simply diluting the reaction concentration.86 By changing the base 

from sodium hydroxide to aqueous ammonia, they also obtained a submicrometer-sized 

mesoporous silica rod with 0.3-0.6 µm in diameter and 1 µm in length.  

Our group has also developed a co-condensation method for controlling the particle 

morphology of MSNs.67 The MSN materials can be obtained with different sizes and shapes 

ranging from spherical, twisted columns, rods, tubular particles by properly choosing the 

added organosilanes. We concluded that the change of particle morphology was a result of 

the difference in the hydrophilicity/hydrophobicity of the organosilane precursors. It is 

interesting to note that by fine tuning the concentration of added organosilanes or using 

mixed silanes, particle morphology can also be well controlled. All materials obtained from 

this method showed high surface areas (> 600 m2 g-1), narrow pore size distribution (2.0-2.9 

nm), and large pore volume (up to 0.78 cm3 g-1), despite the fact that the mesostructure of 

some of materials were not ordered. Another strategy developed by our group to synthesize 

MSNs with morphology control was the use of room-temperature ionic liquids (RTILs) as 

the structure directing agent (SDA).74 A series of RTIL-MSN materials with various particle 

morphologies, such as spheres, ellipsoids, rods, and tubes, was synthesized with different 

RTILs. One of RTILs-MSN materials bears a rotational Moiré type of helical mesostructure 
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which is similar to an AMS material reported by Tatsumi et al previously,39 but surprisingly, 

where they used a chiral amino-acid surfactant as the SDA, and in our case was the non-

chiral RTILs. 

Garcia-Bennett and co-workers developed an interesting approach to synthesize insolated 

AMS (anionic surfactant-templated mesoporous silica) nanoparticles.87 They introduced a 

small amount of tri-block copolymer surfactant P123 into the synthetic solution, as a function 

of dispersing reagents. Above its cloud point (80 oC for P123), the tri-block copolymer was 

not able to form micelles so that its interaction with silicate species is not expected. The 

dispersed polymer molecules compartment the nucleation sites and therefore limit the 

diffusion of silicate oligomers through the synthesis gel. In principle, this strategy is similar 

to the aforementioned dilution method and Stöber process. The particle morphology is 

kinetically maneuvered by reducing the probability of nuclei aggregation. We have attempted 

to apply this strategy to tune the particle size of our PME-MSNs but without success. This 

might be due to the differences in surfactant structure, as well as the formation mechanism.   

SBA-15 type materials have much larger pore size and been considered better candidates 

for enzyme and protein delivery carriers. However, reports on the particle morphology 

control of this type of materials are limited.68,81,88-90 Zhao et al. successfully synthesized a 

well-dispersed rod-like SBA-15 type material with 1-2 µm in length and 300-500 nm in 

diameter, by adding a considerable amount of inorganic salts as additives.81 This material 

showed high capacity for enzyme immobilization; however, there was no cytotoxicity or 

other biological applications reported in this study. Another example has been published by a 

Swedish and English research team led by Prof. V. Alfredsson.88 They used triblock 
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copolymer P104 (EO61PO27EO61) instead of regular P123 (EO20PO70EO20) for the synthesis 

of SBA-15 type material. By fine-tuning the reaction temperature, the tablet-shaped 

mesoporous nanoparticles were obtained at 55 
oC-60 

oC. Interestingly, the particle 

morphology of the resulting products were very sensitive to the reaction temperature, when 

synthesized below or above the optimal range of 55 
oC-60 

oC, the obtained product appeared 

to be fused particles. Following their strategy, our group has also developed a co-

condensation method to synthesize functionalized SBA-15 type mesoporous nanoparticles,68 

in which we have successfully functionalized the material with four different groups (amino-, 

aldehyde, cyclopentadiene and mercapto-) by fine-tuning the reaction parameters including 

concentration, aging temperature and pre-hydrolysis time. 

 

1.5 Recent advancements of functionalized mesoporous silica materials 

a). Applications of MSN materials in drug delivery system 

As outlined in the previous sections, mesoporous silica nanoparticles (MSNs) have been 

applied to many areas of interest due to their particular physicochemical properties. For 

biomedicine applications, MSN materials have demonstrated in vitro and in vivo 

biocompatibility.91,92 With the separate internal and external surface areas, MSNs have 

demonstrated potential as drug-delivery and bio-imaging vehicles.26,27,29 As shown in Figure 

1-9, the outer surface of a pristine MSN can be functionalized first with ligand-receptors for 

the purpose of targeting specific cell types. Subsequently, biogenetic molecules, like 

anticancer drugs or imaging reagents, can be loaded into the spacious mesoporous channels 
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by simple diffusion. To prevent the loaded molecules from premature release, a blocking 

agent, such as an inorganic nanoparticle or organic macromolecule “gate-keeper”, can be 

utilized to cap the mesopores. Upon reaching the desired location and time, the cap can be 

manually released via chemical, heat, light, magnetic field, or pH stimuli. On the basis of this 

concept, many clever designs using MSN materials as an intracellular drug delivery platform 

have been developed by our group and others in the past decade.69,70,92-113 Herein, I will 

mainly focus on the drug delivery application of MSNs.     

 

Figure 1-9 Schematic representation of the design of a MSN-based drug delivery vehicle.    
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For instance, our group first demonstrated the controlled release of neurotransmitters 

from the mesopores of MSN by using cadmium sulfide (CdS) nanoparticles as caps. In this 

CdS-NP-MSN system, we utilized a liable disulfide linker to covalently connect the CdS NPs 

to the MSNs.69 This disulfide linker was cleaved upon the addition of dithiothreitol (DTT), 

which was used as the external stimuli. Biogenic molecules, including adenosine 

triphosphate (ATP) and vancomycin, were loaded and entrapped in the MSN in this study. 

We successfully demonstrated that the CdS-NP-MSN system was indeed stimuli-responsive 

to the DTT concentration in solution. In addition, this controlled-release system showed 

acceptable biocompatibility in vitro. To introduce site-directing capability of the MSN-based 

delivery system, S. Giri et al. developed another hard-cap system using magnetic iron-oxide 

nanoparticles (IO-NPs) as the gate-keeper.70 Again, the IO-NP caps were linked to the MSN 

via the disulfide bridge; therefore, the same stimuli-responsive release occurred by 

introducing the reducing agent DTT. The interesting part of this study was that the magnetic 

nanoparticle-capped MSNs were attracted to specific sites of interest in the presence of a 

magnetic field. This strategy provided means to target specific areas. Gold nanoparticles (Au-

NPs) were also used as another example of hard-cap system. Recently, J. Vivero et al. 

reported a photo-responsive AuNPs-MSNs system using a liable positively-charged nitro-

benzene unit as the linker. The AuNPs was capped onto the MSN materials via an 

electrostatic interaction.29 Upon irradiation with UV-light, the surface charge on the AuNPs 

would become negative due to the departure of the positively charged nitro-benzene unit, 

leading to repulsion of negatively charged MSNs and release of the cargo. The authors 

demonstrated that the photo-induced release of encapsulated fluorescein molecules was 

successful in solution. For the in vitro study, they also observed that the cell proliferation was 
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inhibited with the paclitaxel-loaded AuNPs-MSN material after irradiation under mild 

conditions. Besides hard-cap system, soft-cap systems using bulk organic moieties such as 

dendrimers and polymers as caps have also been developed in our lab. For example, Wei et 

al. coated a layer of poly (L-lysine) on the MSN external surface serving as cap reagents.68 

The highly positively charged poly (L-lysine)-MSNs showed not only high endocytosis 

efficiency as well as very low toxicity, but also was resistant to digestion by gastrointestinal 

enzyme pepsin. To release the loaded cargoes, an enzyme trypsin was applied in this study 

and the enzymatic degradation of poly(L-lysine) was demonstrated to be very efficient. 

Although a small degree of leaching occurred with this system due to the porous nature of the 

poly(L-lysine) layer, it still looks promising that the bio-degradable polymers can serve as a 

good capping reagent once they were well prepared.  

Several unique systems have also been reported by others. The Zink and Stoddart groups 

developed a series of MSN-based drug delivery system on the basis of their expertise on 

supramolecules.97,106,108-110 They incorporated MSN materials with their synthesized 

supramolecules such as rotaxane architectures and nano-impellers as the gate keepers to 

release cargo in a controlled manner. Changes in pH value and photo irradiation are 

frequently the stimuli for these types of systems. Very recently, they reported a cyclodextrin 

(CD)-based “nanopiston” system, as shown in Figure 1-10, in which the mesopores are 

blocked at higher pH, and opened when decreasing pH.106 The release profile in solution 

showed that the release rate can be well-controlled by fine tuning the pH value. At pH 7, 

there was no obvious leaching of loaded molecules, demonstrating no premature release 

occurred. Once decreasing the pH value of the solution to pH 5, an immediate 40% release 
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was observed followed by a sustained release to 100% after 14 hours. There were no in vitro

or in vivo experiments reported in this paper, neither the information of cytotoxicity of this 

drug delivery system. Therefore, the potential of this system for practical application is still 

unknown. M. Vallet-Regi and co-workers have also developed different strategies for the 

release of biogenic molecules from MSN materials.111-113 For instance, they used amino-

functionalized MSN (AP-MSM) to adsorb alendronate. Since the strong acid-base interaction 

between the phosphate groups of alendronate and amine groups, the loading of alendronate in 

AP-MSN has been shown to be very efficient. Under higher pH, the amine-phosphate 

interaction would be weaker and the bisphosphate molecules were released from the 

mesopores.111   

Figure 1-10 Schematic representation of nanopistons on mechanized phosphonate-covered 
silica nanoparticles.106 

One of major challenges in the use of MSN materials as drug delivery vectors lies in the 

low loading capacity of hydrophobic drugs. And the fact is that, most anticancer drugs are 

hydrophobic. Despite the large surface area and pore volume, the MSN surface is hydrophilic 

due to the presence of large quantity of silanol (#SiOH) groups. Therefore, a surface 
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functionalization with hydrophobic organic groups on the MSN materials is necessary to 

improve the loading efficiency. For example, Zink and co-workers reported an azobenzene

impellers functionalized MSN system for the delivery of an anticancer drug camptothecin 

(CPT),98 in which they observed improved loading capacity compared to the un-

functionalized MSNs. This was later concluded as the hydrophobic interactions between 

azobenzene moieties and CPT molecules. The approach of modifying MSN surface with 

hydrophobic groups may be able to significantly increase the loading efficiency; however, 

another issue arises. Once the drugs are loaded inside the hydrophobic mesopores, they are 

resistant to release in the aqueous, physiological conditions. To overcome this issue, we 

designed a surfactant-assistant drug delivery system, as depicted in Scheme 1-1, in which the  

 

Figure 1-11 Schematic representation of surfactant-assisted drug delivery system. 
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hydrophobic drugs are loaded inside the surfactant-containing MSN materials.43 During 

release process, the drug molecules would release along with the biocompatible surfactants 

into the physiological solution. In Chapter 2, we have proven that this system can not only 

increase the loading capacity three times higher than that of un-functionalized MSNs, but 

also more than 90 % of loaded drugs are released through the assistance of the biocompatible 

surfactants.   

b). Applications of MSN materials in heterogeneous catalysis 

Heterogeneous catalysts are of great interests in both scientific and industrial areas due to 

their recyclability, enhanced catalytic reactivity, and selectivity.8,10,23,25,114-117 Among many 

conventional solid supports, mesoporous silica materials for heterogeneous catalysis have 

attracted attention from scientists since the discovery two decades ago. Three major sub-

categories based on mesoporous silica nanoparticles as heterogeneous catalysts have been 

extensively studied: MSN-based organocatalyst, single-site heterogeneous catalyst (SSHC), 

and supported metal nanoparticle catalyst. Recent developments of these catalytic systems 

have achieved great success from both our group and others. Herein, I would like to 

concentrate on some of important inventions and make connections to my own works in the 

following chapters. 

i). Supported-organocatalyst  

The MSN-based organocatalyst can be simply synthesized via either grafting or co-

condensation method with the pre-synthesized organocatalyst-silane. By properly designing 

the functional groups and the pathway of functionalization, many catalytic systems including 
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acid catalysts,117-123 base catalysts,124-129 N-heterocyclic carbenes,130-134 2,2,6,6-

Tetramethylpiperidinyloxy (TEMPO)135-137 and others have been reported for a variety of 

chemical reactions. For example, Chen et al. synthesized a dialkylaminopyridine (DMAP)-

functionalized MSN catalysts for Baylis-Hillman, acylation, and silylation reactions.124 This 

MSN-supported base catalyst was very efficient toward these reactions and showed good 

product selectivity and recyclability. Ngo and co-workers designed a MSN supported 

diarylammonium acid catalyst for esterification of free fatty acid.119 An interesting acid-base 

organocatalyst supported on SBA-15 materials for Michael addition of ketones was reported 

by S. Jain et al.123 This organocatalyst was not directly grafted onto the silica surface, but 

instead, interacted with the pre-grafted azide groups via an azide-alkyne click chemistry 

method. The post-synthesis method provided an easy alternative route for preparing 

supported organocatalysts. In addition, this bifunctional acid-base catalyst exhibited superior 

catalytic reactivities and diastereoselectivities toward the Michael addition reaction of 

ketones. TEMPO, an organocatalyst for metal-free aerobic oxidation reactions, has also been 

immobilized on the mesoporous silica materials by Karimi and co-workers.135,137 This 

catalyst was very efficient in converting primary and secondary alcohols to corresponding 

aldehydes and ketones under oxygen atmosphere. It was also proved to be recyclable for at 

least 14 times with continued quantitative yields. N-heterocyclic carbenes (NHC) are known 

for their properties of being electron-rich and sterically restricting, and numerous 

applications have been reported as strong ligands in organometallics and as organocatalysts 

in many chemical transformations.138,139 The most common method for preparing NHC 

catalysts is the deprotonation of the corresponding azolium salts. Lu et al. reported an NHC-

functionalized MCM-41 material as a catalyst for the fixation reaction of carbon dioxide.134 
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This catalyst is efficient at absorbing carbon dioxide molecules, followed by the 

cycloaddition with epoxides or aziridines to yield the corresponding dioxolanones or 

oxazolidinones. The catalytic performance of this heterogeneous catalyst has shown to be 

comparable to its homogeneous counterpart. In addition, results indicate that the catalyst can 

be recycled multiple times without significant loss in catalytic reactivity, owing to carbon 

dioxide as a protective group.         

Besides mono-functionalized MSN catalysts, bi- or multi-functionalized MSN can also 

be prepared by incorporating secondary functional groups via previously described methods. 

With the interactions of supplementary secondary groups, numerous new catalytic systems 

have been reported.118,122,126,140-143 Lin and co-workers synthesized a series of bi-functional 

MSN catalysts with different molar ratio of 3-[2-(2-aminoethylamino)ethylamino]-propyl 

(AEP) groups as catalytic sites and ureidopropyl (UDP) groups as supplements, for base-

catalyzed aldol, Henry, and cyanosilylation reactions.140 The working principle, as illustrated 

in Figure 1-12, is based on a cooperative catalysis system, in which the carbonyl group of the 

aldehyde substrate was activated by a UDP group through hydrogen bonding, followed by a 

base-catalyzed nucleophilic addition. Their results showed that all synthesized bi-functional 

MSN catalysts performed better than any mono-functional catalysts, demonstrating the effect 

of cooperative catalysis. Another example of cooperative catalysis using bifunctional MSN 

was demonstrated by M. Davis et al.122,143 They developed different functionalization 

methods to tune the distance between two functional groups (thiol and sulfonic acid groups), 

and found that the catalyst having acid and thiol groups separated by three  
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Figure 1-12 AEP and UDP groups may activate the electrophile and nucleophile 
cooperatively to enhance the reaction rates of the desired catalytic reactions.140 

carbon atoms was approximately three times more active than materials containing both 

functional groups randomly distributed in the condensation of acetone and phenol to 

bisphenol.  

The secondary functional group may not only serve as a co-catalyst directly interacting 

with the substrate, but it can also be a surface modifier which alters the silica surface for 

controlling the mass transportation of substrates or products. Our group has reported that by 

altering the hydrophobicity/hydrophilicity of the secondary groups, the product ratio of a 

competitive nitro-aldol reaction can be selectively controlled.126 When hydrophilic groups 

like UDP were used as the surface modifier, in the presence of AEP groups as catalyst, the 

more hydrophilic benzaldehyde derivative in the reactant mixture would be converted to the 

corresponding product more efficiently than the hydrophobic substrate. While switching the 

secondary group to a hydrophobic allyl or thiol group the opposite results were observed. 

Following this concept, in Chapter 3, we develop another bifunctional catalyst with bulky 

diarylammonium triflate (DAT) groups as acid catalytic sites and pentafluorophenyl (PFP) 

groups as surface modifiers for esterification reactions.118 Due to strong interactions between 
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PFP groups and the silica surface, we proved that the incorporated PFP groups would tend to 

lie down on the silica surface in the presence solvent, creating an extreme hydrophobic 

fluorinated surface. The design of principle, as shown in Figure 1-13, is to utilize the 

hydrophobic local environment to expel the produced water molecules, which are the 

byproduct of the esterification reaction, out of the mesopores, so as to drive the equilibrium 

dehydration reaction toward the product end.   

Figure 1-13 Illustration of the working principle of bifunctional PFP/DAT MSN catalyst for 
esterification reactions.118   

ii). Single-site heterogeneous catalyst (SSHC)

The general definition of single-site heterogeneous catalyst is “a catalyst constituted by a 

metal atom, ion, or small cluster of atoms, held by surface ligands to a rigid framework”.25

These catalytic sites are individually isolated inside the hosting structure and do not interact 

with each other. Silica materials have long been known to be very good supports for SSHC 

due to the surface silanol groups which could serve as strong chelating ligands toward 

transition metals without any further functionalization. For example, Basset et al. have 
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reported several Si surface-bonded metal complex systems more than two decades ago.144,145

This study has now been extended to the field of mesoporous silica materials, where the

much larger surface area and tunable pore size properties have created a variety of SSHC 

catalysis systems. A distinct example of directly grafting metal active center onto MSN 

surface through silanol groups is the TiIV catalyst developed by Maschmeyer and co-

workers.146 This catalyst has shown to be an exceptionally efficient catalyst for epoxidation 

of alkenes using alkyl hydroperoxides. In order to produce isolated, tetrahedral TiIV centers 

and avoid the tendency to form Ti-O-Ti bond, a great advance was made by the authors when 

 

Figure 1-14 The Tilley method of preparing single-site catalysts on mesoporous silica 
through thermolytic molecular precursors such as M[OSi(OtBu)3]n (where M = Ti, Fe, 
Cr…).149 
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TiIV active centers were grafted onto the inner walls of mesoporous silica using an 

organometallic precursor, in particular titanocene dichloride (Ti(Cp)2Cl2) (Cp=C5H5). By 

using the similar approach, several supported metal ion catalysts including MoVI, CrVI, and 

VOIV have been reported.147,148 Tilley et al. developed another strategy to incorporate the 

metal ion into the silica framework, as depicted in Figure 1-14, in which the thermolytic 

molecular precursors such as M[OSi(OtBu)3]n (where M = Ti, Fe, Cr) were directly grafted 

onto the silica surface, followed by a hydrolysis process to yield the desired catalyst.149,150  

Organometallic complexes can also be anchored on the mesoporous silica, serving as 

single-site heterogeneous catalysts. In general, the metal complexes can be introduced in two 

distinct strategies as shown in Figure 1-15. For the sequential approach, an organosilane 

linker was first put on the silica surface via either the co-condensation or grafting method.151 

The organic linker group can be used directly as a ligand to coordinate with the metal center, 

or can further connect to another specific ligand, which later is used to grab the metal center. 

On the other hand, the convergent approach is more straightforward, in which the 

organometallic complex was synthesized prior to incorporating on the mesoporous support. 

Many SSHC based on MSNs have been recently reported.148,151 For instance, Mckittrick and 

his colleagues prepared an isolated Ti-centered catalyst for polymerization of ethylene 

demonstrating the efficiency of the sequential approach.152 Jin et al. reported an N-

heterocyclic carbine (NHC)-Pd catalyst on porous silica to catalyze the Suzuki-Miyaura 

coupling reaction.153 The catalyst was synthesized via the convergent approach and exhibited 

excellent catalytic reactivity toward the Suzuki coupling reaction in a number of substrates. 

In addition to immobilizing single-site molecular catalysts to solid surface by covalent  
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Figure 1-15 Two distinct approaches for the incorporation of organometallic complexes onto 
mesoporous silica.151 

bonding, Bianchini et al. and Thomas et al. have reported the non-covalent immobilization

by taking advantage of the strong hydrogen bonding between the silanol-rich silica surface 

and the triflate or sulfonate groups.154,155 Very recently, we have developed a MSN-supported 

Pt-complex catalyst for the hydroarylation of unactivated olefins (Figure 1-16).156 This solid 

catalyst shows excellent thermal stability and comparable catalytic reactivity to that of 

homogeneous counterpart. In addition, we have also proven that the product selectivity can 

be tuned by the changing the tether. Further investigation on the effect of introducing 

secondary groups is still ongoing. 
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Figure 1-16 Hydroarylation of unactivated olefins catalyzed by MSN-supported Pt complex 
catalysts.156 

Another merit for mesoporous silica as solid supports for SSHC is the essence of 

confinement effect. In enantioselective catalysis, it is well known that the product selectivity 

is highly dependent on the steric hindrance of catalytic centers. Given that the chiral 

organometallic catalysts were imbedded inside the mesopores, the well-defined pores can 

help block the entry of substrates from certain directions, so as to significantly enhance the 

enantioselectivity. A series of systematic studies investigating this confinement effect have 

been done by J. M. Thomas et al.148,151,155,157 They first designed a Rh(I) catalyst with a small 

chiral ligand immobilized on the mesoporous silica materials for the asymmetric 

hydrogenation of (E)-!-phenylcinnamic acid and methyl 2-oxo-2-phenylacetate.157 They 

found that the enantioselectivity of products was greatly boosted when the catalyst was 

grafted inside the meso-channels, as shown in Figure 1-17. A dramatic drop in ee value was 

observed when the catalyst was immobilized on the 
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Figure 1-17 Comparison of Rh(I) catalyst immobilized on internal surface and external 
surface of mesoporous silica material in asymmetric hydrogenation of (E)-!-phenylcinnamic 
acid.157 

external surface of silica support. It is interesting to note that both catalysts have exhibited 

similar catalytic reactivity, implying that the reaction kinetics will not be hampered by the 

confined mesostructure if the pore size of the support is properly chosen. In addition, the 

concave-type of immobilized Rh (I) catalyst showed superior conversion and 

enantioselectivity over its homogeneous analogue. The hypothesis of the confinement effect 

of supported mesoporous silica catalysts was further supported by the results of asymmetric 

hydrogenation of methyl 2-oxo-2-phenylacetate using different pore size of mesoporous 

silica as supports (Figure 1-18).155 It is clear to see that the enantioselectivity of the product 

is disproportional to the pore size of supports. The smaller pore size would provide stronger 

confinement effect, leading to greater enhancement in ee value. 
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Figure 1-18 Comparison of confinement effect in different pore size of mesoporous silica 
materials.155 

iii) Supported metal nanoparticle catalyst

As regarded as “semi-heterogeneous catalysis”, the field of using metal nanoparticles 

(NPs) in catalysis is at the frontier between homogeneous and heterogeneous catalysis, and 

has gained great interest from scientists in the past decade.114 Nord et al. pioneered the 

catalytic applications of NPs on nitrobenzene reduction in the 1940s.158,159 Later in the 1970, 

Parravano reported on the use of AuNPs for hydrogen-atom transfer between CO and CO2.160

An important breakthrough of this field has been unveiled by Haruta’s studies on the AuNPs 

catalyzed CO oxidation by using molecular oxygen at low temperature.161,162 Subsequently, 

numerous catalytic systems based on a variety of metal NPs including Au, Ag, Pd, Pt, Rh, Co, 
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Ni, and metal oxides have been developed. Many synthetic strategies for the preparation of 

metal NPs have been disclosed, among those the most common methods are impregnation, 

co-precipitation, deposition/precipitation, sol-gel, gas-phase organometallic deposition, and 

micro-emulsion.114 One of concerns for the use of metal NPs in catalysis is their tendency to 

agglomerate due to the high surface energy. Therefore, surface stabilizers are usually 

necessary for metal nanoparticles. Many systems have been developed, such as polymers,163 

dendrimers,164 surfactants,165 micro-emulsions,166 oxide supports,167 carbon supports168 and 

mesoporous silica supports.23 In this section, I would like to focus on the development of 

mesoporous silica supported metal NPs and their application in catalysis. 

Mesoporous silica materials with ordered mesopores, tunable pore size, large surface area 

and pore volume are favorable for the synthesis of mono-dispersed metal NP catalysts by the 

confinement in their well-defined pore matrix. In addition, the silanol-rich surface, as 

mentioned in the previous section, can also help stabilize the metal ions, which can be further 

reduced to form metal NPs. In general, there are three strategies for the synthesis of 

mesoporous silica supported metal NPs catalyst:23 First, the incipient wetness method 

(impregnation), this method is usually initially used since its simplicity for manipulating the 

metal precursors and solid supports. Its working principle is to utilize the surface silanol 

groups to grab the impregnated metal ions, followed by a reduction process which is 

typically carried out by either a hydrogen reduction at elevated temperature or a chemical 

reduction. The key factor in the formation of mono-dispersed metal NPs within the 

mesopores lies in the reduction process. It is known that the surface-grafted metal ions 

possess high mobility through the silanol groups under thermal treatment,169,170 suggesting 
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that there exists a competition between thermodynamics and kinetics during the formation of 

metal crystals. Thermodynamic control tends to result in the formation of large metal crystals, 

while kinetic control leads to smaller particles. The relevance of particle size of metal NPs 

and reduction temperature has been studied by Ryoo et al.171 In addition, it has also been 

reported that a bimodal distribution or a mixture of metal compositions could be obtained if 

more than one metal source were applied.172,173 Therefore, it is critical for the incipient 

wetness method to control the synthesis parameters to obtain the monodispersed metal NPs 

within the channels of mesoporous silica materials. In Chapter 4, we have developed a 

sequential impregnation method in the preparation of MSN supported Pd-Au bimetallic NP 

catalyst for the catalysis of aerobic oxidative esterification of alcohols.174 As illustrated in 

Figure 1-19, we first introduced the Au source into the MSN by utilizing a synthesized 

positively-charged Au(I) complex instead of the commonly used commercially available 

negatively-charged HAuCl4.175 Under basic synthetic conditions, the strong electrostatic 

interaction between the negatively-charged silica surface and the Au(I) complex would 

significantly enhance the loading efficiency. Subsequently, Pd(OAc)2 was impregnated into 

the Au-MSNs in organic solvent, followed by a mild hydrogen reduction to yield the 

resulting bimetallic NP catalyst. By fine-tuning the ratio of Pd and Au, we determined that 

the Pd-rich bimetallic Pd-Au MSN catalyst showed the best catalytic reactivity toward the 

tandem catalysis of aerobic oxidative esterification.    

The second method used frequently for the preparation of mesoporous silica supported 

metal NPs is the “in situ encapsulation” method. This method is a type of direct synthesis, in 

which the pre-synthesized metal NPs or metal precursors were added into the reaction  
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Figure 1-19 Schematic representation of the synthesis of MSN-supported Au-Pd bimetallic 
NPs catalyst by using sequential impregnation method.174 

solution during the synthesis of mesoporous silica materials, followed by removal of 

surfactants and subsequent reduction process. By properly choosing the metal precursors and 

the reaction conditions, mesoporous materials loaded with mono-dispersed metal NPs can be 

obtained. For example, Somarjai and co-workers have synthesized several SBA-15 type 

materials with Au, Pt, and Ag metal NPs by using this approach.176 Materials with different 

size of encapsulated metal NPs ranging from 2 nm- 20 nm were obtained by changing the 

concentration of metal precursors. The TEM images also showed that most metal NPs in the 

size range of 2 nm – 10 nm were well distributed inside the mesopores, while those NPs

larger than 10 nm were embedded inside the framework or outside the mesoporous supports.

One key factor to this method is that one needs to carefully select the metal precursors and 
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protecting ligands to match the surfactant assembly and to avoid destroying the ordered 

structure of the mesoporous materials.177,178 As mentioned previously in the co-condensation 

method section, the formation of mesoporous materials is highly dependent on the 

characteristics of the synthetic solution. Moreover, it has also been reported that the loading 

amount of metal by this method is still limited due to the complexity of synthetic condition.  

The most popular method used in this field is the “organometallic strategy” (surface 

functionalization method). As mentioned in the SSHC section, many organic functional 

groups can be grafted onto the silica surface and serve as ligands to coordinate with metal 

precursors.25 The obtained metal complexes can then be reduced by hydrogen reduction or 

chemical reduction to yield metal NPs. Due to the strong interactions between the organic 

ligands and metal precursors, this method has proven to be more efficient in loading capacity 

than the incipient wetness method and the encapsulation. In addition, since most organic 

ligands were located inside the internal surface area of mesoporous silica, the formed metal 

NPs are mostly encapsulated within the mesopores.23 Another advantage of this technique is 

that the particle size of the metal NPs can be controlled owing to the surface functionalized 

ligands serving as stabilizers for preventing the metal NPs from aggregating.179 Utilizing this 

method, remarkable work has been reported in recent years. For example, J. Clark et al. 

synthesized SBA-15 materials grafted with a series of pyridine-type ligands for complexation 

with Pd precursors, followed by a mild hydrogen reduction process to yield the encapsulated 

Pd NPs within the SBA-15 meso-channels.135 These catalysts then were tested for aerobic 

oxidation of alcohols to yield corresponding aldehydes and ketones, and proved to be very 

efficient and robust toward this type of reaction. A variety of alcohol substrates have been 
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examined and even aliphatic primary alcohols can be converted to aldehydes quantitatively 

under mild reaction conditions. Yang et al. synthesized Au-Pd bimetallic catalysts supported 

on amine-functionalized SBA-16 mesoporous materials for solvent-free aerobic oxidation of 

benzyl alcohol.180 By fine tuning Au and Pd molecular ratio, the best catalytic conversion 

with 8667 TOF (h-1) can be obtained from the Pd-rich Au-Pd bimetallic catalyst (Au : Pd = 1 : 

5). For some metal ions such as Ag+, which shows high mobility on the silica surface and 

tends to diffuse out of the mesopores and form large particles during the thermal treatment, 

the surface functionalization method has shown to be more suitable for the synthesis of 

encapsulated metal NPs catalysts.23,181 Bao and co-workers developed a facile auto-reduction 

route to fabricate mono-dispersed Ag NPs on mesoporous silica materials.182 As represented 

in Figure 1-20, the amine-functionalized SBA-15 materials was further reacted with 

formaldehye to form a new, reusable, fixed, reducing functional group –NHCH2OH. Once 

they introduced the Ag precursor, Ag(NH3)2NO3, Ag NPs were readily generated and 

encapsulated within the SBA-15 channels. The TEM images show that Ag NPs with a 

narrow particle size distribution were mostly located inside the mesopores. In addition, this 

material exhibited very high thermal stability, in which there is no obvious agglomeration or 

sintering observed after a thermal treatment at 573k for 1h. These authors also claimed that 

other metals such as Pt, Pd, and Au NPs can be obtained with high dispersion and 

homogeneity within the mesoporous silica materials by using the same synthetic strategy.23     

However, several concerns about the surface functionalization method have been 

underlined with the undesired interference between the organic ligands and the metal NP 

catalysts. First, although the surface-bound ligands are used to stabilize the metal NPs they  
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Figure 1-20 Schematic representation of a facile in situ autoreduction route to fabricate 
highly dispersed Ag NPs within the channels of mesoporous materials.182  

also occupy many catalytic sites on the metal surface, resulting in a decrease of accessible 

metal surface. In fact, it has been reported by Mou et al. that Au NPs supported on 

mesoporous silica synthesized via the impregnation method showed higher catalytic 

reactivity in CO oxidation reaction than the catalyst prepared by using the surface 

functionalization method.183 Furthermore, the organic ligands may unexpectedly participate 

in the reaction, resulting in occurrences of side-chain reactions, and sometimes causing the 

deactivation of the catalyst. For instance, Au NPs have been suggested to be capable of 

oxidizing primary and secondary amines into corresponding imines and enamines under 

molecular oxygen atmosphere.184 If someone utilizes amine groups as ligands to synthesize 

encapsulated Au NPs catalyst for the purpose of aerobic oxidation reaction, we can expect

that a competitive oxidation reaction may occur on the surface of Au NPs. There is no doubt 

that the competition between amine ligands and reaction substrates would moderate the 

catalytic performance of Au NPs. Therefore, a careful selection of surface functionalities and 

the types of catalytic reactions needs to be taken beforehand. 
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Summary 

This chapter reviews the recent developments of mesoporous silica materials and their 

applications in the fields of drug delivery and catalysis. Although the industrial applications 

of mesoporous silica materials are limited nowadays, they still look promising in the areas of 

fine-chemical productions and bio-applications, regarding to their special physicochemical 

properties. Featuring large pore sizes, well-ordered mesostructures, enormous surface area 

and great biocompatibility, mesoporous silica has demonstrated to be an excellent candidate 

for intracellular delivery. By properly functionalizing with biogenic molecules, we can even 

manipulate this smart device in a more complicated manner, such as the design of imaging 

agents or bio-sensors. On the other hand, in the case of heterogeneous catalysis, numerous 

delicate catalytic systems have also been developed on the basis of mesoporous silica 

materials, including organocatalysts, organometallic catalysts, multi-functional catalysts, 

single-site heterogeneous catalysts, and metal nanoparticle catalysts and so forth. The well-

defined mesopores provide confined local environment for catalysis, significantly enhancing 

both selectivity and reactivity. The concept of “nano-reactor” can be further applied to design 

more efficient heterogeneous catalysts.  
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CHAPTER 2. SURFACTANT-ASSISTED CONTROLLED 
RELEASE OF HYDROPHOBIC DRUGS USING ANIONIC 

SURFACTANT TEMPLATED MESOPOROUS SILICA 
NANOPARTICLES 

	
  

Modified from a paper published in Biomaterials 2011, 32, 6234 

Chih-Hsiang Tsai, Juan L. Vivero-Escoto, Igor I. Slowing, I-Ju Fang, Brian G. Trewyn, and 

Victor S.-Y. Lin 

 

Abstract 

A series of mesoporous silica nanoparticles (MSNs) were synthesized using the co-

structure directing method. A non-toxic anionic surfactant, undec-1-en-11-yltetra(ethylene 

glycol) phosphate monoester (PMES), was used as a structure directing agent (SDA) together 

with aminopropyltrimethoxysilane that functioned as a co-structure directing agent (CSDA). 

The morphology and mesoporous structure of these materials were tuned by changing the 

molar ratio of CSDA and SDA. The formation mechanism of these PMES-MSN materials 

was discussed, and in agreement with the “aggregate-growth” mechanism proposed by 

Rankin et al. We also found that the PMES-MSNs with radially-aligned mesostructure were 

suitable for nanocasting applications.  

For biological applications, these PMES-MSN materials containing PMES inside the 

pores showed excellent biocompatibility in vitro. The cellular internalization and endosome 

escape of PMES-MSNs in cervical cancer cells (HeLa) was demonstrated by flow cytometry 

and confocal fluorescence microscopy, respectively. The PMES-MSNs were used as drug 
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delivery carriers for resveratrol, a low water-solubility drug, by taking advantage of the 

hydrophobic environment created by the PMES micelle inside the pores. This surfactant-

assisted delivery strategy was tested under physiological conditions showing an increase of 

the drug loading compared to the material without surfactant and steady release of resveratrol. 

In addition, the resveratrol-loaded PMES-MSN proved to be stimuli-responsive to the 

concentration of Ca2+. A cascade pattern of release profile was obtained by a stepwise 

addition of Ca2+ into the mixture. Finally, the therapeutic properties of resveratrol-loaded 

PMES-MSNs were evaluated in vitro using HeLa and Chinese ovarian cells. We envision 

that this surfactant-assisted drug delivery method using MSNs as nanovehicles would lead to 

a new generation of carrier materials for intracellular delivery of a variety of hydrophobic 

therapeutic agents. 

 

1. Introduction 

Every year hundreds of new therapeutic drugs emerge from drug discovery programs; 

however, the majority of these innovative drugs display very poor aqueous solubility, 

resulting in poor bioavailability and low pharmacokinetics in vivo.1-3 To overcome this 

hurdle different strategies based on nanomaterials have been developed such as liposomes, 

polymers, dendrimers and inorganic nanoparticles.4-12 Mesoporous silica nanoparticles 

(MSNs) have attracted a great deal of attention due to their growing applications in 

nanomedicine and biotechnology.13-16 Recently, MSN materials with large surface area and 

pore volumes have been investigated for their potential use as drug delivery system.17-21 In 
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addition, the MSN platform possesses other advantageous properties important to therapeutic 

nanocarriers such as facile multi-functionalization, excellent biocompatibility in vivo and in 

vitro, easy endocytosis by a wide variety of cell types and biodegradability.22-30 Different 

strategies have been used to encapsulate therapeutic agents; typically, the drug molecules are 

loaded into the channels of MSNs after removal of the surfactant template. In addition, drug-

loaded MSNs can be further capped with organic nanodevices and/or inorganic nanoparticles 

to develop “zero premature release” intracellular delivery systems.31-39 However due to the 

hydrophilic surface properties of MSNs the entrapment of hydrophobic drugs is usually very 

low. To overcome this issue, different research groups have functionalized the interior 

surface of MSNs with hydrophobic groups to increase the loading and improve the release 

kinetics of low-water solubility drugs.18,40,41 One interesting approach is to take advantage of 

the surfactant template as an adjuvant to increase the amount of drug loaded and to improve 

the release kinetics of therapeutic agents under physiological conditions. Nevertheless, few 

reports were found in the literature that applied this methodology.42,43 One probable reason is 

that the surfactant template typically used for synthesizing MSNs is cetyltrimethylammonium 

bromide (CTAB). CTAB is a highly toxic surfactant not suitable as a drug delivery adjuvant 

for neither in vitro nor in vivo applications.44 Indeed, Shi and co-workers recently reported on 

the application of MSNs as anticancer drug delivery vehicles where the surfactant, CTAB, 

was used as the toxic agent. Interestingly, in this paper they also demonstrated the surfactant-

assisted drug delivery approach using camptothecin.45 This therapeutic agent was loaded into 

the channels of MSNs still containing CTAB to increase the toxicity of this material. 

However, the further development of MSN-based surfactant-assisted drug delivery systems 

will require non-toxic surfactant templates with adjuvant properties.  Herein, we report the 
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synthesis and therapeutic applications in vitro of a series of novel radial MSNs via the co-

structure directing route.46-48 We first synthesized a phosphate monoester anionic surfactant 

(PMES) that was used as structure-directing agent (SDA) and aminopropyltrimethoxysilane 

as co-structure directing agent (CSDA). These nanomaterials present unique morphology and 

mesopore structure that can be tuned by changing the molar ratio of CSDA and SDA. A clear 

trend of phase transition was observed as the increase of the amount of CSDA. In addition, 

by scrutinizing TEM images, we suggested that the formation mechanism of these PMES-

MSN materials with unique radially-aligned mesopores follows the aggregate-growth 

mechanism. To further understand the core structure of PMES-MSNs, we replicated the 

PMES-MSNs to yield mesoporous carbon using furfuryl alcohol as the carbon source. The 

reproduced mesoporous carbon material exhibited similar pattern of mesopores as the PMES-

MSNs with surface area up to 1400 m2 g-1.  

 We demonstrated that MSNs containing the PMES inside of the nanochannels (PMES-

MSNs) are non-cytotoxic. The endosome escape and cellular internalization of PMES-MSN 

nanovehicles were observed on cervical cancer (HeLa) cells by confocal microscopy and 

flow cytometry, respectively. As depicted in Figure 1, we took advantage of the hydrophobic 

environment of the PMES-MSNs channels to load a poorly water-soluble drug, resveratrol. 

This is a biogenic agent with novel therapeutic activity and preventative properties toward a 

wide variety of illnesses such as cancer, heart disease, myocardial infarction, stroke and brain 

damage.49,50 The loading and controlled release of resveratrol was successfully evaluated 

under simulated physiological conditions. An increased loading amount of resveratrol and 

sustained controlled release was obtained from the PMES-MSN material. Furthermore, we  
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Figure 2-1 Schematic illustration of the surfactant-assisted drug delivery system. Surfactant 
containing PMES-MSN was soaked into a concentrated resveratrol solution. The 
hydrophobic tails of surfactant help to adsorb hydrophobic drugs. During the course of 
release, the surfactant molecules come out together with drugs in a dilute solution.	
   

found that the release of this surfactant-assisted system can be triggered by adding Ca2+ ions. 

Due to strong interaction between Ca2+ ions and phosphate groups,51 the positively charged 

amine groups (CSDA) would be exchanged to Ca2+, leading to a faster release of Ca-PMES. 

It is known that calcium ions are a vital element in the process of neurotransmitter release; 

when Ca2+ channels are blocked, neurotransmitter release is inhibited.52 Therefore, this 

particular release system may have great potential for the development of calcium sensors. 

Finally, the therapeutic effect of this resveratrol-loaded PMES-MSNs system was also tested 

in vitro using Chinese hamster ovarian (CHO) and HeLa cells.  

 

2. Materials and Methods 

2.1 Reagents and materials 

Aminopropyltrimethoxysilane (APTMS) and tetraethylorthosilicate (TEOS) were 

purchased from Gelest Inc. Cetyltrimethylammonium bromide, 11-bromoundec-1-ene, 
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tetraethylene glycol, phosphorus oxychloride, triethylamine, sodium hydroxide, fluorescein 

isothiocyanate (FITC), aluminum chloride, furfuryl alcohol, resveratrol, and Hoechst 33258 

were purchased from Aldrich. Endosome marker (FM 4-64) was purchased from Invitrogen, 

Inc. Donor equine serum was purchased from HyClone. L-alanyl-L-glutamine, gentamicin 

sulfate, and penicillin-streptomycin solution were purchased from Mediatech, Inc. All 

chemicals were used as received. 

2.2 Synthesis of undec-1-en-11-yltetra(ethylene glycol) (1) 

Compound (1) (Scheme 1) was synthesized according to the procedure reported in the 

literature.53 Briefly, a mixture of 7 mL of NaOH(aq.) (50%, 88.6 mmol) and 150 mL of 

tetraethylene glycol (87 mmol) was stirred for 30 min in an oil bath at 100 °C under argon 

atmosphere. Then 18.6 mL of 11-bromoundec-1-ene (85 mmol) was added dropwise. After 

24 h, the reaction mixture was cooled and extracted three times with hexanes. The combined 

hexanes were dried with magnesium sulfate and concentrated at reduced pressure to afford a 

yellowish oil. The crude oil was purified by column chromatography on silica gel using ethyl 

acetate/hexanes (1:1, v/v) to give the pure product (17.83 g, 60.5% yield). Proton NMR of (1) 

matches that has been reported in literatures. 

2.3 Synthesis of phosphate monoester surfactant (PMES) (2) 

The synthesis of compound (2) was carried out according to the following procedure: 50 

mL of phosphorus oxychloride (546.2 mmol) and 50 mL of dry benzene were added to a 

two-neck round-bottom flask, and stirred in an ice bath under argon for 30 min. Then, a 

solution of 10 g of reagent (1) (29 mmol) and 4.1 mL of triethylamine in 50 mL dry benzene 



www.manaraa.com

	
   66	
  

was added dropwise over a period of 3 h. After addition the reaction mixture was stirred for 

20 h at room temperature, the resulting salts were filtered and the filtrate was concentrated to 

give a dark brown oil. To obtain the hydrolyzed product; the crude oil was added dropwise 

into 100 mL ice-cold water over a period of 1 h under vigorous stirring, and then stirred for 

additional 5 h at room temperature. The reaction mixture was extracted with copious ethyl 

acetate. After that, the combined organic portions were washed twice with an aqueous 

solution of HCl (1.0 M) and brine solution, and finally dried by magnesium sulfate. After the 

organic solution was concentrated by rotary evaporation, the afforded product was a viscous, 

yellow oil (8.5 g, 85% yield). 1H NMR (400MHz, CDCl3): δ 1.27-1.35 (s, 12H); 1.58 (m, 2H, 

J=7Hz); 2.04 (dd, 2H, J=7Hz); 3.46 (t, 2H, J=7Hz); 3.59-3.73 (m, 14H); 4.20 (m, 2H); 4.91-

5.05 (m, 2H); 5.75-5.87 (m, 1H); 31P NMR (168MHz, CDCl3): δ 2.67. MS (ESI, m/z): 

[M+H]+ calcd for C19H39O8P, 427.5; found, 427. 

2.4 Synthesis of PMES-templated mesoporous silica nanoparticles (PMES-MSNs) 

The synthesis of PMES-MSN materials were carried out following a procedure 

previously published in the literature with some modifications.46 Briefly, the structure-

directing agent, PMES, (0.213 g, 0.5 mmol) was dissolved in 100 mL of nanopure water and 

stirred vigorously at 80 °C for 1 h. Then, APTMS was added dropwise into the solution, 

followed by the addition of TEOS (1 mL, 4.5 mmol) at the rate of 20 mL h-1. Different molar 

ratios of APTMS and PMES were used to modify the structural properties of PMES-MSNs 

(the amount of PMES was kept constant in 0.5 mmol for all the samples), see Table 2-1. The 

reaction mixture was stirred vigorously at 80 °C for 10 min and then aged at the same 

temperature for additional 24 h. The resulting as-made PMES-MSNs were isolated by 
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filtration, washed with 300 mL of nanopure water and 100 mL of methanol, and then dried 

under vacuum at room temperature overnight. To remove the SDA, two methods were used: 

calcination at 600 °C for 6 h or acid-extraction. In the case of the acid-extraction the 

following conditions were used; 100 mg of as-made PMES-MSN material was dispersed in 

an acid solution of concentrated HCl (2 mL) and acetonitrile (50 mL). This mixture was 

stirred for 4 h at room temperature, and followed by filtration. Finally, the dispersion was 

washed with copious amount of water and dried under high vacuum overnight. 

2.5 Fluorescein isothiocyanate (FITC) labeled PMES-MSNs (FITC-PMES-MSN) 

A solution of FITC (7.8 mg, 0.02 mmol) and APTMS (4.5 µL, 0.024 mmol) in 2 mL of 

dry methanol was stirred at room temperature for 2 h under argon. After the reaction was 

complete, 1.0 mL of this solution was injected into a previously prepared dispersion of 0.1 g 

of PMES-MSN material in 10 mL of dry toluene. The reaction mixture was refluxed for 6 h 

under argon. The resulting orange solid was filtered, washed thoroughly with methanol and 

dried under vacuum for 24 h. 

2.6 Carbon replication of PMES-MSN 

Typically, the carbon replication of PMES-MSN followed similar strategy developed by 

Ryoo et al.54 First, 85 mg AlCl3 was added into a dry ethanol solution containing 0.7625 g 

surfactant-free PMES-MSN. The mixture was stirred for 1 hour at room temperature. A great 

amount of hydrogen chloride gas was generated during the reaction. After reaction, the white 

powder product Al-PMES-MSN was collected under reduced pressure to remove the ethanol. 

Second, furfuryl alcohol as the carbon source was impregnated to the Al-PMES-MSN. 
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Furfuryl alcohol (0.458 mL) was hard pressed portion by portion into the mesopores of Al-

PMES-MSN (0.6893 g). The mixture was vortexed for 30 min in between each portion of 

furfuryl alcohol added. After mixing, the mixture was transferred to a schlenk flask, followed 

by three cycles of freeze-pump-thaw to remove air and oxygen. The flask was placed in a 

convection oven at 35 oC for 1 h, then at 90 oC for 8 h. The third step is the pyrolysis process. 

The afforded polymer-Al-PMES-MSN was placed in a tube furnace for pyrolysis. The 

temperature ramp was set at 5.4 oC min-1 to 350 oC for 3 h under vacuum. A deep brownish 

product was obtained after pyrolysis. The resulting product was then analyzed by nitrogen 

sorption technique to determine if all mesopores were filled with carbon. The impregnation-

polymerize-pyrolysis process was repeated three times to obtain the carbon-silica composite 

material. At final run, the pyrolysis temperature was raised to 900 oC for 2 h. The silica 

template then was digested by concentrated HF/ethanol (49%) solution to yield the replicated 

mesoporous carbon. 

2.7 Characterization of materials 

Surface analysis of the PMES-MSN materials was performed by nitrogen sorption 

isotherms at 77K with a Micromeritics Tristar surface area and porosity analyzer. The surface 

area and median pore diameter were evaluated by the Brunauer-Emmett-Teller (BET) and the 

Barret-Joyner-Halenda (BJH) methods, respectively. The powder diffraction patterns of 

PMES-MSNs were measured by Scintag XDS-2000 powder diffractometer using a Cu Kα 

radiation source. Low angle diffraction with a 2θ range of 1 to 7 degrees was used to 

investigate the long-range order of the materials. Particle morphology was determined by 

scanning electron microscopy (SEM) using a Hitachi S4700 FE-SEM system with 10 kV 
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accelerating voltage and 0.005 nA of beam current for imaging. Tecnai G2 F20 transmission 

electron microscopy (TEM) operated at 200 kV was used to examine the mesostructure of 

materials. Thermogravimetric analysis (TGA) was recorded using TA instruments TGA 2950 

thermogravimetric analyzer with a temperature ramp of 2 °C min-1 from 25 °C to 800 °C 

under air. 

2.8 Biocompatibility of PMES-MSNs in vitro 

To examine the biocompatibility of the PMES-MSNs, we selected the sample with a 

molar ratio of CSDA/SDA x = 2.0. For clarification, all the in vitro and drug delivery 

experiments were carried out with this material; so, hereafter the term PMES-MSNs will 

refer to the PMES-MSN-2 sample. HeLa cells were seeded in six-well plates with a density 

of 1 x 105 cells mL-1 in 3 mL of D-10 medium (Dubelcco Modified Eagle’s Medium with 

horse serum, L-alanyl-L-glutamine, gentamicin sulfate and penicillin-streptomycin solution), 

and incubated at 37 ºC with a 5% CO2 atmosphere for 24 h. Then, the cells were seeded with 

different concentrations of PMES-MSN material (10, 20, 50, 100 µg mL-1) in D-10 serum for 

other 48 h. After the incubation each well was washed with PBS and the cells were 

trypsinized, centrifuged, and re-suspended in D-10 medium. Viability was determined by the 

Guava ViaCount cytometry assay (Millipore Corporation). 

2.9 Measurement of the internalization of PMES-MSNs in HeLa cells by flow cytometry 

HeLa cells were seeded at the density of 1 x 105 cells per well in six-well plates in 3 mL 

D-10 medium. After incubation for 24 h, the D-10 medium was replaced by 3 mL of FITC 

labeled PMES-MSN material suspensions at different concentrations (1, 10, 25, 50, and 100 
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µg mL-1) in the serum-free DMEM medium for 10 h. All the tests were run in triplicate. The 

cells were washed with medium, harvested by trypsinization and, after centrifugation, re-

suspended in 0.4% trypan blue PBS solution to quench any fluorescence from material 

physisorbed to the cell membrane. The samples were analyzed by flow cytometry with a 

Becton-Dickinson FACSCanto cytometer using a DB-FACS Diva55 software. To distinguish 

the true fluorescence generated by the endocytosed FITC-labeled material from the natural 

autofluorescence of cells, a threshold of fluorescence intensity was established by performing 

the flow cytometry analysis on the cells incubated without FITC-labeled material. The 

threshold was set at an intensity of fluorescence slightly above the highest value observed for 

control samples (HeLa cells only). The number of cells with endocytosed FITC-labeled 

material was determined by counting those that showed fluorescence intensity higher than the 

threshold. 

2.10 Intracellular localization of PMES-MSNs in the presence of an endosome marker 

HeLa cells were seeded in six-well plates with a density of 5 x 104 cells mL-1 in 3 mL of 

D-10 medium containing coverslips at the bottom of the well. After incubation for 36 h at 37 

ºC with a 5% CO2 atmosphere, the D-10 medium was replaced by 3 mL of FITC-labeled 

PMES-MSN material (15 µg mL-1) and endosome marker FM 4-64 (5 µg mL-1) in D-10 

medium and incubated for another 10 h. The cells were washed with PBS twice and replaced 

by 3 mL nuclei-staining dye Hoechst 33258 (8.3 µg mL-1) in D-10 medium. After incubation 

for 30 min, the coverslips were placed in microscope slides and visualized under a Leica TCS 

NT confocal fluorescence microscope system using a 100x oil immersion objective. 

2.11 Loading of resveratrol in PMES-MSNs 
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PMES-MSNs were loaded with resveratrol using the following procedure: resveratrol 

(11.4 mg, 0.05 mmol) was dissolved in 100 mL of water/ethanol (9:1 v/v). Then, PMES-

MSNs (300 mg) were added to 40 mL of this solution and stirred for 24 h at room 

temperature. All the experiments were protected from light with aluminum foil to avoid the 

photo-isomerization of resveratrol under UV light (365 nm). After that, the material was 

centrifuged, washed twice with a solution of water/ethanol (9:1 v/v) to remove any 

physisorbed resveratrol, and dried under vacuum for 24 h. To quantify the amount of 

resveratrol loaded in PMES-MSNs, the supernatant and all washing solutions were collected 

and analyzed by HPLC (Varian, model ProStar 210 coupled with a diode array detector 

ProStar 335) under the following conditions: Pursuit-C18 column (250 × 4.6 mm, 5 µm 

particle size) at room temperature, the mobile phase was composed of methanol and water 

(50/50, v/v) and the flow rate was set at 1 mL min-1. Detection was performed at 286 and 306 

nm, which are the characteristic wavelengths of cis- and trans-resveratrol, respectively. 

2.12 Release of resveratrol from PMES-MSNs in phosphate buffer solution (pH=7.4) 

Resveratrol-loaded PMES-MSN material (10 mg) was re-dispersed in 40 ml of PBS 

solution (10 mM, pH=7.4) and stirred at room temperature. Aliquots were periodically 

removed (1 mL) and PMES-MSN material was isolated by centrifuge. The supernatant was 

analyzed following the HPLC method previously described. 

2.13 Calcium stimuli-responsive release of resveratrol from PMES-MSNs in phosphate 

buffer solution (pH=7.4) 
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Resveratrol-loaded PMES-MSN material (20 mg) was re-dispersed in 20 ml of PBS 

solution (10 mM, pH=7.4) and stirred at room temperature. Various amount of calcium 

nitrate or sodium nitrate were added into the mixture. Aliquots were periodically removed (1 

mL) and PMES-MSN material was isolated by centrifuge. The supernatant was analyzed 

following the HPLC method previously described. For cascade release experiment, 325 mg 

of Ca(NO3)2 was added for each shot, which was corresponding to 25 mM of [Ca2+], and 

aliquots were periodically analyzed following the HPLC method. 

2.14 Intracellular toxicity of resveratrol-loaded PMES-MSNs in vitro 

Either HeLa or Chinese ovarian (CHO) cells were seeded in six-well plates with a density 

of 1 x 105 cells mL-1 in 3 mL of D-10 medium (Dubelcco Modified Eagle’s Medium with 

horse serum, L-alanyl-L-glutamine, gentamicin sulfate and penicillin-streptomycin solution), 

and incubated at 37 ºC with a 5% CO2 atmosphere for 24 h. Then, the cells were seeded with 

different materials, PMES-MSNs, resveratrol-loaded calcined PMES-MSNs, and resveratrol-

loaded PMES-MSNs, at a concentration of 100 µg mL-1 in D-10 serum for other 48 h. After 

the incubation each well was washed with PBS and the cells were trypsinized, centrifuged, 

and re-suspended in D-10 medium. Viability was determined by the Guava ViaCount 

cytometry assay (Millipore Corporation). 

 

3. Results and Discussion 

3.1. Preparation and characterization of PMES-MSNs 
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To construct the PMES-MSN materials, we first synthesized the surfactant PMES. The 

synthetic pathway is detailed on the experimental section and outlined in Scheme 2-1. This 

surfactant contains an anionic, phosphate head group; ethylene glycol units to improve its 

biocompatibility and solubility in aqueous solutions; a hydrophobic moiety for the formation 

of micelles and loading of hydrophobic molecules; finally, a functional group at the end of 

the hydrophobic chain for further modification. The capability of self-assembly of PMES 

molecules was measured by dynamic light scattering (DLS) technique. It is noted that at 

neutral aqueous solution, self-assembled aggregates of PMES can be detected at 

concentration around 1 mM. (Figure 2-S1) In basic solution (pH =11), PMES tended to self-

assemble at concentration as low as 0.6 mM. This can be attributed to deprotonation of 

phosphoric acid group to phosphate group in higher pH conditions, which results in larger 

effective head group area favoring the formation of spherical micelle. These results 

demonstrated that PMES are capable of serving as structure directing agent for the synthesis 

of mesoporous materials. The synthesis of the nanostructured materials was carried out by 

following a co-structure directing method previously reported in the literature with slight 

modifications.46 By fine-tuning the reaction conditions and the molar ratio of CSDA/SDA, 

we have successfully synthesized a series of mesoporous silica nanoparticles with different 

particle size, morphology, and mesopore structure (PMES-MSN-x; where x denoted as the 

APTMS/PMES molar ratio; x = 1.0, 1.5, 2.0, 2.5, 3.0, and 4.0). It is noteworthy to point out 

that we did not observe the formation of mesoporous material in the absence of CSDA (x = 

0). 
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Scheme 2-1 Synthetic pathway of phosphate monoester surfactant (PMES). 

The particle size and morphology of the PMES-MSN-x materials were characterized by 

SEM (Figure 2-2). The micrographs showed that the particle size increased with higher 

values of x. For instance, when the molar ratio is equal to 1.0, the material obtained is 

spherical-shaped nanoparticles with a size distribution around 150 nm (Figure 2-2a). When 

the molar ratio was increased to 2.0, the materials continued to be monodisperse 

nanoparticles with spherical morphology but having a larger particle size around 300 nm 

(Figure 2-2c). Further increase of the molar ratio resulted in micron-sized aggregated 

materials (Figure 2-2e to 2f). 

The mesopore structure of these materials was determined by TEM, powder X-ray 

diffraction (PXRD), and nitrogen sorption isotherms. Figure 2-3 shows the TEM images of 

calcined PMES-MSN-x materials. As was observed with the particle size of the PMES-

MSN-x materials, CSDA/SDA molar ratio also affects the pore structure of the MSNs. For 

example, at small x value the resulting product shows urchin-like mesopore arrangement 

(Figure 2-3a). Once the ratio is increased, the pore structure starts to transform from urchin-

like to a radially-aligned pore pattern, as can be seen in Figures 2-3b-3f. It is interesting to 
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note that even the rod-like particle shows radial orientation of the mesopores (Figure 2-3f). In 

addition to the pore structure becomes more ordered, the 

 

Figure 2 SEM images of samples synthesized with different molar ratios of APTMS to 
PMES. PMES concentration was 5 mM in all cases. (a) PMES-MSN-1; (b) PMES-MSN-1.5; 
(c) PMES-MSN-2; (d) PMES-MSN-2.5; (e) PMES-MSN-3; (f) PMES-MSN-4. 
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Figure 2-3 TEM images of surfactant-free samples synthesized with different molar ratios of 
APTMS to PMES. PMES concentration was 5mM in all cases. (a) PMES-MSN-1; (b) 
PMES-MSN-1.5; (c) PMES-MSN-2; (d) PMES-MSN-2.5; (e) PMES-MSN-3; (f) PMES-
MSN-4. 
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particle surface also becomes smoother with the increase of the x value, which could be 

indicative of more complete condensation of materials.56 Powder XRD patterns of calcined 

PMES-MSN-x materials confirmed these observations (Figure 2-4 and Table 2-1). As was 

depicted in TEM images, PXRD data confirmed that the PMES-MSN-x materials improve 

their pore structure ordering along with the increase in the ratio of x. The PXRD patterns of 

PMES-MSN-1 and PMES-MSN-1.5 displayed a broad peak around 2θ=1.5o, characteristic of 

materials with disordered mesochannels. In addition, nitrogen sorption isotherms of PMES-

MSN-1 material exhibit the type IV pattern with large hysteresis loop starting at P/P0=0.45 

(Figure 2-5a), as a possible indication of slit-shaped mesostructure. This feature was also 

 

Figure 2-4 Powder X-ray diffraction pattern of calcined PMES-MSNs: (a) PMES-MSN-1; 
(b) PMES-MSN-1.5; (c) PMES-MSN-2; (d) PMES-MSN-2.5; (e) PMES-MSN-3; (f) PMES-
MSN-4. 
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Figure 2-5 Nitrogen sorption isotherms of calcined PMES-MSNs: (a) PMES-MSN-1; (b) 
PMES-MSN-1.5; (c) PMES-MSN-2; (d) PMES-MSN-2.5; (e) PMES-MSN-3; (f) PMES-
MSN-4. 

observed in the TEM images (Figure 2-3a). As the ratio x increases, PMES-MSN-x materials 

with well-ordered radially aligned mesopores are observed, as it is demonstrated by the three 

peaks of the typical XRD pattern of the mesoporous silica with the 2D hexagonal symmetry 

(Figure 2-4c to 4f). Moreover, nitrogen sorption plots showed type IV isotherms confirming 

the mesoporosity of these materials (Figure 2-5c to 5f). It is interesting to note that the 

nitrogen isotherms of PMES-MSN-1.5 material are in transition from slit-like mesochannels 

to cylindrical mesopores (Figure 2-5b), which is in agreement with the transformation 

observed by TEM images. The structural parameters of PMES-MSN-x materials are 

summarized in Table 2-1. All the samples, with exception of PMES-MSN-1, have BET 
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surface area and pore volume larger than 550 m2 g-1 and 0.5 cm3 g-1, respectively. The pore 

size of these PMES-MSN-x samples is around 3-4 nm, as calculated from BJH method. 

Table 2-1 The physicochemical structural data of PMES-MSNs. 
 

Sample (PMES-
MSN-x)* 

d
100 9 [a] a

0
 9 [b] SBET  [m

2
/g] [c] DBJH 9 [d] Vp[cm

3
/g] [e] 

PMES-MSN-1  -------  -------  313.58  Broad range  0.43  

PMES-MSN-1.5  -------  -------  574.46  2.7-3.3  0.61  

PMES-MSN-2  4.85  5.6  684.19  3.4  0.71  

PMES-MSN-2.5  5.30  6.12  568.87  3.7  0.59  

PMES-MSN-3  5.19  5.99  566.16  3.4  0.54  

PMES-MSN-4
 
 4.79  5.53  599.52  3.1  0.53  

* x denoted as the APTMS/PMES molar ratio. [a] Calculated from XRD data. [b] The lattice parameter 
calculated by a=2d100/√3. [c] SBET represents the surface area calculated by BET method. [d] DBJH represents the 
pore diameter evaluated from BJH method. [e] Pore volume, calculated at P/P0 = 0.97.  

Two mechanisms have been proposed for the synthesis of MSNs with radially oriented 

mesopores; the “nucleation and growth” mechanism reported by Van Tendeloo and co-

workers,22,57 and the “aggregate and growth” mechanism described by Rankin and co-

workers.58 The first mechanism is based on the formation of 3D-cubic nuclei at the initial 

stage of the reaction (nucleation), followed by the epitaxial growth of the cylindrical 

channels from the nuclei. On the contrary, the “aggregate and growth” mechanism explains 

the formation of radially oriented pores by the formation of micelle- silica composites that 

initially nucleate to afford disordered clusters. These clusters then aggregate into spherical 

particles, followed by re-alignment of micelles at the particle surface. Interestingly, the 

authors also observed the formation of peanut shape nanoparticles that seemed to be formed  
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Figure 2-6 Schematic representation of formation mechanism of PMES-MSNs. 

by aggregation of two or more spherical particles. The formation of the radial orientation of 

mesopores is postulated to be driven by, “the interface between the silica/surfactant phase 

and the mixed ethanol/water solvent being equally attractive toward polar and nonpolar 

species”.58 Recently, Wang and co-workers also suggested this mechanism to account for the 

formation of anionic surfactant-templated MSNs with radially oriented mesopores.59 In our 

case, some evidences indicate that the formation of PMES-MSNs could be following the 

steps described by the aggregate and growth mechanism as shown in Figure 2-6. First, we 

observed many dumbbell-shaped particles in the case of higher x of PMES-MSNs (Figure 2-

2d to 2f), that appear to be formed by fusion of two or more individual spherical particles. If 

the mechanism was nucleation and growth by monomer addition, then all particles would be 

expected to be spherical since the rate of growth should be the same in all directions. In 
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addition, the orientation of the mesopores in the particle shell is always radial to its surface, 

even in dumbbell-shaped nanoparticles (Figure 2-3f). This implies that the alignment of the 

mesopores in the shell could form independently of the mesopores in the core. This 

observation supports the interfacial orientation mechanism proposed by Rankin and co-

workers.58 Finally, as was rationalized by Wang and co-workers, the electrostatic interaction 

sites between the SDA (PMES) and CSDA (APTMS) plays an important role to control the 

mesostructure of the silica nanoparticles.59 We described above that for the synthesis of 

PMES-MSNs the increase of the ratio CSDA to SDA improved the pore structure ordering, a 

value of x ≥ 2.0 afforded radially aligned pore patterns. This performance can be explained 

by the amount of interaction sites between PMES and APTMS. When x is below 2.0, the 

charge density matching between head-groups of surfactant molecules and amino groups of 

the APTMS is not favorable for the formation of stable micelle-silica composites, due to the 

fact that the phosphate head-groups bear two negative charges under this reaction 

conditions.60 At x ≥ 2.0, a larger amount of interaction sites of PMES and APTMS are 

formed, giving rise to well-ordered mesostructure.  

3.2 Carbon replication of PMES-MSNs 

The technique of nanocasting for manufacturing ordered mesoporous carbon (OMC) 

materials has been widely reported elsewhere.54 In principle, mesoporous silica with a 

specific structure is impregnated with carbon precursors. Subsequent polymerization and 

pyrolysis of the carbon sources lead to a carbon-silica composite material, where the 

mesopores of mesoprous silica are filled with carbon. The silica template later is removed by 

HF or NaOH to give the mesoporous carbon. It is important to note that the mesostructure of 
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silica template is critical to the nanocasting application. That is, a 3-D mesostructure of silica 

template, in which mesopores are interconnected with each other, is necessary for the carbon 

replication. If the mesoporous silica has a 2-D hexagonal structure and no micropores 

connecting the mesopores, its replica would result in nanorods instead of mesoporous 

materials. Therefore, the carbon replication of PMES-MSN can help us understand the core 

structure of the unique radially-aligned mesotructure, or at least, know if the mesopores are 

interconnected.  

Herein, we took PMES-MSN-2.5 as the template, furfuryl alcohol as the carbon precursor, 

to perform the carbon replication. The silica surface of PMES-MSN-2.5 was first coated with 

aluminum chloride to improve the adsorption of furfuryl alcohol. After coating, the BET 

surface area of Al-PMES-MSN dropped a bit to 502 m2 g-1, indicating that a thin layer of 

aluminum was successfully coated. As detailed in experimental section, furfuryl alcohol was 

then hard pressed into the mesopores of PMES-MSN-2.5, followed by polymerization and 

pyrolysis. After the first run of impregnation-polymerization-pyrolysis process, the BET 

surface area of the composite material was measured to be around 300 m2 g-1, suggesting a 

partial filling of mesopores. To completely fill the pores, two additional cycles of 

impregnation-polymerization-pyrolysis were carried out. After the final run, the measured 

BET surface area of the composite materials has dropped to around 100m2 g-1 which can be 

mostly attributed to the external surface of PMES-MSN-2.5. Silica framework of the carbon-

silica composite material was removed by washing with HF to obtain the replicated 

mesoporous carbon. Figure 2-7 represents the SEM and TEM images of carbon replica of 

PMES-MSN-2.5. SEM images show the carbon replica is still in the form of nanoparticle 
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with little mesopore arrangement, the mesostructure of PMES-OMC remains radially-aligned, 

in which the mesopores are mostly perpendicular to the shell of the particle. Unfortunately, 

the core structure of this material is unresolved. We also applied EDX technique to examine 

Figure 2-7 a). SEM images of carbon replica of PMES-MSN-2.5; b). TEM images of carbon 
replica of PMES-MSN-2.5. 

PMES-OMC, showing no sign of silica element, indicating the PMES-OMC is a pure carbon 

material. Nitrogen sorption technique was performed to measure the surface property of 

PMES-OMC material. This material shows a typical type IV isotherm with a huge hysteresis 

at around 0.4 P/P0, which is characteristic of mesoporous materials (Figure 2-8). The 

hysteresis pattern of PMES-OMC is similar to that of PMES-MSN-1.0, suggesting a slit-like 

or urchin-like mesostructure. The calculated BET surface area, as summarized in Table 2-2, 

is around 1400 m2 g-1 along with the pore volume over 1.00 cm3 g-1. These results suggest 

our PMES-MSN materials are capable of being templates for nanocasting applications.  
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Table 2-2 Summary of surface properties of PMES-OMC. 

BET Surface Area BJH Pore Size BJH Pore Volume Ave. Size (SEM) 

1411.1 m2 g-1 ---- nm 1.03 cm3 g-1 150-250 nm 

 

Figure 2-8 Nitrogen sorption isotherm of PMES-OMC. 

3.3 Biocompatibility of PMES-MSNs 

We and others have demonstrated that MSNs are non-cytotoxic toward a wide variety of cell 

lines and red blood cells.23,24,26,61,62 However, CTAB containing MSNs are highly toxic due 

to nature of the surfactant. In contrast to CTAB, anionic surfactants have been shown to have 

both biocompatibility and biodegradability features.44 To demonstrate the biocompatibility of 

PMES and PMES-MSNs in vitro, human cervical cancer (HeLa) cells were used. The in vitro
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LD50 of PMES in HeLa cells is 50 µg mL-1 (data not shown), which is at least 30 times 

higher than CTAB (1.6 µg mL-1).44 To examine the biocompatibility of the PMES-MSNs, we 

selected the sample with molar ratio of CSDA to SDA x = 2.0; hereafter PMES-MSNs will 

refer to PMES-MSN-2. The total amount of organic content of this sample was determined to 

be 39.2 wt% by TGA. The viability of PMES-MSNs, calcined PMES-MSNs and regular 

CTAB-MSNs was determined using a Guava ViaCount cytometry assay. Calcined PMES-

MSNs and regular CTAB-MSNs were used as control experiments to determine the toxic 

effect of the presence and type of surfactant, respectively. The surfactant containing and 

calcined PMES-MSN samples are non-toxic toward HeLa cells under our experimental 

conditions (LD50 > 100 µg mL-1) (Figure 2-9). These data are similar to the one reported on  

 

Figure 2-9 Cell viability studies of MSN materials with human cervical cancer (HeLa) cells. 
All samples were incubated in cell media for 48h. 
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the literature for typical MSNs.23 On the contrary, the control sample containing CTAB 

shows a high toxicity (LD50 lower than 10 µg mL-1) as was expected. Shi and co-workers 

have recently reported that CTAB containing MSNs are highly toxic even at concentrations 

as low as 2-5 µg mL-1 when incubated with breast cancer MCF-7 cells.45  

3.4 Intracellular uptake and localization of PMES-MSNs 

To investigate the efficiency of endocytosis of PMES-MSNs, the material was labeled 

with fluorescein (see experimental section). Different concentrations of FITC-labeled PMES-

MSNs were then introduced into HeLa cell cultures. The effective concentration (ED50) for 

the endocytosis of PMES-MSN and the calcined material were 3.0 and 14.9 µg mL-1, 

respectively; as calculated from the data obtained by flow cytometry (Figure 2-10). The EC50 

for calcined PMES-MSNs was close to the EC50 of regular MSNs previously reported on the  

 

Figure 2-10 Cellular uptake of the synthesized PMES-MSN materials in HeLa cells as a 
function of the concentration. (n) FITC-PMES-MSN; (u) FITC-Calcined-PMES-MSN. 
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literature (Table 2-3). Interestingly, the uptake of PMES-MSN is almost 5-fold higher than 

the calcined PMES-MSN sample, despite the consistent size and morphology of both 

materials. We and others have reported that in addition to the structural properties of MSNs, 

the chemical composition on the surface of this material can be a major factor for the 

efficiency of internalization.23,61 The surface charge of these materials (ζ-potential) was 

determined by measuring their electrophoretic mobilities. We found a considerable 

difference in terms of surface charge; the ζ-potential value for PMES-MSNs and the calcined 

sample were +11.4 and -29.8 mV, respectively (Table 2-3).  

Table 2-3 ζ-potential and ED50 of MSN materials. 

Sample [a] ζ-potential [c] ED50(µg ml-1) 

PMES-MSN-2 11.38±2.30 3.00 
Calcined PMES-

MSN-2 -29.85±4.50 14.95 

MSN [b] -34.73±3.50 12.98 

FAP-MSN [b] 12.81±1.60 2.73 
[a] all samples are FITC-labeled. [b] data referred to ref. 23. [c] measured in 100 mM PBS (pH=7.4) solution. 

This variance can be explained by the surface chemistry of each nanomaterial. PMES-

MSNs are synthesized using APTMS as the CSDA, these amino groups under physiological 

conditions will afford abundant positive charges on the surface of PMES-MSNs.63 On the 

other hand, after calcination we removed all the organic material contained in PMES-MSNs 

affording a material that contains silanol groups on the surface under physiological 

conditions. These groups are the origin of the highly negative charge of the calcined PMES-

MSN material. We can conclude that the difference observed in the efficiency of intracellular 
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internalization of PMES-MSNs and calcined PMES-MSNs is in part due to their variation in 

ζ-potential, which is inherent of the surface chemistry of each material. 

To locate PMES-MSNs intracellularly, we analyzed the green fluorescence emitting from 

the fluorescein groups of FITC-labeled nanoparticles by confocal laser scanning microscopy 

(CLSM). A series of fluorescence images of different cross-sections of PMES-MSN-

containing HeLa cells were obtained by changing the focal depth every 1.2 µm. As depicted 

in Figure 2-11a, green fluorescence was observed within the cell bodies of these HeLa cells 

upon excitation at 490 nm, which strongly indicates that PMES-MSN materials were indeed 

endocytosed by HeLa cells. Red fluorescence was clearly observed from the FM 4-64 stained 

endosomes upon excitation at 570 nm (Figure 2-11b). By overlapping the green (PMES-

MSN) and the red (FM 4-64) fluorescence images, we found that not all the PMES-MSN 

materials are co-localized with endosomes (Figure 2-11c). This result suggests that some of 

the PMES-MSN have indeed escaped from endosomes. It has been previously demonstrated 

that MSNs can escape from endosomes due to a proton-sponge effect.23,61 In addition to this 

mechanism, the PMES that is intracellularly released from the material could interact with 

the endosome membranes, disrupting the organelle and breaking the endosome. To 

corroborate this hypothesis, the surfactant was extracted from PMES-MSNs (see section 2.4) 

to afford the corresponding amino functionalized PMES-MSN derivative. Fluorescence 

images of this material were obtained by CLSM using HeLa cells (Figure 2-12a to 2-12c). In 

this case, all the material was co-localized inside the endosomes (yellow spots), which is 

consistent with our previous observation, i.e., the more positively charged MSN particles 
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remained trapped within endosomes.23 These data suggest that the surfactant may indeed 

enhance the release of material from endosomes. 

Figure 2-11 Confocal fluorescence images of HeLa cells stained with FM 4-64 and 15 'g
ml-1 suspensions of FITC-PMES-MSN after 10 h incubation. (a) FITC-PMES-MSN (green); 
(b) FM 4-64 labeled endosomes (red); (c) Fluorescence overlaid image. 

Figure 2-12 Confocal fluorescence images of HeLa cells stained with FM 4-64 and 15 'g
ml-1 suspensions of FITC-PMES-MSN without surfactant after 10 h incubation. (a) FITC-
PMES-MSN (green); (b) FM 4-64 labeled endosomes (red); (c) Fluorescence overlaid image. 

3.5 In solution and in vitro release of resveratrol-loaded PMES-MSNs 

One of the attractive features of MSNs is their outstanding performance as intracellular 

drug delivery system.20 However, due to the hydrophilic character of their surface, the 

loading of hydrophobic therapeutic agents is challenging and frequently results in low drug 

loading efficiencies. To overcome this issue we propose to use the hydrophobic pore of the 
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PMES-MSNs as an efficient system for transporting and releasing hydrophobic anti-cancer 

drugs. Recently, a similar approach was published using nanoparticles of magnesium-

aluminum layered double hydroxides as delivery vehicle of micelles loaded with 

camptothecin.42 In this work; as a proof of principle, the therapeutic agent trans-resveratrol 

was used. The therapeutic properties of trans-resveratrol as an anti-cancer, anti-inflammatory 

and cardiovascular drug in mice and rats have already been reported.49,50 Due to its low 

aqueous solubility and low bioavailability,  

Table 2-4 Resveratrol loading efficiency of PMES-MSN materials. 

Sample  Amount loaded (µmol g-1) [a] Loading efficiency (%) [b] 

PMES-MSN 58.73±2.13 90 

Cal-PMES-MSN 15.15±0.57 23 

[a] all experiments are in triplicate. [b] calculated from original loading solution. 

resveratrol administration still remains a big challenge.64-66 Resveratrol was loaded into 

PMES-MSNs as is described in the experimental section, and calcined PMES-MSNs was 

used as a control sample. As is shown in Table 2-4, more than 90% of the resveratrol in 

solution (58 µmol g-1) was loaded into PMES-MSN, an amount four times greater than 

loaded on calcined PMES-MSNs. The release of resveratrol-loaded PMES-MSNs (res-

PMES-MSNs) and the control experiment were measured in phosphate buffer solution. 

Figure 2-13a illustrates the release profiles of the res-PMES-MSNs and control sample. Res-

PMES-MSN exhibited a sustained release during the first 4 h before reaching the maximum 

release, which was about 90% of the original amount of resveratrol loaded. On the contrary, 

the calcined sample exhibited a burst release in the first 5-10 min where almost 80% of the 
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drug was released (Figure 2-13b). This fast release was a clear indication that resveratrol was 

physisorbed on the surface of the calcined PMES-MSN material.  

Figure 2-13 (a) Release profiles of resveratrol loaded (!) PMES-MSN; (!) Cal-PMES-
MSN. (b) Comparison of release kinetics of resveratrol loaded (!) PMES-MSN; (!) Cal-
PMES-MSN.  

To test in vitro the capability of the PMES-MSNs for transporting and releasing 

resveratrol, the viability of CHO and HeLa cells in the presence of res-PMES-MSN material 

was measured. As control experiments the viability of both HeLa and CHO cells without 

material, in presence of resveratrol, PMES-MSNs and calcined PMES-MSNs were also 

evaluated. After 48 h of incubation, the viability of HeLa and CHO cells were measured via 

Guava ViaCount cytometry assay. The control experiments for CHO cells did not show 

considerable cytotoxicity; however, there is a decrease in cell proliferation in the case of 

PMES-MSNs with HeLa cells (Figure 2-14). The inhibition of cell proliferation of HeLa 

cells in the presence of res-PMES-MSN material showed an increase in 25%. In addition, the 

res-PMES-MSN material reduced the viability of CHO cells by almost 30%. Reiter and co-

workers reported on the antiproliferative properties of resveratrol with CHO cells; however,  
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Figure 2-14 Cell viability of HeLa and CHO cells after inoculation with PMES-MSNs, 
calcined PMES-MSNs and resveratrol-loaded PMES-MSNs. 

the cell proliferation inhibition mechanism for this cell type is not known. They determined 

that at least a concentration of 25 µM of resveratrol is necessary to reduce the amount of 

CHO cells to 50%.67 Our own experiments showed that a concentration of 75 'M of 

resveratrol in cell media is necessary to inhibit the cell proliferation of CHO cells by approx. 

30% (Figure 2-S2). Based on these results we determined that PMES-MSNs increased the 

efficiency of resveratrol by almost 13 times (see supplementary data for details of the 

calculations). To rule out the possibility that the inhibition of cell proliferation observed in 

presence of res-PMES-MSNs was due to just the interaction between PMES and resveratrol, 

the viability of CHO cells was evaluated using mixed solutions of surfactant and resveratrol. 

As can be seen from Figure 2-S2, the presence of PMES did not change the cytotoxicity of 

resveratrol; on the contrary, it slightly enhanced the proliferation of CHO cells. These results 



www.manaraa.com

	
   93	
  

demonstrated that as-made PMES-MSNs are not only able to load higher amounts of 

resveratrol, but also transporting the drug and efficiently releasing it inside the cells. 

3.6 In solution Ca2+ stimuli-responsive release of resveratrol-loaded PMES-MSNs 

To investigate the stimuli-responsive release of resveratrol-loaded PMES-MSNs, we added 

various amount of Ca2+ or Na+ into the release solution. The result was illustrated in Figure 

2-15. At higher concentration of res-PMES-MSNs in release solution (20 mg MSN/20 ml 

water), only 23% of resveratrol can be released from the mesopores due to the dynamic 

equilibrium of PMES molecules in and out of mesopores. The addition of sodium ions did 

not increase the amount of release, suggesting a weaker interaction between Na+ and PMES, 

compared to that between amine groups and PMES. A slight enhancement of release 

efficiency can be observed when 50 mM of Ca2+ was added, in which 32% of resveratrol 

were released. The Ca2+-responsive behavior becomes prominent when Ca2+ concentration is 

over 100 mM. At [Ca2+] = 200 mM, almost 100% of resveratrol were released within 1 h. It 

is interesting to note that the release kinetics of the Ca2+-responsive profile is very fast, which 

can be attributed to the strong interaction of Ca-PMES.  

A cascade release profile can be obtained when Ca2+ were stepwise added, as shown in 

Figure 2-16. This is evident that this system is highly dependent on the Ca2+ concentration. 

As mentioned earlier, Ca2+ is a fundamental element in central nervous system, which 

triggers the release of neurotransmitters.52 Although the amount of calcium added in this 

study was too high to have real application, it is still promising that a delicate calcium sensor 

can be designed on the basis of this concept.   
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Figure 2-15 Stimuli-responsive release of resveratrol-loaded PMES-MSNs. 

 

Figure 2-16 A cascade release of resveratrol-loaded PMES-MSN triggered by stepwise 
addition of Ca2+. 
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4. Conclusions 

We have synthesized an anionic surfactant based on undec-1-en-11-yltetra(ethylene 

glycol) phosphate monoester. This PMES was successfully used as surfactant-directing agent 

for the synthesis of mesoporous silica nanoparticles. Interestingly, the particle morphology 

and pore mesostructure of the PMES-MSNs can be tuned by the ratio of co-structure 

directing agent and structure directing agent. The toxicological properties of the as-made 

PMES-MSNs were evaluated in vitro; we demonstrated that this material is non-cytotoxic 

toward HeLa and CHO cells. In addition, the cell trafficking features of the nanocarrier were 

determined by flow cytometry and confocal microscopy. PMES-MSNs are efficiently 

internalized by HeLa cells (ED50 = 3.0 µg mL-1) and are able to escape from endosomes. 

Finally, the properties of PMES-MSNs as drug delivery carriers were evaluated under 

physiological conditions and in vitro. The presence of PMES inside the channels of MSNs 

increased the amount of resveratrol loaded by almost 4 fold in comparison to calcined 

PMES-MSNs. Moreover, it modified the release profile, resulting in a sustained release of 

resveratrol that reached its plateau around 4 h. In addition, we demonstrated the efficient 

intracellular release of resveratrol using PMES-MSN material as nanocarrier. For instance, 

we determined that in CHO cells the therapeutic efficiency of resveratrol was increased by a 

factor of almost 13 times. We envision that this PMES-MSN-based drug delivery system 

would serve as a new therapeutic method for intracellular delivery of a variety of 

hydrophobic therapeutic agents.  
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Supporting Information 

1. Dynamic light scattering measurement (DLS) of phosphate monoester surfactant 

(PMES) in PBS solution: 

At pH = 7.07,  

 

Figure 2-S1a Summarized results of DLS measurement of PMES in neutral PBS solution.  
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At pH = 10.99, 

 

Figure 2-S1b Summarized results of DLS measurement of PMES in basic PBS solution.  
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2.   Cell viability of resveratrol and PMES/resveratrol: 

CHO cells were seeded in six-well plates with a density of 1 x 105 cells mL-1 in 3 mL of 

D-10 medium (Dubelcco Modified Eagle’s Medium with horse serum, L-alanyl-L-glutamine, 

gentamicin sulfate and penicillin-streptomycin solution), and incubated at 37 ºC with a 5% 

CO2 atmosphere for 24 h. Then, the cells were inoculated with different concentration of 

resveratrol (10, 25, 50, 75 100 µM) or resveratrol/PMES (36.5 µM) in D-10 serum for other 

48 h. After the incubation each well was washed with PBS and the cells were trypsinized, 

centrifuged, and re-suspended in D-10 medium. Viability was determined by the Guava 

ViaCount cytometry assay (Guava Technologies, Inc.). 

Figure 2-S2 Cell viability of CHO cells in presence of resveratrol or resveratrol/PMES. 
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3.  Calculation of the therapeutic efficiency of res-PMES-MSNs versus resveratrol for   

inhibition of CHO cells proliferation: 

Taking as a base for the calculations an inhibition of CHO cells proliferation of 30%: 

Amount of resveratrol used = 75 µM x 3 mL = 225 nmol  

Amount of resveratrol used in res-PMES-MSNs = 100 µg/mL x 58.73 µmol/g x 3 mL = 

17.6 nmol 

Ratio resveratrol/res-PMES-MSNs = 225/17.6 = 12.8 
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CHAPTER 3. RATIONAL CATALYST DESIGN: A 
MULTIFUNCTIONAL MESOPOROUS SILICA CATALYST 

FOR SHIFTING THE EQUILIBRIUM REACTION BY 
REMOVAL OF BYPRODUCT 

 

Modified from a paper published in ACS Catalysis 2011, 1, 729 

Chih-Hsiang Tsai, Hung-Ting Chen, Stacey M. Althaus, Kanmi Mao, Takeshi Kobayashi, 
Marek Pruski, and Victor S.-Y. Lin 

 

Abstract 

A series of bifunctionalized mesoporous silica nanoparticle (MSN) catalysts, containing a 

Brønsted acid active site of diarylammonium triflate (DAT) and a pentafluorophenyl propyl 

(PFP) group, were synthesized via the co-condensation method. These catalysts were well 

characterized by various techniques. We found that PFP groups behave two structural 

conformations inside the mesopores through our cutting-edge solid-state NMR techniques. 

When PFP-MSNs are exposed to dry conditions (under vacuum) PFP groups were present in 

an upright position; while when the PFP-MSNs were soaked in solvents the PFP groups 

tended to be in a prone position. We envisioned the PFP-decorated silica surface would be 

beneficial for catalytic dehydration reactions. In addition, we demonstrated that the activity 

of bifunctional MSN catalysts is proportional to the loading of immobilized PFP groups in 

esterification reactions. This could be attributed to the extremely hydrophobic surface created 

by the PFP groups, which expel water molecules from the confined mesochannels that drives 

the chemical equilibrium of a dehydration reaction to completion. These bifunctionalized 

MSN catalysts also exhibited reactivity far superior than two industrially important solid 
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acids, Amberlyst-15 and Nafion NR-50®, and were recyclable at least five times with 

identical yields. 

 

1. Introduction 

Recent advancements in the design of mesoporous silica nanoparticle (MSN) materials 

with surface-anchored functional groups have shown promising potential for applications in 

heterogeneous catalysis.1-6 Not only can such catalysts be easily separated from the products 

and recycled, but their large surface area (> 700 m2 g-1), tunable pore diameter (2-10 nm) and 

well-ordered pore structure allow for precise regulation of mass-transport properties that are 

crucial for many chemical transformations. Several classes of single-site catalytic systems 

have been developed using the MSN materials as supports, including organometallic 

catalysts,6-9 acid catalysts,4,10,11 base catalysts12 and immobilized enzymatic catalysts.13 In 

addition, by introducing multiple functional groups onto the 3D controlled mesoporous 

surface our group,14,15 as well as others,5,16-19 have demonstrated that the selectivity and 

reactivity of MSN-supported catalysts can be effectively enhanced. 

In our recent report,20 we detailed the conformations of 3-(pentafluorophenyl)propyl 

(PFP) groups covalently anchored to the ‘dry’ MSN support (i.e., in the absence of any 

solvent molecules inside the pores). We demonstrated that the silica-bound PFP groups exist 

in two different conformations: (1) the molecules located in the proper vicinity of accessible 

siloxane groups assume the prone orientation with the aromatic rings centered near the 

siloxane oxygens, and (2) the remaining PFP functionalities are oriented roughly upright with 

respect to the silica surface and are more mobile. Both structures were determined by a 
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number of 2D solid-state NMR experiments and further substantiated by theoretical 

calculations.20 In particular, the fingerprints of both conformations were obtained in terms of 

19F chemical shifts. 

Figure 3-1 19F solid-state MAS NMR spectra of PFP-MSN measured in dried conditions (a) 
and with the mesopores filled with heptane (b). Blue and red lines indicate resonances 
representing fluorines in ‘prone’ and ‘upright’ PFP functionalities, which are depicted on the 
right side of the figure. In the presence of solvent, all molecules remain close to the silica 
surface. 

We have since discovered that the conformations of PFP groups change when the pores 

are filled with solvents. For example, in the presence of heptane, only the resonances 

representing molecules in prone positions can be detected (Figure 3-1). Secondly, it has been 

demonstrated by others, both experimentally and theoretically, that fluorine bound to 

aromatic carbon is a poor hydrogen-bond acceptor, and thus poorly interacts with water.21,22  

These findings inspired us to design a new perfluorinated MSN catalyst for esterification 

reactions, containing a Brønsted acidic diarylammonium triflate (DAT) group serving as a 

catalyst11,23-26 and PFP as a secondary functionality (Scheme 3-1). Rather than controlling the



www.manaraa.com

"#'!

diffusional penetration of the reactants to the catalytic sites inside the mesopores,14 we 

incorporated the PFP groups to suppress the interactions between the reaction byproduct 

(water) and the silica surface. The benefits of using other secondary functional groups to 

increase the hydrophobicity of mesoporous catalysts have been already reported for several 

reactions involving dehydration.27-29 Here, we demonstrate that the PFP functionality 

significantly enhances the catalytic activity in the esterification reaction, and performs better 

in this capacity than the commonly used trimethylsilyl group (TMS). Furthermore, we 

compare the catalytic performance of this bifunctionalized MSN-system with commercially 

available heterogeneous acid catalysts, such as Amberlyst-15 and Nafion NR-50®, in the 

esterification of carboxylic acids with benzyl alcohol under our reaction conditions. 

Scheme 3-1 Schematic representation of a bifunctional PFP/DAT-MSN. 
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2. Materials and Methods 

2.1 Reagents and materials 

Organosilanes, which included tetraethyl orthosilicate (TEOS), methyldiethoxysilane, 

and 3-(pentafluorophenyl)propyl trimethoxysilane (PFP-TMS) were purchased from Gelest, 

Inc. Other chemical reagents were purchased from Sigma-Aldrich, Inc. All chemicals were 

used as received without further purification.   

2.2 Synthesis of diarylamine organosilane (DAS) 

Scheme 3-2 Synthesis of diarylamine-functionalized methyldiethoxo-silane (DAS) 

2.2.1 Synthesis of 4-(4-bromophenyl)-1-butene (1) 

A 250 ml two-necked round-bottom flask, equipped with an addition funnel and 

condenser, was charged with 4-bromo-benzyl bromide (20.0 g, 80 mmol) in 50 ml dry ether 

at 0 °C ice bath for 10 min. The allylmagnesium chloride (48.0 ml of a 2.0 M solution in 

ether, 96 mmol) was added dropwise via an addition funnel over a period of 30 min at 0 °C. 

Subsequently, the mixture was stirred at room temperature for 2 h and refluxed for another 3 
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h.  The reaction was monitored by TLC analysis. After the starting material disappeared, the 

reaction was quenched by water and transferred to a separation funnel. The organic layer was 

washed with brine, dried over anhydrous MgSO4, and then concentrated under vacuum to 

yield a yellow crude liquid. The product was purified by Kugelrohr distillation to obtain the 

final product as a transparent liquid (14.10 g, 83% yield), whose 1H and 13C NMR spectra 

matched with the earlier reported literature data.30 

2.2.2 Synthesis of N-(4-(but-3-en-1-yl)phenyl)-2,4,6-trimethylaniline (2) 

A mixture of Pd2(dba)3 (517.6 mg, 5 mol% Pd), BINAP (1.06 g, 1.5 eq of Pd), and 

potassium tert-butoxide (3.05 g, 27.13 mmol) in 80 ml toluene was prepared in a round-

bottom flask in a glove box. The 4-(4-bromophenyl)-1-butene (5.00 g, 22.6 mmol) and 2,4,6-

trimethylaniline (3.80 ml, 27.13 mmol) were added by syringe, and the reaction mixture was 

stirred in a 80 °C oil bath for 12 h. The mixture was quenched with a saturated NaHCO3(aq) 

solution and then concentrated under reduced pressure. The crude product was purified by 

column chromatography (t-butyl methyl ether/heptane (v/v) = 3/97, Rf = 0.3) to afford N-(4-

(but-3-en-1-yl)phenyl)-2,4,6-trimethylaniline (4.83 g, 76.7%). 1H NMR (300 MHz, CDCl3): 

δ 6.95 (m, 4H), 6.44 (s, 1H), 6.42 (s, 1H), 5.87 (m, 1H), 5.01 (m, 2H+NH), 2.60 (t, 2H), 2.30 

(s, 1H), 2.17 (s, 6H). 13C NMR (100 MHz, CDCl3): δ 144.7, 138.8, 135.6, 135.2 (2C), 134.8, 

131.5, 129.4 (2C), 129.2 (2C), 114.8, 113.6 (2C), 36.1, 34.8, 21.1, 18.5 (2C). MS (EI): m/z: 

calc. for C19H23N: 265.18; found 265.18. 

2.2.3 Synthesis of N-(4-(4-(diethoxy(methyl)silyl)butyl)phenyl)-2,4,6-trimethylaniline (3) 
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Compound 2 (5 g, 18.8 mmol) and 15 ml of methyldiethoxysilane were placed in a 

Schlenk tube under argon. The platinum oxide, PtO2 (20 mg, 478 ppm), was added to the 

mixture, and the tube was sealed and heated at 85 °C for 20 h. After cooling to room 

temperature, the crude product was diluted with anhydrous ethanol and filtered through 

activated charcoal to remove PtO2. The filtrate was concentrated at reduced pressure and 

purified by column chromatography (ethyl acetate/heptane = 2.5/97.5, Rf = 0.38) to afford 

the compound 3 (4.82 g, 65.7% yield). 1H NMR (300 MHz, CDCl3): δ 7.28 (dd, 2H), 7.26 (s, 

2H), 6.94 (dd, 2H), 5.02 (s, NH), 3.74 (t, 4H), 2.49 (t, 3H), 2.30 (s, 3H), 2.16 (s, 6H), 1.57 (m, 

2H), 1.41 (m, 2H), 1.21 (t, 6H), 0.64 (t, 2H), 0.10 (s, 3H). 13C NMR (100 MHz, CDCl3): δ 

144.6, 136.2, 135.8 (2C), 135.2, 132.4, 129.4 (4C), 113.6 (2C), 58.3 (2C), 35.5, 34.9, 22.8 

(2C), 21.1, 18.6 (2C), 13.9 (2C), -4.6. MS (EI): m/z calc. for C24H37NO2Si: 399.26; found 

399.26. 

2.3 Synthesis of bifunctionalized PFP/DAT-MSN catalysts 

The functionalized MSNs were synthesized via our previously reported co-condensation 

method.14 Typically, a mixture of CTAB (1.0 g, 2.75 mmol) and 2.0 M of NaOH(aq) (3.5 ml, 

7.0 mmol) in 240 ml H2O was heated at 80 °C for 30 min. To this clear solution, 

tetraethoxysilane (5 ml, 22.4 mmol), PFP-TMS (0.44 g, 1.44 mmol), and/or DAS 

organosilane (0.58 g, 1.44 mmol) were injected rapidly and sequentially to yield an opaque 

reaction mixture. The resulting reaction mixtures were stirred at 80 °C for 2 h. The as-made 

MSNs were obtained after hot filtration, followed by washing with copious amount of water 

and methanol, and drying under vacuum. The surfactant was removed by stirring the solution 

of as-made materials (1.0 g) and 0.8 ml of concentrated HCl in 100 ml methanol at 60 °C for 
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6 h. The resulting surfactant-free MSNs were filtered, washed with water and methanol, and 

dried under vacuum for 24 h.  

The trifluoromethanesulfonic acid (TFA) (0.27 ml, 3 mmol) was added to a suspension of 

the MSN materials (0.2 g) in dry toluene (10 ml, 94.1 mmol), and stirred at room temperature 

for 6 h. The solid powder was filtered and washed with copious amount of toluene, hexane, 

ether, and dried under vacuum for 12 h at room temperature. Finally, the resulting powder 

was heated at 135 °C under the vacuum (< 1 mmHg) for 18 h to remove the excess amount of 

physisorbed acid remaining on the silica surface. The resulting MSN catalysts were then 

sealed in scintillation vials and stored in a desiccator.  

2.4 Synthesis of TMS/DAT-MSN catalyst 

The passivation of silica surface with HMDS (hexamethyldisilazane) has been reported 

elsewhere.31 Typically, a 50 ml round-bottom flask charged with the surfactant-free DAS-

MSNs (0.3 g) was pre-dried under vacuum at 90 oC for 6 h to remove the physisorbed 

moisture. A solution of HMDS (1.25 ml, 6 mmol) in dry toluene (15 ml) was injected into the 

reaction flask. The reaction was then stirred at 60 oC for 24 h. The solid product was isolated 

by filtration, followed by washing with 200 ml of toluene and 50 ml of methanol, and dried 

under high vacuum for 24 h. The acid treatment with TFA of this TMS/DAS-MSN sample 

was following the same method described in the experimental section. The TMS/DAT MSN 

exhibited 685 m2 g-1 specific surface area estimated from BET method and 2.2 nm of mean 

pore diameter. The loading of DAT group in this material, calculated via 1H DPMAS NMR 

(see section 4), was 0.16 mmol g-1. The loading of TMS was calculated to be 2.2 mmol  g-1. 

 

2.5 Summary of solid-state NMR measurements 
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2.5.1 Experimental section 

13C solid-state NMR was used to confirm the structure of the moieties in mono- and bi-

functionalized MSNs. 29Si and 1H spectra were obtained to determine the loading of these 

moieties on the surface of the MSN. 19F spectra were measured to determine the 

conformation of PFP in different environments on the MSN surface. The measurements were 

performed at 150.8 MHz (13C), 119.1 MHz (29Si), 599.6 MHz (1H) and 564.2 MHz (19F) on a 

Varian NMR System 600 spectrometer. 

2.5.2 Characterization of functional groups using 13C NMR 

13C NMR spectra were acquired with a 1.6 mm FastMASTM probe, using magic angle 

spinning (MAS) rate νR = 41.6 kHz, 1H-13C cross-polarization (CP) with the contact time τCP 

= 1 ms, the average magnitude of the tangent 1H RF field  = 65 kHz,  during CP = 

107 kHz,  during SPINAL-64 decoupling = 11 kHz, the recycle delay τRD = 1 s, and the 

number of scans NS = 80,000. The 13C CPMAS NMR spectra of samples Cat A, B, C, and D 

showed that the PFP and DAT functional groups were indeed present on the surface. The 

spectra of Cat A and Cat C are shown in Figure 3-2 along with the spectral assignments, 

which are indicated in reference to the molecular structures shown on the top of the figure. 

The peaks at 12, 23, 25 and 116 ppm in the spectrum of Cat A (marked 1 through 4) 

represent carbons C1, C2, C3 and C4 in PFP. Indeed, these are the only resonances observed 

in the spectrum of Cat D (not shown). Their identity was unambiguously established by 2D 

1H-13C HETCOR NMR in our earlier studies.20,32 The aromatic carbons in PFP were 

identified by 2D 19F-13C HETCOR spectroscopy.20 The remaining carbon resonances in Cat 

A, as well as those observed in the spectrum of Cat C, are consistent with the structure of 

H
RFν

C
RFν

H
RFν
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DAT. These resonances are slightly better resolved in the spectrum of Cat A, which may be 

due to increased torsional mobility of DAT in the presence of PFP coating on the surface.    

Figure 3-2 13C CPMAS spectra of Cat A and Cat C acquired under MAS at 41.6 kHz. 

2.5.3 Quantification of functional groups using 29Si NMR 

The quantification of silicon in bifunctionalized samples (Cat A and B) was carried out 

by using 1H-29Si CPMAS and 29Si direct polarization MAS (DPMAS) experiments, as 

explained below. The sensitivity of both measurements was enhanced by refocusing the 29Si 
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magnetization using the Carr-Purcell-Meiboom-Gill (CPMG) train of π pulses.33 The spectra 

were acquired with a 3.2 mm MAS probe, using νR = 20 kHz,  during DPMAS and 

CPMAS experiments = 100 kHz, average  during tangent CP = 80 kHz, τCP = 15 ms,  

during high-power SPINAL-64 decoupling = 125 kHz, the recycle delay τRD = 300 s 

(DPMAS) or 1 s (CPMAS), and NS = 288 (DPMAS) or 8,000 (CPMAS).  

The core of silica walls consists of silicon sites referred to as Q4, which are connected to 

four Si neighbors via siloxane linkages ((SiO)4Si). In non-functionalized materials, the silica 

surface is terminated by the silanol groups forming Q3 sites ((SiO)3Si(OH)) and Q2 sites 

((SiO)2Si(OH)2). In samples Cat A and Cat B these sites are observed at around -113, -104 

and -94 ppm, respectively (Figure 3-3). Also observed in these samples are peaks at about -

68 and -58 ppm, which are assigned to silicon atoms in positions (SiO)3SiR and 

(SiO)2Si(OH)R, denoted as T3 and T2.These resonances are associated with the covalently 

bound PFP groups.32,33 Finally, the peak at approximately -16 ppm represents the so-called 

D2 sites in positions (SiO)2SiR1R2, whose presence is due to the covalently bound DAT 

species. 

Although only the DPMAS measurements can provide strictly quantitative 29Si spectra, 

we were unable to determine the concentration of D sites using this method due to low signal 

intensity. Therefore, the DPMAS spectra were only used to quantify the T sites. We then 

used the CPMAS spectra to determine the T : D (i.e., PFP : DAT) ratio, taking into account 

the difference in CP dynamics between these sites. This dynamics  

Si
RFν

H
RFν

H
RFν
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Figure 3-3 29Si DPMAS and CPMAS spectra of Cat A and Cat B. 

turned out to be such that the spectra taken with #CP = 15 ms yielded almost identical 

efficiency for D and T functionalities (Figure 3-4). By using the Q : T ratio from the DPMAS 

spectra and the T : D ratio from the CPMAS spectra, we were able to evaluate the absolute 

concentrations of PFP and DAT in each sample. The concentrations of PFP molecules 

measured by 29Si NMR and the BET surface areas were used to determine the surface 

coverage of the PFP in molecules/nm2 and in % (the latter by assuming that the footprint area 

of the PFP molecule in prone position is ~0.6 nm2). The final results are summarized in Table 

3-1. 
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Figure 3-4 Evolution of normalized 29Si CPMAS intensities for T sites (blue) and D sites 
(red) in bifunctionalized sample (Cat A) as a function of #CP. The curves were derived based 
on the measurements performed for 10 values of #CP, using the standard phenomenological 
formula for the behavior of spin magnetization in a diluted system (see equation (37) in 
reference [33]). 

2.5.4 Quantification of functional groups using 1H NMR 

The quantification of DAT groups in Cat C and TMS/DAT-MSN was carried out using 

1H DPMAS spin counting under 40 kHz MAS using 1.6 mm FastMASTM probe. A standard 

for comparison was made of a Hexamethylbenzene (HMB):sulfur (1:30) which contained 

2*1019 1H spins. The spectra of DAT have well resolved aromatic regions (6 1H /molecule) 

that were used in the quantification. To ensure full relaxation, 4 scans were used with recycle 

delays of 10 s. The result for Cat C can be seen in Table 3-1, and the TMS/DAT result is 

above in section 2.4.   

2.5.5 Study of PFP conformation by 19F MAS NMR 

Based on our earlier study, the conformations of PFP functionalities in a ‘dry’ state (i.e. 

in the absence of solvent inside the pores) and in the presence of heptane could be 
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determined by measuring 1D 19F MAS spectra. The experiments were carried out under 40 

kHz MAS using 1.6 mm FastMASTM probe. The spectra are shown and discussed in the main 

paper (Figure 3-1). 

2.6 Catalytic esterification reactions 

The reactions were carried out using equal amount of catalytic sites in a capped tubular 

reactor. For example, the reaction mixture consisting of heptanoic acid (49.8 mg, 0.383 

mmol), benzyl alcohol (41.4 mg, 0.383 mmol) and catalysts (0.2 mol%) in 1 ml of heptane 

was heated at 60 °C for 1.5 h. The catalysts were isolated by centrifuge and washed with 10 

ml of heptane. Diphenyl ether (ca. 100 mg), was added into the combined heptane solution as 

an internal standard. The reaction conversion and product yield were determined by gas 

chromatography using a HP-5 column. The oven temperature was initially set at 40 °C for 4 

min, then increased to 250 °C with a ramp rate of 10 °C/min, and kept at 250 °C for 5 min. 

The peaks corresponding to all reagents and products were separated, and their integrated 

intensities were calibrated using an internal standard. For the recyclability test, the reaction 

mixture of 3-phenylpropanoic acid (57.5 mg, 0.383 mmol), benzyl alcohol (41.4 mg, 0.383 

mmol), and 0.4 mol% of Cat B in 1 ml of heptane was stirred at 70 °C for 2.5 h. The filtered 

catalyst was dried under vacuum for 24 h and recharged with the same amount of starting 

material for each run. 

 

3. Result and Discussion 

We first synthesized a diarylamine-functionalized alkoxysilane (DAS), N-(4-(4-

(diethoxymethylsilyl)butyl)phenyl)-2,4,6-trimethyl-aniline, as a precursor for the synthesis of 
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the aforementioned bifunctionalized MSN materials as shown in Scheme 3-2. The 4-(4-

bromophenyl)-1-butene 1 was coupled with 2,4,6-trimethylanaline through a palladium-

mediated amination to yield a diarylamine 2, followed by a hydrosilylation reaction with 

methyldiethoxysilane to synthesize the desired DAS compound 3. Two bifunctionalized 

MSN catalysts were prepared by introducing DAS and PFP-trimethoxysilane in molar ratios 

1:1 (sample A) and 1:4 (sample B), into a NaOH-catalyzed, cetyltrimethylammonium 

bromide (CTAB)-templated co-condensation reaction of tetraethoxysilane, as detailed in the 

experimental section 2.3. Additionally, two monofunctionalized MSN catalysts with only the 

DAS (sample C) and the PFP (sample D) group were synthesized via the same method. After 

the removal of CTAB, these MSN samples were treated with triflic acid to yield the 

corresponding catalysts, labeled as Cat A, Cat B, Cat C, and Cat D, respectively. The 

physisorbed triflic acid on the surface was removed under vacuum at elevated temperature, as 

indicated by the TGA analysis. (Figure 3-5) The synthesized MSN catalysts were then 

characterized via various techniques. The SEM images showed that all silica particles 

exhibited an elliptical shape with the aspect ratio of 1.5-2.0 and average length of 350-400 

nm, as shown in Figure 3-6. The mesoporous channels were arranged in 2D hexagonal array, 

as observed by TEM and powder X-ray diffraction (XRD). These studies indicated that the 

porous structure of these MSN materials remained intact after treatment with triflic acid. 

(Figure 3-7 and Figure 3-8) The nitrogen sorption analysis of the samples showed a type IV 

isotherm, which is characteristic of a cylindrical mesoporous structure. The measured BET 

surface areas of Cat A, B, C, and D were 792, 861, 874 and 837 m2 g-1, respectively. The 

average pore size calculated using the BJH method is 2.6 ± 0.2 nm for all materials. (See 

Figure 3-S1 and Table 3-S1 in supporting information)34 
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Figure 3-5 TGA weight loss vs. temperature curves for Cat A treated with TFA (red dashed 
line) and Cat A after the removal of physically adsorbed TFA (green solid line), along with 
their first derivatives (black dashed and blue solid lines, respectively). The analysis was 
performed in air between 25°C and 800°C with a ramp rate of 2 °C/min.!

 
Figure 3-6 SEM images of (A) Cat A (PFP/DAT = 6/1), (B) Cat B (PFP/DAT = 15/1), (C) 
Cat C (DAT only), and (D) Cat D (PFP only).   
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Figure 3-7 TEM images of Cat A (a), Cat B (b), Cat C (c), and Cat D (d). Scale bars are 100 
nm.  The inset in (a) represents parallel mesoporous channels of Cat A.  Scale bar = 10 nm. 

The total concentration of covalently bound surface organic functionalities was evaluated 

by solid-state 29Si NMR, based on the relative intensities of resonances representing Qn, Tn, 

and Dn sites, as detailed in the section 2.5 and summarized in Table 3-1. In addition, the 

concentrations of DAT groups were quantified using 1H MAS NMR spectra, in which the 

resonances representing aromatic protons were clearly resolved. The 13C CPMAS NMR 

spectra were measured to confirm the covalent immobilization of all functional groups and 

the integrity of their chemical structures. (Figure 3-2)  
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Figure 3-8 XRD patterns of (A) Cat A, (B) Cat B, (C) Cat C, and (D) Cat D. 

Table 3-1. Loading and relative ratio of organic functional groups in the MSN catalysts 
based on quantitative solid-state 29Si MAS NMR. 

Sample 
PFP 

(mmol g-1)[a] 

DAT 
(mmol g-1)[a] 

PFP:DAT 
ratio 

Cat A 0.70 

(35%)[b] 

0.12 6:1 

Cat B 0.76 

(35%)[b] 

0.05 15:1 

Cat C 0 0.15 NA 

Cat D 0.62 

(30%)[b] 

0 NA 

[a] The loading in mmol g-1 was measured with an error of ±8% for PFP and ±15% for DAT. [b] The surface 
coverage of PFP was calculated assuming that the inner pore surface area in MSNs constitutes 90% of the total 
surface, and the footprint area of the PFP compound is ~0.6 nm2. The DAT groups were not included. 
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Figure 3-9 Esterification reactions of 3-phenylpropionic acid (red) and heptanoic acid (blue) 
with benzyl alcohol catalyzed by various heterogeneous acid catalysts. 

To examine the effect of PFP groups on the catalytic performance of DAT, catalysts A-D

were tested in the esterification reactions of 3-phenylpropionic acid or heptanoic acid with 

benzyl alcohol in heptane. As illustrated in Figure 3-9, the bifunctionalized PFP/DAT MSNs 

(Cat A and Cat B) exhibit the best reactivity among all catalysts. The turnover frequency 

(TOF, measured after 1.5 h of reaction time) of Cat B is higher than that of Cat A, which may 

be attributed to the higher relative concentration of PFP. The TOF of Cat C is considerably 

lower than those of Cat A and Cat B, which shows that the DAT groups alone are less 
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efficient in both esterifications. Cat D exhibits negligible activity, indicating that PFP groups 

do not catalyze these reactions. 

To compare the effect of PFP with other commonly used hydrophobic groups, the surface 

of Cat C was further passivated with a TMS group to make the TMS/DAT MSN material. 

The esterification reaction yield of methyl 3-phenylpropionate catalyzed by TMS/DAT MSN 

(57%, corresponding to TOF = 190 h-1) was slightly higher than that of Cat C, but proved to 

be lower than observed in Cat A and Cat B. We also note that the reaction of 3-

phenylpropionic acid and benzyl alcohol catalyzed by homogeneous triflic acid under the 

same conditions only gave 18.3% of yield (TOF = 61.3 h-1). Given the low reactivity and 

high acidity (pKa = -14) of triflic acid, this result indicates that the acid strength of the 

catalyst is not the only factor affecting the equilibrium of this reaction.35  

The enhancement of catalytic properties observed in bifunctional catalysts Cat A and Cat 

B is attributed to the aforementioned formation of a surface-bound layer of PFP molecules, 

whose prone orientation in the presence of heptane prevents direct interaction between water 

and the surface silanol groups. It appears that in spite of the incomplete PFP coverage (see 

Table 3-1), the catalyst surface became sufficiently hydrophobic to effectively reduce the 

concentration of water inside the mesopores and thereby drive the chemical equilibrium 

toward the completion of the esterification reaction. Indeed, following the reaction the 

amount of water byproduct observed on the walls of reaction tubes containing Cat A and Cat 

B was much higher than for Cat C and TMS/DAT MSN. Cat D did not produce any water 

due to its negligible activity.  
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The bifunctional PFP/DAT MSNs and DAT-MSN proved to be recyclable at least five 

times with identical yields, as illustrated in Figure 3-10, indicating that the reactivity 

difference between bi- and mono-functional catalysts is not due to the decomposition of DAT 

groups. We also note that the pKa values of all relevant chemical species in our  

 
Figure 3-10 Recyclability of Cat B in five successive runs of esterification.  The blue and red 
bars represent the reaction conversion and yield, respectively.  Reaction condition: [acid] = 
[alcohol] = 0.38 M in heptane, 0.4 mol % Cat B, 70 °C for 2.5 h. 

catalytic system do not favor the proton transfer from these groups. The pKa values of triflic 

acid, protonated carboxylic acid, protonated alcohol and DAT salt are -14, -6 to -7, -2 and 1, 

respectively.36 The surface diphenylamine (DAS) group treated with triflic acid resulted in 

proton transfer to form the diphenylammonium (DAT) salt quantitatively. Thus, only limited 

amount of protons could have been transferred from DAT groups to acids and alcohols in the 
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catalysts studied in this work. Finally, all studied DAT-MSNs showed higher reactivity than 

the commercial polymeric solid acid catalysts, Amberlyst-15 and Nafion NR-50®, under the 

examined reaction conditions. It is noted, however, that Amberlyst-15 and Nafion NR-50® 

use a different functionality (sulfonic acid), for which the conditions used in our tests were 

not optimized. Although these resin-based catalysts bear high density of acid sites,37 they 

often require the use of swelling solvents to enhance the accessibility of reactants to these 

sites.38  

 

4. Conclusion 

We have reported on a bifunctional MSN catalytic system with a superior reactivity in the 

equilibrium reaction, whose improved yield is the result of a nanoenvironment designed to 

efficiently remove the byproduct (water) through incorporation of the secondary functional 

group. This study integrated a novel synthetic approach with state-of-the-art characterization 

and theory,20 which served as predictive tools in the design of an efficient new catalyst for 

the esterification reaction. We expect that similar principles can be used in designing new 

heterogeneous acid catalysts for other important reactions involving dehydration. 
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Supporting Information 

1.   Nitrogen sorption isotherm results 

Figure 3-S1 Nitrogen adsorption isotherms of (A) Cat A, (B) Cat B, (C) Cat C, and (D) Cat 

D.   

Table S1. Textural properties of MSN catalysts prepared in this study. 

Sample Surface area (m2 g-1)a Average pore 
diameter (nm) b 

Cat A 792.1 2.6 

Cat B 861.3 2.4 

Cat C 874.4 2.8 

Cat D 837.4 2.4 
a. The specific surface area is calculated using the BET method.  b.

The average pore diameter is measured by the BJH method. 
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CHAPTER 4. AEROBIC OXIDATIVE ESTERIFICATION OF 
PRIMARY ALCOHOLS OVER Pd-Au BIMETALLIC 

CATALYSTS SUPPORTED ON MESOPOROUS SILICA 
NANOPARTICLES 

 

A manuscript in preparation and to be submitted to ACS Catalysis 

Chih-Hsiang Tsai, Wei Huang, Hung-Ting Chen and Brian Trewyn 

 

Abstract 

We have prepared a series of mesoporous silica nanoparticle (MSN) supported Pd-Au 

bimetallic catalysts using a newly developed sequential impregnation method. These 

catalysts were fully characterized by various techniques including nitrogen sorption, powder 

X-ray, inductively coupled plasma mass spectrometry (ICP-MS), transmission electron 

microscopy (TEM) and the high angle annular dark-field scanning transmission electron 

microscopy (HADDF-STEM). By using this synthetic approach we observed metal 

nanoparticles (1-2 nm) homogeneously distributed within the mesopores of MSN. The 

catalytic performance of these MSN supported metal NPs was tested by aerobic oxidative 

esterification. In a tandem reaction primary alcohols are oxidized to their corresponding 

aldehydes and further to esters. We found that Pd NPs are very efficient in the first step of 

oxidation; however stagnant in the subsequent oxidation. On the contrary, Au NPs show slow 

reactivity in converting alcohols to aldehydes, but extraordinarily efficient in the oxidation of 

aldehydes to esters.  All bimetallic catalysts exhibit better reactivity toward a variety of 

primary alcohols than the corresponding monometallic catalysts. In addition, we also found 
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that the bimetallic Pd-Au@MSN catalysts can be recycled three times without a significant 

loss in activity.  

 

1. Introduction 

Selective oxidation of alcohols to the corresponding carbonyl compounds is a primary 

topic of interest in organic synthesis.1-6 The resulting aldehyde, ketone, ester and acid 

products are valuable intermediates to fine chemical, pharmaceutical and agrochemical 

industries.5,7,8 Typically this type of reaction is carried out in high yield using stoichiometric 

amounts of strong reagents such as transition metal oxidants or halo-oxoacids.9 However, 

with emerging environmental and economic concerns increased effort has been focused on 

the development of new types of catalysts to enhance catalytic reactivity and reduce chemical 

waste. Using molecular oxygen as an oxidant, aerobic oxidation of alcohols catalyzed by 

transition-metal catalysts including organometallic complexes and metal nanoparticles has 

recently attracted the attention of researchers worldwide.10-13 Among these catalysts, 

supported metal-nanoparticle catalysts show very interesting features and promising catalytic 

activities.1,10,14-16 Not only can these heterogeneous catalysts be easily separated and 

recyclable several times, but they also exhibit extremely high reactivity and selectivity even 

under mild reaction conditions. For example, Clark and coworkers have reported the 

synthesis of palladium nanoparticles supported on SBA-15 type materials that demonstrate 

very efficient and selective aerobic oxidation of various alcohols.14,17 A quantitative yield can 

be reached even with a relatively-inert alkyl substrate under ambient conditions. In addition, 

Hutchings et al. developed a TiO2 supported Au-Pd catalyst which shows extremely high 
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catalytic activity in aerobic oxidation of alcohols to aldehydes.3 Very recently, they 

demonstrated that this bimetallic catalyst can also efficiently oxidize toluene under 10 bar of 

oxygen to yield benzyl benzoate.18  

Functionalized mesoporous silica materials represent ideal inorganic supports for 

immobilizing catalysts due to their high surface area (>700 m2 g-1), defined pore structure, 

tunable pore diameter (2-10 nm) and narrow pore size distribution. It has been reported that 

the confined mesochannels can effectively control the agglomeration of metal 

nanoparticles.15,19-21 Furthermore, the surface-bound ligands/functionalities can be used to 

stabilize the metal NPs, whose high surface energy frequently leads to the aggregation of 

nanoparticles.17,22-27 Several studies involved in supporting metal nanoparticles on the 

mesoporous silica materials, such as Pd, Pt, Au, Rh, Ir and Ru on MCM/SBA-type materials, 

have revealed superior catalytic performances on many types of chemical 

transformations.15,16,28-32 The synergistic effect has also been observed in some bimetallic 

systems.1,17,33 For example, Chen and coworkers recently reported a Pd/Au bimetallic 

catalyst system exhibiting enhanced reactivity and selectivity toward the solvent-free aerobic 

oxidation of alcohols, where the Pd and Au complexes were coordinated onto the amine-

functionalized SBA-16 silica support prior to their reduction to nanoparticles.27  

Herein, we report the synthesis of a series of mono- and bimetallic Pd/Au catalysts 

supported on mesoporous silica nanoparticles (MSNs) through a sequential impregnation 

method. This synthetic approach has shown to be effective in producing homogeneously 

distributed metal NPs inside the MSN support. We compared the catalytic performance of 

our MSN catalysts with several commercially available Au and Pd catalysts, such as  
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Scheme 4-1 Schematic representation of Pd-Au bimetallic MSN catalyzed aerobic oxidative 
esterification of alcohols in methanol.  

Au@TiO2, Au@Al2O3 and Pd/C, in the aerobic oxidative esterification of benzyl alcohol in 

methanol. Interestingly, monometallic Pd@MSN catalyst exhibited high reaction conversion 

but poor selectivity, leading to benzaldehyde as the major product. On the contrary, catalysts 

containing Au showed superior selectivity to ester product but suffered from sluggish 

reactivity. Compared to their monometallic counterparts, the bimetallic Pd-Au@MSN 

catalyst was more efficient in both reactivity and selectivity. An in depth study of different 

substrates was also performed with the most efficient Pd-Au bimetallic MSN catalyst. We 

also tested the recyclability of the bimetallic Pd-Au@MSN catalyst with the aerobic 

oxidation of benzyl alcohol and did not observe a decrease in activity in until after three 

repeated cycles. However, the result showed that the reactivity started declining after three 

cycles. TEM images suggested that the deactivation of catalyst may be attributed to the 

agglomeration of metal nanoparticles, as well as the deformation of MSN support. 
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2. Materials and Methods 

2.1 Reagents and materials 

All chemicals were used as received without further purification. Tetraethoxysilane 

(TEOS) was purchased from Gelest, Inc. Au/TiO2 (1 wt% Au) and Au/Al2O3 (1wt% Au) 

were purchased from Strem Chemicals, Inc. Other chemical reagents were purchased from 

Sigma-Aldrich, Inc. 

2.2 Synthesis of mesoporous silica nanoparticle (MSN) 

The MSN material was synthesized via our previously reported co-condensation 

method.34,35 Typically, a mixture of cetyltrimethylammonium bromide (CTAB, 2.0 g, 5.5 

mmol) and 2.0 M of NaOH(aq) (7.0 ml, 14 mmol) in 480 ml of de-ionized water was heated at 

80 oC for 30 min. To this solution, tetraethoxysilane (TEOS, 10.0 ml, 44.8 mmol) was 

injected rapidly. A milky solution was formed within 2 min after the injection. The resulting 

reaction mixtures were stirred at 80 oC for 2 h. The solid product was then filtered, washed 

by copious amount of de-ionized water and methanol and dried overnight under high 

vacuum. A hydrothermal treatment of the as-made MSN material was performed by soaking 

MSN material (3.0 g) in 20 ml of DI water. The reaction mixture was incubated in 100 oC 

convection oven for 6 h. The solid product was filtered and dried under high vacuum for 24 

h. To remove the surfactant molecules, a solution of MSN materials (2.0 g) and 2.0 ml of 

concentrated HCl in 200 ml of methanol was stirred at 60 oC for 6 h. The resulting surfactant-

free MSNs were filtered, washed with water and methanol, and dried under vacuum for 24 h. 

 



www.manaraa.com

	
   137	
  

2.3 Synthesis of Au(en)2Cl3 

The synthetic procedure of this Au complex precursor has been reported in the 

literature.25 Typically, ethylenediamine (0.45 ml, 6.7 mmol) was slowly added into 10 ml of 

aqueous solution of HAuCl4·3H2O (1.0 g, 2.54 mmol) until the solution turned transparent. 

This solution was stirred for 30 min at room temperature. Anhydrous ethanol (70 ml) was 

then added into the solution and a precipitate formed immediately. The solid product was 

filtered, followed by washing with ethanol and drying overnight under high vacuum. 

2.4 Synthesis of monometallic Pd@MSN   

A 50 ml round-bottom flask charged with 500 mg surfactant-free MSNs was pre-dried 

under vacuum at 90 oC for 6 h to remove physisorbed water molecules. To this reaction flask 

a solution of Pd(OAc)2 (28 mg, 0.125 mmol) in 15 ml dry toluene was injected. The reaction 

was then stirred at 35 oC for 3 h, followed by filtration and washing with 300 ml of toluene 

and 100 ml of methanol, and dried under vacuum for 24 h to obtain a brownish solid product 

denoted as Pd-Complex-MSNs. The Pd-Complex-MSNs were then reduced by flowing H2 at 

a rate of 30 ml min-1 at 250 oC for 3 h to yield the grayish final product. 

2.5 Synthesis of monometallic Au@MSN 

Typically, Au(en)2Cl3 (36 mg, 0.085 mmol) was dissolved in 60 ml of DI water. The pH 

value of this solution was adjusted by adding 1.0 M NaOH solution to reach a pH of 10.0. 

Subsequently, 1.0 g of surfactant-free MSNs were added. The pH value of this solution 

dropped to around 6 immediately due to the intrinsic acidity of silica material. By adding 1.0 

M NaOH solution, the final pH value of the reaction mixture was tuned to 9.5. The mixture 

was stirred for an additional 2 h at room temperature, followed by filtration and washing with 

300 ml of water and 100 ml of methanol, and dried under vacuum for 24 h to obtain a 
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yellowish solid product denoted as Au-Complex-MSN.  The reduction of the Au-Complex-

MSNs was carried out by the previously described method to yield a purplish final product. 

2.6 Synthesis of bimetallic Pd-Au@MSNs 

A sequential impregnation method was applied to synthesize the bimetallic MSNs. 

Typically, the pre-synthesized Au-Complex-MSN (500 mg) was dried at 90 oC for 6 h to 

remove the physisorbed water molecules. A solution of Pd(OAc)2 (17.7 mg, 0.079 mmol) in 

dry toluene (25 ml) was then added. The mixed solution was stirred at 35 oC for 3 h, followed 

by filtration and washing with copious amount of toluene and methanol, and dried under 

vacuum for 24 h. The reduction procedure was the same as previously described. By tuning 

the introducing molar ratio of Pd and Au, three bimetallic Pd-Au@MSNs-x (where x 

indicates Pd/Au molar ratio) catalysts were synthesized. 

2.7 Aerobic oxidative esterification of Benzyl alcohol for comparison of catalysts 

A mixture of benzyl alcohol (108 mg, 1 mmol), K2CO3 (138 mg, 1 mmol), and catalysts 

(0.005 mmol, 0.5 mol% metal) in dry methanol (2 ml) was prepared in a reaction tube at 

room temperature. The reactor was then purged and filled with pure oxygen (balloon filled). 

The resulting mixture was then stirred at 60 oC under an oxygen atmosphere (balloon) for 1 

h. After completion of the reaction, the solid catalyst was filtered off and washed with 

methanol (2 ml x 3). The filtrate was combined and analyzed by GC (Hewlett-Packard 5890 

GC equipped with HP-5 column) using anisole as the internal standard. 

2.8 Aerobic oxidative esterification of alcohols catalyzed by Pd-Au@MSN-1.8 

The reaction procedure is the same as previously described but with varied reaction time. 

The result was analyzed by GC (Hewlett-Packard 5890 GC equipped with HP-5 column), 

GC-MS (model).   
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2.9 Test of recyclability of Pd-Au@MSN-1.8 

A mixture of benzyl alcohol (324 mg, 3 mmol), K2CO3 (414 mg, 3 mmol), and Pd-

Au@MSN-1.8 catalyst (66 mg, 0.5 mol% metal) in dry methanol (6 ml) was prepared in a 

reaction flask at room temperature. The reaction mixture was then purged and filled with 

pure oxygen (balloon filled). The resulting mixture was then stirred at 60 oC under an oxygen 

atmosphere (balloon) for 1 h. After completion of reaction, the solid catalyst was filtered off 

and washed with methanol (2 ml x 3). The filtrate was combined and analyzed by GC using 

anisole as the internal standard. The catalyst was then recovered by washing with water (10 

ml x 3) and methanol (10 ml x 3), and drying under vacuum for 24 h. The recovered catalyst 

was then used for the next run. 

2.10 Characterization methods 

Surface analysis of these MSN catalysts was performed by nitrogen sorption isotherms at 

77 K with a Micromeritics ASAP 2020 surface area and porosity analyzer. The surface area 

and median pore diameter were evaluated by BET and BJH methods, respectively. The 

powder diffraction patterns of these catalysts were measured by Rigaku Ultima IV X-Ray 

Diffractometer using a Cu Kα radiation source. Low angle diffraction with a 2θ range of 1.5 

to 10 degrees was used to investigate the long range order of the materials. High angle 

diffraction with a 2θ range from 10 to 90 degrees was used to determine the degree of 

crystallinity of metals inside the mesopores of MSN catalysts. Tecnai G2 F20 transmission 

electron microscopy (TEM) operated at 200 kV was used to examine the mesostructure of 

materials.  The metal content of these MSN catalysts was quantified by Hewlett-Packard 

4500 ICP-MS. 
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3. Results and Discussion 

3.1 Material synthesis 

As illustrated in Scheme 4-2, the Pd-Au bimetallic MSN catalysts (Pd-Au@MSNs) were 

synthesized via a sequential impregnation method. Gold was introduced into the MSN 

support in an aqueous solution through a deposition-precipitation method developed by Dai 

et al,25 where Au(en)2Cl3 was used as the precursor. By fine tuning the pH value, positively 

charged Au complexes can be well-distributed over the negatively charged silica surface due 

to their strong electrostatic interaction. Subsequently, Pd(OAc)2 was impregnated into the 

gold-containing MSN (Au-Complex-MSN) in toluene, followed by moderate hydrogen 

reduction to form metal nanoparticles inside the MSN support. With this method, metal 

precursors can be efficiently loaded onto the MSN surface without the assistance of chelating 

ligands, such as amine groups, resulting in a homogeneous distribution of metal 

nanoparticles. Several studies have disclosed that using strong ligands to bind the metal 

complexes could efficiently control the distribution and the size of metal nanoparticles.17,22-27 

However, it has also been reported that the ligand-assisted strategy would sometimes lead to 

inferior catalytic performance due to strong interactions between chelating ligands and the 

metal surface.22 In addition, it is also plausible that some organic ligands would participate in 

the reaction resulting in complicated systems, e.g. amine groups may be oxidized to imine or 

enamine under  
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Scheme 4-2 Schematic representation of synthesis of bimetallic Pd-Au@MSN catalyst. 

metal nanoparticles catalyzed oxidation reaction.36  In general, the silanol groups on the silica 

surface are not strong ligands for coordinating Pd metal. Thus, the efficiency of Pd 

impregnation on pure silica surface was usually low.36-38 However, after base-treatment the 

deprotonated silanol groups would become electron-rich and be able to effectively coordinate 

with the electron-deficient Pd metal center. As a result, we found that the molar ratio of Pd 

and Au elements can be easily controlled by using our synthetic method due to the fact that 

the determined actual loading of metals is very close to the amount of metal precursors we

initially introduced. Monometallic Pd- and Au@MSN catalysts were also synthesized via the 

same procedure for comparison of catalytic reactivity. 

3.2 Characterization of MSN catalysts 
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These mono- and bi-metallic MSN catalysts were fully characterized by various 

techniques. As shown in Figure 4-1, the high angle annular dark-field scanning transmission 

electron microscopy (HADDF-STEM) images clearly show that Pd and Au  

nanoclusters are well distributed within the mesoporous channel of all MSN catalysts. The 

size of metal particles was estimated around 2 nm by visual analysis of these images. In 

addition, there are no apparent aggregates of metals observed in any of these samples. EDX 

was also applied to determine the elemental composition of Pd-Au@MSN catalyst, as shown 

in Figure 4-S1. Both metal elements are clearly detected in the case of bimetallic Pd-

Au@MSN catalysts; however, it is still difficult to confirm if a Pd-Au alloy, core shell or 

well-separated metal clusters were formed inside the Pd-Au@MSN 

Figure 4-1 TEM images of bimetallic MSN catalysts. Bright field (left) and dark field 
(right). A). Pd@MSN; B). Au@MSN; C). Pd-Au@MSN-1.8; D). Pd-Au@MSN-1.0; E). Pd-
Au@MSN-0.55. 
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catalyst due to the limits on resolution. Figure 4-2 and Figure 4-3 show the powder X-ray 

diffraction patterns of these MSN catalysts. As illustrated in Figure 4-2, at low angle range 

(2# = 1.5~10 degree) three distinct peaks are observed which correspond to 2D-hexagonal 

patterns in all samples, indicating that the mesoporous structure of these MSN catalysts 

remained intact after the impregnation and reduction processes. On the other hand, at high 

angle range there is only one small peak at around 2# = 40o which is diffracted from Au[111] 

and/or Pd[111] phase besides the characteristic broad peak of pure amorphous silica at 

around 2# = 22o (Figure 4-3).39,40 This result implies that the sizes of the metal clusters are 

relatively small and no large crystalline domain exists, which is in a full agreement with 

TEM images. 

Figure 4-2 Low angle powder X-ray diffraction of MSN catalysts. A). MSN; B). Pd@MSN; 
C). Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55 



www.manaraa.com

"%%!

Figure 4-3 High angle powder X-ray diffraction of MSN catalysts. A). MSN; B). Pd@MSN; 
C). Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55 

Complemented to XRD results, nitrogen sorption isotherm analysis provided the bulk-

average information of the mesoporous materials. As shown in Figure 4-S2, the  

plots obtained are typical type IV isotherms without hysteresis loops for all MSN catalysts. 

In addition, as summarized in Table 4-1 the synthesized catalysts exhibited an approximate 

BET surface area of 900 m2 g-1, and a narrow size distribution at around 2.7 nm, which both 

are slightly reduced if when compared to the plain MSN (Table 4-1, Entry 1). 

These results also suggest that the formed Pd and Au nanoparticles do not block the

mesoporous channel of MSN catalysts, assuring the accessibility of the catalytic metal 

nanoparticles inside the mesopores. The actual loading of metal content of these MSN 

catalysts was determined by ICP-MS analysis and the results were summarized in Table 4-1.

Surprisingly, the measured actual loading is very close to the amount introduced, indicating 
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this sequential impregnation method is very efficient and easy to control the molar ratio of Pd 

and Au. 

Table 4-1 Summary of physical properties of catalysts. 

Entry Catalyst 
Pd 

(wt%)a 
Au 

(wt%)a 
Mole 
ratiob 

Surface Area 
(m2/g)c 

Pore Size 
(nm)c 

Pore Volume 
(cm3/g) c 

1 MSN ----- ----- ----- 1038 3.1 1.01 

2 Pd@MSN 1.36 NA ----- 938 2.8 0.79 

3 Au@MSN NA 1.63 ----- 878 2.7 0.76 

4 Pd-Au@MSN-1.8 1.57 1.59 1.824 865 2.7 0.77 

5 Pd-Au@MSN-1 1.15 2.17 0.978 873 2.7 0.81 

6 Pd-Au@MSN-0.55 0.84 2.89 0.541 883 2.7 0.80 

7d Au@TiO2 NA 1 ----- 40-50 NA ----- 

8d Au@Al2O3 NA 1 ----- 200-260 NA ----- 

9d Pd/C (5%) 5 NA ----- 868 NA 0.54 

a. The metal content was determined by ICP-MS analysis. b. Pd to Au molar ratio c. Specific surface area (SBET) 
and mean pore diameter (WBJH) were obtained from nitrogen sorption analysis. The specific surface area was 
calculated by BET method and the mean pore diameter was calculated by BJH method. d. Information acquired 
from manufacturers' websites. 

3.3 Catalytic results 

To compare catalytic performance of the mono- and bi-metallic MSN catalysts with 

commercially available solid supported gold and palladium catalysts, the aerobic oxidative 

esterification of benzyl alcohol was carried out in methanol at 60 oC with 0.5 mol% catalyst 

and one equivalent amount of K2CO3. As shown in Table 4-2, the bi-metallic Pd-Au@MSN-

1.8 catalyst exhibits the highest catalytic reactivity among all catalysts tested here, which 

results in a full conversion of benzyl alcohol to yield the ester product quantitatively in one 

hour. It is interesting to note that all Pd-containing catalysts (Table 4-2, Entry 1-6) show 
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higher benzyl alcohol conversion than mono-metallic Au catalysts (Table 4-2, Entry 1, 7-8). 

However, mono-metallic Pd catalysts (Entry 1-2) suffer from poor selectivity with a yield of 

only 50% methyl benzoate. On the contrary, reactions catalyzed by Au-containing catalysts 

exhibit better selectivity to the ester product. The major byproduct is benzaldehyde which is 

the intermediate of this tandem oxidative reaction. These results directly suggest that Pd 

catalysts can effectively catalyze the oxidation of benzyl alcohol to form benzaldehyde but  

Table 4-2 Comparison of catalytic performance of catalysts on aerobic oxidative esteri-
fication of benzyl alcohol. 

 
a. Reaction condition is detailed in experimental section. Reactivity results were determined by GC-FID using 

anisole as the internal standard. b. Percent conversion of benzyl alcohol. c. Percent yield of benzyl benzoate. d.

yield/conversion x 100%. 
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they are retarded in converting benzaldehyde to methyl benzoate. Compared to palladium, 

supported Au catalysts are very selective toward this reaction. The high selectivity of Au 

catalyst can be attributed to its high catalytic efficiency on the oxidative esterification of 

aldehyde, while the in-situ generated benzaldehyde would be rapidly converted to methyl 

benzoate.41-43 The rate determining step (RDS) of gold catalyzed aerobic oxidation reaction 

of alcohol has been reported to be the dehydrogenation of the alcohol to form its 

corresponding aldehyde.41 Therefore, the slow RDS at the first step of the oxidation reaction 

limits the overall catalytic performance of mono-metallic supported Au catalysts. Comparing 

the catalytic performance of three bi-metallic MSN catalysts, we can clearly observe a trend 

that catalysts with higher Pd to Au ratio lead to higher reactivity. In addition, the bimetallic 

Pd-Au@MSN-1.8 catalyst appears to be more efficient than mono-metallic Pd catalysts 

(Entry 4-6) in terms of benzyl alcohol conversion, suggesting a synergistic effect which has 

been reported previously.1,17,33 

It is also interesting to note that Au@MSN shows comparable reactivity with Au@Al2O3 

and Au@TiO2 since SiO2 has been reported to be poorer support than Al2O3 and TiO2 in the 

case of oxidation of benzyl alcohol.44-47 This may be attributed to the large surface area of 

MSN, around 4 and 10 times higher than Al2O3 and TiO2, respectively, providing better 

diffusion of substrates and accessibility to the catalyst. Based on the abovementioned results, 

we have demonstrated the bi-metallic Pd-Au@MSN catalytic system can significantly 

enhance the reactivity of the aerobic oxidative esterification of benzyl alcohol. Further 

interests on metal-metal interaction, metal-support interaction and metal size effect in 

determining the catalytic performance are still under investigation.   
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Table 4-3 Catalytic performance of Pd-Au@MSN-1.8 in the oxidation of various alcohols a. 

 
a. Reactions were carried out at 60 oC for 4 h with 0.5 mol% Pd-Au@MSN-1.8 and 0.5 M substrate 

concentration in methanol. Reactivity results were determined by GC-MS using anisole as an internal standard. 
b. Percent conversion of benzyl alcohol. c. Percent yield of benzyl benzoate. d. yield/conversion x 100%. e.

Methyl benzoate is the major product. f. Methyl 4-methylbenzoate is the major byproduct. g. 20 h reaction time. 
h. Reactivity determined by NMR with p-xylene as internal standard.  
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Several examples of aerobic oxidative esterification catalyzed by Pd-Au@MSN-1.8 are 

summarized in Table 4-3. Most aromatic alcohols containing both electron-donating and -

withdrawing groups in the para-position were converted to the corresponding methyl esters 

in high yields (entry 1-3, 5, 7 and 10). Heteroaromatic 2-pyridyl methanol and cinnamyl 

alcohol were also oxidized to the corresponding methyl ester in decent yields. On the 

contrary, the oxidation of aliphatic alcohols needed extended reaction time to achieve 

moderate yields (entry 8-9). The poor reactivity of aliphatic alcohols could be due to slow 

oxidation of the first step of the reaction since we did not observe the formation of the 

intermediate aldehyde after the reaction. It is noteworthy that p-chlorobenzyl alcohol was not 

oxidized to its corresponding ester or aldehyde (entry 4). Instead, the major product was 

methyl benzoate (63% yield). This result implies that an oxidative insertion reaction followed 

by a reductive elimination occurred along with the aerobic oxidative esterification reaction of 

the alcohol. It has been well documented that Pd nanoparticle catalysts can efficiently 

catalyze Suzuki coupling reactions.48-50 However, this phenomenon is not usually seen in 

most of aerobic oxidation reaction conditions. Therefore, this result suggests that our Pd-

Au@MSN catalyst may have potential in catalyzing oxidative coupling reactions. In most 

cases the major byproducts are the corresponding aldehydes. However, in the case of methyl 

4-(hydroxymethyl)benzoate (Entry 7) the only byproduct we observed is methyl 4-methyl- 

benzoate instead of its aldehyde intermediate, which may result from a dehydroxylation 

reaction. This observation also proves the reaction mechanism proposed by Prof. Hutching et 

al., in which hydrides were generated in situ on the metal surface even under reaction 

condition with oxygen atmosphere.51 
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The fidelity of heterogeneous catalysis in the case of Pd NPs catalyzed reaction is still in 

debate. It has been suggested that palladium nanoparticles would serve as reservoirs which 

release the Pd atoms to the solution and catalyze the reaction homogeneously.52 In addition, 

catalyst leaching has always been a concern of supported metal catalysts. To rule out the 

contribution of homogeneous catalysis, the reaction with benzyl alcohol was conducted in the 

presence of Pd-Au@MSN-1.8 for 30 min to obtain a conversion of 78% and a yield of 63%. 

The solid catalyst was then hot-filtered and the reaction solution was transferred to another 

reaction tube containing K2CO3. The catalyst-free solution was then stirred at 60 oC under O2 

atmosphere for additional 24 hours, but no further reaction took place. In addition, the 

reaction solution was subsequently analyzed by ICP-MS and no metal (Pd and Au) species 

were detected within the detection limit. Hence, these results suggested that the supported Pd 

and Au nanoparticles were indeed securely confined inside the mesopores of MSN material 

and would not leak to the solution during the course of the reaction.  

To test the recyclability of this bimetallic MSN catalyst, an aerobic oxidative 

esterification with benzyl alcohol was performed in the presence of Pd-Au@MSN-1.8 

catalyst. Figure 4-4 shows the recyclability of the MSN catalyst for four cycles. It is 

noteworthy that both conversion and selectivity started dropping during the third run and 

declined significantly for the next cycle. To investigate the catalyst deactivation, the MSN 

catalyst was examined by TEM after the third cycle. As shown in Figure 4-S3, the 

mesostructure of MSN is less defined and its original 2d-hexagonal mesopores has been 

reshaped to a wormlike structure. This deformation of MSN support would likely reduce the 

accessibility of catalytic sites inside the MSN, causing the decline in reactivity. Another 

STEM mode image, also shown in Figure 4-S3, shows that the metal nanoparticles are 
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mostly confined within the mesopores after three runs of reactions even though some small 

agglomerates are sporadically observed. This is also evident that mesoporous silica is a good

solid support, preventing the supported metal clusters from agglomeration due to its confined 

mesoporosity. 

 
Figure 4-4 Recyclability test of Pd-Au@MSN-1.8. Reactions were carried out under 60oC 
for 1h with 0.5 mol% Pd-Au@MSN-1.8.

 

4. Conclusions 

A series of MSN supported Pd-Au bimetallic NPs as catalysts for aerobic oxidative 

esterification has been synthesized through a sequential impregnation method. We have 
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shown that samples prepared by this approach exhibit homogeneously distributed metal 

nanoparticles within the mesopores. The Pd-Au bimetallic catalyst reveals the superior 

catalytic reactivity and selectivity over all of monometallic catalysts including commercial 

available Pd/C, Au@TiO2 and Au@Al2O3. The reaction kinetics and mechanism were also 

discussed. In addition, a great scope of primary alcohols has been tested, and shown 

quantitative yields in most cases, indicating a general application of our Pd-Au@MSN 

catalyst. For recyclability, we have found that these MSN catalysts can be reused three times 

without losing activity.   
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Supporting Information 

1. EDX analysis of Pd-Au-MSN-1.8 

Figure 4-S1 Selective area of EDX analysis of Pd-Au@MSN-1.8. a). dark-field TEM images 
of Pd-Au@MSN-1.8; b). element analysis of point 1; c). element analysis of point 2; d). 
element analysis of area 1. 
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2. Nitrogen sorption analysis of MSN catalysts 

Figure 4-S2a Nitrogen sorption isotherm of MSN catalysts A). MSN; B). Pd@MSN; C). 
Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55 
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Figure 4-S2b BJH pore size distribution of MSN catalysts A). MSN; B). Pd@MSN; C). 
Au@MSN; D). Pd-Au@MSN-1.8; E). Pd-Au@MSN-1; F). Pd-Au@MSN-0.55 
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3. Investigation of deactivation of Pd-Au@MSN-1.8 after recycled three times 

Figure 4-S3 TEM images of recycled Pd-Au@MSN-1.8 after three runs. A). Bright field 
image; B). Dark-field image 
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CHAPTER 5. GENERAL CONCLUSION 

 

Great advance on the development of functionalized mesoporous silica 

nanoparticles (MSNs) has attracted much attention in recent years. According to Sci-

Finder, there are more 22,000 of publications related to the concept of “mesoporous” and 

“silica” up to date, and the number is still rapidly growing. Indeed, these types of 

materials, featuring assorted patterns of mesostructure, controllable particle size and 

shape, tunable pore size, great biocompatibility and robust inorganic framework, are 

intriguing for scientists in both material science and applied chemistry. Our lab has 

extensively studied the application of MSNs on the fields of drug delivery and 

heterogeneous catalysis. This dissertation presented my primary work during my Ph.D. 

study in Iowa State Univ.  

The early stage of my research mainly focused on the development of new strategy 

for hydrophobic drug delivery using MSNs as platforms. As demonstrated in Chapter 2, 

we first synthesized a biocompatible phosphate monoester surfactant as the structure 

directing agent for synthesizing mesoporous silica materials. To synthesize the “anionic 

surfactant-templated” MSNs, we applied a “co-structure directing method (CSDA)” using 

aminopropyltrimethoxysilane (APTMS) as the co-structure directing agent. By fine 

tuning the molar ratio of APTMS to PMES, we successfully synthesized a series PMES-

MSNs with well-separated spherical shape and radially aligned mesostructure. A clear 

trend of phase transition has been observed along with the increase of APTMS to PMES 

ratio. In addition, particle sizes and shapes can also be controlled by the same factor. For 

the particle formation mechanism, our observation agreed with the “aggregate-growth” 
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mechanism proposed by Rankin et al. To further study the intrinsic structure of the 

fascinating radial mesostructure, we carried out a carbon replication using PMES-MSNs 

as the template. However, the resulting carbon replica did not present an expected-to-be 

urchin-like mesostructure under transmission electron microscopy; instead, still a 

radially-aligned pattern. For biological application, we loaded a hydrophobic drug, 

resveratrol, into the surfactant-containing PMES-MSNs using a conventional 

impregnation method. We found that the loading amount of surfactant-containing PMES-

MSNs was almost 4 times higher than that of surfactant-free MSNs. In addition, with the 

assistance of PMES, a steady release of resveratrol up to 90 % of loaded drugs has been 

observed. These results strongly indicate that this surfactant-assistant strategy can 

efficiently promote the amount of loading of hydrophobic drugs and its release efficiency 

using MSNs as delivery vectors. We also found that these PMES-MSNs can effectively 

escape from endosomes after endocytosed by HeLa cells. Last but not least, we 

investigated stimuli-responsive release system using Ca2+ as stimuli. Due to strong 

interaction between Ca2+ and PMES, we observed a responsive release pattern when 

[Ca2+] was increased. 

In addition to the investigation of MSNs in biological application, we also aim to 

develop new type of heterogeneous catalyst base on MSNs. First, we developed a series 

of bifunctionalized MSNs catalysts, containing different ratio of diarylammonium triflate 

(DAT) groups as Brønsted acid sites and pentafluorophenyl propyl (PFP) groups. 

According to our solid-state NMR study, PFP groups are in prone position inside the 

silica matrix when MSNs were wetted with solvents. This finding inspired us to design a 

new catalytic system, in which the PFP groups are coated on the silica surface providing 
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extremely hydrophobic effect to accelerate catalytic dehydration reaction. These 

bifunctionalized DAT/PFP-MSN catalysts were well characterized by cutting-edge 

techniques including ssNMR. We tested these catalysts on esterification of benzyl alcohol, 

and found that the reactivity is proportional to the ratio of PFP to DAT. This result 

confirms our assumption that the PFP groups can help expel the water (byproduct of 

esterification) out of the mesopores due to strong hydrophobic effect, so as to enhance the 

reactivity. In addition, we also found that PFP groups provided stronger effect than 

traditional TMS and phenyl groups. Furthermore, compared to commercially available 

acid catalysts amberlyst-15 and Nafion-50, our bifunctionalized MSN exhibit much 

efficient reactivity under our examined condition. Last, the recyclability result showed 

these catalysts can be reused at least five times without losing any activity. 

Another common application of MSNs is metal nanoparticle supported solid 

catalyst. As depicted in Chapter 4, we developed a new sequential impregnation method 

to prepare a series of bimetallic Pd-Au@MSN catalysts. TEM images indicated that both 

Pd and Au nanoparticles with sizes around 1-2 nm are homogeneously distributed inside 

the MSNs. These catalysts were used to catalyze aerobic oxidative esterification reactions. 

Our results suggested that the Pd-rich bimetallic catalyst exhibits highest reactivity and 

selectivity among all catalysts tested. In addition, we also found that Pd nanoparticles are 

efficient on the first step of oxidation, in which alcohols are converted to aldehydes. On 

the other hand, Au is very active toward the second step of oxidation, where aldehydes 

are oxidized to esters. For the study of substrate scope, we found our bimetallic Pd-

Au@MSNs catalyst has great tolerance to most of common functional groups. Also, most 

of aromatic alcohols can be quantitatively converted to desired esters.  
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Very recently, we developed a supported Bpy-PtPh2 catalyst showing very 

interesting results in hydroarylation reactions. The heterogeneous solid catalyst not only 

increases reactivity but also enhance the thermal stability compared to its counter 

homogeneous complex. In addition, by changing the tethering groups, the product 

selectivity can be tuned. These preliminary results indicated that the nature of MSNs as 

solid supports provides great potential on the development of new type of heterogeneous 

catalyst.  
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